


252 

damage have been described as a consequence of oxy­
radical generation within animal cells. 

There arc several enzymes involved in the detoxifica­
tion of oxyradicals that have potential to serve as 
biomarkers of anthropogenic contaminant expos ure in 
bivalves. The flavopro tein, DT-diaphorase NAO(P)H­
quinone oxydoreductase (EC 1.6.99.2) catalyzes the re­
duction of several peroxides and quinones, with 
NAOH or NADPH serving as the electron donor 
(Livingstone et al. 1989). DT-diaphorase (OTO) is be­
lieved to act to prevent quina..,c toxicity, catalyzing 
a two-electron reduction of quinone compounds to the 
more stable hydroquinones (Lind et al. 1982). Aquatic 
organisms are exposed to several quinonoid pollutants, 
and activity ofOTO has been measured and character­
ized in Mytiftls sp. (Livingstone et al. 1989; Porte et al. 
1991). Some recent studies have evaluated OTO and 
catalase (CAT) as potential biomarkers for xenobiotic 
expos ure (Livingstone et al. 1989; Viarengo et al. 1991; 
Hasspeiler and Oi Giulio 1992). 

The enzyme gamma glutamyl transpeptidase (GGT; 
BC 2.3.2.2) is widely used as a marker of pre-neoplastic 
lesions in the rodent liver during chemical carcinogen­
esis (Pretlow et al. 1987; Parker et al. 1993). Gamma 
glutamyl transpcptidase ca talyzes the transfer of 
a gamma glutamyl group to numerous peptide and 
amino acid acceptors and also participates in mercap­
turic acid formation duri ng Phase II metabolism of 
xenobiotics (Hanigan and Pitot 1985). Very few studies 
have examined whether GGT activity is altered in 
bivalves exposed to chemical contaminants (Cajara ville 
et ai. 1992). 

Ca talases (EC 1.11.1.6) are hematin-containing en­
zymes that facilitate the removal of hydrogen peroxide 
from the cell. In the cell, CAT activity is mainly asso­
ciated with peroxisomes, which primarily function in 
fatty acid metabolism (Reddy and Lalwani 1983). The 
term peroxisome proliferator was introduced to desig­
nate a drug or xenobiotic that induces the proliferation 
of peroxisomes in live r cells. A number of structurally 
diverse chemicals such as hypolipidemic drugs, herbi­
cides, leukotriene antagonists and plasticizers have 
been identified as peroxisome proliferators in rodents 
(Reddy and Azarnoff 1980; Reddy and Lalwani 1983). 
The induction of peroxisome proliferation has been 
reported in fishes (Oi Giulio et al. 1989; Baldwin et al. 
1990), but we are unaware of any stndies evaluating 
peroxiso me proliferation in marine bivalves. 

The purpose of the present study was to cytochemi­
cally measure induction of detoxicating and anti­
oxidant enzymes and peroxisome proliferation in the 
digestive cells of mussels collected from various areas of 
Puget Sound, Washington. Surface sediments in some 
areas ofPnget Sound are contaminated with high levels 
of chemical pollutants (NOAA 1989; Stein et al. 1992). 
Cytochemical techniques combined with automatic 
image-analysis were used to quantitatively measure the 
enzyme acti vities and proliferation of pero xisomes. 

Relationships among organic contaminant concentra­
tion in tiss ue (body burden) and the biological re­
sponses were then evaluated to demonstrate linkages 
between xenobiotic exposure of indigenous mussels in 
the marine environment and subcellular and cellular 
effects. 

Materials and methods 

Sampli ng 

Tissue samples were taken from mussels (Mytilus edulis) used pre­
viously in a companion study of relatio nships between size a nd 
weight, cytochemical measures of lysosomal responses and chemical 
contamina nt body burden of mussels from si tes in Pugel Sound. 
Washington (see Krishnakumar et a l. 1.994). As previously reported. 
M. eduJis were collected from tbeir natural beds from nine sites in 
Pugcl Sound (Fig.. I) during 21- 24, September 1992 (Krisbna kuma r 
el al. 1994). Sites included the min imally contaminated a reas of Oak 
Bay, Coupeville, and D ouble Bluff, in central and .north Pugot 
Sound. a nd Saltwa ter State Park in south Puget Sound. Mussels 
from thcse areas (hereafter called refere nce sites) were ll sed to docll­
ment the natural variability (range) for each pa rameter measured in 
this stud y. Chemical analyses of mussel tissues sampled from these 
reference sites showed that chemical contamination was low fo r 
these individuals and represen ta tive of concentrations fo r mussels 
from mini mally-contaminated environments (O'Conner 1992; 
Krishna kumar ct a1. 1994). Contamina ted sites that were sampled 
included Eagle H arbor, Sea crest and Four Mile Rock in Elliott Bay; 
City Waterway in Commencement Bay: and Sincl,iir Inlet near 
Bremerton, Washington. Mussels from these areas are considered to 
be chronica lly exposed to a variety of anthropogenic chemica l con­
taminanls. Areas within Eagle Harbor have been contaminated with 
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high levels of creosote-associated polycylic aromatic hydrocarbons 
(PAHs) and both Commencement and Elliott Bays arc high-density 
urban environments (Stein et a1. 1992). The site at Four Mile Rock 
was one or the sampling areas in the National Status and Trends 
(NS&T) Mussel Watch Program (NOAA 1989), and was reponed to 
contain mussels with some of the most contaminated tissues, partic­
ularly with regard to organic chemical contaminants. 

Mussels (/1 = 100, shell length ;:::: 40 mm) were haphazardly col­
lected from each site during low tide and transported alive to the 
laboratory. Mussels < 40 mm in shell length were excluded because 
the amount of tissue was insufficient for all analyses. Water temper­
ature, salinity, and particulate organic matter content at each site 
were measured, and reported previously (Krishnakumar ct a1. 1994) 
not to be substantially different. Mussels were acclimated in running 
seawater for 24 h before randomly subsampling (described in the 
next two subsections) to allow the gut contents to be cleared. 

Tissue chemistry 

The analyses of tissue contaminants of these mussels has been 
previously described (Krishnakumar et a1. 1994). Thirty to 40 mus­
sels were randomly selected from each site. Whole-mussel tissue 
samples were dissected, pooled, and kept at - 20 ~C until chemical 
analysis. Samples were analyzed for organic chemical contaminants 
as described by Krahn et a1. (1988) and Sloan et al. (1993). The 
results were expressed in ng g - 1 dry tissue weight. 

Cytochemistry 

A small section of digestive gland was rapidly removed from each of 
ten raridomly selected mussels, and the samples were placed in 
straight rows across the center of eryomolds (Tissue-Tek, Miles 
Inc, Elkhart, Indiana) (5 tissue samples/mold). Tissue samples 
were quickly embedded in O.CT. compound (Tissue-Tek), super­
cooled in hexane precooled to - 70sC in liquid nitrogen, and 
maintained at - 80 ~C until analysis. The frozen tissues were 
sectioned serially at 10 11m in a cryostat at - 2S cc. To insure that 
samples were read blindly, all samples were coded prior to freezing 
and decoded only after all measurements had been made. Thc source 
of all chemicals, unless otherwise indicated, was Sigma Chemicals 
(St Louis, Missouri). 

NADPH-ferrihemoprotein redllctase (NFR) 

NADPHAerrihemoprotein reductase was localized in cryos tat sec­
tions as described by Van Noorden and Butcher (1986) and Moore 
(1988). The incubation medium contained 0.1 M HEPES buffer (pH 
8.0), 20 roM MgCI 2 , 20(Yo polyvinyl alcohol,S mM ncotctrazolium 
chloride and 6 mM NADPH. The control medium lacked NADPH. 
The medium was purged with nitrogen for 10 min. The incubation 
medium was placcd on sections surrounded by plastic formers, and 
the sections were incubated in darkness for 30 min at 37 uC in 
a nitrogen atmosphere in an enclosed box kept moist by a bottom 
lining of damp tissue paper. After incubation, sections were rinsed in 
running tap water, rinsed in distilled water, and mounted in glycerol 
gelatin. NFR was deposited on the sections as a red and blue 
formazan product. The specificity of the cytochemical assays as 
representative of NADPH-ferrihaemoprotein reductase was con­
firmed using known inhibitors and stimultors (Table1). The presence 
of 5 mM NADP+, a known inhibitor of NFR activity, in the incuba­
tion medium inhibited NFR activity by 61%, while 1 mM 
menadione. a known stimulator of NFR activity. enhanced the 
activity by 211 %. NADPH-ferrihaemoprotein reductase activity in 
the mussel digestive cells was very low in the absence of substrate 
(negative control) in the reaction medium (Table 1). 
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Table t Mytillls edulis. Characterization of NADPH~ferrihemo­
protein reductase activity in digestive cells of samples from Eagle 
Harbor, Washington. Values are means ± SO, /1 = 5 [See "'Materials 
and methods - Cytochemistry - NADPH-ferrihemoprotein reduc­
tase (NFR)" for details] 

Reaction conditions 

Positive control 
(+ NADPH) 

Negative control 
( - NADPH) 

5mM NADP+ 
(inhibitor) 

1 mM dicumoral 

1 mM menadione 
(activator) 

Enzyme activity 
(pixel density) 

80 ± 23 

(2 ± 1 

31 ± 8 

78 ± 20 

250 ± 52 

% of positive 
control 

15 

39 

97 
311 

Table 2 Mytillls edHlj.~. Characterization of NADH-DT diaphorase 
activity in digestive cells of samples from City Waterway in Com­
mencement Bay, Washington. Values arc means ± SO, 11 = 5 [See 
"Materials and methods - Cytochemistry - NADH-DT diaphorase 
(DTD)" for details] 

Reaction conditions 

Positive control 
( +NADH) 

Negative control 
(-NADH) 

1 mM dicumoral 
(inhibitor) 

1 mM menadione 
(activator) 

Enzyme activity 
(pixel density) 

65 ± 11 

14 ± 1 

26 ± 6 

210 ± 38 

NADH-DT diaphorase (DTD) 

% of positive 
control 

23 

40 

323 

The cytochemical detection of DTD was carried out as described by 
Straatsburg et al. (1989). Incubation medium and procedures were 
identical to those for NFR activity, save only that NADH was 
substituted fo r NADPH. DTD was deposited as a red and blue 
formazan product. The specificity of the cytochemical assays as 
representative of NADH-DT diaphorase was confirmed using 
known inhibitors and stimultors (Table 2). The presence of 1 mM 
dicumoral, a known inhibitor of DTD activity, in the incubation 
medium inhibited DTD activity by 60% while ImM menadione, 
a known stimulator enhanced the activity by 223%. NADH-DT 
diaphorase activity in the mussel digestive cells was reduced by 77% 
in the absence of substrate (negative control) in the reaction medium 
(Table 2). 

y-giutalJ1yi transpeplidase (GGT) 

Histochemical localization of GGT was carried out as described by 
Rutenburg et al (1969). Cryostat sections were fixed at 4 "C for 
10 min in Baker's formal calcium containing 2.5% NaCI. Sections 
were incubated at 37 8C for 3 h in freshly prepared medium contain­
ing 2 ml (2.5 mg ml - 1) of L-glutamyl-a-4-metoxi-b-napthylamide 
(GMNA) in 10 ml of 0.1 M Tris-Hel buffer at pH 7.4 and 28 ml 
NaCI (2.5%) with 20 mg glycylglycine and 20 mg fast blue BB salt. 
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(AN OVA). Dunnett's multiple-comparison test was used to deter­
mine differences in enzymatic activity and percent peroxisome pro­
liferation of mussels from all reference sites combined ("combined 
reference") in comparison to mussels from each of the urban­
associated sites. Linear regression analysis (Zar 1974) was used to 
initiall y evaluate relationships between the mean NFR, DTD, GGT 
and CAT activity and peroxisome proliferation in the digestive cells 
of mussels and the tissue burden of chemical contaminants. Biolog­
ical effects and toxic chemicals typically show a sigmoidal dose­
response relationship (Klaassen 1986). For those relationships that 
appeared to be the strongest, non-linear regression analysis was used 
to further evaluate the relationship. A sigmoid exponential satura­
tion curve (y = AI(l + BenX

) was used to model the relationships 
between biological effects and tissue-contaminant burden. The non­
linear regression algorithm, which obtains a least-squares estimate 
of the equation parameters (the Levenberg-Marquardt method), 
was applied using DeltaGraph (DeltaPoint, Inc., Monterey, Califor­
nia). Findings were considered significant at CJ. :-:;; 0.05. 

• 
Results 

Tissue chemical-contaminant burden 

Concentrations (ng g-l dry tissue wt) of organic con­
taminants in Mytilus edulis from the nine sites are 
shown in Table 3 as summed (L) concentrations of 
individual PAH and CH (chlorinated hydrocarbon) 
analytes. A more detailed description of the concentra­
tions of organic and metal contaminants in mussel 
tissues from these sites has been given by Krishna­
kumar et al. (1994). 

Tissue concentrations of LPAHs, LPCBs, total 
DDTs, and L pesticides were higher in mussels from the 
urban-associated sites of Eagle Harbor, City Water­
way, Seacrest, Four Mile Rock and Sinclair Inlet than 
in mussels from non-urban associated sites (Oak Bay, 
Saltwater Park, Coupeville and Double Bluff. Concen­
trations of LPAHs were greatest in tissue of mussels 
from Eagle Habor, nearly 500 times higher than in 
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mussels from the reference sites. Concentrations of 
LPAHs in tissues of mussels from reference sites were 
comparable to levels observed in mussels .from mini­
mally contaminated areas in the near coastal environ­
ment of the USA (O'Conner 1992). Chlorinated hydro­
carbon concentrations were highest in tissues of mus­
sels from City Waterway and Seacrest, nearly five times 
greater than observed in mussels from the reference 
sites. There was a significant amount of covariance 
among the chemical contaminants in mussels from all 
nine sites. Simple correlation coefficients were signifi­
cant for all possible comparisons of the organic con­
taminants except for the relationship between the sum­
med concentration of pesticides (excluding DDTs) and 
the summed concentration of PAHs, which was not 
significant. Correlation coefficients for all other com­
parisons ranged from 0.72 to 0.97 . 

Cytochemical measurements 

Activities of NFR, DTD, GGT and CAT and the inci­
dence of peroxisome proliferation in the digestive cells 
of Mytilus edulis from the nine sites are summarized in 
Table 4. In general, activities of NFR, DTD, GGT, 
CAT and peroxisome proliferation were similar among 
mussels from the minimally-contaminated reference 
sites and significantly different from mussels from the 
urban-associated sites (ANOVA; Fisher's protected 
least-significant-difference test). The NFR and CAT 
activities were significantly higher in mussels from the 
contaminated sites of Eagle Harbor, City Waterway, 
Seacrest and Four Mile Rock compared to mussels 
from all the reference sites combined (combined refer­
ence ANOV A; Dunnett's multiple-comparison test). 
Similarly, DTD activity was significantly higher in 
mussels from the two most contaminated sites (Eagle 

Table 4 Mytiius edulis. Cytochemical responses in digestive cells (means ± SD; n = 10) assessed by automatic image-analysis. Peroxisome 
proliferation expressed as percent of mussels (n = 10) showing increased proliferation from each site, all other data as pixel density 
[* significantly (p < 0.05) different than for mussels from all of reference sites combined: ANOV A-Dunnetts' multiple comparison one-tailed 
test or chi-square analyses (peroxisome proliferation only)] 

Site 

Urban 
Eagle Harbor 
City Waterway 
Seacrest 
Four Mile Rock 
Sinclair Inlet 

Reference 
Oak Bay 
Saltwater Park 
Coupeville 
Double Bluff 

Combined reference 

NADPH- NADH-DT-
ferrihaemoprotein diaphorase 
reductase 

71 ± 8* 66 ± 11* 
70 ± 16* 72 ± 15* 
67 ± 11* 56 ± 19 
66 ± 9* 46 ± 12 
40 ± 20 49 ± 18 

40 ± 6 47 ± 9 
47 ± 14 50 ± 17 
45 ± 18 39 ± 15 
34 ± 5 39 ± 16 

41 ± 12 44 ± 15 

Gamma-glutamyl 
trans peptidase 

25 ± 10* 
69 ± 13 
26 ± 7* 
26 ± 9* 
55 ± 20 

61 ± 20 
91 ± 17 
41 ± 12 
90 ± 24 

71 ± 28 

Catalase 

20 ± 4' 
15 ± 3* 
16 ± 3* 
15 ± 3' 
11 ± 4 

10 ± 2 
13 ±2 
11 ± 3 
II ±3 

11 ± 3 

Peroxisome 
proliferation 
(%) 

90' 
60* 
70* 
60* 
60* 

10 
30 
20 
30 

22.5 
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Table 5 Myilus edldis. Correlation coefficients between tissue concentrations of polycyclic aromatic hydrocarbons (PAHs) and poly­
chlorinated hydrocarbons (PCBs) and cytochemical changes in digestive gland. Concentration ofPAH s were ini tially log-transformed before 
linear relationships were evaluated [Other pesticides summed concentration of pesticides described in Table 1; '" significant relationship 
(p ::::;; 0.05) between bioindicator response and selected organic contaminants measured in whole tissue of mussels sampled from Puget Sound, 
Washington] 

Bioindicator 

NADPH-ferrihemoprotein red uctase 
DT -diaphorase 
'Y-g1utamyl lranspeptidase 
Catalase 
Peroxisome proliferation 

Contaminan[ 

l:PAH s 

0.89' 
0.84' 

- 0.53 
0.94' 
0.87' 

Harbor and City Waterway) than in mussels from all 
the reference sites combined. In contrast, GGT activity 
was significantly lower in mussels from the con­
taminated sites of Eagle Harbor, Seacrest and Four 
Mile Rock than in mussels from all the reference sites 
combined. The prevalence of peroxisome proliferation 
was 60 to 90% in the digestive cells of mussels from 
contaminated sites, while it was only 10 to 30% among 
mussels from the reference sites. 

Relationship between tissue chemical-contaminant 
burden and cytochemical measures 

Significa nt relationships were obtained between 
measures of anthropogenic contaminant exposure (e.g. 
body burden of PAHs and PCBs) and activities of 
enzymes typically involved in the biotransformation of 
organic xenobiotics and peroxisome proliferation in the 
digestive gland in mussels from Puget Sound (Table 5). 
For example, as the level of LPAHs (log-transformed), 
PCBs, or total DDTs in mussel tissue increased, the 
mean NFR, DTD, and CAT activities and proliferation 
of perox isomes in their digestive gland increased signif­
icantly (p :; 0.05). Additionally, the summed concentra­
tion of other pesticides, which incl ude aldrin, chlor­
dane, dieldrin, heptachlor, and lindane, were signifi­
cantly related to increased NFR and DTD activities in 
the digestive gland of mussels; however, these pesticides 
were not associated with increased CAT activity or 
proliferation of peroxisomes as was observed for the 
other contaminant classes. Even though GGT activity 
was significantly depressed in mussels from three of the 
five urban-associated areas, no significant inverse rela­
tionship could be identified between any of the classes 
of contaminants in the tissues of mussels and GGT 
activity in their digestive gland. 

The tissue concentrations of 1:PAHs and 1:PCBs in 
tissues of mussels from several of the urban-associated 
areas of Puget Sound were similar to high levels found 
in mussels from the NOAA's Mussel Watch Program 
(O'Conner 1992), and the correlations observed 

PCBs Total DDTs Other pesticides 

0.90' 0.85' 0.74'" 
0.83' 0.78' 0.78' 

- 0.45 - 0.49 - 0.53 
0.81' 0.67' 0.52 
0.84' 0.75' 0.46 

80.-------------------------~ 

• 
• 

• • 
• 

• 
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Fig. 2 Myrilusedulis. Relationshi p between L high-molecula r weight 
PAHs and NADPH-ferrihemoprotein r'eductase acti vity 
(R 1 = 0,95) in digestive cell s of mussels from variety of sites in Puget 
Sound, Washington 
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Fig. 3 MyUltls edulis. Relat ionship between total PCBs and percent . 
peroxisome proliferation (Rl = 0.86) in digestive cells of mussels 
from variety of sites in Puget Sound, Washington 



between the tissue burdens of ~PAHs or ~PCBs and 
biological effects were highly significant; examples of 
these relationships are presented. In one example 
(Fig. 2), the level of ~PAHs in mussel tissues is signifi­
cantly correlated with the mean NFR activity in the 
digestive gland (R2 = 0.95, p ~ 0.05, ANOY A). In an­
other example (Fig. 3) representing a strong relation­
ship, tissue levels of PCBs are significantly correlated 
with the percent increase in proliferation of peroxi­
somes (R' = 0.86, p ~ 0.05, ANOYA). 

• 

Discussion 

The resul ts of our investigation demonstrate that the 
enzymes, NFR, o.TD and CAT, which are involved in 
the biotransformation of organic xenobiotics (Living­
stone 1991), and the incidence of peroxisome prolifer­
ation were increased in the digestive gland of the mussel 
Mytilus edulis sampled from urban areas of Puget 
Sound, Washington. The strong association between 

, chemical-contaminant body burden and these subcel­
lular changes suggest that increased exposure to or­
ganic chemicals was a causative factor. Although GGT 
activity was significantly decreased in mussels from 
some of the urban-associated sites, no association be­
tween chemical-contaminant body burden and GGT 
activity was observed. The current findings support the 
use of selected cytochemically-measured subcellular re­
sponses as biomarkers of con taminant exposure in en­
vironmental monitoring programs. 

The correlation between organic chemical con­
taminants such as PAHs and PCBs in tissues and 
increased NFR acti vity and proliferation of peroxi­
somes suggests that xenobio tics may be the causative 
agents. Because of co-occurrence of major classes of 
contaminants, it is difficult to attribute cause-and-effect 
relationships to any single class of chemical con­
taminants. However, ultrastructural, cytochemical and 
morphometric results of experimental and field studies 
bave shown that organic contaminants such as PAHs 
and PC Bs induce substantial alterations in both struc­
ture and function of the digestive cells of bivalve mol­
luscs (Bayne et a!. 1988; Moore 1991). Other in vestiga­
tors have reported consistent, positive relationships 
between prevalences of certain hepatic lesions in fish 
and PAH exposure (Myers et a!. 1994), suggesting po­
tential causal links between exposure to these con­
taminants and biological effects. Moreover, the concen­
trations of 1:PAHs and ~PCBs in tissue of mussels 
from several of the urban-associated areas of Puget 
Sound were comparable to the highest concentrations 
found in mussels from the NOAA's Mussel Watch 
Program (O'Conner 1992), whereas the tissue burden of 
total DDTs and the summed concentration of other 
pesticides were relatively low and not GOmparable to 
high concentrations found in mussels from the NOAA's 
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Mussel Watch P rogram (O'Conner 1992). Thus, the 
consistent enzymatic and cytologica l changes observed 
in the present study in the digestive cells of Mytilus 
edulis collected from urban-associated sites in Puget 
Sound, Washington, may be attributable to the ele­
vated tissue concentrations of PAHs and PCBs. 

The enzyme activities that exhi bi ted a substantial 
range of response to contaminant exposure were NFR 
and CAT. For example, NFR activity in the digestive 
cells of mussels from four of the urban-associated sites 
were 67% greater than activities in mussels from 
the reference sites, while the activi ties of the oxidase 
enzyme, CAT, were 50% greater than mussels from the 
reference sites. Increases in NFR enzyme activity in 
digestive-gland micro somes have been reported in sev­
eral bivalve species exposed to poll utants (Moore 1988; 
Schlenk and Buhler 1989; Porte et al. 1991). Elevation 
of oxyradical production following exposure to organic 
chemical contaminants and increased activities of DTD 
and CAT have been detected in homogenates of diges­
tive gland of several molluscan species (Porte ct a!. 
1991; Cajaraville et a!. 1992). 

Peroxisome proliferation also was significantly ele­
vated in M y titus edulis from the urban sites. Coincident 
with peroxisome proliferation may be a lterations in the 
peroxisomal membrane permeability to hydrogen per­
oxide. The diffusion of hydrogen peroxide from peroxi­
somes may lead to the production of the biologically 
damaging free radical (OOH) in the cytosol (Redd y and 
Lalwani 1983). Excessive accumula tion of lipofuscin in 
the liver of rats exposed to peroxisome proliferators 
was reported as evidence for the increased production 
offree radicals as a result of hydrogen peroxide gener­
ated by sustained proliferation of peroxisomes (Reddy 
et a!. 1982). Similarly, we have reported an excessive 
accumulation of lipofuscin in the digestive cells of 
mussels collected from the same contaminated sites 
(Krishnakumar et a!. 1994). These find ings suggest that 
peroxisome proliferation in M. edttlis may lead to in­
creased levels of cellular hydrogen peroxide which can 
alter cellular macromolecules. 

Although a significant relationship between tissue 
burden of PAHs and PCBs and DTD activity was 
identified, significant increases in the activity of DTD 
was found on ly in mussels collected from Eagle Har­
bor and City Wate rway, the sites where mussels exhib­
ited the highest tissue concentrations of PAHs. Organic 
contaminants such as PAHs have been shown to in­
duce the activities ofDTD in mussels (Livingstone et a!. 
1989; Porte et a!. 1991). Benzo(a)pyrene, a model PAH, 
is metabolized predominantly to quinones by digestive­
gland microsomes of Mytifus edulis (Stegeman 1985; 
Livingstone 1988). The DTD-mediated reduction of 
qui nones to hydroquinones and subsequent conjuga­
tion and excretion reduces tbe concentrations of 
quinones available for redox cycling (Livingstone et a!. 
1989). Thus, the present results appear to suggest that 
the tissue burdens of PAHs in mussels from Eagle 
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Harbor and City Waterway were sufficient to induce 
increased DTD activity. In contrast to observations of 
increased activities of NFR, DTD, and CAT in the 
digestive cells of mussels from urban-associated sites, 
a significant decrease in the activities of GGT was 
observed in mussels from the contaminated sites of 
Eagle Harbor, Seacrest and Four Mile Rock compared· 
to the reference sites. Despite these observations, no 
relationship between chemical-contaminant body bur­
den and GGT activity was identified. 

The response of peroxisomes in digestive cells of 
mussels exposed to contaminants is generally similar to 
the effects observed in the hepatocytes of fish and 
rodents. Chemicals identified as peroxisome prolifer­
ators are reported to suppress the activities of GGT in 
the hepatocytes of rodents (Pretlow et al. 1987). Prolif­
eration of peroxisomes in hepatocytes of fishes and 
rodents exposed to xenobiotics was accompanied by 
increased CAT activity and decreased GGT activity 
(Yang et al. 1990; Garberg et al. 1992). In the present 
study, we also observed a significant increase in CAT, 
a marker of peroxisome proliferation, and a sup­
pression of GGT activity in mussels from the urban­
associated sites compared to those from the reference 
sites. Although the observed proliferation of peroxi­
somes could be a secondary response to nutritional 
differences amongst the sites, we reported in our pre­
vious study that particulate organic matter at all the 
sites were sufficient for normal growth (Krishnakumar 
et al. 1994). Furthermore, in a preliminary laboratory 
study, we observed increased proliferation of peroxi­
somes in Mytilus edulis exposed via diet to a mixture of 
PAHs or PCBs (Krishnakumar unpublished data), sup­
porting our field study results. 

Structural changes in the digestive gland of mussels 
appear to be more responsive to chemical contaminant 
exposure than changes in enzyme activity. In the pres­
ent study, we observed increased proliferation of per­
oxisomes but no changes in enzyme activity in the 
digestive cells of mussels from Sinclair Inlet. Previously, 
we reported evidence for impaired lysosomal stability 
in mussels collected from Sinclair Inlet (Krishnakumar 
et al. 1994). Lysosomal changes were also found to be 
related to the tissue burden of PAHs and PCBs in 
mussels (Krishnakumar et al. 1994). Although tissue 
PAH- and PCB-contaminant burden was higher in 
mussels from Sinclair Inlet than in mussels from the 
non-urban reference si tes, the tissue chemical-con­
taminant burden was much less than that of mussels 
from the other urban sites. Based on this evidence, 
cytological changes appear to be more responsive to 
contaminant exposure than are activities of selected 
enzymes involved in the biotransformation of 
xenobiotics; however, the dose-response of cytological 
and enzymatic changes in the digestive cells of mussels 
exposed to chemical contaminants is necessary to 
evaluate differential sensitivity of cytological and enzy­
matic changes. 

In summary, the present study demonstrated that 
mussels from urban-associated areas of Puget Sound, 
Washington, exhibited significant alterations in 
cytochemically measured peroxisome proliferation and 
activities of selected enzymes involved in the biotrans­
formation of xenobiotics compared to mussels from 
minimally-contaminated reference areas, and that these 
changes were positively and significantly related to 
levels of chemical contaminants in tissues. This sug­
gests that these parameters may be useful indicators of 
contaminant-induced effects in natural populations of 
mussels. Although further studies are needed to delin­
eate the specificity to chemical contaminant exposure 
and to assess the influence of environmental factors 
(seasonal effects) and physiological changes (e.g. repro­
duction), the results of the present study suggests that 
NADPH-dependent ferrihemoprotein reductase activ­
ity, catalase activity, and the induction of peroxisome 
proliferation represent promising and complimentary 
biomarkers of contaminant exposure in the marine 
bivalve My/ilus edulis. 
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