
ABBREVIATIONS: Mab, monoclonal antibody; 3-MC, 3-methylcholanthrene; PB, phenobarbital;_$N� fl-naphthoflavone.

736

(X26.895X/8$/()607:36.08502.oO/O

Copyright �c h�’ The American Sonety for Pharmacology and Experimental Therapeutics

All rights of reproduction in any form reserved.

MOI.ECULAR PHARMACOLOCY, 34:736-743

Distribution and Induction Sites of Phenobarbital- and
3-Methyicholanthrene-Ind uci ble Cytoch romes P450 in
Murine Liver: Immunohistochemical Localization with
Monoclonal Antibodies

P. G. FORKERT, P. MIREHOUSE-BROWN, S. S. PARK, and H. V. GELBOIN
Departments of Anatomy and Medicine, Queen’s University, Kingston, Ontario, Canada (P.G.F., P.M.) and Laboratory of Molecular Carcinogenesis,

National Cancer Institute, Nationalinstitutes of Health, Bethesda, Maryland 20892 (S.S.P., H.V.G.)

Received May 10, 1988; Accepted September 8, 1988

SUMMARY
Monoclonal antibodies specific for cytochromes P-450 induced
by 3-methyicholanthrene (Mab 1 -7-1) and phenobarbital (Mab 2-
66-3) have been used in an unlabeled peroxidase-antiperoxidase
immunohistochemical procedure to investigate the intralobular

distribution and induction sites of the hemoproteins within the
livers of CD-i , C57BL/6, and DBA/2 mice. 3-Methylcholan-
threne-specific cytochromes P-450 were localized predominantly
in centnlobular hepatocytes of control mice from all strains and
were present at higher levels in CD-i and C57BL/6 mice than in
DBA/2 mice. Treatment with either 3-methyicholanthrene or /3-
naphthoflavone produced striking increases of 3-methyicholan-
threne-specific cytochromes P-450 in hepatocytes from all re-
gions of the hepatic lobule in CD-i and C57BL/6 mice, but not

in DBA/2 mice. Phenobarbital-specific cytochromes P-450 were
localized in hepatocytes throughout all segments of the lobule in

control mice, with slightly greater hemoprotein content in centn-
lobular hepatocytes. Treatment with phenobarbital resulted in
enhancement of cytochrome P-450 that was visualized in hepa-
tocytes in all regions of the lobule. Strain-related differences
were not observed for phenobarbital-specific cytochromes P-
450. These results demonstrate that constitutive levels of 3-
methylcholanthrene- and phenobarbital-specific cytochromes P-
450 are localized predominantly in centnlobuiar hepatocytes of
munne livers, and induction of the hemoproteins is manifested
to the greatest extent in penportal hepatocytes, resulting in a
more uniform distribution throughout the hepatic lobule.

Cytochromes P-450 are integral constituents of the mixed

function oxidase system, which exist in multiple forms with

overlapping stereo- and regioselectivities for a variety of sub-

strates including drugs, chemical carcinogens, pesticides, ste-

roids, and prostaglandins (1-4). The complexity of the cyto-

chrome P-450 system, due to enzyme multiplicity, overlapping

substrate specificities, and differing inducibilities, has limited

specific characterization of the cytochrome P-450 phenotype in

tissues as well as its role in biotransformation of xenobiotics.

The development and availability of Mabs directed to epitopes

belonging to individual cytochromes P-450 have provided a

unique approach for determination and identification of iso-

zymic profiles of various tissues from different species, at both

basal and induced levels (5-8).

Immunochemical studies using Mabs in conjunction with

techniques of enzyme inhibition, immunopurification, and

radioimmunoassay have both qualitatively and quantitatively

This research was supported by a grant from the Medical Research Council of
Canada (P.G.F.). P.G.F. is a Career Scientist of the Ontario Ministry of Health,

Health Research Personnel Development Program.

identified the dynamic contribution of individual cytochromes

P-450 to the total hemoprotein pool within a tissue (9-il).

Several of these studies have used Mab 1-7-i and Mab 2-66-3

to investigate epitope-specific cytochromes P-450 in the tissues

of experimental animals (9-12). Mab 1-7-1 defines 3-MC-in-

duced cytochromes P-450, whereas Mab 2-66-3 defines PB-

induced cytochromes P-450 (7, 8). Cytochromes P-450, as nec-

ognized by Mab 1-7-1, have been shown to be highly inducible

in the livers of the responsive C57BL/6 strain of mice treated

with 3-MC; in contrast, little increase is detected in the non-

responsive DBA/2 mice given the same treatment (9-11). In

our previous studies using immunofluorescence and Mabs (Mab

2-66-3 and Mab 1-7-1), we have determined the presence of

homologous cytochromes P-450 in pulmonary tissues of mice

(13).

In the present study, we have used Mabs (Mab 1-7-1 and

Mab 2-66-3) in conjunction with a highly sensitive immunohis-

tochemical technique to investigate the hepatic distribution

and cellular sites of induction of epitope-specific cytochromes

P-450 in the responsive CD-i and C57BL/6 and the nonre-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 4, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Cytochromes P450 in Murine Liver 737

sponsive DBA/2 strains of mice. We have also examined the

responses of these three murine strains with regard to their

inducibilities by PB and by the polycyclic aromatic hydrocar-

bons 3-MC and I3NF.

Materials and Methods

Chemicals and reagents. Sodium phenobarbital was purchased

from BDH Chemicals (Toronto, Ontario, Canada) and sodium pento-

barbital (Somnotol) was supplied by MTC Pharmaceuticals (Hamilton,
Ontario). Tissue Tek II OCT. compound was acquired from Lab-Tek

Products (Division Miles Laboratories, Naperville, IL). The following
chemicals were obtained from Sigma Chemical Co. (St. Louis, MO): 3-
MC, /3NF, paraformaldehyde, Tnis hydrochloride, sodium borohydnide,
saponin, bovine serum albumin, 3,3’-diaminobenzidine tetrahydrochlo-

ride, and hydrogen peroxide. Soluble rabbit anti-mouse peroxidase-

antiperoxidase complex (Dakopatts) was purchased from Dimension
Laboratories (Mississauga, Ontario).

Treatment of animals. Male CD-i, C57BL/6, and DBA/2 mice
(Charles River Canada, St. Constant, Qu#{233}bec),weighing 20-30 g, were

maintained on a 12-hr light/dark cycle and kept in a sound-proofed
and temperature (25 ± l’)-controlled environment. Animals were

housed over hardwood bedding (Beta Chip, Northeastern Products
Corp., Warrensburg, NY) and were provided with food (Purina Rodent
Chow) and water ad libitum. Mice were allowed to stabilize under
laboratory conditions for at least 7 days before initiation of experimen-

tal procedures.

Groups of mice (3-6) from each strain were administered either 3-
MC (80 mg/kg) or /3NF (80 mg/kg) intraperitoneally in corn oil at 72

and 48 hr before death. The injection volume for 3-MC and /3NF was
0.08 ml/10 g of animal weight. Additional groups of mice (3-6) were
administered PB (25 mg/kg or 80 mg/kg) in saline for 4 consecutive

days and killed 24 hr after the last dose. Phenobarbital was given by
mtraperitoneal injection in a volume of 0.05 ml/10 g of animal weight.

Control animals received equivalent volumes of the respective vehicles

using a similar protocol.

Tissue preparation. Animals were anesthetized by intraperitoneal
administration of sodium pentobarbital (120 mg/kg). Livers were rap-

idly rinsed with physiological saline through the aorta to eliminate

blood from the tissues; the perfusate was allowed to escape from an
incision made in the right atrium. This step was followed by perfusion

with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, at a
hydrostatic pressure of 20 cm; perfusion was maintained for approxi-

mately 7 mm for all animals. Livers were then removed, sectioned into
blocks, and immersed in the perfusion fixative for an additional 2 hr

at room temperature. After the primary fixation, tissue sections were

kept overnight in 2% paraformaldehyde containing 30% sucrose at 4*�

Blocks of liver tissues were subsequently frozen in isopentane precooled
in liquid nitrogen and stored at �7o*�

Immunohistochemistry. Mab 1-7-1 and Mab 2-66-3 were each

reacted with liver sections from CD-i, C57BL/6, and DBA/2 mice that
were administered either corn oil or saline, the two vehicles used in

this study, or PB, /3NF, or 3-MC. Controls for Mab 1-7-i comprised

tissue sections from all strains of mice treated with the vehicles and

PB, whereas controls for Mab 2-66-3 comprise tissues from mice treated

with the vehicles, /3NF, and 3-MC.
Immunohistochemical localization of cytochromes P-450 in hepatic

tissues was achieved by application of the unlabeled antibody peroxi-

dase-antiperoxidase immunostaining technique described by Stern-
bergen, et a!. (14). Tissue sections (5 Mm) were cut on a cryostat at -20’
and adhered to gelatin-coated slides. After rinsing in 0.05 M Tris-

buffered saline, pH 7.6, sections were reacted for 10 mm with 1%

sodium borohydnide in Tris buffer, to block free aldehyde groups
generated by aldehyde fixation. After further washing in buffer, sections

were treated for 5 mm with 3% hydrogen peroxide in water to inhibit
endogenous peroxidase. After incubation for 20 mm with normal rabbit
serum to block nonspecific binding of antibody, sections were exposed

for 16 hr at 4’ to mouse antisera to cytochromes P-450 (Mab 1-7-1 and

Mab 2-66-3). Incubations were performed at dilutions of primary
antibody ranging from 1:100 to 1:3200 to determine concentrations for

optimal staining. Appropriate comparisons of various treatment pro-
tocols were accomplished in the same incubations so that conditions of

staining were optimally controlled and standardized.

Control incubations were performed with HyHel 9, a Mab specific

only to egg white lysozyme (15) (positive control), or with omission of

the primary antibody (negative control). Tissue sections from the same
livers were used for both specific and control incubations, which were

conducted simultaneously. Sections were then exposed to rabbit anti-
mouse IgG antiserum for 30 mm and this was followed by treatment
with soluble horseradish peroxidase-mouse antihorseradish peroxidase

complex for 20 mm at room temperature. Subsequently, the slides were

incubated in the dark for 3 mm in a solution of 3,3’-diaminobenzidine
tetrahydrochloride (0.05%) containing hydrogen peroxide (0.015%).

Slides were placed in two washes ofTnis buffer between each incubation

step. The first series of slides was prepared to depict the cellular sites

of insoluble oxidized diaminobenzidine alone and were not counter-

stained, because additional staining may obscure the location of weak

staining due to low levels of antigen. For reference to morphology, a

second series of slides was initially reacted with diaminobenzidine and

subsequently counterstained with Mayer’s hematoxylin for 1 mm.
Sections were finally dehydrated in acetone, cleared in xylene, and

mounted with Permount.

In view of the “Bigbee effect” (16), analyses of the distribution and
intensity of labeling in different murine strains subjected to various

treatment protocols were performed on tissue sections reacted with

optimal rather than identical dilutions of primary antibody. This effect
is a phenomenon in which a high concentration of target antigen and

insufficient dilution of the first antibody results in steric hindrance to
the formation ofbonds by the second antibody. Comparisons of staining
reactions were conducted on tissue sections that were stained with the

peroxidase anti-peroxidase complex and were not counterstained. Pat-

terns and degrees of labeling were assessed from black and white

photomicrographs of the same magnification. Regional distribution of

specific cytochromes P-450 were confirmed on sections that were

counterstained. Sections were examined on a Zeiss Photomicroscope II
and color photography was accomplished using Ektachrome 160 Tung-

sten film with a camera setting of ASA 160. Black and white photo-

micrographs were obtained from exposure of Kodak Technical Pan

film at 6 V using a green filter.

Results

Immunohistochemistry. Our observations of the cellular

sites of cytochromes P-450 are based on the structure of the

classical hepatic lobule, which is usually polygonal or hexagonal

in shape on cross-section. Plates of hepatocytes radiate from

the central structure of the lobule, the central vein. The portal

canals containing the portal triads (branches of the hepatic

artery, portai vein, and bile duct) are generally situated at the

angles of the lobule at the perimeter. We examined the local-

ization of immunohistochemical staining for cytochromes P-

450 within the hepatic lobule and focused on centrilobular and

peniportal regions.

The antigenic sites for cytochromes P-450 were visualized

using the immunohistochemical staining technique of Stern-

bergen, et at. (14). In this immunohistochemical staining pro-

cedure, the primary antibody is linked to the peroxidase-anti-

peroxidase complex by a secondary antibody directed against

the first antibody. In the presence of its substrate (hydrogen

peroxide) horseradish peroxidase forms a complex with hydro-
gen peroxide. Upon the addition of diaminobenzidine, which

serves as an electron donor, a second complex forms that

dissociates, leaving the insoluble oxidized diaminobenzidine as
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a brown precipitate (14). The use of the peroxidase-antiperox-

idase technique, in conjunction with fixation and preparatory

protocols that included the use of a mild fixative, paraformal-

dehyde, and the exclusion of solvents and embedding medium

before immunostaining, resulted in optimal preservation of the

target antigen and permitted the visualization of even low levels

of cytochromes P-450. Optimal dilutions of primary antibody

were similar for Mab 1-7-1 and Mab 2-66-3. A dilution of 1:400

produced optimal staining in liver sections from control mice,

whereas a dilution of 1:800 of the appropriate Mab was optimal

for staining tissues of induced mice, due to the presence of

greater concentrations of cytochromes P-450, the target anti-

gens.

All control incubations produced negative immunolabeling.

The specificity of the immune reactions was further validated

by the lack of cross-reactivity between Mab 1-7-1 and Mab 2-

66-3.

Distribution of Mab 1-7-i-reactive cytochromes P-

450. Table 1 summarizes the distribution of 3-MC-specific

cytochromes P-450 in the livers of CD-i, C57BL/6, and DBA/

2 mice after various treatments. Fig. 1 (A-H) depicts repre-

sentative patterns of immunohistochemical staining obtained

by Mab 1-7-1. Mab 1-7-1 produced positive staining in tissues

of all murine strains administered saline, corn oil, or PB (Table

1; Fig. 1, A-C). Staining was predominantly concentrated in

the centrilobular region of the lobule but was not detectable in

the periportal region (Fig. 1, A-C). There was a gradation of

staining so that hepatocytes situated adjacent or close to the

central vein demonstrated the most intense staining, whereas

hepatocytes in the midzonal area were less intensely stained

(Fig. 1C). Within the positively stained zones were hepatocytes

with differing as well as negative reactivities for Mab 1-7-i,

resulting in a heterogeneous cell population with respect to

staining intensities. Although the sites and pattern of staining

were similar for all three strains of mice examined, staining

intensities were considerably reduced in the hepatocytes of

DBA/2 mice as compared with those of CD-i and C57BL/6
mice (Table 1; Fig. 1, A and B). Nevertheless, the staining in

centrilobular hepatocytes was clearly delineated in the livers of

the DBA/2 strain (Fig. 1B). Mab 1-7-1 produced enhancement

of immunostaining in the livers of CD-i and C57BL/6 mice

pretreated with either I3NF or 3-MC (Table 1; Fig. 1, E-H).

The hepatic response to f3NF treatment was indistinguishable

from that to 3-MC treatment, resulting in a characteristic

cellular distribution of the intense immunolabeling evoked by

both polycyclic aromatic hydrocarbons. Centrilobular, mid-

zonal, and periportal hepatocytes were stained to equivalent

TABLE i

Distribution of 3-MC- and PB-specific cytochromes P-450 in livers
of CD-I, C57BL/6, and DBA/2 mice
+-++++, increasing intensity of labeling obtained by peroxidase-antiperoxidase

immunohistochemistry. PB (80 mg/kg), �NF (80 mg/kg), 3-MC (80 mg/kg), and
their respective vehicles are administered according to protocols deSCribed in
Materials and Methods.

Strain
Mab 1-7-1 #{149} Mab 2�66-3�

Vehide PB �INF/3.MCC Vehide PB �!NF/3.MCC

CD-i ++ ++ ++++ + +++ +

C57BL/6 ++ ++ ++++ + +++ #{247}
DBA/2 + + + + +++ +

#{149}Detects 3-MG-specific cytochromes P-450.

a Detects PB-specific cytochrome P-450.

a �INF and 3-MG produce similar labeling.

extents, so that intralobular regions could not be distinguished

on the basis of staining properties as was possible in the case

of control mice reacted with Mab 1-7-1. The number of hepa-

tocytes with positive staining markedly increased, so that the

majority exhibited labeling, which appeared highly variable in

intensity within individual hepatocytes (Fig. 1, E and F).

Staining by Mab 1-7-1 was confined to the cytoplasmic

compartment ofthe hepatocyte and was not observed in nuclear

components. The reaction product was of a particulate nature

and appeared as irregular aggregates that occupied discrete

areas of the cytoplasmic matrix (Fig. 1, F and H). The aggre-

gates were prominent within hepatocytes of $NF- or 3-MC-

treated mice and were frequently confluent, thus imparting a

characteristic “foamy” appearance to the cytoplasm

When positive controls were performed by incubating sec-

tions with HyHel 9 instead of Mab 1-7-1, staining was negative

(Fig. iD). Similar negative staining was also obtained when the

primary antibody was omitted and the incubations were carried

out with only the diluent for the antibody. The absence of

staining was confirmed in liver sections from vehicle-treated

mice and mice pretreated with PB, 3-MC, or /3NF.

Although strain-related differences in Mab 1-7-1-specific

immunoreactivity were apparent between the control respon-

sive CD-i and C57BL/6 mice and the nonresponsive DBA/2

mice, the differences were even more dramatic in mice that

were pretreated with $NF or 3-MC. The inducibility of 3-MC-

specific cytochromes P-450 demonstrated by CD-i and C57BL/

6 mice was not found in DBA/2 mice, and increases in staining

were not evident in the latter strain. It is noteworthy, however,
that a small number of hepatocytes in the centrilobular region

exhibited an intensity of staining that was not seen in the

hepatocytes of control DBA/2 mice.

Distribution of Mab 2-66-3-reactive cytochromes P-

450. Fig. 2 (A-H) depicts representative patterns of immuno-

staining in the livers of CD-i, C57BL/6, and DBA/2 mice using

Mab 2-66-3 as an antibody probe for PB-specific cytochromes
P-450, and Table 1 summarizes the observations. Mab 2-66-3

produced positive immunolabeling in hepatic tissues; analogous
staining reactions were obtained in tissues from all strains of

mice treated with corn oil, saline, I3NF, or 3-MC (Fig. 2, A-C),
and thus no strain-related differences were detected in the

control mice (Table 1). Mab 2-66-3 detected antigenic sites in

hepatocytes situated throughout the hepatic lobule and staining

was visible in centrilobular, midzonal, and periportal hepato-

cytes. Although the distribution of hepatocytes containing PB-

specific cytochromes P-450 was relatively uniform throughout

all intralobular regions, Mab 2-66-3 was more reactive with

hepatocytes in the centrilobular region than with those in either

the midzonal or periportal regions. The number of labeled

hepatocytes as well as the intensity of staining were slightly

greater in the centrilobular than in the periportal regions (Fig.

2B). Hepatocytes that were strongly reactive were interspersed
with hepatocytes with reduced or negative labeling. However,

the disparities in staining between centrilobular and periportal

hepatocytes were never as pronounced with Mab 2-66-3 as

those found with Mab 1-7-i in control mice.

When immunohistochemistry was performed on liver sec-

tions from mice that had previously been administered PB (25

mg/kg, 80 mg/kg), the population of cells that was positively

stained with Mab 2-66-3 increased significantly, and there was

enhancement of immunolabeling in individual cells (Fig. 2, D-
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Fig. I. Immunohistochemical localization of 3-MC-specific cytochromes P450 within livers of CD-i , C57BL/6, and DBA/2 mice, as detected by Mab
1-7-i and peroxidase-antip&oxidase immunostaining. A, C57BL/6 mouse treated with saline; staining predominates in centrilobular region; B, DBA/
2 mouse treated with corn oil; low levels of staining in centrilobular region; C, CD-i mouse treated with PB (80 mg/kg); gradation of staining from
centrilobular to periportal region; D, CD-i mouse treated with corn oil; negative staining in section reacted with HyHel 9 instead of Mab 1-7-i ; E,
C57BL/6 mouse treated with /3NF (80 mg/kg); striking increases in staining throughout all regions of the hepatic lobule; F, C57BL/6 mouse treated
with �NF (80 mg/kg); majority of hepatocytes within a lobule exhibit staining; G, CD-i mouse treated with 3-MC (80 mg/kg); uniform distribution of
intense staining as found with /3NF treatment; H, C57BL/6 mouse treated with 3-MC (80 mg/kg); reactivity to cytoplasmic but not nuclear
constituents. c, central vein; p, portal triad. Dilutions of Mab 1-7-i , i :400 (A-C); 1 :800 (E-H). Dilution of HyHel 9, i :400 (D). Counterstained with
Mayer’s hematoxylin (A, C, D, E, and G). O,iginal magnifIcation: 100 x (A, B, D, and E); 160 x (G); 250 x (C, F, and H).
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F). The augmentation of staining evoked by the lower dosage

of PB was only slightly less than that produced by the higher

dosage (Fig. 2, E and F). However, the administration of either

dosage of PB caused an increase in the number of hepatocytes
containing PB-specific cytochromes P-450 throughout the he-

patic lobule, resulting in a more even distribution. Hepatocytes

that were intensely stained were scattered among cells that

were less well stained, and among these were hepatocytes that

demonstrated no staining for Mab 2-66-3. As found in vehicle-
treated mice of the CD-i, C57BL/6, and DBA/2 strains, no
observable differences in immunoreactivity were elicited by

Mab 2-66-3 in mice of all strains pretreated with either 3-MC
or /3NF (Table 1).

Staining characteristics resulting from the use of Mab 2-66-

3 differed from those using Mab 1-7-i. In contrast to the

vacuolated appearance of cytoplasmic staining produced by
Mab 1-7-i, Mab 2-66-3 yielded staining that was more uni-
formly distributed throughout the cytoplasmic matrix. How-

ever, variability exists with regard to the extent of Mab 2-66-

3-specific immunolabeling within a lobule, and the most reac-
tive hepatocytes possessed staining that virtually covered the

entire cytoplasmic compartment. The lack of nuclear staining

by Mab 1-7-1 contrasts with the staining obtained by Mab 2-

66-3, which reacted positively with the nucleus of the hepato-

cyte, including the nuclear envelope (Fig. 2G). All control
reactions, including that using HyHel 9 as primary antibody

(Fig. 2H), produced negative staining. Thus, the staining prop-
erties demonstrated by Mab 1-7-i and Mab 2-66-3 in the livers

of mice appear to differ not only at the regional but at the

cellular level as well.

Discussion

The observations presented in this study demonstrate the
extraordinary sensitivity of the application of Mabs and im-
munohistochemistry for the detection and localization of epi-

tope-specific forms of cytochrome P-450. Under optimal con-

ditions of fixation and preparation of tissues for immunostain-
ing, low levels of cytochromes P-450, such as were present in

the livers ofcontrol C57BL/6 and DBA/2 mice, were visualized.

The use of this methodology in conjunction with Mab 1-7-1

and Mab 2-66-3 have permitted precise detection and localiza-
tion of epitope-specific forms of cytochrome P-450 within the

hepatic lobule.
Our findings demonstrate a clear demarcation in the intra-

lobular distribution of different cytochromes P-450 within the
livers of control mice. These represent cytochromes P-450 that

are presumably present at relatively low levels in a constitutive

form. Phenobarbital-specific cytochromes P-450 are found in

hepatocytes that are distributed throughout the liver lobule,

and only slightly greater hemoprotein content is present in
hepatocytes of the centrilobular region (Fig. 2, A-C). On the

other hand, the 3-MC-specific cytochromes P-450 are predom-

inantly localized in centrilobular hepatocytes and are not de-

tectable in periportal hepatocytes (Fig. 1, A-C). A similar
pattern of distribution has been shown for PB- and 3-MC-

specific cytochromes P-450 in the livers of untreated rats (17).

However, the intralobular sites of the two forms of cytochromes
P-450 in the rat appear to be different from those exhibited by
the control mice of this study. In the rat, PB-specific cyto-

chromes P-450 are localized predominantly in centrilobular

hepatocytes, whereas the 3-MC-specific cytochromes are dis-

tributed more uniformly throughout the hepatic lobule (17).

Although the pattern of distribution of isozymic forms of cy-

tochrome P-450 within the hepatic lobule is rather unique for

the same tissues from different animal species, the data confirm

the high concentration of cytochrome P-450 content within

centrilobular hepatocytes of both mice and rats. This property

may contribute to some of the factors underlying the frequent

centrilobular manifestation of hepatotoxicities caused by nu-

merous xenobiotics that undergo metabolic activation through

the cytochrome P-450-dependent monooxygenase system (18,

19).

The intralobular sites of induction produced by PB, 3-MC,
and /3NF in mice are clearly defined. Pretreatment with PB

elicits induction, a process that is manifested in increases in

the content of PB-specific cytochromes P-450 in numerous

hepatocytes in all segments of the hepatic lobule (Fig. 2D).

Similar induction is also observed for 3-MC-specific cyto-

chromes P-450 after pretreatment with either 3-MC or /3NF

(Fig. 1, E-H). The inductive response is reflected in enhance-

ment of immunostaining within the hepatic lobule so that a

more homogeneous distribution of positively stained hepato-

cytes is found throughout all regions. After treatment with 3-

MC or I3NF, the patterns of distribution obtained for 3-MC-
specific cytochromes P-450 are indistinguishable, indicating

that the same hemoproteins or hemoproteins bearing the same

epitope are induced. This observation is in accord with the
results of other studies that have shown that 3-MC and I3NF

identify and induce the same major isozymic forms of cyto-

chrome P-450 (1, 17, 20, 21). However, regardless of the induc-

ing agent used, inducibility within the liver is manifested in

the recruitment of hepatocytes throughout the hepatic lobule,

so that hepatocytes containing cytochromes P-450 are scattered

throughout the lobule in a relatively more uniform fashion.

Consequently, the degree and location of inducibility appear to

be dependent primarily on the concentration and sites of par-

ticular forms of cytochromes P-450 that are present constitu-

tively. Thus, in the present study, induction of 3-MC-specific

cytochromes P-450 is maximal in the periportal hepatocytes,

because the basal forms reside predominantly in the centrilob-

ular regions. In the case of PB-specific cytochromes P-450, the

basal forms are found in hepatocytes distributed throughout all

regions of the hepatic lobule, and induction produces an accen-

tuation of the existing pattern of distribution, resulting in a

greater number of hepatocytes containing greater amounts of

hemoprotein than found in the livers of control mice. Never-

theless, the final result of induction is a wider distribution of

hepatocytes that demonstrate expression of specific cyto-

chromes P-450 determined by the inducing agent.

The sites of PB- and 3-MC-specific cytochromes P-450 differ

not only at the regional but also at the cellular level. Whereas

the sites of reactivity to Mab 1-7-1 are primarily cytoplasmic

and are negative in the nucleus (Fig. 1, F and H), Mab 2-66-3

produces both cytoplasmic as well as nuclear staining, including

the nuclear membrane (Fig. 2, E-G). More precise nuclear

localization requires the application of immunoelectron mi-

croscopy; these studies are currently in progress in this labo-

ratory. The labeling to the nuclear membrane for PB-specific

P-450 in the present study is in agreement with similar obser-

vations in rats in which the same P-450 species is found to be

associated with the nuclear envelope (17). Other studies have

used immunoelectron microscopy to demonstrate labeling of
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PB-inducible cytochrome P-450 to the outer nuclear membrane

(22).

As expected, no strain-related differences in immunoreactiv-

ity for PB-specific cytochromes P-450 are evident in all the

mice examined in this study. Neither is there any difference in

immunohistochemical staining for the 3-MC-specific cyto-

chromes P-450 in the responsive CD-i and C57BL/6 strains.

It is only in the nonresponsive DBA/2 mice that differences in

immunoreactivity for the 3-MC-specific cytochromes are ap-

parent. We detected constitutive basal levels of 3-MC-specific

cytochromes P-450 in the livers of DBA/2 mice, albeit at

considerably lower concentrations than found in the livers of

responsive mice (Fig. 1, A and B). Furthermore, the high

inducibility evoked by 3-MC and I3NF in the responsive mice

is not observed in DBA/2 mice. These results are consistent

with the findings of numerous investigations that have estab-

lished the lack of inducibility of DBA/2 mice and the high

inducibility of C57BL/6 mice by 3-MC (23-26). Inducibility, as

found in the prototypic responsive C57BL/6 strain, is regulated

by the Ah receptor, which is present in the cytosol in a high

affinity form in genetically responsive strains of mice (27). The

Ah receptor has been undetectable in the nonresponsive murine
strain, and the lack of this receptor has been correlated with

the noninducibility demonstrated by the DBA/2 strain of mice.

However, using more refined techniques of isolation, Okey’s

laboratory has recently identified low concentrations of a low
affinity Ah receptor in nonresponsive strains of mice (28, 29).

Whether any correlation can be demonstrated between the low

levels of cytochromes P-450 we observed in the livers of control

and 3-MC-treated DBA/2 mice, as assessed by immunohisto-

chemical staining, and the presence of low levels of a low

affinity Ah receptor remains to be established.

Immunochemical studies have demonstrated that Mab 2-66-

3 detects one form of cytochrome P-450 with M� 54,000 (12,

30), and Mab 1-7-1 reacts with two forms of cytochromes P-

450 in 3-MC-treated C57BL/6 mice and binds to two species

of microsomal proteins with M, 57,000 and 56,000 (ii). How-

ever, in 3-MC-treated DBA/2 mice, Mab 1-7-1 binds to only

one form of cytochrome P-450 with M� 56,000 (11). Structural

analyses has shown that the NH2-terminal sequence of the M.

57,000 polypeptide is the same as that for mouse P1-450, as

deduced from its cDNA nucleotide sequence, except that the

57,000 polypeptide possesses proline and serine as two addi-

tional residues (31-33). The amino terminal sequence for the

M� 56,000 polypeptide is, however, identical to that ofthe mouse

P:1450 (31, 33) as well as to that of cytochrome P-450d of

Long-Evans rats (34). The data indicate that the Mr 57,000 and

56,000 polypeptides detected by Mab 1-7-i correspond to mouse

Pt-450 and P:t-450, respectively. Accordingly, the immunohis-

tochemical staining observed in centrilobular hepatocytes of

DBA/2 mice in the present study represents the Mr 56,000

cytochrome P-450, which corresponds to mouse Pt-450. In

C57BL/6 mice, the immunohistochemical staining represents

both the Mr 57,000 and 56,000 polypeptides, which correspond

to the mouse P1-450 and Pi-450.

In summary, the results of this study demonstrate that

cytochromes P-450 specific for PB and 3-MC are present

constitutively in the livers ofCD-1, C57BL/6, and DBA/2 mice

and are localized in hepatocytes that occupy well defined re-

gions of the hepatic lobule. These cytochromes P-450 exhibit

inducibility, a process that is reflected in the presence of high

concentrations of hemoprotein that reside in hepatocytes

throughout all regions of the hepatic lobule. These findings

emphasize the significant diversity of the hepatocyte popula-

tion, as well as its dynamic capacity for inducibility with respect

to the cytochrome P-450 system.
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