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ABSTRACT: The 4-quinolone antibacterials oxolinic acid and flumequine are routinely and success-
fully used in commercial aquaculiure. [n order to investigate the effects of these antibiotics on fish liver
ultrastructure, rainbow trout were fed diets containing oxolinic acid or flumequine at concentrations of
1.0 and 1.2 g kg™! food, respectively, at a ration of 1% body weight d™! for 10 d. Fish were sampled for
examination on Days 1 and 10 after a return to normal diet and hepatic ultrastructural alterations were
quantified by stereological analysis. Both drugs induced an almost 2.5-fold increase in the volume of
the rough endoplasmic reticulum, which displayed phenomena of dilation, vesiculation and fragmen-
tation. Glycogen deposits were depleted to approximately 50 % of their control volume accompanied by
the formation of clusters of lipid droplets. Additional structural alterations included the intralysosomal
accumulation of stacked membranes and the presence of elaborated myelin figures interspersed in the
cytoplasm. No drug-specific responses were observed. In general, compensatory rather than degener-
ative changes followed the antibiotic administration. Further signs supporting a stimulation in the
hepatocellular metabolic activity were mitochondrial hyperplasia after flumequine administration and

high nuclear-cytoplasmic ratios in individuals treated with oxolinic acid.
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INTRODUCTION

Due to its central role in biotransformation of numer-
ous compounds released into the aquatic environment,
fish liver has received particular attention in toxico-
logical investigations, and, indeed, it has been shown
to react very sensitively to exposure to organic and
inorganic pollutants (Braunbeck et al. 1987, 1990,
Phillips et al. 1987). Efforts to evaluate hepatotoxicity
in fish as an effect of toxic agents have been made
principally through histological and cytological studies
(Gingerich 1982, Mevyers & Hendricks 1985). An in-
creasing number of chemicals have shown the poten-
tial to induce lesions in the liver of fish and many are
capable of inducing ulfrastructural changes in the
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hepatocytes (Rojik et al. 1983, Hinton et al. 1987, 1988,
Braunbeck et al. 1989, 1990, Braunbeck & Volkl 1991,
Arnold etal. 1995, 1996a, b, Oulmi et al. 1995). In many
cases, these alterations in ultrastructure were strongly
correlated with biochemical changes, predominantly
in the activity of the cytochrome P450 monooxy-
genases (Lipsky et al. 1978, Klaunig et al. 1979, Schoor
& Couch 1979, Braunbeck & Volkl 1991, 1993, Arnold
et al. 1995).

Oxolinic acid and flumequine (Fig. 1) are members
of the 4-quinolones, a family of systemic synthetic anti-
bacterials, which interfere with the action of bacterial
DNA gyrase by preventing the completion of the
negative supercoiling of the bacterial chromosome
(Smith 1985). They were introduced in fisheries chemo-
therapy in the early 70s, and, since then, they have
been routinely and successfully used in commercial
aquaculture for the control of furunculosis and red



22 Dis Aquat Org 29: 21-34, 1997

0
HOOC OW
| N i
( ) (IZHQCHg
CHg
N
(b)
. COOH
o)

Fig. 1. Chemical structures of (a) oxolinic acid and (b) flume-
quine

mouth disease in trout (for review, see Alderman
1988). Unfortunately, no exact data for their usage in
commercial aquaculture are available, since, unlike
the situation in Norway, there are no central archives
for such information. However, it has been estimated
that, in the Scottish salmon farming industry alone, 12
to 15 tonnes of oxolinic acid are used per annum while
the annual quantity of oxolinic acid used in Norwegian
salmonid farming accounts for approximately 30% of
the total amount of antibacterials used (Grave et al.
1990, Redshaw 1995).

Oxolinic acid and flumequine replaced conventional
antibacterials due to the advantages of low toxicity,
high efficacy in low doses, fast elimination and lack
of plasmid-mediated resistance (Endo et al. 1973a, b,
Barnes et al. 1991, Hustvedt et al. 1991a, b, ¢). How-
ever, in recent years, there has been increasing evi-
dence of the development of bacterial resistance, lack
of biodegradation following release in the water, per-
sistence in sediments and as residues in flesh even
after the maintenance of cooking temperatures for sus-
tained durations, and, more recently, oxolinic acid was
reported to induce benign Leydig cell tumours in rat
testis (Samuelsen et al. 1994, Steffenak et al. 1994,
Yamada et al. 1994, Hektoen et al. 1995).

The elimination of oxolinic acid in carp blood, liver,
kidney and muscle was shown to be highly affected
by the polychlorinated biphenyl (PCB)-inducible drug-
metabolising enzymes (Oshima et al. 1994). Moreover,
in a parallel communication, it could be demonstrated
that both oxolinic acid and flumequine significantly
induced cytochrome P4501A monooxygenase activi-
ties when orally administered to rainbow trout (Moutou
et al. unpubl.). The present study was initiated, since
immunocytochemical studies had shown that in rain-
bow trout hepatocytes cytochrome P4501A was lo-
calised on both rough and smooth endoplasmic reticu-
lum (Lester et al. 1992, 1993), and oxolinic acid and
flumequine were suspected to trigger a series of ultra-

structural alterations in parallel to the biochemical
changes observed (Moutou et al. unpubl.). In order to
avoid the possibly subjective nature of electron micro-
graphs, an attempt was made to quantify the ultra-
structural effects by morphometric analysis (Segner &
Braunbeck 1990).

When administered orally (single dose of 5 mg kg™
body weight) to rainbow trout at water temperatures of
13 to 14°C, oxolinic acid and flumequine are known to
reach peak plasma concentrations as early as after the
first 20 h (Kleinow et al. 1994, Sohlberg et al. 1994). As
shown by measurement of ethoxyresorufin-O-deethy-
lase, P450 monooxygenase activities displayed peaks
on Days 1 (flumequine) and 10 (oxolinic acid) after the
end of a 10 d administration (Moutou et al. unpubl.).
Accordingly, sampling for cytological and morpho-
metric analysis was conducted on Days 1 and 10 post-
treatment, in order to examine possible alterations in
the hepatocellular ultrastructure, when maximum
body concentration of the drugs and highest activity of
P450 monooxygenases were reached.

MATERIALS AND METHODS

Fish husbandry. Seventy-eight sexually immature
rainbow trout Oncorhynchus mykiss (218.9 + 4.64 q)
were obtained from the Almond Bank hatchery (Scot-
land, UK) and were randomly divided into 3 groups of
26 fish, respectively. During acclimation, 2 wk prior to
the start of the experiment, {ish were fed a control diet
(see below) once per day at a rate of 1% body weight
d-!. All groups were hand-fed until no more than 2 to 3
pellets remained uneaten. Fish were held indoors in
circular tanks {350 1) supplied with continuous flow of
aerated fresh water at a rate of 40 1 h™! and exposed to
a 13 h light:11 h dark photoperiod. Mean water tem-
perature during the experiment was 14.2°C with a
range from 13.8 to 15.8°C. No mortalities occurred, and
no external signs of alterations were seen.

Diet preparation. Control and medicated diets were
prepared using a standard pelleted commercial trout
diet (Ewos, Trout Starter, 2.4 mm diameter). To pre-
pare the control diet, pellets of the commercial food
were powdered and re-pelleted to 4.5 mm diameter.
For the preparation of the medicated diets, pellets of
the commercial food were powdered and oxolinic acid
or flumequine (Sigma Chemical Co.) in powder form
were directly added to give concentrations of 1.0 and
1.2 mg g™ wet weight food, respectively. After thor-
ough mixing, both medicated diets were re-pelleted to
a size similar to that of the control diet.

Treatment and sampling. Each of the 2 groups were
fed a differently medicated diet each for 10 d, a period
used for antibiotic treatment in aquaculture; the third
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group served as control. On Days 1 and 10 after the last
exposure to the antimicrobial diet, 4 fish of each group
were sampled for histological analysis. Sampling was
performed at midmorning to avoid diurnal variation,
and individual body and liver weights were recorded.
Between the sampling days, fish were fed on control
diet.

Electron microscopy. Fish were killed by a blow to
the head and the livers were rapidly excised, cut into
1 mm cubes and immersed for at least 48 h into 1.5%
glutardialdehyde and 1.5% formaldehyde in 0.1 M
sodium phosphate buffer (pH 7.6) containing 2.5%
polyvinylpyrrolidone (PVP). After rinsing in 0.1 M
sodium cacodylate buffer (pH 7.6), fixation was con-
tinued in 2.5% glutardialdehyde in 0.1 M sodium
cacodylate buffer (pH 7.6) containing 4% PVP and
0.05% CaCl, for 1 h. After rinsing in cacodylate buffer,
blocks were postfixed for 1 h with 1% osmium ferro-
cyanide (Karnovsky 1971). After washing in 0.1 M
cacodylate and 0.05 M maleate buffers (pH 5.2), tis-
sues were stained en bloc with 1% uranyl acetate in
maleate buffer overnight. Blocks were dehydrated in
a graded series of ethanol and embedded in Spurr's
medium (Spurr 1969). All fixation steps were con-
ducted at 4°C. Ultrathin sections of 60 to 80 nm thick-
ness were stained with alkaline lead citrate (Reynolds
1963) for 1 min and examined in a Zeiss EM10 electron
microscope.

Light microscopy. Sections of 0.5 pm thickness were
stained with methylene blue-Azur Il (Richardson et al.
1960) and used for orientation. For visualisation of
glycogen, semithin sections were incubated in an alka-
line 1% solution of silver diamine for 90 min at 60°C
(Singh 1964). After rinsing in distilled water, sections
were mounted in Entellan and examined in a Leitz
Aristoplan light microscope.

Cytochemistry. Peroxisomal activity of catalase was
demonstrated with alkaline 3,3'-diaminobenzidine
(DAB) according to Le Hir et al. (1979). Blocks fixed in
glutardialdehyde were incubated in 10 mM Teorell-
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Stenhagen buffer (pH 10) containing 5 mM DAB and
0.5% H,0, for 90 min at 37°C using a shaking water
bath. Subsequently, they were postfixed in osmium
ferrocyanide and processed for electron microscopy
as described above.

Stereological analysis. Multistage sampling and mor-
phometrical evaluation were performed according to the
principles of Weibel et al. (1969) and Weibel (1979). The
primary sample consisted of 40 tissue blocks derived
from 4 individuals. From each individual fish, 5 blocks
were selected at random to represent the secondary
sample. The tertiary sample consisted of micrographs
recorded on the sections of the secondary sample.

Three different levels of morphometrical analysis
were conducted according to Arnold et al. (1995,
1996a; Table 1). Volume densities (V, ) were estimated
by placing a lattice of test points (PT) on micrographs
and determining the fraction (P;/PT) of these points
enclosed within profiles of the structure investigated
(P;). At both levels, the hepatocyte was selected as
reference space and test points falling on extracellular
space (biliary tracts, sinusoids, endothelia, space of
Disse, etc.) were subtracted from the total number of
test points.

Numerical densities (N,,) of the above hepatocellular
structures within the test area were calculated accord-
ing to the formula of Weibel et al. (1969), N, = b!
N, 2/V,%% where N, is the number of actually
counted particles divided by the test area, V,, the vol-
ume density of the particle and b the shape-dependent
coefficient. The coefficient b was assumed to be 1.38
for peroxisomes and 2.25 for mitochondria (Weibel et
al. 1969). The numerical density N, of nuclei was
used to calculate the volume of hepatocytes according
to the formula Vi, = 1/N, .

Surface density (S,) of the rough endoplasmic reticu-
lum (RER) was calculated by using a test line system
according to the ratio of the 2-fold intersections (I;)
with RER cisternae and the total length of lines on the
hepatocytes investigated (LT) (Williams 1977). The

Table 1 Levels of morphometrical analysis. PT- total number of points; LT: total number of lines; d: distance between points
or total length of lines. RER: rough endoplasmic reticulum

Magnification Test system

Numerical

—— Parameters measured

16 64

PT/LT d{pm) Volume Surface
density (pm?) density (um?®) density (nm?)
1410 x (semithin) Square lattice Nuclei (N, ) Nuclei (V,, )
330 7.092 Glycogen (V, )
gl
18 000 X (ultrathin) Square lattice Mitochondria (M, ) Mitochondria (V, )
288 0.555 Peroxisomes (vae] Peroxisomes (vae)
RER (Viiee)
Line system RER (Syp.)
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surface of RER cisternae per hepatocyte was estimated
as Sy x Vhep.

Absolute numbers and volumes per hepatocyte were
estimated as N, X Vo, and V| x Vi, respectively.
Hepatocyte and nuclear diameters were estimated as
the third root of the relevant volume assuming spheri-
cal shape of the particles.

Statistics. All means are given with standard errors.
Arcsine transformation was used to normalise percent-
age and ratio data before analysis. One-way analysis of
variance (ANOVA}) and Scheffe's multiple comparison
test were used to compare the effects on morphological
parameters of different treatments and sampling days
(Zar 1984). For all experiments, a 5% level of signifi-
cance was chosen.

RESULTS

Incorporation of flumequine into the diet did not
appear to affect mean daily food consumption; the
entire ration was consumed during the medication
period. On the contrary, fish fed the oxolinic acid diet
showed signs of reduced appetite and consumption.
Mean hepatosomatic indices on both sampling days

Table 2. Hepatosomatic index of control and antibiotic-treated

rainbow trout on Days 1 and 10 of the recovery period. Means

with the same letter are not significantly different from each
other (p > 0.05)

Treatment Day 1 Day 10

Control 1.52 £ 0.25° 1.03 £ 0.062
Oxolinic acid 1.43 + 0.59°° 0.82 £ 0.14°
Flumequine 0.98 + 0.33¢® 0.87 + 0.09%

were lower in either antibiotic-treated fish, but not
significantly different from controls. Overall mean
hepatosomatic index was 1.10 + 0.08 (Table 2).

Controls

No significant differences were found in the cyto-
logical characteristics between hepatocytes of control
rainbow trout sampled on Days 1 and 10 after the end
of medication. Thus, data recorded on both days were
pooled to give one set of values for control morpho-
logical parameters. Hepatocytes of untreated rainbow
trout presented the characteristic polarity and com-
partmentation described in detail previously (Hacking

Table 3. Morphometric parameters of control and antibiotic-treated rainbow trout on Days 1 and 10 of the recovery period.
Means with the same letter across rows are not significantly different from each other (p > 0.05)

Control

Hepatocyte

Oxolinic acid
Day 1

Flumequine

Day 10 Day 1 Day 10

Volume (pm?)

Surface per hepatocyte (um?)

Glycogen
Volume density (pm®/pum?)
Volume per hepatocyte (um?)

24709 + 159.8°

5435.8 + 533.0""

0.52 + 0.04*

1290.5 + 125.81°

2478.2 + 186.5°

1478.9 + 110.3°

9095.0 + 1144.5¢ 4672.6 £ 515.8°

0.14 + 0.01°
361.08 + 49.64°

0.26 + 0.05°

381.55 + 92.27°

1990.5 + 251.0°

7052.0 £ 541.4%°

0.23 + 0.04°
493.46 + 145.64°

1645.0 + 593.9%°

Diameter (pum) 16.7 £ 0.4* 16.8 £ 0.4¢ 14.1 + 0.4° 15.5+0.6° 155 +0.8%
Nuclei

Volume (pm?) 138.4 + 7.4° 232.1+182%  173.78 + 21.31%° 167.8 + 12.8°®  210.8 + 23.9%°
Diameter (um) 6.4+0.1° 7.60 £ 0.21° 6.9 + 0.3%° 6.8 + 0.2%° 7.4 +0.3%®
Nuclear-cytoplasmic ratio 0.06¢ 0.10°® 0.12° 0.092° 0.11°
Volume density (um®/um?d) 0.06 + 0.01° 0.10 + 0.01¢° 0.12 + 0.01° 0.09 + 0.01%° 0.11+0.01°
Numerical density (um™3) 0.42 + 0.07¢ 0.42 + 0.04¢ 0.69 £ 0.05¢ 0.53 + 0.07¢ 0.54 + 0.08*
Mitochondria

Volume density (um®/um?) 0.08 £ 0.01° 0.08 £ 0.01°2 0.08 + 0.01° 0.08 + 0.01* 0.08 £ 0.01¢
Numerical density (10%/pm?®) 187.5 + 5.9° 227.04+28.1%°  271.8 +48.1¢° 228.5+48.2%"  396.8 £ 55.7°
Volume per hepatocyte (nm?) 209.0 £ 32.1° 207.5 £ 21 .6° 1219 +21.7¢ 1545+ 5.5° 139.2 + 86.6°
Number per hepatocyte 462.4 + 34 .6° 549.5 + 44 2% 393.7 £ 53.4¢ 412.9 £ 38.47 736.9 = 21.2°
Peroxisomes

Volume density (pm®/um?) 0.014 + 0.005° 0.020 £ 0.005*  0.017 + 0.001¢ 0.020 £ 0.006°  0.024 + 0.006*
Numerical density (10%/pm?) 92.0+41.8° 203.3 + 46.1° 212.8 + 31 4¢ 118.2 + 30.9¢ 214.8 + 16.2¢
Volume per hepatocyte (um?) 343 +11.8" 50.3 £12.1° 26.2 £ 3.7¢ 36.2 £ 9.5¢ 52.6 £ 21.3°
Number per hepatocyte 205.6 z 74.4° 480.4 = 69.4° 305.9 + 27.8° 217.8 £ 43.6¢ 420.1 + 56.1°
Rough endoplasmic reticulum

Volume density (pm>/pm?) 0.23 + 0.04° 0.57 + 0.09° 0.54 = 0.03° 0.40 = 0.06°° 0.56 + 0.03°
Surface density (nm?/um?) 241034 4.1+0.4° 3.6+03° 41+04° 39+06°
Volume per hepatocyte (pm?®)  582.0 = 107.3" 1419.7 + 139.8>  794.6 = 34.7° 750.1 £22.6°  1115.5 + 206.0°"

6896.6 + 1229.95%

0.27 £ 0.01°
539.75 + 110.90°
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et al. 1977, Hampton et al. 1985, Braunbeck et al 1990).
Mean diameter of hepatocytes was 16.74 + 0.38 um, and
their volume ranged from 2150 to 2790 pm* (Table 3)
Nucler were of spherical shape and charactensed by
shghtly eccentric nucleoli and httle. randomly scat-
tered heterochromatin (Fig 2) Extended glycogen
fields were located 1n the cell periphery. representing
more than 50% of the cell volume, and were clearly
separated from organelle-containing perninuclear and
peribiliary areas (Figs. 2 & 3).

Stacks of parallel cisternae of RER interspersed with
mitochondna covered pennuclear areas (Table 3,
Fig 2). Each hepatocyte contained about 460 mito-
chondna (Table 3) They presented polycristae matri-
ces rarely containing intramitochondrial granules and,
as a whole, accounted for almost 8.5% of the hepato-
cyte volume (F1g. 3). Peroxisomes were found in close

association with mitochondria, but were usually
located at the outer border of the RER envelope. One
hepatocyte contained about 200 small spherical perox-
1somes with a mean volume 0.17 + 0.08 um® (Table 3,
Fig 2)

Smooth endoplasmic reticulum (SER) was minute
and restncted to peribiliary areas together with lysoso-
mal elements of heterogenous matnx as well as few
Golq fields of 3 to 5 cisternae budding off numerous
vesicles full of VLDL (Very Low Density Lipoprotein)
granules.

Oxolinic acid administration

An overview of cytopathological alterations in fish
treated with antibiotics 1s given 1n Table 4 On Day 1

Fig. 2. Oncorhynchus mykiss Hepatocytes of control ramnbow trout were charactensed by a central nucleus surrounded by stacks
of rough endoplasmic reticulum (RER} interspersed with mitochondna and extensive glycogen fields at the perniphery Golgi
fields, smooth endoplasmuic reticulum and lysosomes were located in the penbiliary areas x 5000
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(d) peroxisomes and (e) glycogen in untreated
and antibiotic-treated rainbow trout on Days 1
and 10 of the recovery period. CO: untreated;
OA/1: oxolinic acid Day 1; OA/10: oxolinic acid
Day 10; FL/1: flumequine Day 1; FL/10: flume-
quine Day 10. Columns represent means + SE
of 4 individuals. *: significantly different from

CO OA/1 OA/10 FU/1 FL/10

post-treatment, no significant effects of oxolinic acid
on mean hepatocyte size were found (Table 3).
Nuclear volume and diameter, on the other hand,
were significantly higher than in controls, with the
nucleus accounting for 9.67 % of the total hepatocellu-
lar volume (Table 3, Fig. 3). In addition, atypical
nuclear profiles were frequently observed (Fig. 4).
The most prominent cytoplasmic alterations, however,
were observed in the RER and accompanied by a dis-
organisation of the cytoplasm (Fig. 4). A significant,
almost 2.5-fold increase in the volume density of RER
was found, but surprisingly, the surface density did
not increase significantly (Table 3). Thus, the volume
increase appeared to be mainly due to changes of
matrix components rather than membrane con-
stituents. Indeed, RER cisternae appeared to be
strongly dilated and vesiculated (Figs. 4 & 5), occupy-
ing almost the entire cytoplasm and accounting for
57.12% of the hepatocellular volume (Figs. 3 & 4). No
significant changes were found in either the number
or the relative volume of mitochondria or peroxisomes
(Table 3, Fig. 3). On the other hand, well-developed
lysosomes and Golgi fields were more abundant com-
pared with controls, with the latter exhibiting degen-
erative characteristics (Fig. 5). Glycogen fields were

= .
CO OA/1 OA/10 FL/1 FL/10

T

controls (p < 0.05)

significantly depleted to 25% of their control size
(Table 3, Fig. 3), with numerous glycogenosomes, in
parallel with prominent accumulation of lipid droplets
(Fig. 6).

On Day 10, the mean hepatocellular volume was
significantly decreased, whereas nuclear dimensions
were still larger, but not significantly different from
controls (Table 3). Yet, a combination of smaller hepa-
tocyte and larger nucleus resulted in a significantly
higher nuclear volume density (11.7% vs 5.63% in
controls) and nuclear-cytoplasmic ratio (Table 3, Fig. 3}.
The volume density of RER reached the same levels as
on Day 1 after the end of the medication. However, the
volume of RER per hepatocyte was not significantly
different from controls, due to a smaller reference vol-
ume (Table 3). Even 10 d after the end of oxolinic acid
medication, phenomena of vesiculation and dilation
were still evident, frequently accompanied by dilated
nuclear envelopes (Figs. 6-8). The shift to the storage
materials remained unaltered. Glycogen fields were
still significantly depleted compared with controls, and
glycogenosomes as well as lipid droplets were very
frequent, in addition to intralysosomal accumulations
of stacked membranes and numerous myelin whorls
(Table 3, Figs. 3, 7, 9 & 10).

— ——- — — »

Figs. 4 to 6. Oncorhynchus mykiss. On Day 1 following oxolinic acid administration, a complete lack of cytoplasmic compart-

mentation (cf. Braunbeck et al. 1987) and prominent changes in rough endoplasmic reticulum (RER) including phenomena of

dilation and vesiculation were evident (Figs. 4 & 5). Atypical nuclear profiles were often present (Fig. 4; *) in parallel with well-

developed lysosomes (Fig. 5; %} and degeneration of Golgi fields (Fig. 5; arrowheads). Glycogen fields were severely depleted
and replaced by lipid droplets (Fig. 6; ). Fig. 4: x 5000; Fig. 5: x 11 700; Fig. 6: x 10000
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Table 4. Oncorhynchus mykiss. Cytopathological alterations induced in the liver

of rainbow trout 1 and 10 d after termination of a 10 d period of medication with

the antibiotics oxolinic acid or flumequine. Data are given as means from 4
individuals per treatment. For quantitative data see Table 3

Oxolinic acid Flumequine
Day 1 Day 10 Day 1 Day 10
Organisation of liver parenchyma
Interindividual variability of parenchyma . . . .
Disturbance of compartmentation ° ° . °
Relative decrease in cell size . ° °
Nuclei
Increase in nuclear volume . ° . .
Occurrence of atypical nuclear profiles ° °
Dilation of nuclear envelope . . .
Mitochondria
Increased heterogeneity . °
Proliferation of small mitochondria ° °
Relative increase in volume ° °
Reduction in size of individual mitochondria ° .
Rough endoplasmic reticulum
Increased heterogeneity ° °
Relative increase in volume ° °
Absolute increase in volume ° . ° °
Fragmentation of cisternae ° .
Dilation of cisternae ° .
Vesiculation of cisternae ° °
Transformation of cisternae into myelin bodies ] .
Golgi fields
Increased heterogeneity .
Proliferation °
Degeneration of Golgi cisternae °
Lysosomal elements
Proliferation . ° . .
Phospholipidosis ° . °
Myelinated bodies ° ) °
Induction of multivesicular bodies ) °
Induction of glycogenosomes ° )
Storage materials
Increase of lipid deposits ° ° ° °
Formation of lipid clusters ° )
Decrease in glycogen stores o . ) °
Induction of glycogenosomes ° .

Flumequine administration

droplets.

Flumequine administration resulted in decreased
hepatocellular volume and diameter on both days
tested, and in increased nuclear volume and diameter,
without significant differences from controls, however.
On Day 10 after the end of the medication, nuclear
volume density and relative nuclear volume were
significantly elevated over controls, due to a signifi-

cantly higher nuclear-cytoplasmic ratio
(Table 3, Fig 3).

Disturbance of the characteristic
compartmentation was observed and it
was accompanied by great inter-indi-
vidual variability of the hepatocytes.
Alterations in the RER were moderate
compared with those after oxolinic acid
administration. Relative volume was
significantly increased on both Days 1
and 10, whereas volume density was
only significantly elevated on Day 10
post-treatment (Table 3, Fig. 3). Phe-
nomena of dilation, fragmentation and
vesiculation of the cisternae were very
strong on both days, frequently associ-
ated with dilated nuclear envelopes
(Fig. 11).

Ten days after the end of the med-
ication, a significant increase in ab-
solute number and numerical density
of mitochondria was found (Table 3}.
However, mitochondrial absolute and
relative volume remained unchanged,
indicating that a rapid proliferation of
small mitochondria could have taken
place, which resulted in double the
number of organelles, which, how-
ever, were half the size compared
with controls. In addition, lysosomal
compartment showed pronounced
proliferation, including multivesicular
bodies and numerous well-developed
lysosomes with myelin-like stacks of
membranous material, probably indi-
cating induction of phospholipidosis.
Simultaneously, high numbers of myel-
inated whorls were found within the
severely depleted glycogen fields,

sometimes in close structural association with lipid

Following flumequine administration, hepatocellular
storage materials were affected to almost the same
extent as after oxolinic acid administration (Table 3).
Absolute and relative volumes of glycogen were lim-
ited to half of their control values, whereas a high num-
ber of hepatocytes displayed numerous clusters of lipid
droplets (Fig. 3).

—— - -

Figs. 7 to 10. Oncorhynchus mykiss. On Day 10 post-treatment with oxolinic acid, disturbance of cytoplasmic compartmentation

and changes in the rough endoplasmic reticulum (RER) were the predominant alterations in hepatocellular ultrastructure (Figs. 7

& 8). In many cases, the nuclear envelope appeared strongly dilated (Fig. 8). Lipid droplets (Fig. 7; ») and glycogenosomes (Fig. 9;

arrowheads) were abundant together with elaborated structures of myelin (Figs. 7 & 10). Fig. 7: x4100; Fig. 8: x 5000; Fig. 9: x 5000;
Fig. 10: x 6000



Moutou et al.

Rainbow trout liver ultrastructure after antibiotic administration

29




30 Dis Aquat Org 29- 21-34, 1997

Fig. 11 Oncorhynchus mykiss. Fragmentation and vesiculation of the rough endoplasmic reticulum (RER) cisternae and severe
depletion of glycogen deposits were the most prominent hepatocellular changes on both Days 1 and 10 post-treatment with
flumequine (Day 10; x 5000)

DISCUSSION

In stereological practice, only a minute tissue fraction
can be examuned at the final stage of micrographs
(Arnold et al. 1995). In order to guarantee for represen-
tative data collection, random multistage sampling pro-
cedures at different magnifications have been estab-
lished. These procedures also ensure that the micro-
graphs used for analysis meet 2 requirements: They are
large enough to include a representative sample of the
structures under examination, and they provide suffi-
clent resolution for precise recognition of the structures
under investigation (Weibel et al. 1969) Stereology has
been applied to quantify the effects of various xeno-
biotics in fish hepatocytes, and the levels of magnifica-
tion employed in the present study were in accordance
to those of previous studies (Peute et al. 1985, Segner &
Braunbeck 1990, Segner & Witt 1990, Braunbeck &
Segner 1992, Arnold et al. 1995, 1996a, b).

In the present study, most prominent alterations
were found 1n the RER, which displayed dilation, frag-
mentation and vesiculation of the cisternae. Since
the endoplasmic reticulum plays a major role in the
detoxification of lipid-soluble compounds, 1t usually
reacts very sensitively to exposure to various toxicants
(De la Iglesia et al. 1982, Rez 1986). Proliferation of
RER, for example, was evident in hepatocytes of ramn-

bow trout after chronic administration of Aroclor 1254
(Hacking et al. 1977), in mullet Mugil cephalus follow-
1ng a single injection of 3-methyl cholanthrene (Schoor
& Couch 1979), in channel catfish Ictalurus punctatus
after PCB administration (Lipsky et al. 1978) as well as
in another catfish species, Tandanus tandanus, after
exposure to endosulfan (Nowak 1996)

Likewise, in mammals, alterations in the endoplas-
mic reticulum have often been strongly correlated with
drug administration. Both non-specific and specific
changes in the SER of rat hepatocytes evident
after administration of phenobarbital (PB), chlordane.
benzo(a)pyrene [Bfa)P| and 3-methylcholanthrene
(3-MC) were mainly attnbuted to a stimulation of
microsomal drug metabolism (Fouts & Rogers 1965) In
PB-treated rats and hamsters, SER hypertrophy has
been regarded as an adaptive response (drug toler-
ance), by means of which an animal develops an en-
hanced ability to handle doses of drugs which would
be fatal to normal animals. SER proliferation in mam-
malian hepatocytes 1s now regarded as the morpho-
logical expression of drug-induced enzyme production
in the liver, with the expanded SER providing the
surface for interaction ot drugs and enzymes (reviewed
by Phillips et al. 1987 Ghadially 1988). In rainbow
trout liver, however, immunocytochemical techniques
localised the microsomal monooxygenase system re-
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sponsible for the drug biotransformation in the RER in
addition to the SER (Lester et al. 1992, 1993). There-
fore, drugs with effects on the microsomal monooxyge-
nase system would more likely induce changes in both
RER and SER in fish hepatocytes.

Dilation and vesiculation of the RER cisternae are
generally thought to be a result of enhanced storage of
proteins within the cisternae (Ghadially 1988). It has
also been suggested that dilation of the endoplasmic
reticulum represents an early acute change resulting
from inhibitory effects of a toxicant on protein synthe-
sis with inhibition of incorporation of amino acids into
liver proteins (Magee 1966). In fish hepatocytes, dila-
tion and vesiculation of the RER cisternae were re-
ported even in cases with no significant increase in the
amount of the hepatocellular endoplasmic reticulum.
Dilation, vesiculation and transformation of RER into
concentric bodies were reported in hepatocytes of
flounder Platichthys flesus contaminated with Hg,
HCB and PCBs (Kohler 1989, 1990), and in hepatocytes
of rainbow trout after long-term exposure to sublethal
concentrations of linuron (Oulmi et al. 1995) and disul-
foton (Arnold et al. 1996b).

Nuclear-cytoplasmic ratios and relative nuclear vol-
umes were significantly higher in antibiotic-treated
individuals 10 d after the end of medication. In addi-
tion, atypical nuclear profiles were apparent in indi-
viduals administered oxolinic acid. Alterations in the
volume and shape of the nucleus have often been
regarded as signs of increased metabolic activity and
may be of pathological origin. Bizarre nuclear profiles
(nuclear atypia) or other changes including separation
of nuclear components in fish hepatocytes were the
result of exposure to various toxicants (Hacking et al.
1977, Lipsky et al. 1978, Klaunig et al. 1979, Braunbeck
et al. 1989, 1990, Braunbeck & Volkl 1991, Oulmi et al.
1995).

In many cases, nuclear changes in fish were com-
bined with an increase in the number and heterogene-
ity of mitochondria (Braunbeck et al. 1990, Braunbeck
& Volkl 1991, Oulmi et al. 1995). In flumequine-treated
individuals, the increased relative nuclear volume on
Day 10 of the recovery period was also accompanied
by a hyperplasia of mitochondria. It is widely held that
there is a positive correlation between the metabolic
activity of a tissue and the number and size of mito-
chondria, and hypertrophy/hyperplasia of the mito-
chondria is characteristic of tissues with increased
functional demands (Dessouky 1968, Pelosi & Agliati
1968, Zak & Rabinowitz 1973). Since, in the present
study, only numerical density and number of mito-
chondria per hepatocyte doubled, whereas total vol-
ume remained constant, the net increase in membrane
surface area may be assumed to compensate for
elevated respiratory demands.

The drastic shift in hepatocellular storage materials
after antibiotic exposure could be another compen-
satory response of the cell to increased glycolytic
activity to meet the energy demands imposed by
enhanced metabolic activity (cf. Hanke et al. 1983,
Gluth & Hanke 1985, Braunbeck & Volkl 1991, 1993).
In the present experiment, elevated metabolic activity
could not only be documented in terms of morphologi-
cal alterations, but also as a stimulation of phase I bio-
transformation (Moutou et al. unpubl.). Severe deple-
tion in glycogen amounts was often observed in fish as
the result of various stress factors such as starvation,
intoxication by pesticides, changes in temperature,
inanition and sexual maturity (for literature, see Braun-
beck et al. 1987 and Braunbeck & Volkl 1993), whereas
a shift from glycogen to lipid has frequently occured in
livers of fasted animals, which, after glycogen deple-
tion, shift to utilisation of lipids (Yamamoto & Egami
1974, Hanke et al. 1983, Gluth & Hanke 1985, Braun-
beck et al. 1987, Ghadially 1988).

An interesting feature in antibiotic-treated fish was
the presence of lipids in structural association with
damaged membranes. In hepatocytes, lipid clusters
were frequently found in close association with mito-
chondria, possibly due to the special enzyme contents
of mitochondria (fatty acid oxidases) responsible for
the metabolism of triglycerides (Palade & Schidlowsky
1958), and membranous whorls in the vicinity of lipid
droplets could represent degenerated mitochondria.
However, the presence of myelin figures was very
prominent in the entire cytoplasm of all the antibiotic-
treated fish. Since they represent a common feature in
fish hepatocytes exposed to a variety of chemicals, the
explanations proposed were that they may indicate a
disturbance in lipid metabolism or membrane damage
or even act as vehicles for hepatocyte detoxification
accumulating and expelling the toxicant from the cell
(Jonsson et al. 1981, Trump et al. 1983, Couch 1993).
On the contrary, the intralysosomal accumulation of
myelin figures was rather a degenerative than an
adaptive response, as the overt increase in the lysoso-
mal compartment containing cellular membrane-like
material (phospholipidosis; Phillips et al. 1987) sug-
gests an immediate decomposition of membrane struc-
tures containing excess phospholipid components as a
response to antibiotic administration.

Drug concentrations used in this study were in accor-
dance with those employed in commercial fish farms
and, in general, there was no morphological indication
of drug-specific hepatocellular change after the ad-
ministration of either oxolinic acid or flumequine.
Thus, although intralysosomal accumulation of stacked
membranes was seen as a degenerative phenomenon,
which in some cases coincided with atrophic changes,
destruction and disappearance of Golgi elements, the
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increase in the nuclear-cytoplasmic ratio in combina-
tion with dilation of the RER cisternae and hyperplasia
of mitochondria more likely represented adaptive re-
sponses of the hepatocyte to higher metabolic demand
and biotransformation. The lack of any macroscopical
signs of degenerative pathology further supports the
adaptive nature of the above morphological changes,
which, however, did not appear to be reversible even
10 d after the end of medication.

With regard to current European Community legis-
lation, the sensitivity of fish liver to oxolinic acid and
flumequine can be of great importance for establishing
maximum residue limits for antibiotics registered for
use in aquaculture (Commission of the European Com-
munities 1991). In order to be able to set maximum
residue levels for use of a drug, among other things,
data on drug biotransformation in target animals are
required, and environmental impact assessments in-
cluding tests examining the fate of the drug in the
aquatic environment and its toxicity must be made.
Alterations in hepatic ultrastructure as a result of drug
administration as observed in this study imply that fish
liver—especially if structural studies are coupled to
functional investigations—may serve as a sensitive
bioindicator for the toxicity of sublethal concentrations
of aquaculture antibacterial agents.
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