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Abstract-Induction of cytochrome P450 !AI (CYPIAI) in cultured cells can be used to determine taxon-specific relative potencies 
of Ah receptor agonists. This report describes optimized methods for growth and treatment of PLHC-1 fish hepatoma cells in multi well 
plates, in situ analysis of ethoxyresorufin 0-deethylase (EROD) activity, and measurement of CYPIA protein by immunoblotting of 
celllysates. EROD activity was undetectable(< 1 pmol min·' mg·') in untreated or dimethyl sulfoxide-treated cells, but was highly 
induced (up to 150 pmol min·' mg- 1) in cells exposed to Ah receptor agonists such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). 
2.3,7,8-tetrachlorodibenzofuran (TCDF), or planar chlorobiphenyls (CB). Addition of exogenous NADPH was not required for mea­
surement of EROD activity in PLHC-1 cells. As inducers of EROD activity, TCDD, TCDF, 3,3',4,4',5- pentachlorobiphenyl (CB-126). 
and 3,3',4,4'-tetrachlorobiphenyl (CB-77) differed both in potency and in apparent efficacy (maximal level of induced activity). In 
each case, EROD induction was biphasic, with stronger induction at lower concentrations and an attenuated response at higher 
concentrations. In contrast, the content of immunodetectable CYP I A protein increased monotonically with dose of CB. and the maximum 
level achieved was similar for all inducers. The discrepancy in results obtained for EROD activity versus CYPIA protein may result 
from inhibition or inactivation of catalytic function at high concentrations of inducer. By reducing peak EROD values, this inhibition 
leads to lower apparent EC50 values and thus the overestimation of relative potencies or toxic equivalency factors (TEFs) for many 
inducers. These studies demonstrate the necessity of measuring both EROD activity and immunodetectable CYPIA protein for the 
accurate assessment of CYPIA induction and relative potencies in cultured celis. 
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INTRODUCTION 

Induction of cytochrome P450 lAl (CYPlAl) is a well­
known response of vertebrate animals exposed to planar halo­
genated aromatic hydrocarbons (PHAH) such as 2,3,7,8-tetrach­
lorodibenzo-p-dioxin (TCDD) [1). This response, which is me­
diated by the Ah receptor (AhR), has been used extensively to 
study the mechanism of PHAH action [2], to establish inducer 
structure- activity relationships (I-SAR) [3,4], and as a marker 
of exposure to PHAH (5-7). Hepatoma cell lines (e.g., Hepa-
1, H41IE) derived from mice and rats have been particularly 
useful in investigating mechanisms of cytochrome P450 induc­
tion [2]. Studies of the I-SAR for induction of CYP1A-depen­
dent catalytic activities such as aryl hydrocarbon hydroxylase 
(AHH) and ethoxyresorufin 0-deethylase (EROD) in rat he-· 
patoma cells have contributed to an understanding of the varied 
biological potencies of individual PHAH congeners in mammals 
[8,9]. Such information has supported the use of cell culture 
bioassays for detecting PHAH in complex mixtures of chemicals 
extracted from tissues or the environment [10,11]. 

Evidence from several studies shows that I-SAR may differ 
between classes of vertebrate animals [12-15]. Thus, as noted 
previously [16-19], the relative potencies established in mam­
malian cells may not apply to other animal groups, indicating 
the need for taxon-specific model systems that can be used to 
define such differences. One such system is the PLHC-1 fish 
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hepatoma cell line, which expresses an AhR [19] and an in­
ducible CYP1A [19,20]. These cells, and cultured cells derived 
from other nonmammalian species, are currently being used by 
several laboratories to determine taxon-specific I-SAR [21-26). 

The substantial effort required to conduct experiments on 
cells grown in flasks or dishes has stimulated the development 
of methods for growth, treatment, and assay of cultured cells 
in multi well plates. Kennedy et al. [27 ,28] described multi well­
based assays for EROD activity and porphyrin content in pri­
mary cultures of chick embryo hepatocytes. Donato et al. [29] 
and Lubinski et a!. [30] presented methods for assay of alkox­
yresorufin 0-dealkylase activities in multiwell plates of rat or 
human hepatocytes. 

Most studies of CYPlA induction in cell culture have mea­
sured CYPlA catalytic rates, primarily EROD and AHH. How­
ever, it has become evident that CYP1A catalytic rates do not 
always reflect the amount of catalyst (CYPlA protein). For 
example, studies of CYPlA induction in vivo or in cultured 
cells often report dose-response relationships characterized by 
an increase in catalytic activity at low doses followed by in­
hibition or inactivation at higher doses of inducer (reviewed in 
Hahn et a!. [ 19]). This finding has indicated the need for routine 
measurement of CYPlA enzyme protein in addition to its ac­
tivity, if relative potencies of PHAH are to be determined ac­
curately. In this report, we establish optimal conditions and 
methods for measuring both CYP1A catalytic activity (EROD) 
and immunodetectable CYPlA protein in PLHC-1 fish hepa­
toma cells grown in multiwell plates. This system was used to 
analyze CYP1A induction by a set of PHAH, illustrating the 
utility of such in vitro techniques for determining taxon- or cell-
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specific 1-SAR. The results further substantiate the importance 
of using complementary measures of CYPIA induction in cell 
culture systems. 

METHODS 

Chemicals and solutions 

The 2,3,7,8-TCDD (10 J.Lg/ml in toluene, >98% purity) was 
obtained from Ultra Scientific (Hope, RI, USA). 3,3',4,4'-Te­
trachlorobiphenyl (CB-77) was obtained from Pathfinder Labs 
(St. Louis, MO, USA). Its purity was >99% as determined by 
gas chromatography-electron capture detection (GC-ECD) and 
GC-mass spectrometry (MS). Further analysis by high-resolu­
tion MS showed that 3,3',4,4',5-pentachlorobiphenyl (CB-126) 
was not present ( <0.001 %) [31]. 3,3',4,4',5-Pentachlorobiphen­
yl (>99% pure) and 2,3,7,8-tetrachlorodibenzofuran (TCDF; 
>98% pure) were purchased from Ultra Scientific. Cell culture 
medium, calf serum, trypsin, dimethylsulfoxide (DMSO), and 
bovine serum albumin (BSA) were from Sigma. Other reagents 
were obtained as described previously [19]. 

Solutions of TCDD were prepared by drying an aliquot of 
TCDD in toluene under N2 and dissolving the residue in DMSO. 
Stock solutions of CB-77 ( 10 mM), CB-126 ( 1 mM), and TCDF 
(I mM) were prepared by dissolving the crystalline compound 
in DMSO. Aliquots of these stock solutions, or dilutions made 
from them, were used to treat the cells. 

Growth, plating, and treatment of cells 

The PLHC-1 fish hepatoma cells [32,33] were strain HC-16-
120, obtained from L.E. Hightower in March of 1993. Cells 
were grown in tightly capped 75-cm2 flasks at 30°C in minimal 
essential medium containing Earle's salts, nonessential amino 
acids, L-glutamine, and 10% calf serum, as described previ­
ously [19]. Hepes buffer (25 mM) was present to maintain pH 
at -7.0. The cells were from various passages (10 to 75, be­
ginning with receipt in our laboratory), as described in the 
Results; most of the experiments were performed using cells 
from passages 20 to 35. One day prior to dosing, cells were 
subcultured into 48-well plates (Costar). Cells from one or two 
confluent 75-cm2 flasks were detached by trypsin treatment as 
described previously [19]. The detached cells were diluted in 
a volume of cold medium, typically 50 ml, and counted with 
a hemacytometer. The cells were then further diluted to a cell 
density (cells/ml) that would result in the desired plating den­
sity (cells/well) at a volume of 0.5 ml per well. While plating, 
cells were maintained in a sterile beaker with constant stirring 
at moderate speed. Cells were plated using an Eppendorf re­
peating pipettor with a sterile 12.5-ml tip. The tip was refilled 
after each set of eight wells to prevent settling of cells in the 
tip. After plating, the plates were wrapped in plastic wrap to 
minimize evaporation. 

Twenty-four hours after plating, the medium was removed 
and the cells received fresh medium (0.5 ml) warmed to 20-
300C. The cells were then dosed with solutions of the inducing 
compounds dissolved in DMSO (2.5 J.!.Uwell; four wells per 
dose). Control wells received DMSO only. Plates were returned 
to the 30°C incubator for 24-72 h, after which the medium was 
aspirated from the wells and each well was washed with 0.5 ml 
phosphate-buffered saline (PBS) prior to analysis of EROD ac­
tivity as described below. Plates used for analysis of CYP1A 
protein by immunoblots or for total protein measurement were 
frozen at - 80°C. 
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Assays 

EROD activity was measured using a multiwell plate reader 
by a modification of the method described by Kennedy et al. 
[27]. The EROD reaction was initiated by the addition (100 J.LU 
well) of a solution of 7-ethoxyresorufin (2 J.LM final concentra­
tion) in TN buffer (50 mM Tris, 0.1 M NaCl, pH 7.8 at room 
temperature). In some experiments, NADPH (1.67 mM final 
concentration) was also included in the reaction mixture. Re­
actions were carried out at room temperature for 5 min or other 
times as noted in figure legends. Reactions were stopped by the 
addition of 150 J.Ll cold methanol, and the plates were allowed 
to stand for 5 min. Blank wells contained DMSO-treated cells 
and complete reaction mixtures but were stopped immediately 
with methanol. Resorufin fluorescence was measured using the 
Cytofluor 2300 fluorescent plate reader (Millipore) with 530 nm 
and 590 nm excitation and emission filters, respectively, at sen­
sitivity settings 2, 3, and 4. Resorufin standard curves were 
prepared by the addition of various concentrations of resorufin 
in methanol to complete reaction mixtures, including untreated 
cells. The extinction coefficient for resorufin in methanol was 
determined to be 49 mM- 1 cm- 1 at 573 nm. 

In some experiments, the EROD reaction was followed ki­
netically. The reactions were initiated as above and the plate 
was placed in the Cytofluor and scanned at 1- or 2-min intervals. 
EROD reaction rates (pmol resorufin formed per minute) were 
determined by dividing the rate of resorufin production (change 
in fluorescence per minute) by the slope of the resorufin standard 
curve (change in fluorescence per pmol resorufin). 

Cell protein was measured on separate plates containing cells 
treated with DMSO only, using the fluorescent protein assay 
described by Lorenzen and Kennedy [34], with BSA as standard. 

Measurement of CYPJA protein 

CYPIA protein was measured by immunoblotting of whole 
cell lysates. To prepare lysates from cells grown in 48-well 
plates, the cells were solubilized on ice in 100 J.LI of either 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) sample treatment buffer (0.25 M Tris-HCl, pH 
6.8, 40% [v/v] glycerol, 4% [w/v] sodium lauryl suifate, 0.008% 
bromphenol blue, and 5% [v/v]2-mercaptoethanol) or PBS con­
taining 10 mM EDTA, 1 mM phenylmethylsulfonylfluoride 
(PMSF), and 0.5% Nonidet P-40 (NP-40). After 5 min on ice, 
the plates were shaken briefly on a vortex mixer with plate 
attachment, and the lysates were pi petted into 0.5-ml Eppendorf 
tubes (one well per tube). Lysates in sample treatment buffer 
were boiled for 5 min or placed in a thermocycler (Perkin Elmer) 
and heated to 95°C for 5 min to solubilize the cells completely 
and inactivate proteases. To lysates in the PBS solution, ¥3 vol­
ume (25% final concentration) of the sample treatment buffer 
was added before thermal treatment. · 

Samples and CYPlA standards (purified CYPlAl from scup, 
Stenotomus chrysops) were analyzed by denaturing gel electro­
phoresis on 6-15% acrylarnide gradient gels by methods described 
earlier [19,35], with slight modifications. Proteins were electr;o­
phoretically transferred onto 0.2-J..I.ffi nitrocellulose and incubated 
with monoclonal antibody 1-12-3 (anti-scup CYPIAl) [36] at 10 
J.Lg/ml, then with goat anti-mouse IgG linked to alkaline phos­
phatase (Schleicher and Schuell; 1/5,000 dilution). Color was 
developed by enhanced chemiluminescence as directed for the 
Schleicher and Schuell Rad- Free Chemiluminescence Detection 
Kit, using Kodak X-AR film. Fluorographs were digitized with 
a Kodak DCS200 digital camera and Adobe Photoshop, and 
band intensities were quantified by videoimaging densitometry 
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using NIH Image software. Values for CYP1A equivalents were 
determined from the integrated optical density of the MAb 1-
12-3 cross-reactive proteins relative to that of scup CYP1Al 
standards. 

Data analysis 

Fluorescence data obtained from the Cytofiuor plate reader 
were imported into SigmaPlot (Jande! Scientific) for analysis 
and curve fitting. Data obtained from EROD assays and den­
sitometry of immunoblots were normalized to total cellular pro­
tein and analyzed by nonlinear regression using the curve-fitting 
subroutine of SigmaPlot. Data were fitted to a modified Gaussian 
function (Eqn. 1, for biphasic relationships) or to a logistic 
function (Eqn. 2, for sigmoid relationships) as described by 
Kennedy et al. [27]. 

The Gaussian function was 

(l) 

where C = ln(2)/[ln(EC50) - ln(dm)F. y(d) is EROD activity 
or CYP1A1 content at inducer concentration d, Yb is basal EROD 
activity or CYPIA1 content, Ym is maximal EROD activity or 
CYP1Al content, dm is the inducer concentration producing 
maximal EROD activity or CYPlA, and EC50 is the inducer 
concentration producing 50% of maximal EROD activity or 
CYPlAl content. 

The logistic function was 

y(d) = Yb + (Ym - Yb){ 1 + exp[-g(ln(d) - ln(EC50))]} -t 

(2) 

where y(d), Yb, Ym, and EC50 are as for·Equation 1 and g is 
a slope parameter [27]. 

RESULTS 

To develop the PLHC-1 cell system for measuring CYPlA 
induction, it was important to establish optimal conditions and 
methods for growth, treatment, and assay of cells grown in 
multiwell plates. The 48-well plate format (l cm2 well surface 
area) was selected over 24- or 96-well formats based on results 
of previous studies in chick embryo hepatocytes [27] and on 
the yield of cellular protein needed for immunoblotting (see 
below). 

Conditions for growth and treatment of PLHC-1 cells in 
48-well plates 

Cell density. In initial experiments, cells were grown at 
densities ranging from 2.6 X lOS to 2.1 X 106 cells per well. 
The amount of cell protein per well after 1 d in culture was 
linearly related to initial plating density, indicating that at­
tachment efficiencies were independent of density over this 
range (data not shown). In subsequent experiments, the effect 
of plating density on protein yield and induced CYPlA activity 
was determined in cells plated at initial cell densities between 
1 X 1 05 and 5 X 105 cells/well. Protein assays were conducted 
at 1 d or 3 d after plating, corresponding to the typical times 
for dosing and EROD measurement, respectively. The amount 
of cell protein in the wells was directly proportional to the 
plating density at each time (Fig. IA). Between 1 and 3 d, cell 
protein content approximately doubled. The plating density 
chosen for subsequent experiments, 4 X 105, was one that 
typically produced approximately 80 J.l.g protein per well. 

EROD activity was measured in cells plated at 1 X 105 to 
5 X lOS cells/well and treated with DMSO or with TCDF, a 
potent inducer of CYPlA in fish [37,38]. For these studies, a 
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Fig. l. Effect of plating density on cell protein content and induced 
EROD activity. The PLHC-1 cells were plated at 1-5 X 105 cells/ 
well and used for measurement of total protein (A) or resorufin for­
mation (EROD activity) induced by TCDF (1 nM) (B). (A) Assays 
for total cell protein were conducted at 1 d or 3 d after plating. (B) 
Cells were treated with DMSO (5 X lOS cells/well only) or 1 nM 
TCDF 1 d after plating, and EROD activity was measured 2 d later 
using the kinetic assay described in the Methods; NADPH was not 
present in the reaction mixture. Each point represents the mean :t SE 
of four wells. They-axis shows resorufin formation, in units of relative 
fluorescence, as measured on the cytoftuor at sensitivity 2. The x-axis 
indicates time after addition of substrate (7-ethoxyresorufin). 

kinetic (continuous) assay was used. EROD activity was not 
detected in DMSO-treated cells plated at 5 X 1 OS cells/well 
(Fig. lB, lower curve). In contrast, a time-dependent increase 
in resorufin formation occurred in cells treated with 1 nM 
TCDE The rate of resorufin production was proportional to 
the initial cell density (Fig. lB, upper curves), as well as to 
the amount of cell protein. 

Volume of culture medium. An unexpected finding was that 
the volume of medium in contact with PLHC-1 cells during 
induction strongly influenced the degree of induction observed. 
When cells were treated with CB-77 in the presence of various 
volumes of culture medium (0.25, 0.5, or 1.0 ml, with the 
concentration of CB-77 held constant), the magnitude of in­
duction was inversely proportional to volume. These results 
will be described in detail elsewhere (M.E. Hahn and A.B. 

' 
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Table I. Effect of exogenous NADPH on rates of resorutin 
production in PLHC- I cells treated with TCDF 

TCDF 
concentra­
tion (nM) 

0 
0.1 
I 

10 
100 

Resorutin production 

(.i fluorescence min-') 

(-) NADPH 

0.55 ± 0.06 
30.6 ± 3.4 
73.9 ± 5.8 
61.8 ± 4.4 
33.4 ± 2.4 

(+) NADPH 

o.29 ± o.o5• 
24.3 ± 4.5 
63.2 ± 2.0• 
58.5 ± 6.7 
38.8 ± 5.0 

The PLHC-1 cells were plated at 4 X 105 cells/well, treated with the 
indicated concentrations of TCDF. and assayed 2 d after treatment 
as described in the Methods. Kinetic EROD assays were performed 
in the absence or presence of exogenous NADPH (I .67 mM). Results 
shown are the means ± SD of four wells per group. Statistical analysis 
was performed using an unpaired r-test in StatView (Abacus Con­
cepts). 

•p < 0.05 when compared to the -NADPH group. 

Patel, manuscript in preparation; [39]). For the present studies, 
the 0.5-ml volume was used because induction was maintained 
for at least 2 d at this volume, whereas induction was more 
transient at the lower volume [39]. 

EROD assay conditions and induction by PHAH 

Requirement for exogenous NADPH. In the experiment 
described above (Fig. I B), formation of resorufin occurred in 
the absence of added NADPH, suggesting that PLHC-1 cells 
have sufficient endogenous NADPH-generating capacity to 
support CYPIA catalytic function. To determine directly the 
necessity of including added cofactor in our system, the EROD 
activity of PLHC- 1 cells treated with various concentrations 
of TCDF was measured in the presence and absence of added 
NADPH. EROD activity was not increased by addition of 
exogenous NADPH, at any TCDF concentration; in some cases 
there was a slight decrease (Table 1). Although statistically 
significant, the decreases were not large and were not consis­
tently observed at all TCDF concentrations; the biological sig­
nificance of these decreases is thus uncertain. 

Other components of EROD reaction. The optimal concen­
tration of substrate for use in the EROD assay was determined 
by measuring activity at various concentrations of 7-ethoxy­
resorufin up to 4 !J.M. The KM for 7-ethoxyresorufin in cells 
treated with 0.3 nM TCDF was 0.33 :!: 0.07 !J.M. Subsequent 
assays were performed at a 7-ethoxyresorufin concentration of 
2 !J.M. 

We also evaluated the effect of sonication to lyse the cells 
prior to assay, and the effect of adding BSA, which may help 
solubilize some monooxygenase substrates [40] or inhibit con­
jugation of resorufin [41]. EROD rates were similar in the pres­
ence and absence of BSA (5.32 mg/ml). Similarly, sonication 
of cells did not increase EROD activity, even in the presence 
of added NADPH (data not shown). 

Salicylamide, an inhibitor of sulfate and glucuronide con­
jugation, has been ·shown to be necessary for accurate detection 
of EROD rates in primary cultures of rat hepatocytes [30]. The 
EROD activities of PLHC-1 cells treated with various concen­
trations of TCDF were not increased by inclusion of salicylam­
ide at 1.5 mM in the EROD reaction mixture (not shown). 
Previously, we showed that the DT-diaphorase inhibitor dicu­
marol did not affect EROD activity in these cells [19]. 

Time course of assay. EROD activity can be measured either 
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Fig. 2. Time course of EROD activity using a stopped assay. The 
PLHC- I cells were plated at 4 X I OS cells/well and treated with 
DMSO, 3,3',4,4'-TCB (CB-77; 10 1-1-M), or TCDF (1 nM) I d after 
plating, and EROD activity was measured 2 d later. Each point rep­
resents the mean ± SE of four wells. 

by kinetic (continuous) or stopped (single time) assays. Stopped 
assays provide significant efficiencies in data handling and cal­
culations, but it must be established that reaction rates are linear 
with time under the conditions used. The time course of the 
EROD reaction measured with a stopped assay was determined 
using cells treated for 48 h with DMSO or with maximal EROD­
inducing concentrations of CB-77 or TCDE Assay times be­
tween 30 s and 15 min were evaluated. Resorufin production 
was not detected in cells treated with DMSO alone, even after 
30 min of incubation with substrate (Fig. 2; data for longer 
times not shown). Resorufin production in TCB- and TCDF­
treated cells was linear through at least 10 min (Fig. 2). EROD 
activities in cells treated with TCDF were eightfold greater than 
in cells treated with TCB (see Potency and efficacy of AhR 
agonists as inducers of CYP JA activity, next page). 

Time course of induction. The time course of EROD in­
duction was evaluated using PLHC-1 cells continuously exposed 
to TCDF for 24, 48, or 72 h. Dose-response curves for induction 
of EROD activity in cells treated with TCDF for 24 or 48 h 
were similar, reaching identical maxima ( -120 pmoVmin mg) 
(Fig. 3). In contrast, after 3 d of exposure the maximal activity 
was about half of that at the earlier time points. The EC50 values 
increased slightly with time of treatment (1 d: 0.069 :!: 0.026 
nM; 2 d: 0.103 :!: 0.020 nM; 3d: 0.131 :!: 0.019 nM; mean :!: 
SE based on four replicates per dose, one plate per treatment 
time); additional experiments would be required to determine 
the statistical significance of this apparent trend. 

Effect of passage number on EROD responsiveness. The 
characteristics of cell lines may change with repeated subcul­
turing. To determine if the responsiveness of PLHC-1 cells is 
different for early passage versus late passage cells, induction 
of EROD by TCDD was compared in a single experiment using 
cells from passages I 0 and 7 5. For each group of cells, duplicate 
plates were prepared, treated with a range of TCDD concen­
trations, and EROD activity was measured after 2 d. Both groups 
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Fig. 3. Time course of EROD induction by TCDF. Cells were plated 
at 4 X 105 cells/well. Twenty-four hours later the cells were exposed 
to various concentrations of TCDF, and induced EROD activity was 
measured at I, 2, or 3 d after dosing. Points represent the mean ::!: 
SE of four wells per dose. Points at I0-4 nM TCDF represent DMSO­
treated cells. 

of cells were highly responsive to EROD induction by TCDD. 
The maximal induced EROD activity in passage 10 cells was 
slightly greater than that in passage 75 cells (65 pmol min- 1 

mg- 1 vs. 57 pmol min-1 mg- 1, respectively [mean of two plates]) 
and the passage 10 cells were slightly more sensitive (ECSO 
values: 0.33 nM [plO] and 0.58 [p75]). These results indicate 
that "old" cultures retain responsiveness to CYPlA inducers, 
but that there may be some change in sensitivity as cultures 
age. 

Potency and efficacy of AhR agonists as inducers of 
CYPJA activity 

To evaluate the potential of PLHC-1 cells grown in 48-well 
plates for determining inducer structure-activity relationships, 
the dose-dependent induction of CYPlA catalytic activity 
(EROD) was determined for three commonly used AhR ago­
nists: TCDD and two planar chlorobiphenyls (CB-77, CB-126). 
As shown in Figure 4A, the compounds differed both in potency 
(concentration needed to produce a defined effect [42,43]) and 
apparent efficacy (maximal level of induction). In all cases, 
EROD induction was biphasic, with stronger induction at lower 
concentrations and an attenuated response at higher concentra­
tions. Similar biphasic patterns of EROD induction were seen 
following exposure to several other chlorobiphenyl congeners 
(manuscript in preparation). 

Measurement of immunodetectable CYPJA protein in cells 
grown in 48-well plates 

The presence of biphasic EROD dose-response curves (e.g., 
Fig. 4A; see also [27 ,28]) has been shown to occur when CYPlA 
is inhibited or inactivated by residual inducer present in the cells 
[19]. To evaluate both CYPlA activity and CYPlA protein in 
cells treated with inducers, duplicate plates were treated with 
each inducer. One plate was used for determination of EROD 
activity as described above, while the other was used for im-
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Fig. 4. Induction of EROD activity and CYPIA protein by TCDD 
and two planar PCB congeners. Cells were plated at 4 X I 05 cells/ 
well. Twenty-four hours later duplicate plates were exposed to TCDD, 
3,3',4,4',5- pentachlorobiphenyl (CB-126) or 3,3',4,4'-TCB (CB-77). 
Induced EROD activity and CYPIA protein were measured 2 dafter 
dosing. (A) EROD activity measured using the stopped assay. Points 
represent the mean ::!: SE of four wells per dose. Points at I0-3 nM 
inducer represent DMSO- treated cells. (B) Immunodetectable CYPIA 
protein. Data shown here were obtained by densitometric analysis of 
fluorograms like those shown in Figure 5 and are presented in units 
of "scup CYPIA-equivalents." Points represent a single immunoblot 
(CB-126) or the means of two (CB-77) or three (TCDD) immunoblots 
on lysates from a single plate. Bars on the TCDD data indicate SE. 

munochemical detection of CYPlA protein. For the latter, total 
cell protein was extracted from the wells using SDS-PAGE 
sample treatment buffer (containing SDS) or a PBS solution 
containing the nonionic detergent NP-40. Visual inspection after 

' 
-
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- .................. :.:- - ..... 
1 2 3 4 5 6 7 8 9 10 11 12 13 

CB-77 

_.,._, 

2 3 4 5 6 7 8 9 10 11 12 13 

PLHC-1 cell lysates CYP1 A standards 
Fig. 5. Immunochernical detection of CYPlA protein induced by TCDD or planar PCB congeners. Cells were treated as described in the legend 
to Figure 4, and celllysates were analyzed by immunoblotting using monoclonal antibody 1-12-3 and chernilurninescent detection as described 
in the Methods. Lanes 1-9 of each blot represent lysates of cells treated with the following concentrations of inducer: TCDD: 0, 0.0 I, 0 .03, 0.1 , 
0.3, 1.0, 3.0, 10, 30 nM; CB-126: 0, 0.03. 0. 1, 0 .3, 1.0, 3.0, 10. 30, 100 nM; CB-77: 0. 10, 30, 100, 300, 1000, 3000, 10,000, 50.000 nM. In 
each blot, lanes 10-13 contained purified scup CYPlAI at 0.025, 0.050, 0.1, and 0.2 pmolllane, respectively. 

extraction confirmed that both solutions completely removed 
the cells from the wells of the plate. 

CYPlA protein was determined by applying the entire cell 
lysate from one well to one lane of a denaturing polyacrylamide 
gel. Staining of the nylon membrane with Ponceau S after elec­
trophoretic transfer from the gel indicated that the protein load­
ing of lanes was approximately equal, consistent with results 
of total protein analyses performed on duplicate plates. Auo­
rograms produced by enhanced chemilurninescent detection of 
immunoreactive CYPlA protein from celJs treated with TCDD, 
CB-126, or CB-77 are shown in Figure 5, and the data obtained 
by densitometric analysis of the film are plotted in Figure 4B. 
TCDD produced a dose-dependent increase in imrnunodetect­
able protein, with a slight decrease in CYPlA content at the 
three highest concentrations. For the CB congeners, CYPlA 
protein increased monotonically with dose, in contrast to the 
biphasic EROD dose-response curves. Importantly, and also in 

contrast to the EROD results, the maximally induced level of 
CYPlA protein was similar for the three compounds (Fig. 4). 

The ECSO values for induction of CYPlA protein and cat­
alytic activity were calculated using Equation 1 for biphasic 
curves and Equation 2 for sigmoid curves as described in the 
Methods and in Kennedy et al. [27]. For both endpoints, TCDD 
was the most potent inducer, followed by CB-126 and then CB-
77 (Table 2). For each compound, the ECSO for EROD induction 
was lower than that for induction of CYPIA protein. Using the 
mean ECSO values, the relative potencies of the CB congeners 
as compared to TCDD could be estimated. Relative potencies 
calculated from EROD data were an order of magnitude greater 
than those calculated from CYPlA data (Table 2). 

DISCUSSION 

This report describes methods for growth and treatment of 
PLHC-1 fish hepatoma cells in 48-well plates, in situ analysis 
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Table 2. Potencies of TCDD, CB-126, and CB-77 as inducers of 
EROD activity and CYPlA protein in PLHC-1 cells 

TCDD 
CB-126 
CB -77 

EROD CYPIA 

Relative Relative 
N EC50 (nM) potency R EC50 (nM) potency 

12 0. 13 :!: 0.04 
3 0 .37 ::!: 0.07 
5 78 ::!: 112 

1.0 
0.35 
0.0017 

5 
I 
2 

0.21 
7.9 

1300 

1.0 
0.027 
0.00016 

The PLHC-1 cells were treated with the indicated inducers, and EROD 
and CYPIA were measured as described in the legends to Figures 4 
and 5. Data are presented as the mean (::!:SE where appropriate) of 
N experiments (EROD) or R replicate immunoblots using cells from 
one or more experiments. In the latter case, the means of all replicate 
CYPlA values at each inducer concentration were used for EC50 
calculations. Relative potencies were estimated by dividing the mean 
EC50 for TCDD by the mean EC50 for each chlorobiphenyl. 

of EROD activity of intact cells, and measurement of immu­
nodetectable CYPIA protein. The plating and EROD protocols 
are adaptations of methods described by Kennedy and cowork­
ers for chick embryo hepatocytes [27]. Optimal conditions are 
established for performing these procedures in PLHC-1 cells, 
including effective cell density, treatment duration, and EROD 
assay conditions. We also document differences between this 
fish line and primary cultures of mammalian or avian hepato­
cytes with respect to the need for BSA, salicylamide, and ex­
ogenous NADPH. In addition, we describe a protocol for de­
termining the content of CYP IA protein, and we present results 
that demonstrate how measurement of CYP1A protein can pro­
vide complementary information that is important for accurate 
assessment of CYP1A induction in cultured cells. 

Conditions for growth, treatment, and EROD assay in 
PLHC-1 cells 

Our earlier paper described the growth and treatment of 
PLHC- 1 cells in 75- cm2 flasks, harvesting of cells by scraping, 
preparation of subcellular fractions, and analysis of induced 
EROD activity and CYP1A protein in celllysates or microsomes 
[ 19]. In the present study it was found that PLHC-1 cells are 
easily adaptable to experiments performed entirely within the 
wells of 48-well plates, resulting in significant reduction in ef­
fort needed to assess CYP1A induction. Cells plated at various 
densities continued to grow over 3 d in culture, doubling in 
protein content between 1 and 3 d after plating. It should be 
noted that the cell densities used in these studies are relatively 
high, resulting in con fluency being reached within I d of plating; 
PLHC-1 cells grow best at such high densities. 

In the original method for assessing CYPlA induction in 
chick embryo hepatocytes grown in 48-well plates, exogenous 
NADPH was included in the EROD reaction mixture [27] . In 
that chick hepatocyte system. NADPH is essential for detecting 
EROD activity in cells frozen before assay; in cells analyzed 
without freezing, this cofactor is necessary for full activity (S.W. 
Kennedy and S.P. Jones, unpublished data). In contrast to those 
results, we found that PLHC-1 cells have sufficient endogenous 
NADPH-generating capacity to support full EROD activity in 
the absence of added cofactor. We have obtained identical results 
using manunalian endothelial cells in culture [31). Similarly, 
Lubinski et al. found that addition of NADPH was not neccesary 
for measuring EROD activity in rat hepatocytes [30]. The re­
quirement for exogenous NADPH will need to be determined 
for other cell types used in CYPlA induction experiments. Sig-
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nific~nt reductions in the cost of performing these assays may 
be realized for cell systems in which NADPH can be omitted. 

EROD activity in untreated or DMSO-treated PLHC- 1 cells 
grown in 48-well plates was undetectable in the experiments 
described here (< I pmol min- 1 mg- 1) . EROD activities of 
DMSO-treated cells reported in our earlier paper ( - 10 pmol 
min- 1 mg-1 [19)) were artifacts of the spectrophotometric assay 
used, as confirmed by performing a cytoftuor-based assay on 
homogenates from that experiment. Because of the extremely 
low (undetectable) expression of CYPlA protein and catalytic 
activity in the absence of inducer, PLHC-1 cells provide a sen­
s itive system for detecting CYPlA induction by AhR agonists . 

We now routinely conduct experiments in PLHC- 1 cells un­
der the following conditions (Appendix): Cells are plated at 4 
X lOS cells/well in 0.5 m1 medium. After 24 h, the medium is 
replaced with fresh medium and cells are treated with inducer 
(2.5 fLUwell). EROD activity is determined after 24 or 48 h, 
using a stopped assay (5-10 min incubation) and 2 J-LM 7-
ethoxyresorufin, without the addition of BSA, dicumarol, sali­
cylamide, or NADPH. If desired, porphyrin accumulation (an 
indicator of alterations in the heme biosynthetic pathway) can 
be measured immediately following EROD [44] . For each in­
ducing compound, plates for EROD/porphyrins and CYPlA 
protein are treated and assayed in parallel. In each experiment. 
a set of plates is treated with TCDD (0.01-30 nM) as a positive 
control and one plate is devoted to measuring total cellular 
protein. (In our experience, the peak EROD activity induced by 
TCDD has varied somewhat among experiments [53-176 pmol 
min- 1 mg-1 in eight experiments], underscoring the need for a 
TCDD-treated plate as a positive control in each set of plates.) 
Recent improvements that allow measurement of EROD activ­
ity, porphyrins, and total cell protein in the same wells of chick 
embryo hepatocytes [28) should also be applicable to PLHC-1 
cells. We have not determined the optimal passage number for 
conducting CYPlA induction experiments. Although both early 
and late passage PLHC-1 cells are responsive to CYPlA in­
ducers, we recommend using earlier passage cells to minimize 
any changes that might occur as the cultures ~ge. 

Measurement of CYP JA protein 

EROD activity is the most commonly used indicator of 
CYP1A induction. However, there are circumstances under 
which EROD activity may be misleading as a measure of 
CYPlA content. For example, certain CYP1A inducers are able 
to inhibit or inactivate the induced CYPlA enzyme, leading to 
biphasic dose- response curves that underestimate CYPlA con­
tent at high doses (reviewed in Hahn et al. [ 19)). By reducing 
peak EROD values, inhibition of EROD activity at high doses 
leads to lower apparent EC50 values, affecting determination 
of relative induction potencies such as those used in the toxic 
equivalency factor (TEF) approach [23]. Consistent with this, 
EC50s for EROD induction in PLHC-1 cells were lower than 
those for induction of CYP1A protein, and relative potencies 
(TEFs) calculated using EROD data were higher than those 
calculated from CYPlA (Table 2 and M.E. Hahn, unpublished 
data) . In such cases, EC50s for induction of CYPlA protein 
may provide a more accurate measure of biological potency. 

In the present study, and in a study of additional CB con­
geners to be described elsewhere, disparate maximal EROD 
responses following treatment with certain congeners suggested 
that some of those congeners may act as partial AhR agonists, 
inducing CYPlA with an apparent efficacy less than that of 
TCDD. (The concept of partial agonism is defined in Jenkinson 
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et al. [43].) Congener- specific differences in apparent efficacies 
for CB induction of the CYP1A activities EROD or AHH have 
also been observed in other cell systems, including rat hepatoma 
cells [8] and chick embryo hepatocytes [25-28] (however, see 
also Lambrecht et al. [ 45]). In PLHC-1 cells, we were able to 
test the hypothesis of partial agonism by measuring CYP1A 
protein. The results indicate that TCDD, TCDF, CB-77, and CB-
126 are equally efficacious as inducers of CYP1A in these cells, 
contrary to the results based on EROD alone. The CYP1A pro­
tein results therefore suggest that these CB congeners are full, 
not partial, agonists in this system. We have obtained similar 
results for two other non- ortho-substituted CB congeners, CB-
169 (3,3',4,4',5,5'- hexachlorobiphenyl) and CB-81 (3,4,4',5-
tetrachlorobiphenyl) (M.E. Hahn, manuscript in preparation). 
Whether measurement of CYP l A protein content in rat or chick 
hepatocytes would reveal CB congeners as full agonists in these 
other systems as well is not known but should be tested. Given 
our present results, we speculate that, at least for some com­
pounds, EROD or AHH data reported previously may under­
estimate the true efficacies and overestimate the true potencies 
of certain CB congeners. 

For examining CYPlA induction, measurement of both 
EROD activity and CYP1A protein is preferable to determi­
nation of either alone. In this study (Fig. 4, Table 2) as in several 
others [15,46-48], EROD was found to be more sensitive than 
CYP1A protein as an index of induction. Moreover, EROD 
activity can be measured easily and rapidly. Measurement of 
CYPlA protein is more involved but provides important infor­
mation, as noted above. The method described here (performing 
immunoblots on cell lysates extracted from single wells) is an 
improvement over earlier methods that required scraping of cells 
and preparation of homogenates or microsomes before immu­
noblotting. In addition, the chemiluminescent detection proce­
dure is approximately 10-fold more sensitive than the colori­
metric method used previously [19]. This method for deter­
mining CYP1A protein in cells grown in 48-well plates has also 
been applied successfully to mammalian endothelial cells [31] 
and chick embryo hepatocytes (S.W. Kennedy, A. Lorenzen, 
and M. Hahn, unpublished results). Further improvements in 
analyzing CYPlA protein are possible. Enzyme-linked immu­
nosorbent assay (ELISA) methods, such as the one described 
in the accompanying paper [48], will permit even more efficient 
determination of CYP1A protein in cells grown in multiwell 
plates [48-50]. Although the immunoblotting procedure de­
scribed here may be less sensitive than a CYP1A ELISA, im­
munoblotting may be advantageous when information is re­
quired on antibody specificity, CYP1A size, or the presence of 
proteolytic degradation products. 

Alternative bioassay systems using recombinant cell lines 
that respond to AhR agonists are also being developed [51,52]. 
These systems utilize reporter genes under control of mam­
malian CYP1A promoter elements and, in so doing, avoid the 
complications of CYP1A inhibition and inactivation. The re­
porter constructs respond through binding of inducer to the 
endogenous AhR, supporting their use in species-specific bio­
assays. However, the mammalian dioxin response elements that 
drive expression in these systems may differ in function (e.g., 
number or context) from those of the species in question, ar­
guing that results obtained in recombinant cells should be con­
firmed using an endogenous response such as CYP1A. 

Cell culture systems utilizing the CYP1A induction response 
or other AhR-dependent responses show great potential for de­
termining taxon-specific or cell-specific I-SAR. The methods 
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described here for measuring CYPIA protein and catalytic ac­
tivity in PLHC-1 fish hepatoma cells may be useful for studying 
PHAH action in these or other fish cells. Using these procedures, 
we have determined the relative potencies of several chloro­
biphenyls for induction of EROD activity and CYP1A protein 
in PLHC-1 cells (manuscript in preparation, see also Hahn [23]). 
The PHAH-induced accumulation of porphyrins also occurs in 
these cells and is being used as an additional endpoint for study­
ing the effects of AhR agonists [44). Determining the relative 
potencies of PHAH in PLHC-1 cells will establish the feasibility 
of using these cells in a bioassay to measure the amount of 
dioxin equivalents in environmental samples, such as extracts 
of sediment or aquatic biota. Results obtained in such a piscine 
system would have greater relevance to fish than estimates of 
dioxin equivalents measured in rat hepatoma cells or dioxin 
equivalents calulated using mammalian TEFs. In addition to its 
use in establishing I-SAR and screening extracts, the system 
described here may be useful for studying the interactive effects 
(e.g., synergism, antagonism) of PHAH in fish. 
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APPENDIX 

Conditions for growth, treatment, and assay ·of PLHC-1 cells in 
48-well plates 

Initial plating density 
Volume of medium 
Volume of inducer 
Treatment duration 
Substrate concentration 

(7 ethoxyresorufin) 
Reaction time 
NADPH 
BSA 
Dicumarol 
Salicylamide 

4 X 105 cells/well 
500 f.l-1 
2.5 f.Ll 
1-2 days 

2 f.LM 
s;lQ min 
Not needed 
Not needed 
Not needed 
Not needed 


	

