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ABSTRACT Transforming growth factor a (TGF-,) is a
growth factor with multiple biological properties including
stimulation and inhibition of cell proliferation. To determine
whether TGF-P is involved in hepatocyte growth responses in
vivo, we measured the levels of TGF-8 mRNA in normal liver
and during liver regeneration after partial hepatectomy in
rats. TGF-8 mRNA increases in the regenerating liver and
reaches a peak (about 8 times higher than basal levels) after
the major wave of hepatocyte cell division and mitosis have
taken place and after the peak expression of the ras protoon-
cogenes. Although hepatocytes from normal and regenerating
liver respond to TGF-fi, they do not synthesize TGF-0 mRNA.
Instead, the message is present in liver nonparenchymal cells
and is particularly abundant in cell fractions enriched for
endothelial cells. TGF-8 inhibits epidermal growth factor-
induced DNA synthesis in vitro in hepatocytes from normal or
regenerating liver, although the dose-response curves vary
according to the culture medium used. We conclude that
TGF-P may function as the effector of an inhibitory paracrine
loop that is activated during liver regeneration, perhaps to
prevent uncontrolled hepatocyte proliferation.

The regenerating rat liver is an ideal model system in which
to study the mechanisms that control cell proliferation.
Under normal physiological conditions, adult rat hepa-
tocytes rarely divide. However, in response to tissue injury
or surgical removal of portions of the liver (partial hepatec-
tomy), mature hepatocytes undergo a partially synchronous
wave of DNA replication followed by cell division. After
partial hepatectomy in rats, the major wave ofDNA synthe-
sis starts -14 hr after the operation and reaches a peak at 24
hr. The mass of the liver remnant doubles in the first 36 hr of
the growth process, and within a week the normal liver mass
is fully restored and the quiescent state reestablished (1, 2).
The factors that control this precisely regulated growth
process are not known but are often assumed to involve the
turning on and off of a positive stimulus for cell proliferation.
More likely, however, is the possibility that this tight regu-
lation requires an interplay between growth-stimulatory fac-
tors, operative in the early prereplicative stage of the regen-
erative process, and inhibitory factors, which may be impor-
tant in later stages as cell division ceases. We have suggested
that when quiescent hepatocytes enter the cell cycle, pro-
gression to DNA synthesis is controlled by events specifi-
cally occurring in the liver-that is, by autocrine or para-
crine secretion of growth-stimulatory and -inhibitory factors
by hepatic cells (3, 4).

It has been shown by several laboratories that transforming
growth factor /3 (TGF-f3) is a potent inhibitor of hepatocyte

proliferation in vitro (5-7). Under serum-free conditions, as
little as 0.1 ng of TGF-,3 per ml (4 pM) causes 85-90%
inhibition of epidermal growth factor (EGF)-induced DNA
synthesis of hepatocytes in primary culture. TGF-/3 is a
25-kDa, dimeric peptide growth factor originally described as
a transforming growth factor by virtue of its ability to revers-
ibly induce phenotypic transformation of non-neoplastic rat
fibroblasts (8). It is now well established that the biological
effects of this molecule are multiple; that is, depending on the
cell type (epithelial or mesenchymal) and the presence of
other growth factors, TGF-,B can stimulate or inhibit cell
proliferation and in some systems function as an important
agent of cellular differentiation (9-13). In addition, TGF-,3
appears to control other metabolic functions of some cells,
such as the stimulation of collagen and fibronectin synthesis
(14). These observations, as well as the fact that the amino
acid sequence of TGF-,B is highly conserved, have led to the
suggestion that this molecule has a physiologically important
function in the regulation of normal cell growth (15) and might
be a negative regulator of hepatocyte proliferation in vivo.
We have examined the levels of TGF-,B mRNA in normal

and regenerating liver, its presence among different liver cell
types, and the sensitivity of hepatocytes isolated from intact
and regenerating liver to DNA synthesis inhibition by TGF-,f
in vitro. We conclude that TGF-,B may function as the
effector of an inhibitory paracrine mechanism that is acti-
vated during liver regeneration, perhaps to prevent uncon-
trolled hepatocyte growth.

MATERIALS AND METHODS
Animals. Male albino rats (CD strain, Charles River

Breeding Laboratories; 140-180 g) were used for all exper-
iments, including partial hepatectomy and cell-isolation pro-
cedures. Partial hepatectomies consisted of the removal of
70% of the liver as described by Higgins and Anderson (16)
and were performed on rats under ether/oxygen anesthesia.
For sham operations, rats were anesthetized, an abdominal
incision was made, and the liver was manipulated but not
removed. All rats were maintained in temperature-controlled
rooms under 12-hr dark/light cycles to synchronize feeding
and were killed between 0900 and 1100 to minimize diurnal
variation in metabolic activity.

Cell-Separation Procedures. Hepatocytes and nonparen-
chymal cells were isolated by a two-step collagenase proce-
dure (17, 18). In brief, the liver was perfused via the portal
vein with Ca2+- and Mg2"-free Hanks' balanced salts solu-
tion for 10 min at a flow of 30-40 ml/min followed by
perfusion with 0.05% collagenase in Ca2+-containing me-

Abbreviations: EGF, epidermal growth factor; Gc, group-specific
component; IGF-II, insulin-like growth factor II; TGF-,B, transform-
ing growth factor ,B.
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dium (Hepes buffer) for 10 min (19). The liver capsule was
removed, and the cells were shaken loose from the tissue
and filtered. Hepatocytes were collected by repeated cen-
trifugation of the cell suspension at 50 x g for 2.5 min. For
the isolation of nonparenchymal cells, the undissociated
tissue remaining after collagenase digestion and mechanical
dispersion was further digested with 0.1% collagenase/0.1%
Pronase/0.004% DNase for 20 min at 370C as described (17,
18). The cell suspension was diluted with cold minimal
essential medium (MEM) containing 10%o calf serum to
inactivate the enzymes, filtered through a 45-,um nylon
mesh, and centrifuged at 300 x g for 10 min. The digestion
procedure was done three times and the cell pellets resulting
from each digestion were combined. Hepatocyte suspen-
sions are virtually free of nonparenchymal cell contamina-
tion; the nonparenchymal cell fraction contains a maximum
of 1-2% hepatocytes (17, 18).
For the purification of Kupffer and endothelial cells, the

nonparenchymal cell fraction was further separated by cen-
trifugal elutriation as described by Bodenheimer et al. (20)
and Knook and Sleyster (21). Kupffer cells (isolated by
H. C. Bodenheimer) had a viability >95%; in the viable
cells, endogenous peroxidase and phagocytic activity were
>85%. Endothelial cell viability was >90%.

Hepatocyte Cultures. Cells (2 x 105 per dish) were plated on
35-mm dishes coated with rat tail collagen in MEM containing
5% fetal bovine serum, 1 mM pyruvate, 0.2 mM aspartate, 1
mM proline, 0.2 mM serine, 2 mM glutamine, and 0.5 jig of
hydrocortisone and 1 ,g of insulin per ml. After 3 hr, fresh
serum-free medium containing EGF (20 ng/ml) and appropri-
ate concentrations of TGF-/3 (human platelet-derived TGF-,8
kindly supplied by M. B. Sporn, Laboratory of Chemopre-
vention, National Cancer Institute, National Institutes of
Health, Bethesda, MD) was added and replaced every 24 hr.
For DNA-synthesis determination, the cells were labeled with
[3H]thymidine for 24 hr.

In some experiments hepatocytes were plated in Williams
E medium containing 5% fetal bovine serum and then
incubated in serum-free Williams E medium containing 0.65
,ug of insulin, 1.8 ,ug of hydrocortisone, and 20 ng ofEGF per
ml and appropriate concentrations of TGF-P.
RNA Extraction and Hybridization. For isolation of total

RNA from purified cell fractions, the cell pellets were homog-
enized in 7.5 M guanidine thiocyanate and layered on a 3.5-ml
cushion of 5.7 M CsCl in 25 mM sodium acetate (pH 5) by the
method of Chirgwin et al. (22), essentially as described (23).
Centrifugation was for 20 hr at 28,000 rpm in a Beckman
SW40 Ti rotor. The RNAs were dissolved in water and
precipitated in ethanol. Poly(A)+ RNA was prepared from
livers of intact, sham-operated, and partially hepatectomized
rats as previously described (24), with the exception that
oligo(dT)-cellulose was substituted for poly(U)-Sepharose.
RNA samples (5 ,ug for poly(A)+ RNA; 15-20 ,ug for total
RNA from cell fractions) were fractionated by electrophoresis
in 6.2% formaldehyde/1% agarose gels and transferred to
nitrocellulose filters in 20 x SSC (1 x SSC is 0.15 M
NaCl/0.015 M trisodium citrate). The blots were then hybrid-
ized with a 32P-labeled 1.1-kilobase (kb) Bgl I fragment of a
human TGF-f3 cDNA (isolated by G.I.B.) or a 1.5-kb EcoRI
fragment of a mouse insulin-like growth factor II (IGF-II)
cDNA [pMIGF-II, clone 3, isolated by Stempien et al. (25)] at
42°C for 72 hr. After washing at 50°C, filters were exposed to
Kodak XAR-2 film at - 70°C with intensifying screens (23,
24). Quantitation of autoradiographs was done by scanning
densitometry with a Gilford spectrophotometer.

RESULTS
TGF-j3 mRNA During Liver Regeneration. We examined

the levels of TGF-f3 mRNA in livers of normal, sham-

operated, and partially hepatectomized rats at various times
after the operations. Hybridization of liver poly(A) + RNA
with the TGF-,f cDNA probe detected a major 2.5-kb RNA
that is the coding transcript for the 391 amino acid TGF-/3
precursor (Fig. 1). Normal liver contained very low levels of
this mRNA. By 4 hr after partial hepatectomy, levels of the
2.5-kb TGF-f3 transcript increased -3-fold (as determined by
scanning densitometry) and remained unchanged until about
24 hr after the operation. Between 24 and 72 hr, a steady
increase in TGF-/3 mRNA occurred, with the peak of expres-
sion (-8-fold above normal) at 72 hr. By 96 hr after partial
hepatectomy, a time when the regenerative response is not
yet complete but the major waves of hepatocyte DNA
synthesis and mitosis have passed (1, 2), the levels of the
message had declined significantly but were still higher than
normal. That the changes in TGF-f3 mRNA detected in
regenerating liver were not a consequence of simple surgical
stress and anesthesia was indicated by the lack of increase in
the message in livers of rats at various times after sham
operation (Fig. 1). TGF-/3 mRNA was also not increased in
livers of sham-operated or partially hepatectomized rats in
the first 2 hr after surgery (data not shown).
TGF-fi mRNA in Hepatocytes and Nonparenchymal Cells.

Although hepatocytes constitute >90% of the hepatic mass,
they represent only 60-65% of the total cell population in the
liver. If the accumulation of TGF-P mRNA detected during
liver regeneration takes place in hepatocytes, one could
postulate that TGF-,B functions as an autocrine regulator of
hepatocyte replication. To test this hypothesis, we purified
hepatocytes and nonparenchymal cells from normal and
regenerating liver and looked for the presence of TGF-,B
mRNA in these cell populations. TGF-,B mRNA was found
in nonparenchymal cells (at both 24 and 48 hr after partial
hepatectomy) but not in hepatocytes (Fig. 2a). Even after a
long autoradiographic exposure we did not detect the 2.5-kb
message in hepatocytes from either regenerating (Fig. 2a) or
normal liver (Fig. 3 and ref. 4). Hybridization of total, but
not poly(A) + liver RNA with the TGF-/3 cDNA probe
revealed an additional RNA of =1.5 kb, which appeared to
vary in abundance in parallel with the major band (Fig. 2a).
The significance of the minor band is not understood, but it
may represent the transcript from another TGF-j3 gene or a
partial degradation product (13).
To determine whether the lack of TGF-13 mRNA in

purified hepatocytes might have been due to cell injury
caused by the isolation procedure, we hybridized filters
containing RNA from hepatocytes and nonparenchymal
cells with a cDNA probe for the group-specific component
(Gc). The Gc gene codes for the major vitamin D-binding
protein produced in the liver by hepatocytes (26). We found
(Fig. 2b) that the Gc message was present in hepatocytes but
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FIG. 1. TGF-/3 mRNA expression in regenerating rat liver.
Poly(A)+ RNA was prepared from rat livers at various times (4-96
hr) after partial (two-thirds) hepatectomy (R), after sham operation
(S), or from intact rats (N). Five micrograms of each RNA was
electrophoresed in an agarose gel, transferred to a nitrocellulose
filter, and hybridized with a 32P-labeled 1.2-kb Bgl I fragment of
TGF-f8 cDNA. This probe detects the major 2.5-kb TGF-,f tran-
script. Arrow at bottom denotes the peak of hepatocyte DNA
synthesis.
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FIG. 2. TGF-p mRNA expression in different liver cell popula-
tions. Hepatocytes (H) and nonparenchymal cells (NPC) were

obtained from normal (N) or regenerating liver 24 and 48 hr after
partial hepatectomy. Total cell RNA was extracted from each cell
fraction and hybridized with 32P-labeled TGF-P cDNA (a), Gc
(vitamin D-binding protein) cDNA (b), and BS-9 probe for c-Ha-ras
(c). Arrows indicate the size of the major transcript for TGF-13 (2.5
kb), Gc (1.8 kb), and c-Ha-ras (1.2 kb).

not in nonparenchymal cells from normal and regenerating
liver, indicating that hepatocyte RNA was not degraded.
We previously showed that various protooncogenes are

expressed in a sequential and regulated manner during liver
regeneration (3, 4). In particular, the expression of ras genes

during this process is elevated at the time of the major wave

of hepatocyte DNA synthesis and mitosis (27, 28). To verify
whether the hepatocytes purified from partially hepatecto-
mized rats contain ras gene transcripts, we hybridized RNA
from hepatocytes and nonparenchymal cells with the BS-9
probe for Ha-ras. The 1.2-kb c-Ha-ras transcript was clearly

-2.5

NPC E K H

FIG. 3. TGF-jS mRNA expression in nonparenchymal cell
types. Normal liver nonparenchymal cells (NPC) were subfraction-
ated into Kupffer cells (K) and endothelial cells (E). Sixteen
micrograms of total RNA from each of these fractions, as well as

RNA from hepatocytes (H), was hybridized to a TGF-f3 cDNA
probe. The position of the 2.5-kb TGF-3 transcript is indicated at
right.

detected in hepatocytes but not in nonparenchymal cells (Fig.
2c). Since nonparenchymal cells also replicate in the regen-
erating liver (a few days later than hepatocytes), it is likely
that protooncogene mRNAs would also be found in nonpa-
renchymal cell types purified at later stages of liver regener-
ation. In any event, the data shown in Fig. 2 indicate that the
differential expression of TGF-,3 mRNA in liver cell popula-
tions is not due to injury or artifacts in the isolation of
hepatocytes. These findings argue against TGF-.s being an
autocrine regulator of hepatocyte proliferation and suggest
that hepatocytes may respond to TGF-P produced by other
liver cells.
TGF-13 mRNA in Nonparenchymal Cell Types. Nonpa-

renchymal cell fractions contain a mixed population that
includes bile-duct epithelial cells, Kupffer cells, and endo-
thelial cells. To determine whether TGF-f3 mRNA might be
localized in a specific cell type, we separated nonpa-
renchymal cells isolated from normal liver into endothelial
and Kupffer cells. There was a major enrichment of TGF-,3
mRNA in the endothelial cell fraction, with much lower
levels of the message detected in Kupffer cells (Fig. 3).
TGF-f3 mRNA was not found in significant amounts in
bile-duct epithelial cells purified by centrifugal elutriation
from livers of bile-duct-ligated rats (data not shown). How-
ever, the message is present in great abundance in nonpa-
renchymal liver epithelial cells (oval cells) that proliferate
during hepatocarcinogenesis (L.B. and N.F., unpublished
data).
IGF-H mRNA During Liver Development and Regeneration.

To assess whether mRNAs for other growth factors would
show a similar pattern of change during liver regeneration as
that ofTGF-18 mRNA, we hybridized normal and regenerating
liver poly(A)+ RNAs with a cDNA probe for IGF-II. We
selected this growth factor because it is considered to be a
mitogenic factor during fetal growth (29). Thus, it was of
interest to determine whether or not transcripts from this
growth factor gene would increase when liver growth was
induced in adult rats by partial hepatectomy. In agreement
with data from other laboratories (29, 30), levels of IGF-II
mRNAs were high in fetal livers but decreased drastically
after birth. However, no changes in IGF-II mRNAs were
detected during liver regeneration (data not shown).

Sensitivity of Hepatocytes from Normal and Regenerating
Liver to TGF-,B Effects on DNA Synthesis in Vitro. TGF-,3 is
a potent inhibitor of EGF-induced DNA synthesis in normal
hepatocytes in culture (5-7). It is, however, not yet clear if
hepatocytes are normally maintained in a quiescent state by
TGF-f3 but become insensitive to the inhibitory effects of the
factor when stimulated to proliferate during liver regenera-
tion. Strain et al. (31) have shown that DNA synthesis in
cultured hepatocytes obtained from 18-hr regenerating livers
is strongly inhibited by TGF-f3. A preliminary report (32)
suggests that hepatocytes lose TGF-.8 receptors between 3
and 5 hr after partial hepatectomy. Although in vitro exper-
iments cannot completely mimic the situation in vivo, we
determined whether hepatocytes from normal and regener-
ating livers differ in their sensitivity to TGF-,B inhibition of
DNA synthesis. Hepatocytes isolated from normal and
partially hepatectomized rats were maintained in either
modified MEM or Williams E medium in the absence of
serum. EGF and TGF-,B (when appropriate) were added
together at the start of the cultures and at every medium
change, done at 24-hr intervals. In normal hepatocytes and
hepatocytes isolated from 3-hr, 5-hr and 12-hr regenerating
liver cultured in MEM, very low concentrations of TGF-P
inhibited EGF-induced DNA synthesis measured between
48 and 72 hr in culture (Fig. 4 Left). The dose-response
curves for hepatocytes from normal and regenerating livers
are very similar; TGF-13 at 80 pg/ml inhibited 70-80%o of
EGF-induced DNA synthesis. TGF-13 also inhibited EGF-
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FIG. 4. Effects of TGF-,8 on EGF-induced DNA synthesis of cultured hepatocytes. (Left) Hepatocytes were isolated from normal livers
(N) and from regenerating livers 3, 5, and 12 hr after partial hepatectomy. Cells (2 x 10') were allowed to attach for 3 hr on collagen-coated
35-mm dishes in minimal essential medium (MEM) containing 5% fetal bovine serum. Fresh serum-free MEM supplemented with EGF (20
ng/ml) and TGF-f (0-100 pg/ml; abscissa) was added every 24 hr. Cells were labeled for 24 hr with [3H]thymidine (5 ACi; 1 tCi = 37 kBq)
between 48 and 72 hr in culture (peak of DNA synthesis). Incorporated radioactivity (cpm) was measured at 72 hr by scintillation counting of
trichloroacetic acid precipitates of cell extracts. DNA synthesis was calculated as cpm incorporated per mg of protein and is expressed
(ordinate) as a percentage of DNA synthesis in cells not exposed to TGF-j3. Each point represents the average of duplicate plates. (Middle)
Normal hepatocytes were maintained in MEM or Williams E medium (W). TGF-3 effects on DNA synthesis were determined as described for
Left. Note that TGF-f8 concentrations are 0-600 pg/ml (abscissa). Scale for DNA synthesis (ordinate) is the same as for Left. (Right)
Hepatocytes from normal (NL) and 5-hr regenerating (RL) liver (2 x 105 cells per dish) were maintained in serum-free Williams E medium
containing EGF (20 ng/ml) with (broken lines) or without (solid lines) TGF-13 (600 pg/ml). Cells were labeled for 24-hr intervals with 5 ACi of
[3H]thymidine and incorporation into DNA was measured at 24, 48, and 72 hr in culture (abscissa). Each point represents the average of
duplicate plates. DNA synthesis is expressed as cpm/well (ordinate).

induced DNA synthesis in hepatocytes from normal and
regenerating livers maintained in Williams E medium. How-
ever, in this medium, the concentration ofTGF-,3 required to
achieve 50% reduction in DNA synthesis was -200 pg/ml,
whereas the corresponding concentration was -40 pg/ml in
MEM (Fig. 4 Middle). In either of these media and regard-
less of concentration, TGF-,8 did not inhibit EGF-induced
DNA synthesis during the first 24 hr in culture (Fig. 4 Right)
despite the fact that both growth factors were present from
the start of the cultures. These results are in complete
agreement with those reported by Strain et al. (31). TGF-/3 is
inhibitory at 48 or 72 hr in culture, when EGF-induced DNA
synthesis reaches its maximal values (Fig. 4 Right).

DISCUSSION
In this paper we show that TGF-,f mRNA increases after
partial hepatectomy and that the message is present in
nonparenchymal cells but not in hepatocytes. The message
is particularly abundant in cell fractions enriched for endo-
thelial cells. The increase in TGF-,3 mRNA during liver
regeneration occurs after the major wave of hepatocyte
DNA synthesis and mitosis have taken place and after
maximal expression of the ras protooncogenes. In contrast,
levels of mRNAs for IGF-II, a growth factor for fetal liver,
are not changed in regenerating rat livers.
The kinetics of the increase in TGF-P mRNA in regener-

ating liver, the localization of the message in nonpa-
renchymal cells, and the sensitivity of hepatocyte DNA
synthesis in vitro to TGF-p are consistent with the view that
TGF-,l may function as a regulator of hepatocyte prolifera-
tion in vivo. Hepatocytes (which do not synthesize TGF-f3
but possess functional receptors for the growth factor) may
respond to TGF-p produced in the liver by nonparenchymal
cells through a paracrine regulatory mechanism that is
activated during liver regeneration. This seemingly paradox-
ical sequence of events in which a growth inhibitor increases
at the time of hepatocyte replication may, in fact, be an
important mechanism that prevents uncontrolled growth

during liver regeneration. Similarly, work with other sys-
tems suggests that the induction of inhibitory factors by
growth stimuli might be a general means of regulation in
non-neoplastic growth processes. Kehrl et al. (33) reported
that TGF-,8 mRNA increases in T lymphocytes stimulated to
proliferate and have suggested that TGF-p may prevent
unregulated clonal expansion of stimulated lymphocytes.
Another interesting example of the induction ofgenes coding
for inhibitory substances during cell growth is the expression
of the f3-interferon gene in 3T3 fibroblasts stimulated by
platelet-derived growth factor (34). The interplay between
positive and negative stimuli may be similar in hepatocyte,
lymphocyte, and fibroblast growth, but it appears that
growth inhibition in hepatocytes takes place through a
paracrine rather than autocrine mechanism.
Hepatocytes could escape the inhibitory effects of TGF-/3

by modulating their sensitivity to the growth factor. This
could take place at the receptor level (32), by postreceptor
mechanisms, or by alterations in the capacity of the hepa-
tocyte to activate TGF-f3 if it were presented to the cell in an
inactive form (13). The simplest and most direct approach to
analyze these questions is to study the effect of TGF-,B on
EGF-induced DNA synthesis in cultured hepatocytes puri-
fied from normal and regenerating livers. The major limita-
tions of these types of experiments are that they cannot
reproduce the complex mix of factors that act on hepa-
tocytes in vivo. This is an especially important consideration
in the case of TGF-,3, which is known to have widely
different effects depending on its interaction with other
growth factors and may require activation in vivo (9-13, 15).
Nevertheless, our results, in agreement with the observa-
tions of Strain et al. (31), show that TGF-,l inhibits DNA
synthesis in both normal and regenerating liver. Under our
experimental conditions (replenishing the serum-free, growth
factor-containing medium every 24 hr and assessing DNA
synthesis for each 24-hr period), TGF-,B was always inhibitory
to EGF-induced DNA synthesis measured at 48 or 72 hr in
culture. The inhibition was observed for cells maintained in
either MEM or Williams E medium, although 5 times more
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TGF-p was required in Williams E medium to obtain the same
amount of inhibition as observed in MEM. The difference in
sensitivity to TGF-,B inhibition in these two media is not
understood but does not appear to be due to the high content
of hydrocortisone added to the Williams E medium (unpub-
lished data). The results from these experiments indicate that
at least in vitro, hepatocytes from normal and regenerating
liver are sensitive to the inhibitory effects of TGF-,3. How-
ever, since the range of the sensitivity varies with the growth
media and experimental conditions, we cannot exclude the
possibility that during liver regeneration in vivo, hepatocytes
may modulate their sensitivity to TGF-,8. Recent data show,
however, that in a variety of cell types, the primary control
mechanism for TGF-f3 action is likely to be the activation of
the latent form of the growth factor rather than the binding of
TGF-,B to its receptors (35).
Although we cannot rule out the possibility that the

increased expression of TGF-13 during liver regeneration is
solely associated with nonparenchymal cell metabolism, it is
clear that local interactions between different cell types play
a role in the control of cell proliferation within some tissues
(13). Particularly pertinent to our findings is the recent work
with human fetal liver, in which the mRNAs for IGF-I and
IGF-II were localized in liver sinusoidal cells, whereas their
protein products were detected in hepatocytes (36, 37).
An interesting question is whether the quiescent state of

normal hepatocytes is4a consequence of the continuous inhib-
itory effects of TGF-p8. Data obtained so far argue against this
view: (i) hepatocytes do not proliferate spontaneously in
culture in TGF-,3-free medium, and neither do they synthesize
the factor; (ii) EGF-induced DNA synthesis in hepatocytes is
not inhibited by TGF-f3 during the first 24 hr in culture, even
at high TGF-/3 concentrations (6, 31); (iii) normal liver con-
tains negligible amounts of TGF-,3 mRNA; (iv) although we
do not know the levels of hepatic TGF-,/ during liver regen-
eration, the timing of the change in TGF-,8 mRNA suggests
that the growth factor is maximally increased in the liver only
after the major wave of cell replication has passed. Alterna-
tively, it is conceivable that with the increased synthesis of
TGF-,8 mRNA after partial hepatectomy, sufficient amounts
of TGF-,8 accumulate to prevent subsequent rounds of hepa-
tocyte replication. In this regard, it would be of interest to
determine whether the administration of TGF-f3 inhibitors
after partial hepatectomy would lead to uncontrolled liver
growth or alter the kinetics of the regenerative response. On
the other hand, despite these arguments, we cannot exclude
the possibility that the quiescent state of normal hepatocytes
is maintained by low levels of TGF-,f.
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