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SUMMARY

Freshly isolated rat hepatocytes rapidly lose their cytochrome
P450 (P450) proteins and mRNAs, with no evidence of subse-
quent restoration, after placement into traditional systems of
primary culture on type | collagen. We examined the patterns of
expression of 10 constitutively expressed P450 mRNAs in rat
hepatocytes cultured for up to 5 days on a matrix of Matrigel, a
reconstituted basement membrane that allows inducible expres-
sion of some P450s, and compared these patterns with those
seen in hepatocytes cultured on type | collagen (Vitrogen). mRNA
for each P450 was detected on Northemn blots in samples
prepared from freshly isolated male rat hepatocytes, and the
amount of each mRNA decreased markedly during the first 2
days of culture in cells maintained on either matrix (decreases of
53-97% on Matrigel and 62 to >99% on Vitrogen), in contrast

to the level of NADPH-P450 oxidoreductase mRNA, which in-
creased during this interval. On subsequent days, hepatocytes
cultured on Matrigel expressed the individual P450 mRNAs in
one of the following four patterns. 1) P450 1A2, 2A2, 2E1, and
3A1/2 mRNAs remained low throughout the 5-day culture period.
2) 2A1 mRNA increased between days 2 and 4 but then de-
creased on day 5. 3) 2B1/2, 2C6, 2C7, and 4A1 mRNAs in-
creased continually between days 2 and 5. 4) The total mMRNAs
detected with a 2D probe remained at constant levels between
culture days 2 and 5. Our results show that rat hepatocytes
cultured on Matrigel in serum-free medium spontaneously reex-
press the mRNAs for several constitutive P450s in form-specific
patterns, and they suggest that the Matrigel culture system will
be useful for identifying the underlying regulatory mechanisms.

The P450s are a superfamily of hemoproteins, found promi-
nently in liver, whose members catalyze the oxygenation of a
variety of endogenous and xenobiotic substrates. Some of these
liver enzymes are found in untreated animals (sometimes called
constitutive), whereas others are expressed only in response to
administration of an inducing agent. The major P450s found
in the livers of untreated rats include 1A2, 2A1, 2B2, 2C6, 2C7,
2D, 2E1, 4Al, and several sex-specific forms, including 2A2,
2C11, 2C13, and 3A2 in males and 2C12 in females (for review,
see Ref. 1). Many of these “constitutive” P450 forms are ac-
tually inducible, to at least some extent, by such xenobiotics as
aromatic hydrocarbons (1A2 and 2A1), phenobarbital (2B2,
2C6, 2C7, and 3A2), ethanol (2E1), or peroxisome proliferators
(4A1) (2-7).

Animal studies have suggested that expression of each con-
stitutive P450 is under its own distinct set of hormonal, devel-
opmental, and tissue-specific control mechanisms (for review,
see Ref. 1). However, it is difficult to examine the direct effects
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of drugs and hormones on expression of constitutive hepatic
P450s because the inherent complexity of the whole animal
includes such confounding factors as indirect effects of test
agents on other organ systems, cyclical variations in endoge-
nous hormone levels, and feedback regulatory pathways. A liver
cell culture system would be ideal for this purpose, but expres-
sion of constitutive hepatic P450s is rarely, if ever, found in
cell lines of hepatic origin. Furthermore, when freshly isolated
hepatocytes are placed into the traditional systems for primary
culture, the constitutive P450s promptly disappear (8).

We recently reported that, when rat hepatocytes are cultured
on dishes coated with a thin layer of Matrigel, a reconstituted
basement membrane, instead of on type I collagen, several
P450s, such as 2B1/2B2, can be induced by treatments with
xenobiotics in a manner qualitatively similar to that observed
in living rats (9). Moreover, treatment of male rat hepatocytes
maintained on Matrigel, but not on type I collagen, with growth
hormone caused the appearance of the female-specific form
2C12 (10), an event consistent with findings in vivo (11, 12).
The apparent permissive effect of Matrigel on inducible expres-
sion of some P450s might also extend to spontaneous expres-
sion of some constitutive P450 forms. We have systematically
examined this possibility and now report that, although the

ABBREVIATIONS: P450, cytochrome P450; P450 OR, NADPH-cytochrome P450 oxidoreductase.
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amounts of mRNA for 10 constitutive P450 forms decreased
markedly during the first 2 days of culture, hepatocytes main-
tained on Matrigel spontaneously "reexpressed” some of these
P450 mRNAs.

Experimental Procedures

Materials. Adult male and female Sprague-Dawley rats (Domin-
ion Labs, Dublin, VA) weighing 175-200 g were maintained in wire-
bottomed cages, with free access to animal chow and water, for 2 weeks
before use. Collagenase type I was purchased from Cooper Biochemical
Co. (Malvern, PA) and Vitrogen was purchased from Celtrix Labora-
tories (Palo Alto, CA). Matrigel was prepared in this laboratory as
described previously (9). Phenobarbital was from J. T. Baker, Inc.
(Phillipsburg, NJ), dexamethasone and S8-naphthoflavone were from
Sigma (St. Louis, MO), and ciprofibrate was from Sterling-Winthrop
Research Institute (Rensselaer, NY). Cloned cDNA fragments for 3A1
(pDex12) (13) and human 2E1 (HL;j) (14) were isolated in this labora-
tory. A cDNA for P450 1A2 (p72) (15) was provided by Dr. John Fagan
(Mahareshi International University, Fairfield, IA), cDNAs for 2A1
(16), 2C6 (17), 2C7 (17), 2D (18), and 4A1 (6) were supplied by Dr.
Frank Gonzalez (National Cancer Institute, Bethesda, MD), a cDNA
for 2B2 (pR17) (19) was provided by Dr. Milton Adesnik (New York
University, New York, NY) [we did not routinely use oligonucleotide
probes for 2B1 and 2B2 in these experiments, as we have in some of
our studies (20, 21), because of their decreased sensitivities and in-
creased backgrounds, relative to the cDNA probe], and a cDNA for
P450 OR (pOR-7) (22) was furnished by Dr. Charles Kasper (University
of Wisconsin, Madison, WI).

Hepatocyte cultures and drug treatments. Rat hepatocytes were
isolated from adult male or female Sprague-Dawley rats (230-280 g)
and plated onto 60-mm plastic dishes coated with 150-250 ul of Matri-
gel or 50 ul of Vitrogen, as described previously (9). Cultures were
maintained in a humidified incubator at 35° under an atmosphere of
5% CO,/95% air. The culture medium was a modification of Waymouth
MB-752 containing insulin (1.5 X 10”7 M) as the only hormone. Media
were changed and dishes were harvested at 24-hr intervals after plating
of the hepatocytes. Inducers were added to 3-day-old cultures as con-
centrated stock solutions in water (phenobarbital) or dimethylsulfoxide
(dexamethasone, §-naphthoflavone, and ciprofibrate; 0.1% of total
volume).

Northern blot analysis. Total RNA was isolated from the pooled
cells of three to five culture dishes as described previously (9). RNA
samples (20 ug) were resolved on denaturing 1% agarose gels and
capillary transferred onto reinforced nitrocellulose filters (Nitro plus;
MSI, Westboro, MA). cDNA inserts were radiolabeled to >10° cpm/ug
using a nick translation kit (BRL, Gaithersburg, MD) and [a-¥P]
dCTP (3000 Ci/mmol; ICN Biomedicals, Inc., Costa Mesa, CA). Pre-
hybridization and hybridization conditions have been described previ-
ously (23). Final washing conditions for the cDNAs were 0.1x standard
saline citrate (20X standard saline citrate = 3 M sodium chloride, 0.3
M sodium citrate, pH 7.5), 0.1% sodium dodecyl sulfate, for 30 min at
37° (for 2E1), 50° (for 2A1, 2B2, 2C6, 2C7, 4A1, 2D, and P450 OR), or
65° (for 1A2 and 3A1). RNA bands were visualized by autoradiography
and quantified by scanning densitometry.

Statistical analysis. The densitometric estimations of the amounts
of each mRNA measured within a hepatocyte preparation were ex-
pressed as percentages of the amount of that mRNA detected in freshly
isolated hepatocytes. Paired comparisons between percentages at dif-
ferent time points were made using the nonparametric sign test. Dif-
ferences were considered to be statistically significant at p < 0.05.

Results

Hepatocytes were isolated from the livers of adult male or
female rats and cultured on a thin layer of Matrigel in our
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TABLE 1
Summary of the time courses of P450 mRNA expression in multiple
preparations of rat hepatocytes cultured on Matrigel

Relative MANA level®
PO
Day 2 Day4 Day5
%
1A2 3 337 +1.91 <0.1 0.853 + 0.854
2A1/2 5 243 57 611 £19.0 323 +£133°
2B1/2 3 0993+0995 215 +135 291 207
2C6 5 110 69 192 +53 229 +7.0°
2C7 5 163 =112 283 +109° 306 =122
2D 3 215 131 232 £131 217 +1441
2E1 3 398 +140 222+ 080 194 +0.43
3A1/2 3 474 +464 6.33+5.14 3.64 +231
4A1 3 118 =47 333 +£21.3 497 +328

P450OR 3 168 + 50 105 +19 118 +28

* Number of independent hepatocyte preparations.
®Data are expressed as percentages of the amounts of mMRNA detected in
ﬁesruyssolatedhepatocym
< Significantly less than the day 4 value (p < 0.05).
9 Significantly greater than the day 2 value (p < 0.05).

standard serum-free Waymouth medium for up to 5 days. Total
RNA was isolated from pooled dishes of cells harvested daily
and was analyzed for levels of 1A2, 2A1/2, 2B1/2, 2C6, 2C7,
2D, 2E1, 3A1/2,%2 and 4A1° mRNAs, and for P450 OR mRNA,
by Northern blot hybridization. Each of these mRNAs was
examined in samples isolated from the hepatocytes of three to
five different cell preparations, including at least one prepara-
tion from a female liver. The pattern of expression for a given
mRNA was qualitatively similar among all the different cell
preparations, although there was considerable variability in the
mRNA level among preparations, even when the data were
calculated as percentages of amounts of mRNA measured in
freshly isolated hepatocytes. The results of all experiments are
summarized at three time points (culture days 2, 4, and 5) in
Table 1. Sex differences, where they occurred, are indicated in
the text. The results shown in Fig. 1 are those obtained from a
male hepatocyte preparation in which we directly compared
mRNA expression in cells cultured on matrices of Matrigel
versus type I collagen (Vitrogen).

Hybridizable mRNA for each P450 was clearly present in
freshly isolated hepatocytes, and the amount of each form
decreased dramatically during the first 2 days of culture in
hepatocytes maintained on either Matrigel (decreases of 53-
97%; Fig. 1) or Vitrogen (decreases of 62 to >99%; Fig. 1). After
this time, the hepatocytes cultured on Matrigel expressed the
individual P450 isoforms in one of essentially four different
patterns (summarized in Table 2).

The first pattern (“crash”) was a continued decrease in the
amount of mRNA during days 3-5 in culture, with little or no
mRNA being detectable during this time in hepatocytes cul-
tured on either matrix. This pattern was displayed by four
P450s, i.e.,, 1A2, 2A2, 2E1, and 3A1/2. P450 1A2 is expressed
constitutively in rat liver and is induced by aromatic hydrocar-
bons and isosafrole (2). 1A2 mRNA disappeared almost com-
pletely by day 2 in the cultured hepatocytes and was essentially
undetectable henceforth in cells cultured on either matrix (Fig.
1; Table 1). 2A2 is expressed constitutively only in the livers of
male rats (3), although, unlike two other male-specific P450s,

2 Because the Dex12 cDNA hybridizes to the mRNAs for both 3A1 and 3A2,
we use 3A1/2 to describe our Northern blot data.
3The 4A1 cDNA probe may also hybridize to the 4A2 and 4A3 mRNAs.
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Fig. 1. Time course for expression of constitutive P450 mRNAs in male rat hepatocytes cultured on Matrigel or Vitrogen. Freshly isolated hepatocytes
prepared from the liver of a single male rat were placed into primary culture on dishes coated with either Matrigel or Vitrogen and were maintained
in standard, serum-free medium for up to 5 days. Hepatocytes were harvested daily, and total RNA was analyzed by Northern biot hybridization, as
described in Experimental Procedures. Autoradiographs show the amounts of each mRNA over the 5-day culture period in hepatocytes maintained

onMatrigelavm'ogenand for comparison, in hepatocyt:

es that were cultured on Matrigel

and treated for 2 days (days 3-5 in culture) with one of

four prototypical inducers phenobarbital (PB) (107 m), dexamethasone (DEX) (107° m), 8-naphthoflavone (BNF) (1075 m), or ciprofibrate (CIP) (10~*

™). Agrapmcmpreemtbn the densitometrically quantified data, expressed as

percentages of the amount of mMRNA detected in fresh hepatocytes

(day 0), is shown for each time course, to the right of the respective autoradiograph (O, Matrigel; @, Vitrogen).

2C11 and 2C13, its expression is reported not to be dependent
on the male pulsatile pattern of growth hormone secretion (24).
The 2A1 cDNA used for our Northern blot analyses detects
three clearly resolved bands, the upper and lower reportedly
corresponding to 2A1 and the middle corresponding to 2A2 (3,
16). Although we were unable to quantify the middle band
separately, examination of the autoradiograph in Fig. 1 dem-

onstrates that this band, corresponding to 2A2, was strongly
expressed in the fresh hepatocytes, disappeared by 2 days in
culture, and was not detected subsequently. 2A2 mRNA was
not detected in fresh hepatocytes prepared from female rats,
nor was it detected at any time in culture (data not shown).
3Al is the major P450 induced by glucocorticoids in rat liver
(see effect of dexamethasone treatment in Fig. 1) (25, 26). 3A2,
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TABLE 2
Summary of expression patterns exhibited by P450 mRNAs in
primary cultured rat hepatocytes on Matrigel
Name Common names Pattemn Inducers®
1A2 d Crash BNF
2A1 a Bounce
2A2 Crash
2B2 e Crash-rise PB, DEX, CIP
2C6 k,PB1 Crash-rise PB, DEX
2C7 f Crash-rise PB, DEX
2D1,2,3,5 db1,2,3,5 Coast
2E1 i Crash CiP
3A1;3A2 p.pcn1; pen2 Crash DEX, PB
4A1 LAw Crash-rise CiP

* PB, phenobarbital; DEX, dexamethasone; BNF, s-naphthofiavone; CIP, cipro-
fibrate.

a related form sharing 90% nucleotide sequence similarity with
3Al, is expressed constitutively only in the livers of male rats
(5, 24). 3A1/2 mRNA disappeared almost completely during
the first 2 days in culture, with only small amounts being
detectable (<4% of the level of expression in fresh hepatocytes)
by day 5 in the hepatocytes maintained on Matrigel (Table 1).
Consistent with previous findings (27), 3A1/2 mRNA was not
detected in freshly isolated hepatocytes prepared from female
rats or in untreated cultures of these hepatocytes (data not
shown). 2E1 is the P450 form induced by ethanol, acetone,
isoniazid, and pyrazole and during diabetic ketosis (7). 2E1
mRNA disappeared almost completely by day 2 in culture and
was only barely detectable on day 5 in the cells cultured on
Matrigel (<2% of the level detected in fresh hepatocytes).

A second pattern of expression (“bounce”) was observed for
2A1 mRNA, which corresponded to the upper and lower bands
detected on Northern blots with the 2A1 ¢cDNA probe (3, 16).
Amounts of this form decreased during the first 2 days of
culture, increased strongly between days 3 and 4, and then
decreased again on day 5 (Fig. 1; Table 1). Because the 2A2
mRNA had disappeared from the hepatocyte cultures by day 2,
quantification of the 2A mRNA levels present in the cultures
from days 3 through 5 reflected only 2A1 mRNA. The 2A1
mRNA attained a level on day 4 that was an average of 61% of
the total amount of 2A seen in freshly isolated hepatocytes
(Table 1). Hepatocytes isolated from male or female rats dis-
played similar relative increases in 2A1 mRNA during this
time, suggesting that higher absolute levels of 2A1 mRNA were
actually attained in the female-derived cultures, because 2A1
expression is known to be higher in adult female than in adult
male rat liver (3, 16). The decrease in 2A1 mRNA that occurred
between days 4 and 5 was statistically significant (Table 1).
Although the patterns of 2A1 mRNA expression were qualita-
tively similar in hepatocytes cultured on the two matrices, the
amounts of mRNA were at all times much greater in the cells
maintained on Matrigel (Fig. 1).

A third pattern (“crash-rise”) was displayed by the mRNAs
for P450s 2B1/2, 2C6, 2C7, and 4Al, in which expression
steadily increased between days 2 and 5 of culture. 2B1 and
2B2 are two remarkably similar P450s, that share 97% amino
acid sequence identity (19, 28, 29) and are the major forms
induced by phenobarbital in rat liver (see effect of phenobar-
bital treatment in Fig. 1). Northern blot hybridization with a
cDNA recognizing both 2B1 and 2B2 revealed that, although
2B1/2 mRNA disappeared almost completely in hepatocytes
during the first 2 days of culture, the cells cultured on Matrigel
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displayed a definite trend toward an increase in 2B1/2 mRNA
during the next 3 days, attaining a level on day 5 that was as
high as 70% (Fig. 1) and an average of 29% (Table 1) of that
detected in fresh hepatocytes. Results obtained using synthetic
oligonucleotide probes that discriminate between the 2B1 and
2B2 mRNAs indicated that 2B2 was the major form that was
reexpressed (data not shown), as is found in untreated rat liver
(30).

We have not reported in our previous studies of 2B1/2
induction the presence of detectable amounts of 2B1/2 mRNA
in 5-day-old control hepatocyte cultures on Matrigel (9, 20, 21).
As shown in Fig. 1, the phenobarbital-induced 2B1/2 mRNA
levels were much greater than the spontaneously expressed
2B1/2 mRNA levels. These low levels of spontaneously ex-
pressed 2B1/2 mRNA would probably have gone unnoticed
under our standard assay conditions. In this study, however,
we compensated for the expected low mRNA levels in untreated
hepatocytes by using increased amounts of total RNA (to 20
ug) in our Northern blot analyses and longer film exposure
times than we had previously used for detecting inducible 2B1/
2 mRNA expression.

2C6 and 2C7 are related constitutive P450s that are expressed
at very high levels in untreated rats and that have been reported
to be moderately induced by phenobarbital or kepone treat-
ments, respectively (17, 31, 32). The mRNAs detected with the
2C6 and 2C7 cDNAs showed very similar patterns of reexpres-
sion (Fig. 1), with levels of each increasing significantly between
2 and 5 days in hepatocytes cultured on Matrigel (Table 1),
although they did not approach the large amounts detected in
fresh hepatocytes (23% and 31% of the fresh hepatocyte levels
for 2C6 and 2C7, respectively; Table 1). Because of the similar
patterns displayed by the 2C6 and 2C7 mRNAs and the possi-
bility for cross-reactivity of the cDNA probes with the related
class 2C mRNA species, these forms are referred to as 2C6/
2C7 throughout the remainder of the manuscript.

The mRNA for P450 4A1, the principal peroxisome prolif-
erator-inducible form (see effect of ciprofibrate treatment in
Fig. 1), exhibited a pattern that was very much like that seen
for 2B1/2 mRNA, in that 4A1 mRNA was present at a relatively
low level in fresh hepatocytes but showed a definite trend
toward an increase between days 2 and 5 of culture in cells
maintained on Matrigel, to a level that was as high as 114%
(Fig. 1) and an average of 50% (Table 1) of the amount present
in fresh hepatocytes. A common finding for the P450s display-
ing the crash-rise pattern was that the mRNAs were reex-
pressed to much lower levels in hepatocytes maintained on
Vitrogen than in those cultured on Matrigel (Fig. 1).

The fourth pattern (“coast”), exhibited by the 2D subfamily
P450 mRNAs, involved a less dramatic decrease during the
first 2 days in culture, followed by maintenance over the next
3 days of relatively constant amounts in the cells on Matrigel
(approximately 22% of the fresh hepatocyte level; Table 1) that
were at all times greater than the amounts of 2D mRNA seen
in the cells cultured on Vitrogen, which continued to decline
gradually (Fig. 1). It must be emphasized, however, that the 2D
cDNA used in this study hybridizes to at least four separate
2D subfamily members that are expressed in the livers of
Sprague-Dawley rats (i.e., 2D1, 2D2, 2D3, and 2D5) and are
unresolved on Northern blots (18, 33). Therefore, the appar-
ently stable pattern of expression observed here may actually
represent the summation of four more dynamic profiles.
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For comparison with the P450 mRNAs, we examined the
expression in culture of P450 OR mRNA and found that, in
marked contrast to the pattern observed for all the P450s, the
amount of P450 OR mRNA did not decrease during the first 2
days in culture but, if anything, increased (Fig. 1; Table 1). The
level of P450 OR mRNA remained relatively constant for the
rest of the culture period in hepatocytes maintained on either
matrix (Fig. 1; Table 1).

We included treatments with four prototypical P450 inducers
in each of our experiments to ensure that the cultured hepato-
cytes gave normal responses and for comparison with the
spontaneous levels of expression. We found that the inducers
produced the expected effects (summarized in Table 2); phe-
nobarbital induced 2B1/2, as well as 2C6/2C7 and 3A1/2,
dexamethasone strongly induced 3A1/2 and, to a lesser extent,
2B1/2, §-naphthoflavone produced only a small induction of
1A2, consistent with the relative intractability of this form to
induction by polycyclic aromatic hydrocarbons in our standard
culture system (9), and ciprofibrate strongly induced 4Al
mRNA. Ciprofibrate treatment also produced a smaller increase
in 2B1/2 mRNA levels, consistent with previous reports that
treatments with clofibric acid, a related peroxisome prolifera-
tor, induced 2B1/2 protein and activity in rats and rat hepa-
tocyte cultures (34, 35). Ciprofibrate treatment additionally
produced a distinct increase in the amount of 2E1 mRNA,
consistent with the level of increase of immunoreactive 2E1
protein previously reported in clofibric acid-treated rats (35).
To our knowledge, this finding marks the first demonstration
of 2E1 mRNA induction in cultured hepatocytes.

Discussion

Hepatocytes undergo numerous phenotypic changes after
their introduction into primary culture, including loss of P450
content (8). We previously reported that the amounts of total
spectral P450 detected in rat hepatocytes cultured on type I
collagen in serum-free medium declined 68% during the first 3
days in culture but that the sum of the amounts of immunore-
active protein for seven different P450 forms declined only 24%
during this period (36). These results suggested that loss of
heme, rather than protein, accounted for much of the observed
P450 loss in the cultured hepatocytes. Subsequent studies have
revealed that amounts of P450 mRNAs also decline dramati-
cally during the first days in culture (9, 20), and the current
results extend this finding to include the mRNAs for 10 con-
stitutively expressed P450 forms. However, loss of monooxy-
genase-associated mRNAs during the first 2 days in culture is
not universal, as demonstrated by the pattern exhibited by
P450 OR mRNA. Transcription of the liver-specific genes
albumin and «;-antitrypsin has been reported to be decreased
in cultured rat hepatocytes (37). Moreover, we have previously
demonstrated that cultured hepatocytes are refractory to P450
induction between 1 and 2 days in culture (25, 38), consistent
with impaired transcriptional activation. It therefore seems
likely that an inability to transcribe the P450 genes, coupled
with a failure to stabilize the preexisting P450 mRNAs, com-
bine to account for the loss of P450 that occurs early in culture.

In our earlier study (36), the rates of decline for the individual
P450 proteins varied greatly, but it did not appear that once
the amounts of the various proteins had decreased, their levels
were later increased, suggesting that the cultured hepatocytes
did not subsequently restore the conditions necessary for con-

stitutive P450 expression. Possible explanations for this finding
are that 1) the culture conditions did not support expression of
a differentiated enough phenotype by the hepatocyte, 2) the
damage exacted during the initial 2 days of culture was irre-
versible, 3) extrahepatic factors are necessary for constitutive
P450 expression, or 4) the cell culture system contained inhib-
itory factors preventing constitutive P450 expression. The re-
cent discovery that a variety of cell types cultured on a matrix
of Matrigel, an extract of the Engelbreth-Holm-Swarm sar-
coma, exhibit a generally more differentiated phenotype than
occurs on other matrices (39-41), including inducible expres-
sion of several P450s in cultured rat hepatocytes (9, 10), pro-
vided us with an opportunity to examine the first possibility.
Our results revealed that the mRNAs for several constitutive
P450s were spontaneously reexpressed, after their initial de-
cays, to much higher levels in hepatocytes cultured on Matrigel
than in hepatocytes cultured on type I collagen. We observed
four distinct patterns of expression over 5 days in culture for
10 constitutive P450 mRNAs, summarized in Table 2 as 1)
crash, i.e., little or no reexpression at any time of culture (1A2,
2A2, 2E1, and 3A1/2), 2) bounce, i.e., strong reexpression
between 2 and 4 days, followed by a statistically significant
decrease on day 5 (2A1), 3) crash-rise, i.e., strong reexpression
between 2 and 5 days (2B2, 2C6/2C7, and 4A1), and 4) coast,
i.e., maintained mRNA levels between 2 and 5 days (2D). We
emphasize that these changes occurred in the presence of a
culture medium that is completely devoid of serum growth
factors or hormones, except insulin, which is necessary for
maintenance of hepatocyte viability. Although insulin likely
affects constitutive P450 expression, because all mRNAs were
measured in the same RNA preparations, differential exposures
of the hepatocytes to insulin cannot account for the different
patterns of mRNA expression that were observed.

The four distinct patterns of P450 mRNA expression suggest
that some constitutive forms may share control mechanisms
governing their spontaneous expression in culture. For exam-
ple, the 2B1/2, 2C6/2C7, and 4A1 mRNAs displayed very
similar patterns of reexpression in the cultured hepatocytes. In
contrast, the bounce pattern depicted by 2A1 suggests a possible
feedback control mechanism that permits this form to rapidly
overcome the suppressive conditions early in culture but later
become once again suppressed. The crash pattern displayed by
1A2,2A2, 2E1, and 3A1/2 may suggest that extrahepatic factors
are absolute requirements for constitutive expression of these
forms or, alternatively, that the culture environment contains
factors that inhibit expression of these particular cytochromes.
A requirement for extrahepatic factors also may explain why
some mRNAs that were spontaneously reexpressed, such as
those for 2C6/2C7, did not approach the levels detected in fresh
hepatocytes. Recent reports suggesting that growth hormone is
required for maximal 2C7 expression in rats support this idea
(42, 43). Another possible explanation for the different patterns
exhibited by the P450 mRNAs may relate to the levels of
expression of the hepatic transcription factors. For example,
recent evidence that HNF-1 (hepatocyte nuclear factor 1) and
DPB (D site binding protein) regulate expression of 2E1 and
2C6, respectively (44, 45), may suggest that DPB, but not HNF-
1, is active in the hepatocyte cultures.

It was recently reported that a unique form of P450, belong-
ing to the 2C subfamily, was expressed only in cultured rat
hepatocytes and not in rat liver and, moreover, that the level
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of expression of this form was higher in cells cultured on type
I collagen than it was in cells cultured on Matrigel (46). Each
P450 form examined in our study is expressed constitutively in
rats and was expressed at a higher level in hepatocytes cultured
on Matrigel than in cells cultured on Vitrogen, as would be
expected if Matrigel produces the more differentiated environ-
ment. These data indicate that our Northern blot analyses most
probably detected the authentic P450 forms themselves, rather
than some unusual culture-derived relatives, and, taken to-
gether, our data strongly suggest that the different patterns of
reexpression observed in the hepatocytes cultured on Matrigel
resulted from reestablishment of the normal intracellular con-
trol mechanisms governing constitutive P450 gene expression.
If this interpretation is correct, then use of Matrigel as the
hepatocyte substratum should prove as useful for defining the
factors affecting constitutive P450 gene expression as it has
been for studying P450 induction.
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