
Demonstration by In Situ Hybridization of the Zonal Modulation of Rat Liver
Cytochrome P-450b and P-450e Gene Expression after Phenobarbital
Edward Wojcik, Caroline Dvorak, Jose Chianale, Peter G. Traber, David Keren, and Jorge J. Gumucio
Veterans Administration Medical Center, The University ofMichigan School ofMedicine, Department ofInternal Medicine,
Section ofGastroenterology and Department ofPathology Ann Arbor, Michigan 48105

Abstract

The various physiological processes that constitute liver func-
tion are compartmentalized within the hepatic acinus. The mo-
lecular mechanisms modulating the development and mainte-
nance of this hepatocyte heterogeneity have not been defined.
The objective of this study was to determine whether tran-
scriptional or posttranscriptional zonal modulation of cy-
tochromes P450b,e gene expression was responsible for the
heterogeneous induction of the P450 proteins, which is ob-
served after phenobarbital (PB) administration. The exact lo-
calization in liver tissue of hepatocytes responding to PB with
induction of either P450b,e mRNA or proteins was estab-
lished by in situ hybridization and by immunofluorescence,
respectively. As demonstrated by quantitative assessment of
autoradiographs of - 20 hepatocytes located between a termi-
nal portal venule and a hepatic venule, PB induced the
P450b,e mRNA up to sixfold in the 12-15 hepatocytes lo-
cated closer to the hepatic venules (zones 2 and 3). In contrast,
there was only a twofold induction in the 4-6 hepatocytes sur-
rounding the terminal portal venules (zone 1). Quantitative
immunofluorescence using an MAb showed that the acinar
distribution of PB-induced P450b,e proteins was similar to
that of the mRNA. This combined approach indicated that,
most likely, an increased rate of transcription of cytochromes
P450b,e genes in hepatocytes of zones 2 and 3 concomitantly,
with a relative lack of activation, or repression, of these genes
in hepatocytes of zone 1, were responsible for the heteroge-
neous phenotype observed after PB administration. Therefore,
modulation of gene expression among hepatocytes of the liver
acinus is one mechanism by which the functional heterogeneity
of hepatocytes is attained. Experiments in which the induction
of cytochromes P450b,e genes was studied after administra-
tion of either PB or para-hydroxyphenobarbital, a main he-
patic metabolite of PB, suggested that the species involved in
the inductive process is the parent PB molecule rather than
para-hydroxyphenobarbital.

Introduction

The physiological processes of uptake, synthesis, biotransfor-
mation, and biliary secretion by the liver occur in functional
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units called liver acini (1). Hepatocytes located near the termi-
nal portal venule, the entry to the acinus, and near the termi-
nal hepatic venule, the acinar exit, contribute to these physio-
logical processes differently (2-4). Nuclear runoff studies per-
formed with nuclei isolated from whole liver (5) have shown
that phenobarbital (PB)' induces liver cytochromes P-450b,e
proteins by increasing the rate of transcription of these genes
(6). These data, however, do not explain the finding that this
induction of P-450b,e proteins occurs mainly in hepatocytes
located closest to the hepatic venules (7, 8). These observations
revealed that regulation of the expression of cytochromes
P-450b,e genes in liver is a more complex process than pre-
viously proposed (5, 6). Thus, to account for the heteroge-
neous phenotype attained after PB, the expression of the cy-
tochromes P-450b,e genes has to be modulated at the acinar
level, modulation which may provide insight into the molecu-
lar mechanisms involved in the zonal expression of liver func-
tion.

Studies using hepatocytes isolated predominantly from the
proximal or distal half of the liver acinus suggested that the
levels of cytochromes P-450b,e mRNA after administration of
PB to rats, increased predominantly in hepatocyte subpopula-
tions isolated from the distal half ofthe acinus (9). However, in
those preparations, it was difficult to quantitate the degree of
contamination with hepatocytes of another zone. Specifically,
in those studies (9), the exact localization in tissue ofthe hepa-
tocytes that contained either the highest or the lowest levels of
P-450b,e mRNA could not be defined. To this extent, the
molecular mechanisms responsible for the heterogeneous ex-
pression of these genes in response to PB remained unknown.
Therefore, the main objective ofthis study was the elucidation
of the molecular mechanisms involved in the heterogeneous
response of acinar hepatocytes to PB-induction of cy-
tochromes P-450b,e genes.

Methods

Nonfasted male rats Charles River Breeding Laboratories, Inc., (Wil-
mington, MA) weighing between 190 and 220 g were used.

Preparation ofthe [3H]RNA transcripts
The RI 7 cDNA clone used in these experiments recognizes the se-
quences of both cytochromes P-450b and P-450e mRNAs. For this
reason, measurements have been described in the text as "cytochromes
P-450b,e mRNA." This clone was a generous gift of Dr. M. Adesnik
(New York University). It contains a 1,100 bp cDNA (pBR322) coding
for the 21 1 amino acids of the 3' carboxyterminal end of a polypeptide
corresponding to cytochrome P-450e (10). The cDNA insert was

1. Abbreviations used in this paper: ANOVA, analysis of variance; HV,
hepatic venule; PB, phenobarbital; pOHPB, para-hydroxyphenobarbi-
tal; THV, terminal hepatic venule; TPV, terminal portalvenule.
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cloned into a Riboprobe Gemini system (Promega Biotec, Madison,
WI) using the Pst 1 site. The direction in which the insert was cloned
into Riboprobe was assessed by agarose gel electrophoresis after Acc I
restriction enzyme analysis. Transcription assays were performed by a
modification of a previous method ( 11) as detailed by Promega Biotec
(12) using [3H]UTP (sp act, 52 Ci/mmol), 1 gCi/,g1 of transcription
solution. The labeled RNA transcripts that were generated were treated
with DNase I (RQ1; Promega Biotec) and 1 U/,gg of DNA template,
extracted with phenol:chloroform, precipitated with ethanol, and re-
suspended in TE buffer (10 mM Tris, 1 mM EDTA), pH 8.0. The
transcripts were finally passed through a Sephadex G-50 column
(Pharmacia Fine Chemicals, Piscataway, NJ).

Northern blot and dot blot analysis
The time curve of induction of cytochromes P-450b,e mRNA was
assessed at 5, 12, 16, and 22 h after a single dose of PB. RNA was
extracted at each time interval (13) and the size of the mRNA that
hybridized to 32P-RNA transcripts ([32P]UTP was used in these exper-
iments) was assessed by Northern blot analysis (9). Dot blot hybridiza-
tions with the same 32P-RNA probe were performed according to Pa-
pavasiliou et al. (14).

In situ hybridization
PREPARATION OF LIVER SECTIONS
Rats received a single injection ofPB (80 mg/kg, i.p.), 16 h before the
experiments. Uninduced controls received an equivalent volume of
0.15 M NaCl. Rats were anesthetized with ether and the liver perfused
in situ with well oxygenated 0.02 M PBS, pH 7.5, osmolality 300
mosmol/liter at 40C, as previously performed in this laboratory (15).
After the liver was clear ofblood, the perfusate was changed to ice-cold
4% (wt:vol) paraformaldehyde in 0.1 M sodium phosphate buffer, pH
7.5. Perfusion was performed at a rate of 10 ml/min for 4 min. The
liver was removed, chopped into 3-mm cubes, and post-fixed for 2 h at
4°C in the same paraformaldehyde solution. The tissue was washed
overnight in 0.02 M PBS, 15% (wt:vol) sucrose, 2% (vol:vol) polyethyl-
ene glycol (mol wt, 400) at 4°C. The tissue was embedded (0. C. T.;
Miles Scientific Div., Naperville, IL) and 8-nm cryostat sections were
prepared from various liver lobes. Liver sections were placed onto
slides that had been treated with a solution containing 50 ,g/ml of
polylysine in 10 mM Tris, pH 8.0.

HYBRIDIZATION CONDITIONS
The procedure used was that of Lum (16) with some modifications.
Liver sections were rehydrated in diethylpyrocarbonate-treated dis-
tilled water for 5 min and immersed in 0.25% (vol:vol) acetic anhy-
dride in 0.1 M triethanolamine buffer, pH 8.0 for 10 min at room
temperature. Slides were washed in 2X SSC (standard saline citrate:
0.149 M NaCl, 0.0 149 M sodium citrate, pH 7.0) for 5 min at room
temperature, dehydrated by passing them through increasing concen-
trations ofethanol, and dried. Hybridization solution consisted of 50%
formamide (vol:vol), 100 ug/ml sonicated salmon sperm DNA, 1
mg/ml yeast transfer RNA, 600mM NaCI, 10 mM Tris, 1 mM EDTA,
2% (wt:vol) dextran sulfate, pH 7.5. The [3H]RNA probe (sp act, 1-2
X 106 cpm/Mg RNA) was denatured by boiling for 1 min and diluted
into the hybridization solution (1-2 X i05 cpm/slide). 50 Ml of com-
plete hybridization solution were applied per slide (containing two
serial sections) and a coverslip was applied. Hybridization was per-
formed in a humidified chamber at 47°C for 16 h. The coverslip was
removed and the slides were washed for 2 h in decreasing concentra-
tions of SSC. Slides were incubated in RNase A (20 ,g/ml in 0.5 M
NaCl, 10 mM Tris, pH 8.0) at 370C for 1 h. The slides were rinsed in
distilled water, dried, and immersed in a Kodak NTB-2 emulsion.
Slides were exposed for 10-20 d and developed. Sections were stained
with Giemsa and photography was performed under dark field.

SPECIFICITY CONTROLS
RNase-treated liver sections. Some of the serial liver sections were
treated with RNase A (20 Ag/ml in 0.5 M NaCl, 10mM Tris, pH 8.0 at
370C for 30 min) before hybridization.

Hybridization with noncomplementary RNA. Other liver sections
were hybridized with [3H]RNA transcripts generated by transcription
of the noncomplementary DNA strand of the R17 clone.

Immunofluorescence localization ofthe cytochromes
P-450b,e apoproteins
Rats were treated with either a single dose ofPB (80 mg/kg, i.p.) or 0. 15
M NaCl. Previous studies in this laboratory have shown that the max-
imal induction of total cytochrome P-450 activity, assessed spectro-
photometrically, is achieved by - 33 h after a single dose of PB (9).
Therefore, 33 h after a single dose of PB, snap-frozen pieces of liver
were sectioned at 6 um in a cryostat. Liver sections of various lobes
were air dried and treated with mouse MAbs to rat liver cytochrome
P450b,e, that was diluted 1:100 in PBS, pH 7.2. This MAb was a
generous gift of Dr. U. Meyer (Basel, Switzerland). The purity and
validation of the specificity of this antibody have been reported (17).
Since this antibody cannot distinguish between the apoproteins of
cytochromes P450b and P450e, the data have been expressed here as
"4cytochromes P-450b,e proteins." After a 30-min incubation in a
moisture chamber, the antibody was rinsed offthe slides and the tissue
sections were washed five times in PBS. A 1:20 dilution of fluorescein-
conjugated goat anti-mouse Ig (Cappel Laboratories, Malvern, PA)
was applied to each section. Uninduced control livers were similarly
treated. To establish a background, tissue sections were treated with
other MAbs raised against proteins not found in the liver (negative
controls), followed by incubation with fluorescein conjugates and
washes. A coverslip was placed over tissue sections using glycerol/PBS
(9:1) mounting media and examined under a fluorescent microscope
equipped for epifluorescence (Carl Zeiss, Inc., Thornwood, NY).

Quantitative analysis of in situ hybridization
and ofimmunofluorescence results
STATISTICS
Quantitation of autoradiogram as well as of immunofluorescence
were performed at the Image Analysis Laboratory ofThe University of
Michigan (Department of Anatomy and Cell Biology) using an Inter-
national Imaging Systems model 75 image processor (Milpitas, CA).
The processor was connected to a Masscomp MC 500 host computer
(Westford, MA). Images were recorded under dark field illumination
using a Dage video camera.

Software was developed that allowed us to divide the distance be-
tween a terminal portal venule (TPV) and a hepatic venule (HV),
representing a hemiacinus, into 10 acinar segments. Each segment
encompassed - two hepatocytes in length and about three liver plates
in width. Since the number of hepatocytes, and thus, the distance
between a TPV and an HV, varies, the program always divided this
distance into 10 squares in which the relative location ofeach segment
was kept constant. The cell area encompassed in each of these squares
was computed.

The video image was converted into a binary image (two colors)
during which silver grains were separated from background. Each
silver grain comprised a different number of pixels depending on the
relative size of a grain or clump of grains. The computer counted the
number of pixels. Artefacts created by the histological procedure, i.e.,
dirt and dust particles of comparable brightness to silver grains, could
be manually edited. If > 5% of any square had to be edited, the pro-
gram called for rejection of the measurement of that hemiacinus. Re-
sults have been recorded as absolute number of pixels as well as per-
centage of pixels counted in each acinar segment from the total num-
ber of pixels in the hemiacinus.

For immunofluorescence measurements, liver sections were ana-
lyzed using a Leitz fluorescence microscope equipped for epifluore-
scence. 20 microscopic fields were oriented from TPV to HV, each
divided into 10 squares, and quantitated in an analogous manner to
the autoradiographs.

Differences between values (autoradiographs or fluorescence) for
each of the ten segments in which the hemiacinus was divided were
analyzed using one way analysis of variance (ANOVA). Individual
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means were compared using Tukey's test for multiple comparisons
(18). When assessing differences between treated and untreated groups,
two-way ANOVA was used and individual means were compared
using Tukey's test. A level of significance ofP < 0.05 was chosen.

The role ofpara-hydroxyphenobarbital pOHPB
in cytochrome P-450b,e gene induction
To assess whether PB or its main hepatic metabolite, pOHPB, was
responsible for cytochrome P-450b,e gene induction, male Sprague-
Dawley rats (180-220 g) were injected with: 0.15 M NaCl, 0.2 ml, i.p.,
PB 80 mg/kg, i.p. as a single injection, or 5-ethyl, 5-pOHPB (Sigma
Chemical Co., St. Louis, MO). pOHPB was injected as a single intra-
peritoneal injection of 400 mg/kg and the liver was removed at 5, 16,
and 21 h under ether anesthesia, or it was injected as three daily doses
of 400 mg/kg, i.p. each and the liver removed 16 h after the last
injection. These doses were chosen since previous studies ( 19, 20) have
shown that the concentration ofpOHPB attained in liver after exoge-
nous administration of this metabolite were higher than the concen-
trations of PB attained in liver by administration of an inductive dose
of PB. Moreover, administration ofpOHPB in these doses has resulted
in modifications of microsomal enzymes (19, 20). Immediately before
injection, pOHPB and PB were dissolved in 0.5 N NaOH, to which a
solution containing 75% (vol:vol) propylene glycol and 10% (vol:vol)
ethanol was added and its pH was adjusted to 7.4 with HCI.

RNA was extracted from livers according to Chirgwin et al. (13).
Only samples with a 260/280 absorbance ratio above 1.8 were used. In
some experiments, poly (At) RNA was isolated from total RNA using
poly (U) paper (Hybond -m AP paper; Amersham Corp., Chicago,
IL). The levels ofcytochromes P-450b,e mRNA afterpOHPB adminis-
tration were measured by quantitative dot blot hybridization (14, 21).
A Minifold II system and nitrocellulose filters were used. The concen-
tration of the cDNA probe was always in excess while each RNA
sample was spotted in six concentrations: 0.5, 0.75, 1.0, 1.5, 2.0, and
2.5 gg/spot. This allowed us to assess the linearity of measurements
with each sample. An internal standard (PB-induced RNA) was also
spotted in six concentrations to account for reproducibility and for
differences in efficiency of hybridization. Comparisons between con-
trols, PB, and pOHPB samples were established in the same filter.

The cytochrome P-450b,e probe used in dot blot hybridizations
was the cDNA insert isolated from the R17 clone of Adesnik (10)
described above. This cDNA insert was labeled with [32P]dATP
(Amersham Corp., sp act, 3,000 Ci/mmol) by the oligolabelling
method ofFeinberg (22) using the large fragment ofDNA polymerase I
(Klenow fragment).

Results

PB-induction ofcytochromes P-450b,e mRNAs
in zonal hepatocytes: in situ hybridization
QUALITATIVE ASSESSMENT
16 h after a single injection of PB, the changes in the levels of
cytochromes P-450b,e mRNA were assessed. Fig. 1 A shows a
photograph obtained at low magnification in which grains are
predominantly present in 12-15 hepatocytes closer to the ter-
minal HV (H). The hepatocytes that immediately surround
the two TPV (P) show a much lower number of grains. The
distribution of grains in hepatocytes surrounding these acinar
landmarks, the TPVs and HVs is shown at a higher magnifi-
cation in Fig. 1, B and C. Numerous silver grains were visible
in hepatocytes of zone 3 (Fig. 1 B) while very few were visible
in hepatocytes of zone 1 (Fig. 1 C). Few grains, denoting
background, were visible in the lumen of venules and sinu-
soids.

Fig. 2 A, shows the levels of cytochromes P-450b,e mRNA

determined in livers of uninduced controls. Fewer grains, ap-
parently distributed homogeneously, were observed. The spec-
ificity of these results was tested by hybridizations of the com-
plementary [3H]RNA transcripts with RNase-treated sections
(livers induced 16 h earlier with PB). As shown in Fig. 2 B,
RNase treatment completely abolished hybridization, indicat-
ing that the probe was recognizing RNA sequences. To further
assess the specificity of these results, [3H]RNA transcripts gen-
erated by transcription of the noncomplementary DNA strand
of the Ri7 cDNA rather than complementary RNA tran-
scripts were used in hybridizations. The result was a picture
similar to that illustrated in Fig. 2 B (results not shown). There
was a very low level of grains distributed homogenously, a
finding quite different from that of Fig. 1 A. The lack of hy-
bridization of these noncomplementary transcripts with cy-
tochromes P-450b,e mRNA was assessed by Northern blot
analysis (results not shown). These two controls established the
specificity of the hybridized material. Furthermore, the level
of background signal was shown by these experiments to be
quite low.

QUANTITATIVE ASSESSMENT
In situ hybridization. The changes in the levels ofcytochromes
P-450b,e mRNA after PB, as assessed by in situ hybridization,
were quantitated with an image analysis system. In this pro-
cess, the number ofpixels (representing the number and size of
silver grains) were counted. Results have been expressed either
as percentage of distribution of pixels in each of the 10 acinar
segments in which the hemiacinus was divided, or as the abso-
lute number of pixels (in studies in which control and PB-
treated livers were assessed in the same experiment). Expres-
sion of results as the percentage of distribution of pixels nor-
malized the data for small differences in background between
acini.

Fig. 3 A depicts the percentage of distribution of pixels in
uninduced control livers. A homogeneous distribution of
grains with a small decrease in grain density in the four hepa-
tocytes closest to the HV was observed.

Fig. 3 B illustrates the percentage of distribution of pixels
in the 10 acinar segments measured 16 h after a single dose of
PB. There was a progressive increment in the levels of cy-
tochromes P-450b,e, mRNA from TPV to HV. Maximal in-
duction was attained in segments 5-9, which corresponded to
the 1Oth-18th hepatocyte away from the TPV. A small de-
crease in the total number of pixels counted in the two hepa-
tocytes immediately contiguous to the HV was noted.

To assess the validity of the comparisons between seg-
ments, the relative cell area of each segment was determined.
Fig. 3 C shows that the relative cell areas were similar with the
exception of the last two segments in which a small decrease in
cell area measured was noted. This lower cell area of the two
last segments may explain, in part, the small decrease in the
number of pixels counted in these segments.

Results ofthese measurements expressed in absolute values
are illustrated in Fig. 3 D. It should be noted, that to make the
comparison of absolute values valid, in situ hybridization of
control and PB-treated livers was performed in the same ex-
periment (that is, the same hybridization solution, hybridiza-
tion conditions, and labeled probe were used). While there was
a twofold increment in the number of pixels counted in the
first four hepatocytes, induction of cytochromes P-450b,e
mRNA increased by sixfold in hepatocytes 12-18. Again, a
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Figure 2. Zonal distribution of
cytochromes P-450b,e mRNA in
uninduced liver, and other con-
trol conditions. (A) Low power
(X 125) dark field photograph of
in situ hybridization of cy-
tochromes P-450b,e mRNA in
uninduced rat liver. P. TPV, H,
THV. Few silver grains are visi-
ble and the distribution through-
out the acinus appears uniform.
Autoradiography exposure time
for all photographs shown as
Fig. 2 was 6 wk. (B) In situ hy-
bridization performed in PB-in-
duced rat livers (16 h) that were
treated with RNase A before hy-
bridization with the complemen-
tary [3H]RNA transcripts. Liver
sections were treated with
RNase A (20 Ag/ml) for 30 min
at 371C before hybridization.
Few silver grains are visible indi-
cating that the complementary
transcripts require RNA se-
quences in hepatocytes for hy-
bridization.

small decrease in pixel counts was visible in hepatocytes im-
mediately surrounding the HV.

Immunofluorescence. The distribution of cytochromes
P-450b,e apoproteins assessed by immunofluorescence using
an MAb was quantitated by the same method used in in situ
hybridizations. Fig. 4 shows that, as observed with mRNA, the
apoproteins were induced to a small extent in the first six
hepatocytes and reached maximal induction in hepatocytes
14-20. Overall, the pattern of induction was similar to that of

the P-450b,e mRNA, which indicates that translation of
mRNA occurred in all hepatocytes. Given that both methods,
in situ hybridization and immunofluorescence, have different
sensitivities and resolution, small differences in the relative
distribution of grains and fluorescence in any segment are to
be expected.

The hepatocytes showing the maximal degree of cy-
tochrome P-450b,e mRNA induction also showed maximal
induction of the apoproteins. To this extent, there was no
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Figure 3. Quantitative assessment of cytochromes P-450b,e mRNA
distribution within the hepatic acinus in response to PB assessed by
in situ hybridization. Silver grains depicted in the photographs were

converted to pixels by the Image Analysis software. The number of
pixels on the digitalized image were counted and statistical analysis
was performed. The area encompassed between a TPV and a THV
(hemiacinus) was divided into 10 segments. The length of each seg-

ment comprised about two hepatocytes. The width encompassed he-
patocytes from three contiguous plates. (A) Percentage of total pixels
distributed in each acinar segment in uninduced controls. Measure-
ments were performed in five uninduced animals. The total number
of independent observations was 91 per acinar segment. Mean±SD.
Significance was assessed by ANOVA, Tukey's test. A, less than seg-

ments 1, 4 (P < 0.05); B, less than segments 1-4 (P < 0.05). (B) Per-
centage of total pixels distributed in each acinar segment 16 h after
PB administration. Measurements were performed in five animals
receiving PB (80 mg/kg, i.p., 16 h before the experiment). The total
number of independent observations was 117 per acinar segment.
Mean±SD are illustrated. Significance was assessed by ANOVA,
Tukey's test. a, Greater than segment 1 and less than segments 3-10.
(P < 0.05); b, greater than segments 1, 2 and less than 4-10 (P
< 0.05); c, greater than segments 1-3 and less than segments 5-9 (P
< .05); d, greater than segments 1-3 (P < 0.01) and greater than seg-

TPV THV

Acinar Segment

ments 4 and 10 (P < 0.05); e, less than segments 5-8 and greater
than 1-3 (P < 0.05). (C) Cellular area encompassed in each acinar
segment as a fraction of the total acinar area. The image analysis
software was used to count all pixels in the field of interest excluding
the sinusoidal spaces. The data obtained from 36 individual acini are

represented. Mean±SD. Data was measured in PB-treated (16 h)
livers. Similar data (not shown) was obtained with uninduced con-

trols. *Less than segments 3-7 (P < 0.05). (D) Comparison of cy-
tochromes P-450b,e mRNA levels between PB-induced and unin-
duced controls using absolute values. Statistical analysis of the distri-
bution of cytochromes P-450b,e mRNA in two PB-induced (16 h)
rats was compared with that of two uninduced controls. Liver sec-

tions obtained from these four animals represented the maximal
number of hybridizations that could be handled in one experiment.
All samples were treated and hybridized as described under Methods,
but here, the same batch of [3H]RNA transcripts was used in both
groups. Exposure of autoradiograms was the same in both groups.
Therefore, the number of pixels counted (corresponding to grains on
the digitized image) can be directly compared. Total number of inde-
pendent observations for uninduced controls was 34, and for PB-
treated was 46. Mean±S.D. Significance assessed by two-way
ANOVA, Tukey's test. a, Greater than control (P < 0.05); b, greater
than control (P < 0.01).
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Figure 4. Distribution of cytochromes P-450b,e apoproteins assessed
by immunofluorescence. Percentage of fluorescence in each acinar
segment was determined using the image analysis software as de-
scribed in Methods. In these experiments, immunohistochemistry
was performed using an MAb that recognizes both cytochrome
P-450b and e apoproteins. The data represent analysis of 20 individ-
ual acini. Mean±SD, ANOVA, Tukey's test. a, Greater than seg-
ments 1, 2 and less than 4-10 (P < 0.05); b, greater than segments
1-3 and less than 4-10 (P < 0.05); c, greater than segments 1-4 and
less than 7-10 (P < 0.05); d, greater than segments 1-6 (P < 0.05).

evidence for translational modulation being the main mecha-
nism responsible for the differential inductive effect of PB on

P-450b,e genes within the hepatic acinus. However, these data
cannot rule out small differences in translational efficiency of
the P-450b,e mRNA among acinar hepatocytes.

In uninduced control livers, the fluorescent signal was very
weak and we were unable to quantitate it. This result was
different from data obtained with polyvalent antibodies (7, 8)
in which fluorescence was detected in control livers. It is possi-
ble that polyvalent antibodies may detect other P-450 apopro-
teins in addition to the b and e isoenzymes, and may thus
increase the signal.

The possible inductive role ofpOHPB,
the main hepatic metabolite ofPB
The time curve of induction of cytochromes P-450b,e mRNA
after single doses ofPB, pOHPB, or NaCl were compared. Fig.
5 A shows that only PB induced these mRNA. Maximal in-
duction with PB was attained by 16-24 h, as was previously

shown (5, 9). To assess whether pOHPB would induce these
P-450 genes if administered in various doses, this drug was

given as three daily doses of400 mg/kg, i.p. At these doses, the
hepatic concentration ofpOHPB has been shown to be higher
than the concentration ofPB in liver after an inductive dose of
PB (19, 20). Fig. 5 B illustrates that pOHPB was unable to
change the levels of cytochromes P-450b,e mRNA. In con-
trast, three, daily doses of 80 mg/kg of PB induced the cy-
tochromes P-450b,e mRNA by about sixfold.

Discussion

This study showed that, after the administration of a single
dose of PB, there was induction ofcytochromes P-450b,e apo-
proteins predominantly in hepatocytes located in the half of
the acinus closest to the HVs. This result was similar to data
previously published using polyclonal antibodies after multi-

B
CYTOCHROME P-450 (b,e) mRNA

INDUCTION BY MULTIPLE DOSES OF
PB OR pOH PB

5 16 21
HOURS

-* Control
& pOH PB
0-0 PB Control PB

Figure 5. Induction of cytochromes P-450b,e mRNA by pOHPB. In
these experiments, the levels of cytochrome P-450b,e mRNA were

quantitated by dot blot hybridization under conditions in which the
cDNA probe was always in excess (14). Therefore, the limiting factor
in hybridization was the availability of complementary RNA se-

quences. The amount of DNA bound reflects the amount of specific
cytochrome P-450b,e mRNA. (A) Time course of induction after a
single injection of PB (80 mg/kg, i.p.), pOHPB (400 mg/kg, i.p.), or

0.15 M NaCI, i.p. (B) Cytochromes P-450b,e mRNA levels after
three daily injections of PB (80 mg/kg, i.p.), pOHPB (400 mg/kg,
i.p.), or 0.15 M NaCl, i.p. Means±SD.

ple injections of PB (7, 8). In this study, the mechanisms re-

sponsible for the heterogeneous induction of the apoprotein
were studied further by comparing the distribution of the in-
duced P-450b,e apoproteins with the acinar distribution ofthe
induced P-450b,e mRNA. A method allowing the quantitative
analysis of autoradiographs and fluorescence distribution
within the framework of the hepatic acinus was developed.
The levels of P-450b,e mRNA (grains-pixels) or apoproteins
(fluorescence) were measured in each of 10 segments into
which the hemiacinus was divided. Statistical analysis of both
autoradiographs and of immunofluorescence slides revealed
that there was a low level ofinduction ofboth apoproteins and
mRNA in the four to six hepatocytes located closest to the
TPVs or zone 1. Starting with acinar segment four, which
corresponds to about the eighth hepatocyte from the TPV, the
inductive response of both apoproteins and mRNA became
more apparent. It reached maximal response in the 14th-18th
hepatocyte from the TPV. The specificity of these results was
assessed in experiments using PB-treated liver sections hybrid-
ized with [3H]RNA transcripts which were generated by tran-
scription of the noncomplementary R17 cDNA. Only a few
grains that were distributed homogeneously along the acinus
were observed. Furthermore, when hybridizations were per-
formed with complementary transcripts using liver sections
previously treated with RNase, the grains almost completely
disappeared.

Since every hepatocyte analyzed expressed both cy-
tochromes P-450b,e apoproteins and mRNA, the major mo-
lecular mechanism responsible for the heterogeneous zonal
expression after PB is, most likely, a differential regulation in
the rate of transcription ofthese genes along the acinus, rather
than major translational differences. Variations in the percent-
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age of distribution of grains and fluorescence in the different
acinar segments may suggest minor translational differences
within the acinus. However, these small variations should be
interpreted cautiously since the sensitivity of in situ hybridiza-
tion and ofthe immunofluorescence analysis are not compara-
ble. Therefore, these data are in agreement with data obtained
by in vitro transcription assays using nuclei isolated from the
whole liver (5).

One alternative explanation for the proposal for differen-
tial transcriptional control within the liver acinus, as suggested
here, is the possibility that transcription of these genes is in-
duced equally by PB in all hepatocytes but that the mRNA are
degraded at different rates. This alternative is unlikely since
differences in the half life of cytochromes P-450b,e mRNA by
a factor of five or six would have to exist between zonal hepa-
tocytes to account for these observations. The half life of the
cytochromes P-450b,e mRNA determined in whole liver has
been estimated to be 3 h (23). To our knowledge, there is no
example in mammalian tissues of cells within the same organ
and of similar origin differing substantially (several hours) in
the rate at which these cells degrade a specific mRNA.

A different question is the mechanism triggering the ob-
served differences in the expression of the cytochrome
P-450b,e mRNA and the apoproteins among hepatocytes. One
possibility is that these results are due to differences in delivery
ofPB or, alternatively, in the rate at which a metabolite acting
as the actual inducer may be generated in the various acinar
zones. About 1% of a PB load is taken up by the liver on a
single pass (data not shown). Therefore, PB should be available
to all acinar zones. Work performed with bile acids (24), bro-
mosulphthalein (25), fluorescent substances (15), and drugs
(26) has shown that all substances tested to date are trans-
ported by hepatocytes of every zone. There is no example of a
compound that is selectively taken up by hepatocytes of one
zone but not by those of another. These data indicated that the
possibility that these results were due to PB taken up preferen-
tially by hepatocytes of zones 2 and 3 is highly unlikely. How-
ever, the possibility that the intracellular "trapping" ofPB may
be higher in hepatocytes that show maximal induction is a
viable alternative which needs to be assessed by a different
approach.

In this study, we tested the possibility that a metabolite of
PB, generated in larger amounts in hepatocytes of zones 2 and
3 may be the true inducer. To assess this possibility, pOHPB,
the main hepatic metabolite of PB, was injected in single as
well as multiple doses. Other studies (19, 20), have shown that
with these doses ofpOHPB, the concentration of this metabo-
lite in liver was higher than the concentration of PB attained
by an inductive dose of PB. Moreover, these doses ofpOHPB
altered the activity of microsomal enzymes (19, 20). In con-
trast to PB, pOHPB was unable to induce the cytochromes
P-450b,e genes. While these data cannot rule out the possibil-
ity that minor metabolites may be involved in the inductive
process, the lack ofinduction withpOHPB makes the proposal
for differential generation of metabolites unlikely.

Therefore, it is proposed that PB increases the transcription
rate of the P-450b,e genes mainly in hepatocytes of zones 2
and 3. Differences in the zonal response to PB are not due to
differences in PB uptake or metabolism but to an intrinsic
response of zones 2 and 3 to PB. This intrinsic response may
be secondary to the presence in hepatocytes of transacting
factors that regulate the activation of the P-450b,e gene tran-

scription in zones 2 and 3 concomitantly with either the ab-
sence ofthese activators, the presence of repressors, or both, in
the hepatocytes of zone 1. In support of this proposal, it has
been shown that cycloheximide, an inhibitor of protein syn-
thesis, suppresses the increment in transcription rate of liver
cytochromes P-450b,e genes after PB, which suggests that ac-
tive protein synthesis is necessary to attain the inductive re-
sponse (27). Regardless of the factors responsible for differ-
ences in gene expression within the acinus, these data indicate
that transcriptional modulation of gene expression is one
mechanism by which the heterogeneity of hepatocytes and,
therefore, the compartmentation of liver function within the
hepatic acinus are maintained.
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