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ABSTRACT

A monoclonal antibody (MAb) to a methylcholanthrene (MC)-induced
cytochrome P-450, designated MAb 1-7-1, was used for immunohisto-
chemical staining of formalin-fixed tissues from oil- and MC-treated
C57BL/6, DBA/2, and |(C57BL/6 x DBA/2) F, x DBA/2) F2 mice. An
avidin-biotin-peroxidase complex immunohistochemical technique was
used. For controls, the tissues were also exposed to MAbs 1-48-5 and
HyHel-9 (to egg white lysozyme). In liver, MAb 1-7-1 specifically stained
the cytoplasm of centrilobular hepatocytes of C57BL/6 mice treated with
MC (80 mg/kg) 48 h before kill; staining was not observed with vehicle-
treated C57BL/6 mice, with oil- or MC-treated DBA/2 mice, or with
comparable antibody concentrations of control MAbs 1-48-5 or HyHel-
9. In the F2mice, about 50% were expected to be MC Â¡nducible(ArtAN1).

Inducibility phenotype was determined by measuring the conversion of
|"( |M( to oxidized and conjugated products by liver homogenates. In
freshly fixed material from MC-treated mice, those livers shown by the
determination of phenotype to be inducible also stained with MAb 1-7-
1, whereas those not induced were immunohistochemically negative.
Furthermore, there was a significant positive correlation between degree
of staining and the level of MC-metabolizing activity measured biochem
ically. The immunohistochemical procedure was also accurate in deter
mination of inducibility phenotype of livers that had been in paraffin
blocks for up to 2 yr if more concentrated antibody was used. In lung,
MAb 1-7-1 stained specifically the alveolar walls and endothelium of
blood vessels in MC-induced C57BL/6 mice only; the control MAbs and
other mice gave negative results. Similarly, in kidney MAb 1-7-1 stained
only glomeruli and interstitial tissue of MC-induced C57BL/6 mice and
only endothelium of blood vessels in the colons of these mice. These
observations are consistent with induction of the cytochrome P-450
recognized by MAb 1-7-1 in the endothelial cells of extrahepatic tissue.
Immunohistochemical staining with MAb thus shows great promise for
highly specific localization of particular species of cytochromes P-450 in
tissues, for in situ quantification of these enzymes, and for determination
of inducibility phenotype with fixed material.

INTRODUCTION

The cytochromes P-450, a family of heme-containing mixed
function oxygenases, catalyze the oxidation of many xenobiot-
ics, including carcinogens, in the endoplasmic reticulum of
hepatocytes and to a lesser extent in the cells in other organs.
Since chemicals are frequently activated and/or detoxified as a
result of this oxidation, the levels of various species of cyto
chrome P-450 may be of critical importance in determining the
biological effects of the chemicals. MAbs3 to purified cyto
chrome P-450 isozymes have been used in conjunction with
biochemical assays to determine quantitatively the amount and
metabolic role of these isozymes in animal and human tissues
(1-3). MAb 1-7-1 to an MC-induced cytochrome P-450 has
proved especially useful in these efforts (4, 5).
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Immunohistochemical procedures utilizing polyclonal anti
bodies raised to specific isozymes of cytochrome P-450 have
provided information regarding the intracellular and tissue
distribution of these enzymes in the liver (6-13) and other
organs (10, 14-17). Recently MAb 1-7-1 to MC-induced cyto
chrome P-450 was shown by immunofluorescence to stain
specifically the hepatocytes of MC-induced but not control rats
(18). Since this same MAb is known to inhibit MC-induced
aryl hydrocarbon hydroxylase activity in liver, lung, and kidney
of C57BL/6 mice (5), we investigated in the present study
whether MAb 1-7-1-directed immunohistochemistry could be
used for determination of inducibility phenotype of mice. The
results have shown that immunohistochemical staining with
MAb 1-7-1 is a reliable indicator of enzyme inducibility and
that the degree of staining correlates well with levels of aryl
hydrocarbon metabolizing activity in liver homogenates. Fur
thermore, MAb 1-7-1 specifically detected the cytochrome
P450 containing this epitope in endothelial cells of lungs,
kidneys, and colon of MC-induced mice.

MATERIALS AND METHODS

Animal Breeding and Treatment. Young adult C57BL/6NCr and
DBA/2NCr mice were obtained from the Animal Production Area of
the Frederick Cancer Research Facility. They were housed in plastic
cages with hardwood shavings as bedding, fed NIH Open Formula 31
autoclavable diet, and housed under environmental conditions of 12 h
fluorescent light-12 h dark, 25 Â±2Â°C,and 40-60% humidity. In the

pharmacogenetic study, C57BL/6NCr females were bred to DBA/2
NCr males, and the resulting F, progeny backcrossed to DBA/2NCr
mice. As a result of this genetic manipulation, approximately 50% of
the F2 mice would be expected to have the genotype AhbAhd(responsive

to aryl hydrocarbon hydroxylase induction by MC), while the 50% that
would inherit the genotype AH1AH1would not be responsive to induction

(19). In induction studies, the mice were treated i.p. with 80 mg/kg MC
(Sigma Chemical Co., St. Louis, MO) in olive oil (ICN Pharmaceuti
cals) or oil alone 48 h before kill.

Immunohistochemistry with MAb 1-7-1. The preparation and char
acterization of mouse MAb 1-7-1 have been described previously (4, 5).
The IgG content of the 1-7-1 preparation used was 11.3 mg/ml. The
two control MAbs used were, 1-48-5, which resulted from hybridization
of spleen cells from an untreated mouse (IgG, 2.3 mg/ml), and HyHel-
9, a MAb to egg white lysozyme (IgG 12.8 mg/ml). Immunohistochem
ical staining after fixation in 10% formalin, Bouin's solution, or 1%

acetic acid in 95% ethanol, and paraffin embedding of liver sections
was accomplished with a mouse Vectastain avidin-biotin peroxidase
complex immunoperoxidase kit (Vector Laboratories, Burlingame,
CA), as described previously (20). After treatment with methanol con
taining 0.3% hydrogen peroxide for 30 min to block endogenous
peroxidase activity, the slides were rinsed for 10 min in PBS and
exposed to 2% nonimmune horse serum for 20 min to block nonspecific
sites. They were then incubated in one of the various dilutions of the
MAbs (1:100-1:1000) or PBS for 30 min, followed by 0.5% biotinylated
horse anti-mouse IgG for 30 min. After a 10-min rinse in PBS, the
slides were treated with the avidin-DH-biotinylated horseradish per
oxidase H reagent supplied with the Vectastain kit for 30 min, PBS for
10 min, and finally with 0.05% diaminobenzidine tetrahydrochloride-
0.01% hydrogen peroxide in 0.1 M Tris buffer, pH 7.2, for 5 min. After
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a distilled water rinse they were stained with Mayer's hematoxylin for

1 min and with 0.13% lithium carbonate. Immunoreactivity was eval
uated as 0 to 3 + staining intensity. For cellular localization of staining
in the alveolar walls by electron microscopy, paraffin was removed with
xylene from sections of MC-induced, MAb-1-7-1-stained lung, and
after rehydration the sections were postfixed in osmium tetroxide. They
were then rinsed with cacodylate buffer, dehydrated, and embedded in
Epon-Araldite after soaking in propylene oxide.

Assay of MC Metabolism. Measurement of the ability of liver ho-
mogenates to catalyze the conversion of I4C-MC to methanol-elutable
and water-phase products was made by a modification of a method
reported previously (21). All organic reagents were obtained from Sigma
Chemical Co. The reaction mixtures consisted of 1 ml 0.05 M Tris
buffer, pH 7.3, containing 1.0 nmol NADPH, 0.5 ^mol NADP, 0.4
pmo\ NADH, 5 /imol glucose-6-phosphate, 1.6 mg bovine serum albu
min, 3 pinol MgCh, 2 units of glucose-6-phosphate dehydrogenase,
and 0.1 ml of 5% liver homogenate in Tris buffer. The reaction was
initiated by addition of 0.1 Â¡Â¿Ci,75 nmol [I4C]MC (New England

Nuclear Corp.) in 25 ^1 acetone. After 5 min of incubation with shaking
at 90 cpm, 37Â°C,the reaction was stopped by addition of 2 ml cold

ethyl acetate. The mixtures were held on ice for 15 min and then were
shaken at 37Â°Cfor 15 min. Following centrifugation at 2000 rpm for

5 min and removal of the ethyl acetate, 1 ml acetone was added to the

remaining water phase and the mixture chilled. One-mi aliquots of the
ethyl acetate extracts were added to silica gel SepPaks (Waters Asso
ciates, Bedford, MA) and unreacted MC eluted with 3 sequential
applications of 1 ml hexane. The oxidized products were then eluted
from the SepPaks into scintillation vials with 5 ml methanol. After
evaporation of the methanol, the radioactivity was determined with
Betafluor (National Diagnostics Co., Highland Park, NJ) scintillation
fluid. The water phase from the reaction mixture was washed twice
with 2-ml portions of ethyl acetate. Aliquots of 0.5 ml were digested
overnight at 37Â°Cwith 0.3 ml Protosol (New England Nuclear) and

radioactivity was determined after addition of Liquiscint scintillation
fluid. Each liver homogenate was assayed in duplicate. Results were
corrected for counting efficiency. Time-zero blanks contained all reac
tion components, but cold ethyl acetate was added immediately after
the [14C]MC. These reproducible blank values, representing residual

unreacted substrate, were subtracted from all samples. Under the con
ditions used, reaction rate was linear with time and amount of enzyme
for both normal liver and liver from MC-treated Ah*/lh* (responsive)

mice. Results were expressed as total amount of MC metabolized to
methanol-elutable plus water phase products per mg liver per min. The

significance of correlation of degree of histochemical staining with level
of MC metabolism activity was analyzed statistically by the parametric
Pearson test (22) and the nonparametric Spearman test (23).

B

Fig. I. Sections of formalin-fixed livers
from 24-wk-old female mice. A, CS7BL/6
mouse 48 h after treatment with 80 mg MC/
kg stained with MAb 1-7-1 (23 Mg/m')- Note
intense centrilobular staining (C) with lesser
staining in the periportal region (/'). No such

staining is observed after staining of a liver
section from a MC-treated C57BL/6 mouse
with control MAb HyHel-9 (25 ^g/ml) (A), an
oil-treated C57BL/6 mouse with MAb 1-7-1
(C), or a MC-treated DBA/2 mouse with MAb
1-7-1 (O).
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Fig. 2. Higher power view of a centrilobular portion of a liver section from a
MC-treated C57BL/6 mouse stained with MAb 1-7-1 showing the cytoplasmic
localization of staining. Central vein, left.
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Fig. 3. Correlation of degree of immunohistochemical staining by MAb 1-7-1
with amount of I4C-MC metabolized by liver homogenates from a series of 18
female mice with genotypes AfAW and AWAK148 h after an inducing dose of
MC. Mice livers metabolizing 125 pmol MC/min/mg liver or more were of
inducible phenotype (Ah^Ah'). For these mice correlation of degree of immuno

histochemical staining with amount of MC metabolized was significant (P <
0.01).

RESULTS

Comparison of Fixatives and Specificity and Reproducibility
of Staining with MAb 1-7-1. Formalin fixation proved best for
demonstration of specific staining by MAb 1-7-1. With both
Bouin's and the acetic acid fixatives there was diffuse back

ground staining with all dilutions of both 1-7-1 and 1-48-5
MAbs; this was of considerable intensity at the 1:100 dilution.
Only after 1:1000 dilution was specific staining with MAb 1-7-
1 more intense after Bouin's fixation, compared with MAb 1-

48-5 (not shown). After formalin fixation of livers from MC-
treated C57BL/6 mice, a 1:500 dilution of MAb 1-7-1 specifi
cally and intensely stained the cytoplasm of hepatocytes in the
centrilobular regions, with much weaker staining of periportal
hepatocytes (Fig. \A). Weak diffuse background or no staining
was obtained with MAb 1-48-5 at this dilution, whereas no

staining occurred with MAb HyHel-9 (Fig. \B). Only weak
background staining or no staining was observed with 1:500
dilutions of all three antibodies applied to formalin-fixed livers
from oil-treated C57BL/6 mice (Fig. 1C) or to MC-treated
(Fig. \D) or oil-treated DBA/2 mice. In all cases, specific
staining could readily be distinguished from background stain
ing by the dilution used, the lobular pattern, the staining inten
sity, and the cytoplasmic localization (Fig. 2). Marked hetero
geneity in staining of individual cells was noted.

In order to determine whether the specific staining of MC-
induced C57BL/6 mouse liver could be reproducibly obtained,
an additional 4 C57BL/6 and 4 DBA/2 mice were treated with
MC with 3 oil-treated controls for each strain. Livers from all
4 C57BL/6 mice exposed to MC stained intensely with MAb
1-7-1 (1:500 dilution) in the centrilobular region, while MAbs
1-48-5 or HyHel-9 yielded much less or no staining. Livers
from all of the other mice exhibited little or no staining with
any of the MAbs.

Correlation of Intensity of Hepatic Immunohistochemical
Staining with MC-Metabolizing Activity. Eighteen freshly fixed
livers from [(C57BL/6 x DBA/2) F, x DBA/2] F2 female mice
were evaluated blindly (without knowledge of treatment or MC
inducibility) both for degree of immunohistochemical staining
with MAb 1-7-1 relative to HyHel-9 as control and for capacity
to metabolize [MC]MC to primary and secondary oxidation

products. As shown in Fig. 3, there was a clear and significant
correlation between degree of immunohistochemical staining
intensity and enzyme activity. Liver homogenates metabolizing
125 pmol MC/mg liver/min or less did not stain specifically
with MAb 1-7-1 and were therefore concluded to represent
nonresponsive (AhdAhd) mice. This range of MC-metabolizing

activity is also characteristic of untreated C57BL/6 and DBA/
2 mice (L. M. Anderson, unpublished observation). Those
metabolizing 150 pmol/min or more presented varying
amounts of immunohistochemical staining in direct proportion
to the level of enzyme activity measured; these were the respon
sive AhbAhd mice. The correlation between immunohistochem
ical staining and metabolism of [I4C]MC in these mice was
highly significant by statistical test: P - 0.0001 (Pearson cor
relation test) and P = 0.0003 (Spearman correlation test) for
total amount of MC metabolized. The trend was also significant
for ethyl acetate-extracted, methanol-eluting products (P =
0.0124 and P = 0.0037, respectively) and for water-phase
products (P = 0.0001 and P = 0.0013). Thus, the immunohis
tochemical procedure was not only successful for determination
of inducibility phenotype but also provided at least a semiquan
titative measure of the amount of MC-metabolizing activity
present in the livers.

Immunohistochemical Determination of Inducibility Pheno
type with Archival Material. In order to determine whether the
immunohistochemical procedure could be carried out with liv
ers preserved in paraffin blocks for long periods, 65 livers from
an earlier pharmacogenetic experiment that had been in paraffin
for 18 to 30 mo were stained with 1:500 dilutions of MAbs 1-
7-1 and HyHel-9. Determination of inducibility phenotype by
measurement of levels of MC-metabolizing enzyme activity had
been carried out within 2 mo of kill. Twenty-four livers diag
nosed as nonresponsive by the biochemical assay also failed to
stain specifically with MAb 1-7-1. Thirty-five livers that had
responded to induction as indicated by the biochemical assay
also stained positively and specifically with 1-7-1 at 1:500
dilution, although the intensity of staining was considerably
reduced compared to freshly fixed material, and the degree of
staining did not correlate with [I4C]MC metabolism measured
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Fig. 4. Immunohistochemical staining of sections of kidney. A, specific staining of MC-induced kidney with MAb 1-7-1 in the glomeruli (G) and interstitial cells
(I; Arrows). This specific staining is lacking in MC-exposed kidneys stained with the control MAb HyHel-9 (B) and in kidneys from oil-treated C57BL/6 mice stained
with MAb 1-7-1 (C).

soon after kill. The remaining 6 livers, which had also been
found to be responsive to induction, did not stain with MAb 1-
7-1 at the 1:500 dilution, but positive results were obtained with
a 1:100 dilution. Background with HyHel-9 at 1:100 remained
low. Thus, the immunohistochemical test was 85% accurate at
1:500 antibody dilution and 100% accurate at 1:100 for desig
nation of inducibility phenotype even after long-term storage.
It was evident, however, that there was considerable loss in the
reactivity of the cytochrome P-450 with the MAb over this
time.

Specific Staining of Extrahepatic Tissues. In kidneys from 4
of 4 MC-treated C57BL/6 mice, MAb 1-7-1 at 1:500 dilution
specifically stained glomeruli and interstitial cells (Fig. 4A).
There was weak background or no staining with MAbs 1-48-5
and HyHel-9 (Fig. 4B). Kidneys from 3 oil-treated C57BL/6,
3 oil-treated DBA/2, and 4 MC-treated DBA/2 mice all exhib
ited low or no background staining with all three MAbs; a
kidney from an oil-treated C57BL/6 mouse, stained with MAb
1-7-1, is illustrated in Fig. 4C. The lungs of the 4 MC-treated
C57 mice exhibited specific intense staining of alveoli and
endothelium of blood vessels; bronchioles were negative (Fig.
SA). Transmission electron microscopy showed that alveolar
staining in these preparations was localized in the capillaries
(Fig. SB). There was no or focally very slight staining with
MAbs 1-48-5 and HyHel-9 (Fig. 5C). Two of the 3 oil-treated
C57BL/6 mice exhibited slight staining of alveoli and endothe
lium with both MAbs 1-7-1 (Fig. 5D) and 1-48-5 but none with
MAb HyHel-9. All other lung preparations showed no or only
low background staining with all MAbs. In the large intestine,
only the endothelium of the submucosal blood vessels stained
with MAb 1-7-1 in the 4 MC-treated C57BL/6 mice (Fig. 6-4).
No specific staining was observed with the other MAbs (Fig.
6B) or with any MAb applied to the colon mucosa from the
other mice (Fig. 6C).

DISCUSSION

The results of this study confirm the specificity of reactivity
of MAb 1-7-1 with cytochrome P-450 in MC-induced livers
demonstrated earlier by immunofluorescence with frozen sec

tions of rat liver (18). In the latter preparations, as in our
formalin-fixed mouse livers, there was no staining above back
ground in noninduced livers. Absence of cytochrome P-450
reacting with MAb 1-7-1 at a concentration of 23 /Â¿g/ml,from
control C57BL/6 and both control and MC-treated DBA/2
livers, is consistent with the inability of MAb 1-7-1 to inhibit
aryl hydrocarbon hydroxylase in microsomes from any of these
livers (5). MAb 1-7-1 reacts immunologically during immuno-
purification procedures with a M, 56,000 cytochrome P-450
from the liver of MC-treated DBA/2 mice (24, 25). In the
experiments reported here, this cytochrome P-450 species
either did not react immunohistochemically in formalin-fixed
material or was present at too low a concentration to be detected
in untreated mice. Pronounced immunohistochemical staining
appeared to be specific for the MC-induced M, 57,000 cyto
chrome P-450 (24, 25).

Our findings demonstrate that specific immunohistochemical
staining of a cytochrome P-450 may be obtained with formalin-
fixed as well as frozen liver sections and indeed that the tech
nique may be applied successfully to material kept in paraffin
blocks for more than 2 yr. Both methods of fixation and
antibody dilution were found to be critical for successful estab
lishment of specific staining. Both Bouin's and acetic-acid-

ethanol fixatives resulted in excessive background staining.
Similarly, high background was obtained with high concentra
tions of antibody (113 Mg/ml). With freshly fixed material,
staining patterns in liver obtained with 1:100 dilutions of MAb
1-7-1 and the nonspecific MAb 1-48-5 were indistinguishable,
whereas a clear difference was obtained at a 1:500 dilution.
These findings are consistent with the considerable inhibition
of MC-induced aryl hydrocarbon hydroxylase by nonspecific
MAbs at high concentrations, an effect lost with dilution (4).
The control MAb, HyHel-9, also gave some background stain
ing at 1:100 dilution, especially in nuclei, but was in all cases
clearly distinguishable from MAb 1-7-1 both in intensity and
lobular distribution of staining. For liver sections that had been
stored in paraffin for extended periods, higher concentrations
of antibodies (1:100) were required for optimum specific stain
ing; it is probable that some denaturation of antigenic deter
minants on the cytochrome P-450 had occurred. The nonspe-
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Fig. 5. Immunohistochemical staining of sections of lung. A, in lungs from MC-treated C57BL/6 mice. MAb 1-7-1 specifically stained the alveolar walls and the
capillary endothelium, shown at higher magnification in inset, but not the bronchiolar epithelium, left. B, transmission electron micrograph showing localization of
MAb 1-7-1 staining in the endothelial cells (EC) of a capillary in an alveolar wall (Arrows). Staining was reduced or absent in MC-exposed lungs stained with the
control MAb HyHel-9 (C) and in control lungs stained with MAb 1-7-1 (D). V, blood vessel endothelium; A, alveoli.

cific staining seen with high concentrations of MAb may reflect
limited cross-reactivity with noninduced species of cytochrome
P-450 or with other cellular proteins.

Specific staining for cytochrome P-450 by MAb 1-7-1 was

greatest in the cytoplasm of the hepatocytes in the centrilobular
region, as has been observed with polyclonal immunohisto-
chemical staining for both certain forms of basal and induced
cytochrome P-450 in rats (7, 10, 11) and DNA alkylation
products of yV-nitrosodiethylamine metabolism (26) in rats as
well as basal UDP-glucuronosyltransferase(27), epoxide hydro-
lase (28), NAPH-cytochrome P-450 reducÃase (29, 30), and

glutathione 5-transferase (31). The latter studies, in contrast to
ours, utilized polyclonal antibodies to the various enzymes.
Some staining was reported for livers of untreated animals and
various complex changes in hepatic staining patterns were noted
after exposure to inducers. Use of an MAb, in this case 1-7-1,
reduced the extent of nonspecific staining, and careful choice
of fixative and antibody dilution along with use of a nonspecific
MAb of similar IgG content further insured that the staining
seen was in fact specific to the cytochrome P-450 to which
MAb 1-7-1 was raised. Use of MAbs as highly specific probes
for immunohistochemistry may allow particularly accurate de-
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Fig. 6. Immunohistochemical staining of seclions of large bowel mucosa. (A)
In the colon of MC-treated C57BL/6 mice MAb 1-7-1 stained only the endothe-
luirn of blood vessels 11 i. blocked area shown at higher magnification in inset.
There was no staining in MC-exposed large bowel with the control MAb HyHel-
9 (B) or in control bowel with MAb 1-7-1 (C).

termination of spatial and temporal changes in localization
pattern of certain proteins.

A question which frequently arises with the use of immuno-
histochemical procedures is whether the molecules stained in
fixed preparations would be biochemically active and whether
the immunoreactivity and intensity of staining are actually
reflective of the potential degree of such activity. Our investi
gation, using two different series of F: mice heterogeneous at
the Ah locus, showed excellent correlation between the presence
of specific staining with MAb 1-7-1 and the inducible genotype
(AtfAh11) as revealed by a biochemical assay for MC metabo

lism. Furthermore, in freshly fixed material there was signifi
cant correlation between the degree of immunohistochemical
staining and the level of biochemically measurable MC-metab-
olizing activity in samples of the same liver. Thus, the immu
nohistochemical procedure with the MAb 1-7-1 may be used
not only for inducibility phenotyping, as an alternative to the
averaging inherent in biochemical or pharmacological proce
dures, but also to obtain at least a semiquantitative measure of
amounts of MC-metabolizing activity in specific cell types and
tissue regions.

Specific staining with MAb 1-7-1 in the 3 extrahepatic tissues
studied was consistent with induction of this specific form of
cytochrome P-450 primarily in the endothelium of blood ves

sels, the glomeruli and interstitial tissue of kidney, the alveolar
walls and blood vessels of lung, and the blood vessels of large
bowel. Application of polyclonal antibodies raised to various
forms of cytochrome P-450. to kidney and lung of rats and
rabbits, produced staining of other cell types, most notably
bronchiolar epithelial cells in lung ( 14) and tubules in the kidney
(10). However, after treatment of rabbits with 2,3,7,8-tetra-
chlorodibenzo-/>-dioxin, certain cytochrome P-450 isozymes
were detected in vascular endothelium of both lung and kidney
(10). The latter inducer might be expected to cause appearance
of an isozyme of cytochrome P-450 similar to that recognized
by MAb 1-7-1, which was raised to a MC-induced cytochrome
P-450. Our results again illustrate the usefulness of the MAb
for localization of a specific form of cytochrome P-450.
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