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ABSTRACT: Mature pre-spawning female dab Limanda limanda were sampled during the Bremer- 
haven Workshop from stations in the southern North Sea along a transect heading approxin~ately NW 
from the Elbe estuary (the 'German Bight Transect') and around an abandoned drilling s ~ t e .  Hepatic 
rnicrosomal mono-oxygenase activity as shown by ethoxyresorufin 0-deethylase (EROD) and 
cyanoethoxycoumarin 0-deethylase (CN-ECOD) declined with increasing distance offshore, but rose 
slightly a t  the outermost station on the Dogger Bank. Microsomal P4501A1 mRNA, detected with a new 
synthetic oligonucleotide probe, followed the same trend. Activities of EROD and CN-ECOD and 
concentrations of P4501A1 mRNA were well correlated with the major chlorobiphenyl residues 
measured in dab and with hydrocarbon concentrations in sedlments at these stations. Dab sampled 
from the drilling site had hepatic EROD and CN-ECOD activ~ty and P4501A1 mRNA contents similar 
to those in fish from the offshore German Bight stations. 

INTRODUCTION 

Hepatic mono-oxygenase (mixed function oxidase: 
MFO) induction in fish is being used increasingly to 
show the presence and effects of certain organic 
contaminants. Addison & Payne (1986) have reviewed 
the earlier literature on the subject, and recent marine 
or estuarine studies are described by Addison & 
Edwards (1988), Stegeman et  al. (1988, 1990) and 
Sulaiman et  al. (1991). The rationale for measuring 
MFO induction is the well-defined cause-effect re- 
lationship established in laboratory and field studies: 
environmental contaminants accumulated by the fish 
are transported to the liver, where they interact with a 
cytosolic receptor; this leads to production of a mRNA 
which is translated to cytochrome P4501A1 which in 
turn (with appropriate CO-factors) catalyses the MFO 
reactions. 

The usual approach to measuring MFO activity is to 

measure catalytic activity, most commonly ethoxy- 
resorufin 0-deethylase (EROD) which is catalysed 
quite specifically by P4501A1. Measurement of P450s 
with immunochemical probes is becoming increas- 
ingly popular (e.g. Stegeman e t  al. 1988, Gokssyr et  al. 
1992) although only a few appropriate probes are  
available commercially. Cytochrome P4501A1 mRNA 
has been measured (in both experimental and field 
studies) using naturally derived cDNA probes (Haasch 
et  al. 1989, Wirgin et  al. 1991). In this paper, we 
describe hepatic MFO activity in dab Limanda limanda 
from the German Bight and drilling site transects 
described elsewhere (Stebbing & Dethlefsen 1992). 
Using the conventional catalytic measurement of 
EROD as a reference, w e  have examined the use of a 
synthetic oligonucleotide cDNA probe for P4501A1 
mRNA, and also a potentially sensitive catalyhc index, 
that of cyanoethoxycoumarin 0-deethylase (CN- 
ECOD: White 1988). 
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MATERIALS AND METHODS 

Dab Limanda limanda were sampled from German 
Bight Stns 3 to 9 during short cruises in March 1990 by 
the RV 'Viktor Hensen' and were brought back live to 
Bremerhaven, usually withn 2 d of capture. Weights, 
length and sex were recorded and livers were removed 
for analysis. Microsomes were prepared essentially as 
described elsewhere (Addison & Edwards 1988) but 
using a bench-top ultracentrifuge (Beckman Instru- 
ments). Activity of EROD (Burke & Mayer 1974) was 
determined as described by Addison & Edwards 
(1988), and CN-ECOD activity (White 1988) as de- 
scribed by Addison et al. (1991). Total cytochrome 
P450 was estimated from the CO difference spectrum 
of dithionite-reduced microsomes (Omura & Sato 
1964). Protein was determined using the Pierce BCA 
reagent (Anon. 1989). 

Dab were sampled at Stns A, G & R on the 'Drilling 
Site Transect' on a cruise of the RV 'Holland'. Activities 
of EROD and CN-ECOD were estimated aboard ship, 
on 10 000 X g supernatants (post-mitochondrial or 
'PMS') prepared from liver homogenates. Aliquots 
were frozen for subsequent protein deterrninations 
and P4501A1 mRNA determinations. 

A cDNA oligonucleotide probe was used to meas- 
ure P4501A mRNA. The probe was synthesised by 
the Regional DNA Synthesis Laboratory, University 
of Calgary, and had the sequence 5'-d(GTGCTGTGG- 
GGGATGGTGAAGGG)-3' corresponding to nucleo- 
tides 705-727 in rat P450d. as listed in Genebank. 
This sequence differs by 3 nucleotides from the cor- 
responding segment of trout P4501A1 (Heilmann et al. 
1988). The probe was labelled with ($'P)-ATP by the 
method of Maxam & Gilbert (1980). 

Total RNA was extracted from liver as described by 
Sambrook et al. (1989) and denatured by heating to 
60 "C for 15 min in the presence of formaldehyde. 
Two-fold serial dilutions of RNA were made with 
diethylpyrocarbonate-treated water and loaded on to 
nylon filters (Genescreenplus) using a Bio-Rad BIO- 
DOT slot blot apparatus. The RNA was immobhsed by 
baking at 80 OC for 2 h. The final slot blot loads (0.2 m1 
slot-') ranged from 20 to 0.16 pg total RNA. 

Slot blots were pre-hybridised in 4.5 m1 of 6X SSPE 
(20x SSPE contains 3M NaC1, 0.2M NaH,PO, and 
0.02M EDTA at pH 7.4), 1 %sodium dodecyl sulphate, 
0.1 % Ficoll, 0.1% bovine serum albumin, 0.1 % poly- 
vinylpyrrolidone and 0.1 mg ml-' sheared salmon 
sperm DNA at 42 "C for 4 h in a hybridisation water 
bath. Hybridisation was carried out with 5 pm01 of the 
32P-labelled probe for 18 h at 48 "C in the same buffer 
but without salmon sperm DNA. Blots were washed in 
2X SSC (10X SSC contains 1.5M NaCl and 0.15M 
sodium citrate) at room temperature for 10 min 

followed by four 10 rnin washes at  60 OC. Blots were 
subjected to autoradiography and intensities of the 
bands were quantified by densitometry of the de- 
veloped film. Quantitation of mRNA per sample by 
hybridisation with an 01igo(dT),~ probe was used to 
normalise the data (Harle 1987). 

Statistical analyses were carried out with BMDP 
software (Dixon et al. 1983) usually on In-transformed 
data. 

RESULTS AND DISCUSSION 

Table 1 shows indices of MFO activity in dab from 
the German Bight. Only data from mature females 
weighing from 80 to 160 g are presented, since MFO 
activity varies with maturity (Forlin 1980) and with 
body size (Addison & Willis 1982) in other fish species. 
Mean fish weights were around 100 g at all stations, 
except for Sins 3 & 3 which yielded larger fish; 
discarding data from the larger fish (> 160 g) from Stn 
9 did not reduce the mean weight appreciably, and 
only reduced the sample size. All fish were gonadally 
mature but had not spawned. Liver weight expressed 
as a percentage of body weight varied quite widely, 
with Stn 9 having the hghest values (possibly related 
to larger body size); rnicrosomal protein also varied but 
showed no clear trend. Activities of EROD were over 
300 pm01 min-' mg-' microsomal protein at Stns 3 & 5, 
declined along the transect to Stn 8, and rose again 
slightly at Stn 9. The data from the 'offshore' stations (7 
to 9) were usually lower than those from the inshore 
stations (3 & 5 ) .  Activities of CN-ECOD followed the 
same trend as those of EROD; activities at  Stn 3 were 
over 2 nmol min-' mg-' microsomal protein, declining 
to less than one-tenth of that at Stn 8. Total P450 
showed a roughly similar trend with higher values at 
the inshore, and lower values at offshore stations; this 
was surprising as total P450 usually does not respond 
dramatically to either field or experimental induction. 
The general conclusion from the EROD, CN-ECOD 
and total P450 data is that MFO activity was indu.ced in 
inshore samples (possibly falling slightly between Stns 
3 & 5) and declined offshore to a minimum at Stn 8, 
rising slightly again at Stn 9. P4501A1 mRNA analysis 
supported these general conclusions. No samples were 
available from Stn 5, but samples from Stn 6 (which 
was further offshore than Stn 5) and Stns 7 to 9 all 
had lower P450IA mRNA levels than did samples from 
Stn 3 (Table 2). 

These trends are consistent with prelimnary 
chemical data. Chlorobiphenyl (CB) concentrations 
have been reported in dab liver from the German Bight 
Stns 3, 5, 6, 7 ,  8 & 9 (Cofino et al. 1992). The major CBs 
(IUPAC # 118, 138 and 153) accumulated in dab liver 
tissue from these sites were present in mean con- 
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Table 1. Limanda limanda. Indices of hepatic MFO activity in mature female dab weighing 80 to 160 g from the German Bight. 
Data are as means + SD. EROD: ethoxyresorufin 0-deethylase; CN-ECOD: cyanoethoxycoumarin 0-deethylase Data in the 

same column wlth the same suffixes do not differ significantly ( p  > 0.05 by t -test of In-transformed data) 

I station Fish wt Liver % Microsomal EROD CN-ECOD P450 
(no. of samples) (9) body wt protein (pm01 min-l mg-' (nrnol g-'  

(mg g -  ' liver) microsomal protein) liver) 

l 

centrations of 1148, 719,727, 292, 566 and 335 pg kg- '  
lipid along this transect. Correlation coefficients 
between EROD or CN-ECOD activities and these CB 
concentrations (for Stns 3, 5, 7 ,  8 & 9) were 0.82 and 
0.89, respectively (p  < 0.05 in each case). The cor- 
relation coefficient between mRNA data (Stns 3, 6, 7, 8 
& 9) and these CB concentrations was 0.90 (p  < 0.05). 
PAH concentrations in total sediment along the 
transect declined similarly to those of CBs in dab liver. 
Activities of EROD and CN-ECOD were also well 
correlated with total naphthalenes in whole sediment 
(r = 0.77 and 0.94, respectively) and with total PAH 
containing > 2  fused rings (r = 0.84 and 0.98, respec- 
tively). These correlations do not necessarily mean that 
any of these compounds were responsible for the 

Table 2. Lirnanda limanda. P4501A1 mRNA content of liver 
from dab sampled from the North Sea as described in text. 
Data are presented in optical absorbance units as mean + SE 

of determinations 

induced MFO activity, but if they were not, they co- 
varied with the inducers. 

Table 3 shows the CN-ECOD data from samples 
from the drilling site transect. Since these fish were 
analysed at sea it was not possible to determine total 
body or liver weights, nor to prepare microsomes. Fish 
from the reference station (R) were slightly longer 
(p < 0.05 by t -test) than those from the 2 other stations 
(A & G). However, MFO activity, a s  shown by CN- 
ECOD expressed in terms of PMS protein did not differ 
between any of the 3 sites sampled. If rnicrosomal 
protein represents about 25 % of PMS protein (as it 
does in trout: Addison et  al. 1977) then these CN- 
ECOD activities are  similar to those observed a t  Stn 7 
in the German Bight. However, the variance in the 
drilling site samples was so high that it is impossible to 
infer any differences in contamination between the 
German Bight and the southern North Sea. Analysis of 
the P4501A1 mRNA content of microsomes prepared 
from drilling site samples after the cruise supported 

Station P4501A1 mRNA (absorbance units) 

German Bight 
3 
6 
7 
8 
9 

Drilling Site Transect 
A 0.503 L 0.05 
G 0.700 L 0.099 
R 0.920 ir 0.101 

Table 3. Llmanda Lrmanda. Cyanoethoxycournarin O-de- 
ethylase activity (CN-ECOD: pm01 mg-' PMS protein min-') 
in female dab from the drilling site gradient. Data as mean f 
SD. Data in the same column with the same suffix do not 

differ significantly by t-test (p > 0.05) 

Site (no. of samples) Length CN-ECOD 
(cm) activity 
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these conclusions: there was no difference in mRNA 
content between dab from Stns A, G & R (Table 2) and 
mRNA content from these stations were usually at the 
lower end of the range of data obtained from the 
German Bight samples. Again, the chemical data 
available support this conclusion: the major CBs 
(IUPAC 118, 138 and 153) were present in dab lipid at 
concentrations of 256 and 411 pg kg from Stns R & 0 
(the position of the drilling site itself) respectively. 
These levels are similar to those in dab from the 
'offshore' stations in the German Bight. Thus, these 
data suggest that surface sediments from the drilling 
site transect have 'recovered' from any impact of past 
hydrocarbon exploration activity. 

These data illustrate a number of points. First, MFO 
measurements have been shown once again to be a 
reliable indicator of spatial trends in environmental 
contamination. In one sense, this was surprising. The 
Bremerhaven Workshop was timea to coincide with 
spawning (and high disease incidence) among North 
Sea dab, and this was expected to cause problems in 
interpreting biochemical measurements, as the 'noise' 
in such measurements attributable to reproduction 
(and possibly to migration: Rijnsdorp et  al. 1992) 
seemed likely to mask any 'signal' due to variation in 
contamination. The fact that trends were observed in 
the MFO response which were consistent with the 
pattern of chemical distribution indicates the robust- 
ness of the approach. 

Second, the results illustrate the value of 2 indicators 
of MFO activity which have not been extensively 
evaluated: CN-ECOD and P450IA mRNA measure- 
ments. CN-ECOD has previously been reported only 
in experimental studies (White 1988, Addison et al. 
1991) but in those it emerged as being a somewhat 
more sensitive indicator than EROD of induction, e.g. 
by P-naphthoflavone treatment. In the present work, 
CN-ECOD also appeared to be slightly more sensitive 
than EROD: the difference between activities at Stns 3 
& 8 in the German Bight (maximum and minimum, 
respectively) were about 9-fold for EROD and about 
15-fold for CN-ECOD. The specificity of CN-ECOD as 
an  indicator of P4501A induction is not known, though 
White (1988) has suggested that CN-ECOD may be 
catalysed by other P450 isozymes. This raises the pos- 
sibility that fish may contain inducible P450s other 
than P4501A1. 

Induction of P4501A1 mRNA has previously been 
measured only with natural cDNA probes extracted 
from experimentally induced fish. The synthetic 
oligonucleotide probe described here proved to be a 
specific and sensitive indicator of MFO induction, 
whose results were consistent with those from the 
more classical techniques. I t  is worth emphasising that 
one reason that MFO induction has proved to be a 

reliable indicator of contamination by a suite of organic 
compounds is that the mechanism of the induction 
process is well established. With the development of 
the probe described here, it is now possible to measure 
routinely a number of key aspects of the induction 
process: the transcription of P4501A1 mRNA, P4501A1 
itself (using imrnunochemical probes: Stegeman et al. 
1988, Gokseyr et al. 1992) and finally, the catalytic 
activity of the P4501A1 as indicated by EROD and 
related measurements. The internal consistency of 
these measurements increases their reliability. 

Acknowledgements. We thank the Canadian Oil and Gas 
Lands Administrations (COGLA) for financial support. 

LITERATURE CITED 

Addison, R. F., Edwards, A. J .  (1988). Hepatic m~crosomal 
mono-oxygenase activity In flounder Platicht,5ys flesus 
from polluted sites in Langesundfjord and from 
mesocosms experimentally dosed w ~ t h  diesel 011 and 
copper. Mar. Ecol. Prog. Ser. 46: 51-54 

Addison, R. F., Hansen, P.-D., Pluta. H.-J., Willis, D E. (1991). 
Absence of hepatic mono-oxygenase induction in 
estuarine fish by Ugilec-141iR) a PCB substitute based on 
tetrachlorobenzyl-toluenes. Mar. environ. Res. 31. 
137-144 

Adhson, R. F., Payne, J .  F. (1986). Assessment of hepatic 
mixed function oxidase induction in winter flounder 
(Pseudopleuronectes americanus) as a marine petroleum 
pollution monitoring technique, with an Appendix 
describing practical field measurements of MFO activity. 
Can. Tech. Rep. Fish. Aquat. Sci. no. 1505 

Addison, R. F., Willis, D. E. (1982). Variation of ethoxy- 
coumarin 0-de-ethylase activity with body weight and 
other factors in brook trout (Salvelinus fontinalis). Can. J. 
Fish. Aquat. Sci. 39: 924-926 

Addison, R.  F., Zinck, M. E., Willis, D. E. (1977). Mixed 
function oxidase enzymes in trout (Salvelinus font~nalls) 
liver: absence of induction following feeding of p,p'-DDT 
or p,p'-DDE. Comp. Biochem. Physiol. 57C. 39-43 

Anon. (1989). BCA Protein assay reagent Pierce, Rockford, IL 
Burke, M. D., Mayer, R.  T. (1974). Ethoxyresorufin: direct 

fluonmetric assay of a microsomal 0-dealkylation which is 
preferentially inducible by 3-methylcholanthrene. Drug 
Metab. Disp. 2: 583-588 

Cofino, W. P., Smedes, F., de  Jong, S. A., Abarnou, A., Boon, 
J.  P.. Oostingh, I . ,  Davies, I. M,, Klungsayr, J. ,  Wilhelmsen, 
S., Law, R. J., Whinnett, J .  A., Schmidt, D., Wilson. S. 
(1992). The chemistry programme. Mar. Ecol. Prog. Ser. 
91: 47-56 

Dixon, W. J., Brown, M. B., Engelrnan, L., Frane, J W., Hill. 
M. A., Jennrich, R. I., Toporek, J. D. (1983). BMDP statisti- 
cal software. University of California Press. Berkeley 

Forlin, L. (1980). Effects of Clophen A50, 3-Methylchol- 
anthrene, Pregnenolone-16a-carbonitrile, and Phenobar- 
bital on the hepatic microsomal cytochrome P-450- 
dependent monooxygenase system in rainbow trout. 
Salmo gairdnen, of different age and sex. Toxicol. appl. 
Pharmacol. 54: 420-430 

Goksoyr, A., Larsen, H. E. ,  Blom, S., Forhn, L. (1992). 
Detection of cytochrome P450 1 A l  in North Sea dab liver 
and kidney. Mar. Ecol. Prog. Ser. 91. 83-88 



Renton & Addison: Hepatic microsomal mono-oxygenase activity 

Haasch, M. L.,  Wejksnora. P. J., Stegeman, J. J., Lech, J. J 
(1989). Cloned rainbow trout liver P,,,450 complementary 
DNA as a potential environmental monitor. Toxicol. appl. 
Pharmacol. 98: 362-368 

Harley. C. B. (1987). Hybridization of oligo(dT) to RNA on 
nitrocellulose. Gene Anal. Tech. 4: 17-22 

Heilmann, L. J., Sheen, Y-Y., Bigelow, S. W., Nebert, D. W. 
(1988). Trout P4501A1: cDNA and deduced protein 
sequence, expression in liver and evolutionary 
signif~cance. DNp\ 7: 379-387 

Maxarn, A. M. ,  Gilbert, W. (1980). Sequencing end-labeled 
DNA with base-specific chemical cleavages. Meth. 
Enzymol. 65: 499-560 

Omura, T., Sato R. (1964). The carbon monoxide-binding 
pigment of liver microsomes I. Evidence for its hemo- 
protein nature. J .  biol. Chem. 239: 2370-2378 

Rijnsdorp, A. D., Vethaak, A. D., van Leeuwen, P. 1. (1992). 
Population biology of dab  Limanda limanda in the 
southeastern North Sea.  Mar. Ecol. Prog. Ser. 91: 19-35 

Sambrook, J., Fritsch, F. F., Maniatas, T. (1989). Molecular 
cloning: a laboratory manual. Cold Spring Harbor Labora- 
tory Press, Cold Spring Harbor, NY 

Stebbing, A. R. D.,  Dethlefsen, V. (1992). Introduction to the 
Bremerhaven Workshop on Biological Effects of Contami- 
nants. Mar. Ecol. Prog. Ser. 91: 1-8 

Stegeman, J. J.,  Woodin, B. R., Goksayr, A. (1988). Apparent 
cytochrome P-450 induction as an  indication of exposure 
to environmental chemicals in the flounder Platichthys 
flesus. Mar. Ecol. Prog. Ser. 46: 55-60 

Stegeman, J J. ,  Renton, K. W., Woodin, B. R., Zhang, Y.-S., 
Addison R. F. (1990). Experimental and environmental 
~nduction of cytochrome P-450E in fish from Bermuda 
waters J .  exp, mar. B~ol.  Ecol. 138: 49-67 

Sulaiman, N., George, S., Burke, M. D. (1991). Assessment of 
sublethal pollutant impact on flounders in an  
industrialised estuary using hepatic biochemical indices. 
Mar. Ecol Prog. Ser. 68: 207-212 

White. I. N. H. (1988). A continuous fluorimetric assay for 
cytochrome P-450-dependent mixed function oxidase ac- 
tivity using 3-cyano-7-ethoxycoumarin. Analyt. Biochem. 
172. 304-310 

Wirgin, I., Kreamer, G.-L., Garte, S. J. (1991). Genetic poly- 
morphism of cytochrome P4501A in cancer prone Hudson 
River tomcod. Aquat. Toxicol. 19: 205-214 




