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ABSTRACT- This study, undertaken at the GEEP Workshop, quantifies cell and tissue changes in 
mussels Mytilus edulis, exposed to diverse contaminants under field and experimental conditions, and 
correlates the changes with changing tissue levels of PAHs, PCBs and metals. The results indicate 
effects on reproductive tissues in mussels exposed to high levels of contaminants, both in the field and in 
the mesocosm experiment. High contaminant concentrations are also seen to induce the formation of 
pathologically enlarged secondary lysosomes in the digestive epithelium of mussels and to cause a 
disturbance in lipid levels, resulting in alterations in digestive cell architecture. 

INTRODUCTION 

Histological, cytological and cytochemical responses 
to environmental contaminants, observable from ani- 
mal tissue sections, form an important link between 
effects at the biochen~ical level and those measured in 
whole organisms. The potential of this link for explana- 
tion and prediction has been reflected in the shift of 
emphasis, over the past decade, from descriptive histol- 
ogy to semi- or fully quantitative histology, the latter 
exploiting the techniques of stereology to quantify the 
proportions (and sizes) of certain types of structure 
within the organism. 

Whilst there is now a considerable literature on mor- 
phometric changes associated with adverse environ- 
mental conditions in a wide range of fish (Hinton & 
Couch 1984), much of the quantitative histology on 
invertebrate responses to stress has concentrated on 
reproductive and digestive cells of only 3 groups: oys- 
ters, clams and mussels. Differences in reproductive 
and nutrient storage-cell cycles were investigated 
between populations of mussels in the USA by Newel1 
et al. (1982), and in the UK by Lowe et al. (19821, 
whereas Bayne et al. (1978) used stereology to study 
the effects of nutritional and thermal stress. Maung 
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Myint & Tyler (1982) described the effects on the 
mussel reproductive system of nutritional, thermal and 
metal ion stressors. The latter were also investigated by 
Sunila (1984), who observed degeneration of germ cells 
in response to exposure to copper and cadmium. Lowe 
& Pipe (1986, 1987) quantified the effects of exposure to 
diesel oil hydrocarbons on nutrient storage and germ 
cells of mussels. 

In addition to changes associated with normal phasic 
activity (Langton 1975, Robinson 1983), effects of vari- 
ous contaminants on digestive tubule structure in 
mussels have been studied by Rasmussen (1982), 
Calabrese et  al. (1984) and Sunila (1984); in clams, by 
Tripp et  al. (1984) and Couch (1984); and in scallops, by 
Yevich & Yevich (1985). Lowe e t  al. (1981) and Moore & 
Clarke (1982) used stereological techniques to demon- 
strate that exposure to crude-oil derived hydrocarbons 
resulted in the formation of pathologically enlarged 
secondary lysosomes and other structul-a1 changes in 
mussel digestive cells. 

This evidence of sensitivity of reproductive and 
digestive cell systems to environmental contaminants, 
coupled with the ability to quantify changes histologi- 
cally, suggested their further study at the GEEP Work- 
shop. 
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MATERIAL AND METHODS 

Tissue section preparation. Mytilus edulis were col- 
lected from 4 sites in Langesundfjord (Follum & Moe 
1988) and from experimental exposures to different 
levels of a diesel oil and copper mixture, at the Solberg- 
strand mesocosm facility, (L: low, M: medium, H: high 
dose, with control C for L & M samples, and control CH 
for H samples; Bakke et al. 1988). Samples were 
received at the laboratory in coded form, and therefore 
analysed 'blind'. For each field site or mesocosm treat- 
ment, 15 individuals (shell length 45 to 55 mm) were 
selected, and the digestive gland and 1 mantle lobe 
excised. The digestive gland was sliced transversely 
into 4 portions of approximately equal thickness and 
fixed, in conjunction with the mantle lobe, in Bakers 
formal calcium (+ 2.5 % NaCl) for 3 h at 4 'C. Following 
fixation, the first and third slices from the anterior end 
of the digestive gland were transferred, together with a 
slice of mantle lobe, to 70 % alcohol for 30 min and 
then into absolute alcohol for 1 h. The dehydrated 
tissues were then impregnated in a 2, hydroxyethyl- 
methacrylate monomer solution overnight and then 
embedded in monomer plus activator (Lewis & Bowen 
1985). The blocks were allowed to polymerize for 3 h, 
removed from the moulds, and air dried on the bench 
prior to sectioning with Ralph glass knives. Sections (2 
pm) were floated out directly onto slides on distilled 
water and dried on a hot plate at 60 'C for ca 3 min, 
prior to staining on the hot plate for 15 S, in Lee's 
methylene blue-basic fuchsin, and mounting in col- 
ophonium resin (Difco). A second group of sections 
were stained using an extended Schmorl ferroferri- 
cyanide reaction (10 min) to demonstrate lipofuscin in 
residual bodies which, because of the prolonged stain- 
ing, also imparts non-specific colour to secondary 
lysosomes. Small pieces of fixed digestive gland were 
also removed from several mussels from mesocosm 
treatments C, CH and H, and treated with osmium 
tetroxide (1 */Q solution in a 0.1 M phosphate buffer, 
pH 7.2) for 3 h,  dehydrated in 70 % alcohol (60 mm) 
and impregnated with methacrylate as previously 
described. Sections (2 pm) were cut, mounted and 
observed unstained to determine the distribution of the 
osmiophilic lipids in the digestive and pyramidal cells. 
Similarly, pieces of fixed digestive gland were removed 
from several mussels, washed for 1 h in a 0.75 M 
sucrose in 0.1 Mphosphate buffer to remove the forma- 
lin, and frozen sections (5 pm) cut and stained in oil red 
0 to demonstrate unsaturated neutral lipids. This sec- 
ond lipid reaction allowed comparison with the results 
for the osmicated material previously described. 

Tissue section analysis. Mussel mantle tissue was 
considered in terms of its 2 storage cell types, adipo- 
granular cells (Froutin 1937) and vesicular connective 

tissue cells (Lubet 1959), as well as the various 
developmental stages of gametes withm the reproduc- 
tive follicles, and the intra-follicle spaces around 
gametes resulting from spawning activity and/or 
degeneration. The proportions of these cell types were 
determined using stereological techniques (Weibel 
1979, Lowe et al. 1982), which determine the relative 
proportion (termed 'volume density') of chosen cell 
types within a tissue, by simple point counting on tissue 
sections. The cellular composition of the mantle is 
highly homogeneous, with random (isotropic) orienta- 
tion of its cellular components; therefore, a single ran- 
dom section per animal was considered sufficient. The 
sampling fields, 5 per section, were determined by 
systematic sampling from a random start point (Weibel 
1979), and analysed a t  magnifications of X 500 (fe- 
males) and X 800 (males). Differences between field 
sites, or experimental conditions, were examined by 1- 
way analysis of vanance, followed by multiple com- 
parison tests on specific pairs of means. A more 
detailed account of the application of stereological 
techniques to mussel mantle tissues can be found in 
Bayne et  al. (1985). 

Digestive gland condition of mussels from the vari- 
ous sites and treatments was assessed in terms of the 
following specific indicators, previously identified as 
pathological and/or signifying a reduction in organism 
fitness: parasitic infestation (Sindermann et al. 1980), 
granulocytomas (Lowe & Moore 1979), presence of 
pathologically enlarged secondary lysosomes (Lowe et  
al. 1981, Moore & Clarke 1982), pyramidal cell vacuola- 
tion, tubule dilation (Lowe et  al. 1981), epithelia1 cell 
breakdown (Calabrese et  al. 1984, Pipe & Moore 1986) 
and digestive epithelium vesiculation (Wolfe et al. 
1981). A digestive gland section for each mussel was 
screened for presence of the above conditions and 
differences in incidence between treatments/sites 
tested by In addition, all sections were screened for 
evidence of neoplastic conditions. Maximum diameters 
(d,,,) of the granular component of heterogeneous 
secondary lysosomes and residual bodies were deter- 
mined using a Kontron IPS image analyzer interfaced 
to a Riechert Polyvar microscope at X 2000 magnifica- 
tion.. 

RESULTS 

Mantle tissues 

Field samples 

Volume densities of components of the mantle tissues 
are given in Table 1. The only significant differences 
involved Site 3, where Mytilus edulis had higher per- 
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Table 1. Mytilus edulis. Volume density (%) of components of 
mantle tissue of mussels from field sites and mesocosm basins 

(mean 5 SE, n = 15) 

Source Gamete Atretic Total Storage 
gamete gamete cells 

Site 
1  9 6  5 4  2  3.0 ? 1.4 23.7 1. 5.9 69.9 k 5.7 
2  12 7  ? 2  5  3.4 + 1.7 28.0 1. 5.4 65.5 i 5 . 5  
3  18.4 5 2.8- 6 . 5 2 3 . 0  44.0+5.6-  4 7 . 2 5 4 . 6 '  
4  8 . 6 t 3 . 0  10 .624 .3  3 6 . 5 t 5 . 9  5 8 . 0 r 5 . 7  

Basin 
C 3 9 . 5 t 4 . 2  1 . 8 k 1 . 0  7 7 . 3 2 5 . 9  19 .825 .4  
L 2 7 . 2 2 6 . 9 '  0.7 t 0.3 4 0 . 8 2 9 . 0 "  4 2 . 9 k 7 . 4 '  
M 3 5 . 8 t 3 . 8  2 . 9 - t l . 5  7 1 . 7 k 6 . 3  1 6 . 1 k 4 . 4  
CH 2 5 . 7 t 5 . 2  0 . 6 k 0 . 3  3 7 . 5 k 7 . 1  5 9 . 2 k 6 . 9  
H 6.6 t 2  2" 6 . 5 k  2.6' 23.8 '5.2 74.0 f 5.2 

Significant difference from the reference site (1) or rele- 
vant control condition (C or CH) indicated by ' p < 0.05, 
" p < 0.01 

centages of gamete and total gamete (i.e. gamete, 
atretic gamete and space) and a correspondingly lower 
volume fraction of storage cells than at other sites. 

Mesocosm samples 

Mantle tissue components are again given in Table 1. 
Comparisons were made between L and M basins and 
their control C (15 wk exposure) and between the H 
condition and its control CH (3 wk exposure). C and 
CH mussels were also compared to obtain information 
on possible containment effects or intra-population 
differences. 

Volume density of gametes was significantly greater 
in C than CH (p < 0.05), and storage reserves signifi- 
cantly lower (p < 0.01); atretic gamete volume did not 
differ between the 2 controls. In the long-term 
exposures, Treatment L showed significantly lower 
fractions of gamete and total gamete than C and M, 
with a correspondingly higher percentage of storage 
reserves. In the short-tern~ exposures, there was no 
significant difference in total gamete fraction between 
CH and H but the composition was markedly different, 
with significantly less gamete, and more atretic 
gamete, for H than CH. All males from treatment H 
exhibited atypical asynchronous gamete development 
and sperm resorption (Fig. l a ) .  

Digestive gland 

Histochemical tests for lipids showed that many of 
the structural alterations observed in the digestive 

epithelium of Mytilus edulis were due to increased 
lipid accumulations (Figs. 2a, b,  c) associated with 
enlarged secondary lysosomes (Fig. 2d). A second con- 
sequence of exposure was the formation of another 
type of greatly enlarged secondary lysosome with a 
granular matrix (Fig. 2d), resulting from the fusion of 
smaller lysoson~es. This second form was surrounded 
by a layer of discrete lipid droplets (Fig. 2c). Increased 
levels of lipids were also observed in the pyramidal 
cells of the digestive epithelium (Fig. 2e, f ) .  Whilst it is 
not uncommon to observe some lipid droplets in 
pyramidal cell cytoplasnl, the large accumulations 
shown here are abnormal. 

Field samples 

Figs. 3 and 4 summarise the incidence data for the 
potential 'effects indicators' listed earlier. Parasitic 
infestation of mussels at Site 1 was significantly higher 
than at Site 2 and was absent altogether a t  Sites 3 and 
4. The parasites involved were larval trematodes, 
including metacercariae (inducing a limited host 
response) and sporocysts containing cercaria, the latter 
resulting in castration of the host in 2 instances. Small 
numbers of granulocytomas were observed in mussels 
from all sites, with no significant differences. There 
were differences, however, in incidence of pathologi- 
cally enlarged secondary lysosomes. The heterogene- 
ous type were present in significant numbers only at 
Site 3. The homogeneous lipid-rich type were preva- 
lent a t  all 3 contaminated field sites (2 to 4) ,  a similar 
pattern to that found for pyramidal cell vacuoles and 
epithelia1 cell breakdown, though in the latter case Site 
3 stood out as having a more major incidence. Tubule 
dilation, which appeared to be  unrelated to starvation 
or nutrient deprivation, showed a different pattern, 
Sites 1 and 3 having higher incidences than 2 and 4 ;  
the exact converse was seen for epithelium vesiculation 
(the result of excessive accumulation of lipid droplets). 

Mesocosm samples 

Figs. 5 and 6 summarise incidence data for the same 
set of effects indicators. Parasitism was virtually absent 
from the long-term exposed mussels but both parasite 
burden and incidence were high in the short-term 
exposures. Incidence of granulocytomas was low in all 
groups, as was the case for both types of enlarged 
secondary lysosomes, with the clear exception of the H 
treatment. Maximum diameter (d,,,) of the granular 
component of heterogeneous enlarged lysosomes had a 
mean of 3.35 pm for CH, and of 5.03 pm for H mussels; 
d,,, of residual bodies was 2.09 pm for CH and 2.76 pm 
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Fig. 3. Mytilus edulis. Incidence of parasitism, granulocytomas Fig. 4.  Mytilus eduLis. Incidence of pyramidal cell vacuolation, 
and enlarged lysosomes in digestive gland cells from the 4 tubule dilation and epithelia1 cell breakdown and vesiculation 
field sites (%, n = 15). Significant differences between all of digestive gland cells from the 4 field sites (%, n = 15). 
p u s  of sites indicated in an upper triangular matm by Significance levels as for Fig. 3 

p 0.05, " p < 0.01, " ' p < 0.001 

for H. Both differences were significant (p < 0.01). The 
pattern was repeated for pyramidal cell vacuolation 
and tubule breakdown, with a high incidence for the H 
group and virtual absence elsewhere; in contrast, 
epithelium vesiculation was not significantly different 
between treatments. 

The general appearance of the digestive tubules 
suggested that mesocosm mussels in the long-term 
exposure were not receiving sufficient food; the 
expected range of tubule types was not present and 
their staining characteristics were typical of a non- 
actlve resting condition (Fig. 7%). Thus, although 
tubule dilation was apparent (Fig. 6), it appeared more 
due to lack of food than contamination; tubule 
epithelium architecture remained essentially normal. 
Treatment H was quite different, with a thinning of the 
digestive epithelium due to loss of apical cytoplasm; 
this was frequently seen in the lumen, containing intact 
residual bodies and secondary lysosomes. 

DISCUSSION 

The objectives of this study were to determine and 
quantify alterations in the cell and tissue architecture of 
Mytilus edulis exposed to contaminants (including 
PAHs, PCBs and metals), and to correlate alterations 
with contaminant concentration. One problem with 
such a correlative exercise is the implicit assumption 
that the effects of particular (groups of) compounds are 
additive, and that increasing concentration implies 
increased toxicity when in fact the toxic threshold, may 
be exceeded in the 'cleanest' field site or lowest dose 
condition. 

The analysis of mantle tissue cells and the various 
specific indicators of pathology used here have, for the 
most part, been used previously in pollution related 
studles. However, neither the alterations induced in 
pyramidal cell architecture by 1ipi.d accumulation, nor 
the formation of pathologically enlarged heterogene- 



Lowe: Cellular pathology of mussels 97 

P A R A S I T I S M  

P 
G R A N U L O C Y T O M A S  P Y R A M I D A L  C E L L  

V ACUOL A T  ION 

T U B U L E  B R E A K D O W N  

C L M C H H  

E N L A R G E D  LYSOSOMES 

C L M C H H  

E N L A R G E D  LYSOSOMES 
C L M C H H  C L M C H H  

H O M O G E N O U S  

P 
H E T E R O G E N O U S  

7 

TUBULE D I L A T I O N  

- 
C L M C H H  

I I I I I  
C L M C H H  

I I I I I  

C L M C H H  - 
C L M C H H  

E X P T  C O N D I T I O N  EXPT CONDITION 
E X P T  CONDITION E X P T  CONDITION 

Fig 5 Mytdus edulis Incidence of specific indicators of effects 
(as in Fig 3) from mesocosm experimental conditions 

Fig 6. Mytilus edulis Incidence of specific indicators of effects 
(as in Fig. 4)  from mesocosm experimental conditions 

ous secondary lysosomes have been identified before 
as a consequence of pollutant exposure. 

Although parasitism is considered in these studies, it 
is not thought to reflect a reduction in the resistance 
capacity (as discussed by Sindermann et al. 1980) but 
is, rather, a natural site-dependent variable. Indeed, 
Field Site 1 had the highest incidence of parasitism but 
the lowest tissue contaminant burdens. 

The chemical analysis of Mytilus edulis tissues 
(Klungs~yr et al. 1988) exhibit a clear gradient of PAHs 
and PCBs across Field Sites 1 to 4. Individual hydrocar- 
bon levels are, roughly speahng ,  a constant proportion 
of the total PAHs measured, indicating a dilution effect 
across the fjord sites. Two exceptions are: (1) the naph- 
t h a l e n e ~  do not increase along the general gradient (in 
fact naphthalene itself decreases by a factor of 2 to 5); 
(2) increases in other compounds between Sites 1 and 4 
tend to be greater for higher molecular weight com- 
pounds than for lower ones (Appendix 1,  Table 4). 
Whilst there is an undeniable gradient in total PAHs 
from Sites 1 to 4, these vanations could have some 
bearing on any interpretation of the cytological obser- 

vations. Another factor affecting interpretation of PAH 
gradients is the gametogenic condition of the mussels. 
Mytilus edulis that are ripe but have not spawned 
contain considerable reserves of lipids; PAHs are 
lipophilic and comparisons of their concentrations in 
mussel tissue should take this into account. 

The indications from the analyses of the mantle 
tissues were that Site 1 mussels had spawned and were 
recovering (and this would have lowered their hydro- 
carbon burden). Site 2 and 3 mussels had commenced 
spawning, as had those at  Site 4, though mussels from 4 
had a high proportion of degenerating germ cells; the 
latter have previously been demonstrated to be a con- 
sequence of exposure to hydrocarbons (Lowe & Pipe 
1987). 

The overall condition of digestive gland tubules from 
all sites was poor, though Site 1 mussels tended to be in 
slightly better condition, and Site 3 worse than the 
average. On several counts there were no significant 
differences between Sites 1 and 4, reflecting the poor 
condition of Site 1 mussels. Whether the slightly ele- 
vated levels of naphthalenes at  Site 1 are a contributory 
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factor here is unknown but exposure to hydrocarbons 
has been demonstrated to induce the formation of 
enlarged secondary lysosomes (Lowe et al. 1981, 
Moore & Clarke 1982) and these were present at Site 1 

For the mesocosm experiment, the PAH fluorescence 
measurements (Bakke et al. 1988) showed a clear trend 
in water concentrations across the 4 basins, in line with 
the dosing (though dosing levels were rather variable). 
The trend was reflected in the pronounced accumula- 
tion of PAHs in whole mussel tissues over the 4 condi- 
tions (Klungscayr et al. 1988). Mantle tissues from the 2 
control groups of mesocosm mussels demonstrated dis- 
tinctly different phases in the nutrient storagehepro- 
ductive cycle, supporting the decision to make com- 
parisons only within the groups (C, L, M) and (CH, H). 
The almost total absence of parasites in C,  L and M 
mussels, compared to the high incidence in CH and H, 
is probably a reflection of the slight difference in loca- 
tion from which the 2 stocks were drawn. 

Mantle tissue analyses from the long-term exposures 
identify treatments C and M as similar but L as some- 
what different, though there was no significant differ- 
ence in the percentage of atretic gamete between the 3 
treatments. A factor which might have been expected 
to depress fecundity was the lower temperature of the 
mesocosm water (6 to l 0  ' C  over the 4 mo period) 
compared to ambient field temperatures (surface water 
5 to 18 "C); Sastry & Blake (1971) observed reduced 
fecundity in scallops maintained at less than ambient 
temperatures during gamete development. However, 
any effect of this sort should apply equally to all basins. 
The condition of the digestive gland in the long-term 
exposures (C, L, M) is very similar, and this is attributed 
to nutritional deprivation (Widdows & Johnson 1988), 
resulting in the digestive tubules entering a resting 
phase. 

In the short-term exposures, Mytilus edulis from CH 
had more gamete, fewer storage cells and less atretic 
gamete than from H. The stereological analysis of Lowe 
& Pipe (1987) suggests that mussels have the capacity 
to resorb germinal material during periods of stress, 
diverting the potential energy recovered back into the 
storage pool. This may be the explanation for the grea- 
ter reserves in H mussels. The condition of digestive 
gland tubules is significantly different in H than CH 
mussels, in almost all respects, and the observed effects 
are strongly indicative of pollution induced pathology. 

In conclusion, histological analysis of mussels from 
both mesocosm treatments and field sites indicate 
effects of contaminants on digestive epithelia1 cells and 
germinal cells. The major effect of exposure on the 
digestive epithelium appears to be an increase in 
lipids; whether this is due  to inability to catabolise 
lipids, an  increase in lipid synthesis or a n  impairment of 
neurosecretory control mechanisms associated with 

storage and reproductive cycles (Mathieu 1979) is not 
apparent. Gamete degeneration (atresion) appears to 
be  the main effect on the germinal tissues. 

These analyses identified Field Site 1 as being the 
least impacted, although the mussels were not consi- 
dered to be in good condition even from this site. Site 
3 and 4 mussels exhibited higher proportions of 
degenerating gametes, the specific pathological indi- 
cators suggesting that digestive tissues of Site 3 
mussels were in poorer condition than those of Site 4 
mussels; Site 3 is therefore deemed as being the most 
disturbed. This strict lack of agreement between the 
biological evidence of pollutant impact and the antici- 
pated impact based on tissue chemistry, may be due to 
a lack of understanding of the more subtle effects of 
complex pollutant 'cocktails' and the toxic thresholds 
(Warren 1971) of the individual components of the 
pollutants. 
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