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Positional and temporal regulation of lipogenic gene
expression in mouse liver
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We have examined the dynamics of positional gene expression in mouse liver using the carbo-
Mhydrate induction of lipogenic genes as a model. Using a protocol of fasting and refeeding a high-
carbohydrate, no-fat diet to obtain maximal induction, we investigated the temporal expression
and localization of malic enzyme (ME) and fatty acid synthase (FAS). In situ hybridization showed
that both ME and FAS were expressed at low basal levels in all hepatocytes in livers of mice fed
a control diet. Furthermore, dietary induction of ME and FAS mRNA occurred in periportal cells
within 6 hours. After 12 hours, the portal cells were maximal; and after 24-36 hours, all cells showed
high levels of message. This was coincident with expression of ME and FAS mRNAs, which ap-
peared to be maximal between 24 and 36 hours. Both steady-state mRNA levels and pericentral
localization then declined, until only periportal hepatocytes showed strong expression of ME and
FAS. Nuclear transcription rates measured by run-on assay demonstrated that maximal transcrip-
tion rates preceded maximum mRNA levels by peaking at 12 hours. Furthermore, run-on assays
showed that the periportal induction by carbohydrates is primarily a transcriptional response for
FAS, and both transcriptional and posttranscriptional for ME. These results indicate that lipogenic
gene expression is a temporal response induced by carbohydrate feeding and is regulated by both
positional and transcriptional mechanisms.

he major lipogenic enzymes — malic enzyme

(ME) and glucose-6-phosphate dehydroge-
nase (G6PDH), the donors of the NADPH re-
quired for de novo fatty acid synthesis, as well
as fatty acid synthase (FAS)— are regulated by
nutritional conditions (Morikawa et al., 1984;
Laux and Schweizer, 1990; Ma et al., 1990). In-
duction of these lipogenic enzymes by carbo-
hydrates is controlled by varying concentrations
of mRNA (Paulauskis and Sul, 1988; Tomlinson
et al., 1988; Prostko et al., 1989; Laux and
Schweizer, 1990; Ma et al., 1990). Regulation of
ME mRNA levels has both transcriptional and

posttranscriptional components, while FAS has
been shown to be regulated at the level of tran-
scription (Laux and Schweizer, 1990; Fukada
and Iritani, 1992). In mammals, for example,
high-carbohydrate, fat-free diets are thought to
elevate ME mRNA by a posttranscriptional mech-
anism (Dozin et al., 1986). However, several
studies have shown that dietary fatty acids down
regulate both mRNA levels and transcription
rates of lipogenic genes and that, in particular,
polyunsaturated fatty acids are responsible for
this down regulation (Nace et al., 1979; Salati
et al., 1988; Tomlinson et al., 1988; Blake and
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Clarke, 1990; Clarke and Hembree, 1990; Wil-
son et al., 1990). Thyroid hormone (Ts), a ma-
jor modulator of metabolism, transcriptionally
stimulates both ME and FAS (Dozin et al., 1986;
Clarke and Hembree, 1990; Stapleton et al.,
1990; Salati et al., 1991). Interestingly, the down
regulation of FAS by fats is dominant over the
induction by Ts (Clarke and Hembree, 1990).

Several metabolic processes carried out by
the liver have been shown to be distributed in
a heterogeneous pattern within the liver lobule,
such that enzymes of a particular metabolic sys-
tem are grouped together. This compartmen-
talization of enzymatic activity in different do-
mains of the liver, called metabolic zonation,
is thought to be an effective means of prevent-
ing futile cycles and regulating metabolic ho-
meostasis. For example, the important enzymes
of gluconeogenesis, glucose-6-phosphatase and
phosphoenolpyruvate, are localized in the hepa-
tocytes surrounding the portal vein/hepatic
artery or periportal region (Katz et al., 1977;
Fischer et al., 1982; Teutsch, 1988; McGrane et
al., 1990). Conversely, the key enzymes of gly-
colysis are localized in the hepatocytes sur-
rounding the central vein or pericentral region
(Fischer et al., 1982; Zierz et al., 1983; Pilkis et
al., 1988).

Regulation of nitrogen homeostasis is an-
other example of metabolic zonation. Carba-
moyl phosphate synthetase, the rate-limiting en-
zyme in the urea cycle that converts blood
ammonia to urea, is localized exclusively in peri-
portal hepatocytes (Moorman et al., 1988; La-
mers et al., 1989). Conversely, glutamine syn-
thase, the enzyme that converts ammonia to
glutamine, is found only in pericentral hepa-
tocytes (Bennett et al., 1987; Janzen et al., 1987;
Gebhardt et al., 1988; Kuo et al., 1988; Lamers
et al.,, 1989).

Thus, the localization of these specific meta-
bolic systems within the liver acinus appears
to depend on the proximity of hepatocytes to
either a portal vein/hepatic artery or a central
vein. Although it is known that the liver is the
major site of lipogenesis in mammals and birds,
the specific region within this heterogenous or-
gan where lipogenesis occurs has not been fully
elucidated. Fat metabolism is probably regulated
like other metabolic systems, by restriction to
specific compartments or hepatocytes in the
liver.

To define the dynamics of metabolic path-
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ways within the liver acinus, we studied nutri-
tional regulation of lipogenic gene expression.
We analyzed the in vivo temporal regulation
of lipogenic gene zonation patterns in mouse
liver and their response to carbohydrates using
in situ hybridization. In this study, we report
that the lipogenic genes, ME and FAS, are ex-
pressed in all hepatocytes at low levels in livers
of mice fed a control diet. We also show that
the effect of fasting, then refeeding a high-
carbohydrate, no-fat diet induced both ME and
FAS expression in periportal hepatocytes, but
even more importantly, that expression oc-
curred in all hepatocytes at the peak of carbo-
hydrate induction. This is the first time such
a temporal response has been reported for lipo-
genic gene expression. Furthermore, based on
mRNA levels and transcription rate analysis, we
show that the regulation for this position-specific
effect is mostly at the transcriptional level.

Materials and methods

Animals and diets

Young adult (approximately 12-week-old) male
CD-1 mice were randomly divided into three
groups: (1) mice fed a control diet; (2) those fed
a control diet and fasted for 24 hours (0 hours
refed); and (3) those fed a control diet, fasted,
then refed a high-carbohydrate, low-fat diet for
6, 12, 24, 36, 48, or 72 hours, or for 8 days. The
carbohydrate-feeding protocol is a modification
of that used in experiments previously pub-
lished by Dozin et al. (1986). Water was avail-
able ad libitum. All groups were maintained
on the control diet for at least 7 days prior to
the onset of the experiment. Mice were sacrificed
at the timepoints stated above. Livers were either
perfused, removed for RNA isolation, or used
for preparation of nuclei.

The diets were modifications of the 1977 AIN-
76A diet (American Institute of Nutrition, 1977).
The control and high-carbohydrate, no-fat diets
were isocaloric. Composition of the control diet
was as follows: casein, 200 g/kg; pL-methionine,
3 glkg; cornstarch, 145 g/kg; sucrose, 484 glkg;
cellulose, 70 g/kg; safflower oil, 50 g/kg; AIN salt
mix, 35 glkg; AIN vitamin mix, 10 g/kg; choline
bitartrate, 2 glkg. The composition of the high-
carbohydrate, no-fat diet was modified from the
control diet as follows: cornstarch, 173 g/kg; su-
crose, 577 glkg; safflower oil, 0 g/kg; and cellu-
lose, 0 glkg.
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RNA analysis

Total RNA was prepared from tissue using a
guanidinium thiocyanate and p-mercaptoetha-
nol extraction (Sambrook et al.,, 1989), and
poly(A)* mRNA was prepared using the Poly-
tract System 1000 (Promega). After isolation,
mRNA purity was assessed by spectrophotomet-
ric measurement at 260/280 nm, and its integ-
rity was assessed by electrophoresis in an aga-
rose gel.

Isolated poly(A)* RNA was applied to nitro-
cellulose filters using a Schliecher & Schuell slot-
blot apparatus (2 pg per slot) as previously de-
scribed (Powell et al., 1984) in order to analyze
steady-state RNA levels. Prehybridization, hy-
bridization, and washing conditions were as pre-
viously described (Kuo et al., 1988; Sambrook
et al., 1989). Mouse cDNA clones for ME and
FAS were used to make the %P-labeled probes
for hybridization (Sambrook et al., 1989). A
mouse cDNA probe for actin (D. Grayson and
J. E. Darnell, Jr., unpublished results) was used
as a control, since it did not vary with dietary
alterations. The nitrocellulose filters were
washed, autoradiographed, and quantitated
using a Molecular Dynamics Phosphorimager.

Nuclear run-on transcription assay

Nuclei were isolated from liver tissue, and 32P-
labeled nuclear RNA was prepared as described
by Powell et al. (1984). In vitro elongated, nu-
clear RNA was hybridized to cDNA that was
prefixed on nitrocellulose filters with a slot filter
apparatus. After washing and RNase treatment,
filters were autoradiographed. cDNA for ME
and FAS was used on the filters, as were a con-
trol for invariant transcription rate (mouse ac-
tin), tissue-specific controls (C/EBPa, albumin),
and a negative control (pBR 322). Quantitation
was determined with a Molecular Dynamics
Phosphorimager. The mouse cDNA for actin
was used to standardize data, since it did not
vary with dietary alterations. The rates of tran-
scription were presented as a fold change rel-
ative to mice fed the control diet.

In situ hybridization

Liver tissue was prepared for cryostat section-
ing by perfusion with 4% paraformaldehyde,
followed by immersion overnight in 4% para-
formaldehyde. Tissues were cryoprotected by
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immersion in 30% sucrose overnight, as de-
scribed previously (Kuo et al., 1988; Paulson
etal.,, 1990). Sections (7 pm) were prepared on
a cryostat and hybridized with 35S-labeled anti-
sense RNA probes for ME and FAS, as described
previously (Kuo et al., 1988; Paulson et al., 1990).
Tissue sections were also hybridized with a nega-
tive control, the sense strand of ME and FAS.
The sections were then washed and immersed
briefly in Kodak NTB-2 emulsion. Slides were
exposed, developed, and stained with standard
hematoxylin-eosin stain. Sections were exam-
ined by bright- and dark-field microscopy.

Results

Positional and temporal expression of ME and
FAS mRNA analyzed by in situ hybridization

We investigated the metabolic zonation pattern
of lipogenic genes by determining the distri-
bution of ME and FAS mRNA in mouse liver
in response to carbohydrate induction. Anti-
sense probes to ME and FAS were used to carry
out in situ hybridization on fixed liver sections
from mice that had been fed a control diet or
fasted and refed a high-carbohydrate, no-fat diet
for different lengths of time in order to stim-
ulate lipogenesis. As a control for background
hybridization, liver tissue sections were also hy-
bridized with a sense probe for both ME and
FAS (Fig. 1).

Both lipogenic enzymes, ME (Fig. 2) and FAS
(Fig. 3), were expressed at low basal levels in
all hepatocytes of mice fed a control diet. When
mice were fasted only (0 hours refed), the level of
expression in all hepatocytes of both enzymes
decreased to a level that was barely detectable.
After only 6 hours of refeeding mice the high-
carbohydrate, no-fat diet, ME and FAS genes
were induced significantly in periportal hepa-
tocytes. Periportal expression of ME and FAS
mRNA continued to increase further, through
at least 12 hours of refeeding. Between 24 and
36 hours after refeeding, the level of expression
of both genes was maximal and appeared to
be more uniform throughout the liver, so that
even pericentral hepatocytes were induced.
After 72 hours, expression of ME and FAS had
declined, especially in pericentral areas, so that
expression once again appeared to be greater
in portal cells. These results indicate that the
temporal response of hepatocytes to a carbo-
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ME - 100X FAS - 100X

Figure 1. In situ analysis of non-specific background hybridization of malic enzyme (ME) and fatty acid synthase
(FAS) sense-strand probes in livers of carbohydrate-induced adult male CD-I mice. Liver sections from mice that
were fasted and refed a no-fat, high-carbohydrate diet for 24 hours were hybridized with 3S-labeled ME (dark-field,
as indicated) and FAS (dark-field, as indicated) cDNA sense (S) and antisense (AS) probes to demonstrate nonspecific
background hybridization. Corresponding bright-fields are shown for ME and FAS, respectively. Magnification (x 100)
and exposures were identical for all sections. Fasted: 36 hours no food. Refed: fasted, then fed a high-carbohydrate,
no-fat diet.
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hydrate stimulus depends on the responding
cells’ proximity to portal or central veins.
The patterns of expression and temporal in-
duction by carbohydrates were similar for both
ME and FAS, as shown in Figures 2 and 3. These
data confirm results from an earlier experi-
ment carried out in our laboratory. To deter-
mine whether the lipogenic genes were co-
regulated with respect to hepatocyte position,
we analyzed adjacent liver sections from a mouse
that had been fasted and refed for 12 hours.
In situ hybridization with ME and FAS probes
(Fig. 4) demonstrated that the same periportal
regions exhibit co-induced expression of ME
and FAS. Interestingly, it also appears that the
periportal induction is not an all-or-none re-
sponse, but is instead a gradient of expression.

Temporal analysis of steady-state ME and FAS
mRNA

The stimulatory effect of carbohydrates on lipo-
genic gene expression, analyzed by in situ hy-
bridization, suggested an increased concentra-
tion of mRNA in mouse liver. Such an increase
has been observed previously for ME (Ma et al.,,
1990), FAS (Paulauskis and Sul, 1988), and
G6PDH (Prostko et al., 1989) mRNA. To verify
the qualitative temporal response demonstrated
by the in situ hybridization data, we determined
when mRNA levels were maximal and when lev-
els returned to normal. We used 32P-labeled
cDNA probes that were complementary to ME
or FAS to determine the levels of total ME and
FAS mRNA in control mice, fasted mice, and mice
that were fasted and refed a high-carbohydrate,
no-fat diet. The mRNAs of these lipogenic en-
zymes were normalized to actin mRNA, since
its level remained constant during dietary
changes. The relative mRNA levels for ME and
FAS are graphed in Figure 5. ME mRNA expres-
sion demonstrates a pattern similar to that of
FAS mRNA, but with lower overall induction.
The steady-state mRNA levels of ME and FAS
were very low in livers of mice fed a control diet
and decreased to below ad libitum fed levels
when mice were fasted. Parallel to the in situ
data, carbohydrate induction of expression was
observed as early as 6 hours after refeeding a
high-carbohydrate, no-fat diet. Between 6 and
24 hours, ME mRNA increased approximately
3-fold —significantly less than the simultaneous
12-fold increase in FAS mRNA levels. The greater
stimulation of FAS correlated with the in situ
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results, since FAS periportal expression was
more intense than ME under identical condi-
tions (Fig. 4). Levels of mRNA then declined
until 8 days, when ME returned almost to basal
level — though FAS was still elevated (approxi-
mately 3-fold). Thus, the overall temporal pat-
tern of steady-state ME and FAS mRNA levels
correlated well with parallel changes in ME and
FAS expression during in situ hybridization.

Temporal analysis of ME and FAS gene
transcription rates

The analysis of RNA levels by slot-blot and in
situ hybridization suggested possible transcrip-
tional controls on the mouse ME and FAS genes.
FAS mRNA was previously shown to increase
after refeeding a high-carbohydrate diet, and
its regulation appears to be transcriptional (Back
et al., 1986; Laux and Schweizer, 1990). How-
ever, ME gene expression has been reported to
have both transcriptional and posttranscrip-
tional regulatory components (Schwartz and
Abraham, 1983; Dozin et al., 1986). To deter-
mine whether the changes in expression of ME
and FAS mRNA observed in this study were due
to altered transcription rates, we used a nuclear
run-on transcription assay. Figure 6 shows the
relative transcription rates of the ME and FAS
genes, which were normalized to actin. The tran-
scription of the ME and FAS genes were low
in livers of control mice. Transcription rates of
both genes dropped even further when mice
were fasted, but began to increase significantly
as early as 6 hours after refeeding a high-
carbohydrate, no-fat diet. After 12 hours of re-
feeding, transcription rates increased 12-fold
for ME and 13-fold for FAS. These maximum
transcription rates preceded the maximal
mRNA levels by 12 hours, which suggests that
regulation is atleast partly transcriptional. The
relative transcription rate of ME was consistently
lower than the rate of the FAS gene for all time
points. After 72 hours of refeeding, the rate of
transcription of both genes had decreased dra-
matically, but FAS remained significantly higher
than control levels. Thus, the nuclear run-on
assays showed that the periportal induction of
FAS by carbohydrates is regulated at the level
of transcription. However, the increase in tran-
scription rate for ME was not commensurate
with the increase in mRNA, which indicates
that there is a posttranscriptional as well as a
transcriptional component to ME regulation.
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Brightfield 100X Darkfield 100X

Figure 2. In situ analysis of malic enzyme (ME) mRNA localization in livers of control, fasted, and carbohydrate-
induced adult male CD-I mice. Control (bright-field and dark-field, as indicated), fasted (bright-field and dark-field,
as indicated), and fasted and refed a no-fat, high-carbohydrate diet for 6 hours, 12 hours, 24 hours, 36 hours, 48
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Brightfield 100X Darkfield 100X

ME
36 hr

ME
48 hr

hours, and 72 hours (bright-field and dark-field, as indicated), c: central vein; p: portal vein. Magnification x 100.
Fasted: 36 hours no food. Representative sections from two experiments, each carried out with two mice, are shown.
In situ and photographic exposures are identical.
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Brightfield 100X Darkfield 100X
FAS M M k§M
Control
iLU>
FAS
12 hr

Figure 3. In situ analysis of fatty acid synthase (FAS) mRNA localization in livers of carbohydrate-induced adult
male CD-1 mice. Control (bright-field and dark-field as indicated), fasted (bright-field and dark-field as indicated),
and refed a no-fat, high-carbohydrate diet for 6, 12, 24, 36, 48, and 72 hours (bright-field and dark-field as indicated).
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Brightfield 100X Darkfield 100X

FAS
24 hr

FAS
36 hr

FAS
48 hr

FAS
72 hr

c: central vein; p: portal vein. Magnification x 100. Fasted: 36 hours no food. Refed: fasted, then fed a high-carbohydrate,
no-fat diet. Representative sections from two experiments, each carried out with two mice, are shown. In situ and
photographic exposures are identical.
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Figure 4. In situ analysis of malic enzyme (ME) and fatty acid synthase (FAS) mRNA co-localization in livers of
carbohydrate-induced adult male CD-1 mice. Adjacent liver sections from mice refed for 12 hours were hybridized
with 3S-labeled ME cDNA probe, bright-field (A) and dark-field (B); or 3S-labeled FAS cDNA probe, bright-field
(C) and dark-field (D). c, central vein; p, portal vein. Magnification x 100.

Figure 5. The mRNA levels of malic
enzyme (ME) and fatty acid synthase
(FAS) were analyzed in livers from mice
that were fasted, then refed a high-
carbohydrate, low-fat diet for 0, 6, 12,
24, 48, and 72 hours or 8 days. Poly(A)+
RNA (2 tig) was attached to nitrocellu-
lose using a slot-blot apparatus, as
described in Materials and Methods.
RNA was hybridized with 3P-labeled
DNA probes for ME, FAS, and actin as a
control. The mRNA levels of ME and
FAS are plotted relative to actin. In
situ and photographic exposures are
identical.
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Figure 6. Transcriptional analysis
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Discussion

In this study we demonstrated that expression
of the lipogenic genes, ME and FAS, had an un-
expected positional and temporal response when
fasted mice were refed a high-carbohydrate, no-
fat diet. Initially, there was a dramatic induc-
tion of expression of both genes in periportal
hepatocytes that was maximal at approximately
12 hours. This was followed by a further increase,
to which all hepatocytes, including pericentral
hepatocytes, responded by 24 to 36 hours. There
have been no previous reports of such a pattern
of induction in the liver. Since the steady-state
message levels of both enzymes follow a tran-
sient pattern similar to that observed by in situ
analyses, and since transcription rates peaked
about 12 hours earlier than mRNA levels, we
propose that transcriptional regulation accounts
for the changes observed in hepatic expression
of ME and FAS during carbohydrate induction.

There is a high correlation between the ac-
tivity of ME and the rate of fatty acid synthesis
(Wise and Ball, 1964; Goodridge, 1968; Smith
et al., 1969). The correlation between FAS and
ME, which provide NADPH for de novo fatty
acid synthesis (Bartley et al., 1966), suggests that
ME regulation by dietary fats might be similar
to that observed for FAS (Schwartz and Abra-
ham, 1982). Fatty acid synthase, a principal en-

Relative Transcription Rate - ME(e)

192 The mouse cDNA for actin was
used to standardize data, since it
did not vary with dietary altera-
tions. The rates of transcription
were presented as a fold change
relative to mice fed a control diet.
In situ and photographic expo-
sures are identical.

zyme of fatty acid synthesis, is stimulated in vivo
after refeeding, and its regulation is transcrip-
tional (Back etal., 1986). It was reported recently
that nutritional regulation of the level of ME
mRNA in chickens is transcriptional (Ma et al.,
1990). However, several investigators have re-
ported no correlation between the rate of tran-
scription and the amount of mRNA for ME in
rats (Schwartz and Abraham, 1983; Dozin et al.,
1986). In these studies, the increase in ME
mRNA was attributed primarily to posttranscrip-
tional events, such as message stabilization. In-
creases in enzyme activity have been shown to
correlate with the amount of mRNA for both
ME (Katsurada et al., 1982; Fukada et al., 1990)
and FAS (Fukada and Iritani, 1992). G6PDH,
another major contributor of NADPH to fatty
acid synthesis, also demonstrates increased
mRNA levels and enzyme activity after refeed-
ing a high-carbohydrate diet to a fasted rat (Sun
and Holten, 1978). Prostko et al. (1989) reported
that increased transcription and a posttranscrip-
tional mechanism such as mRNA stability are
each partly responsible for regulation of G6PDH
by diet. In this study, we have shown that al-
though the periportal induction of ME by carbo-
hydrates is primarily a transcriptional response,
there is a posttranscriptional component as well.
However, we found that regulation of FAS ap-
pears to be solely transcriptional.
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Several lipogenic enzymes, including the
three major enzymatic sources of NADPH for
fatty acid biosynthesis—ME, G6PDH, and 6-
phosphogluconate dehydrogenase (6PGDH)—
have been localized in the intermediate and pos-
sibly the pericentral hepatocytes (Rieder, 1981;
Jungermann, 1986; Pilkis et al., 1988; Jonges
and Van Noorden, 1989). These results are con-
trary to our observation of periportal-specific
induction of ME and FAS mRNA in in situ hy-
bridization. We would expect G6PDH to be
localized in regions similar to ME and FAS and
also be induced in periportal hepatocytes
(Rieder, 1981; Jonges and Van Noorden, 1989),
although previous histochemical analysis gave
inconsistent results. Our analysis of distribution
of mRNA by in situ hybridization is much more
accurate than previous histochemical tech-
niques; prior reports may have been inconsis-
tent because the positional response is also a
temporal response. Thus, the variability of pre-
vious results may have been due to different
isolated timepoints chosen for analysis.

Genes that are positionally regulated in the
liver can be grouped into two classes. The first
class is distinct because it has both constitutive
and all-or-none expression. This is exemplified
by major urinary protein (MUP), which is local-
ized exclusively in pericentral hepatocytes (Ben-
nett et al., 1987). A second example is gluta-
mine synthetase (GS), which is expressed only in
the single layer of cells surrounding the central
vein (Kuo et al.,, 1988). The second class consists
of genes that are expressed in all hepatocytes
at low levels, but may be induced dramatically
in specific regions in response to metabolites.
This pattern of induction-specific expression
has been reported for several enzymes, including
PEPCK (McGrane et al., 1990) and glutathione-
S-transferase (GST; Paulson et al., 1990). Induc-
tion-specific positional expression was also
demonstrated by ME and FAS in this study. How-
ever, the pattern of expression is unique in that
it transiently broadens from the periportal re-
gion into pericentral regions before returning
to the periportal region.

Although a position-specific transcriptional
response for both ME and FAS does appear to
be strongly indicated upon carbohydrate induc-
tion, the mechanisms of positional regulation
are not well understood. It seems unlikely that
hepatic positional expression is due to gradi-
ents of metabolites, as was previously proposed
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(Jungermann, 1986), since several experiments
have shown that positional expression is in-
dependent of the special environment of the
liver. For example, co-localization of pericentral
markers has been observed in cultures of differ-
entiating fetal hepatocytes in which no gradi-
ents of soluble metabolites exist (Bennett et al.,
1987). Furthermore, liver cells explanted to the
spleen demonstrated that pericentral-specific
cells persisted for months adjacent to non-
pericentral cells (Maganto et al., 1990).

Other signals, possibly extracellular cell sur-
face contacts, are probably responsible for po-
sitional regulation of gene expression. Kuo et
al. (1988) hypothesized that the pericentral reg-
ulation of glutamine synthetase is controlled
by the underlying composition of the hepatic
sinus as the source of cues directing transcrip-
tion. This argument was later strengthened by
an analysis of regenerating liver in which peri-
central markers were lost by the destruction of
pericentral hepatocytes. Only when regenerat-
ing hepatocytes resumed contact with pericen-
tral veins was marker expression restored (Kuo
and Darnell, 1991).

Finally, recent evidence has shown that there
are differences in the matrix chemistry in the
acinus between the portal triads to the central
vein, suggesting that the varying matrix may con-
trol expression by specifying protein-matrix
contacts in portal and central areas (Martinez-
Hernandez and Amenta, 1992). Thus, noncir-
culating environmental factors may play a role
in the fine differentiation of hepatocytes, result-
ing in metabolic zonation.
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