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Liver regeneration after the loss of hepatic tissue is a fundamental parameter of liver 
response to injury. Recognized as a phenomenon from mythological times, it is now 
defined as an orchestrated response induced by specific external stimuli and involving 
sequential changes in gene expression, growth factor production, and morphologic 
structure. Many growth factors and cytokines, most notably hepatocyte growth factor, 
epidermal growth factor, transforming growth factor-a, interleukin-6, tumor necrosis 
factor-a, insulin, and norepinephrine, appear to play important roles in this process. This 
review attempts to integrate the findings of the last three decades and looks toward clues 
as to thf?. nature of the causes that trigger this fascinating organ and cellular response. 

Liver  regeneration, having presumably 
evolved to protect animals in the wild from 
the catastro~hic results of liver loss caused 
by food toxins, has been an  object of curi- 
osity for many years: The ancient Greeks 
recognized liver regeneration in the myth of 
Prometheus. Having stolen the secret of fire - 
from the gods of Olympus, Prometheus was 
condemned to having a portion of his liver 
eaten daily by"an eagle. His liver regener- 
ated overnight, thus providing the eagle 
with eternal food and Prometheus with 
eternal torture. In modem times, the best 
experimental model for the study of liver 
regeneration is that introduced by Higgins 
and Anderson (1 ): a simple operation (par- 
tial hepatectomy, PHx) in which two-thirds 
of the liver of a rat is removed. Svecific 
liver lobes are removed intact, without 
damage to the lobes left behind. The resid- 
ual lobes enlarge to make up for the mass of 
the removed lobes, though the resected 
lobes never grow back. The  whole process 
lasts 5 to 7 days. Partial hepatectomy is the 
most often used stimulus to study liver re- 
generation because, compared with other 
methods that use hepatic toxins (such as 
CCl,), it is not associated with tissue injury 
and inflammation, and the initiation of the 
regenerative stimulus is precisely defined 
(removal of liver lobes). 

Studies with hepatic resections in larger 
animals (dogs and primates) and humans 
have established that the regenerative re- - 
sponse is proportional to  the amount of 
liver removed. Even small resections 
(< 10%) are followed by eventual restora- 
tion of the liver to  full size. When liver from 
large dogs is transplanted into small dogs, 
liver size gradually decreases until the size of 
the organ becomes proportional to the new 
body size (2). Conversely, in two recent 
cases of baboon liver transplanted to hu- 
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mans. the transvlanted intact liver of the 
baboon rapidly grew in size (within a week) 
until it reached the size of human liver (3). ~, 

These studies demonstrate that liver mass is 
precisely regulated and that signals from the 
body can have negative as well as positive 
effects on liver mass until the correct size is 
reached. 

In contrast to other regenerating tissues 
(bone marrow, skin), liver regeneration is 
not dependent on a small group of progen- 
itor or stem cells. [Cells with stem cell 
properties, however, may appear in large 
numbers when mature hepatocytes are in- 
hibited from proliferation. For a review of 
this subject, see (4).] Liver regeneration 
after PHx is carried out by proliferation of 
all the existing mature cellular populations 
composing the intact organ. These include 
hepatocytes (the main functional cells of 
the organ); biliary epithelial cells (lining 
biliary ducts); fenestrated endothelial cells 
[a unique type of endothelial cells with 
large cytoplasmic gaps (fenestrae) that al- 
low maximal contact between circulating 
blood and hepatocytes]; Kupffer cells (mac- 
rophages in hepatic sinusoids); and cells of 
Ito [stellate cells unique to the liver and 
located under the sinusoids; they surround 
hepatocytes with long processes, store vita- 
min A ,  synthesize connective tissue pro- 
teins, and secrete several growth factors 
(5)]. All of these cells proliferate to rebuild 
the lost hepatic tissue. Hepatocytes are the 
first to proliferate. Multiple parameters, in- 
cluding diurnal light stimuli and feeding 
patterns as well as others, affect the dura- 
tion of the interval between PHx and the 
initiation of DNA synthesis in hepatocytes 
(6). Typically this interval is 10 to 12 hours 
in rats. The kinetics of cell proliferation 
differ slightly from species to species. The 
first peak of DNA synthesis in hepatocytes 
occurs at about 24 hours. with a smaller 
peak between 36 and 48 hours. Because 
onlv two-thirds of the h e ~ a t i c  tissue is re- 
mo;ed, restoration of theL original number 

of hepatocytes theoretically requires 1.66 
proliferative cycles per residual hepatocyte. 
Most of the hepatocytes (95% in young and 
75% in verv old rats) in the residual lobes 
participate in one or two proliferative 
events (7). 

Hepatic parenchyma is organized in 
units called hepatic lobules, which are built 
around vortal triads and central veins. Por- 
tal triads are composed of microscopic 
branches of three vessels: vortal vein 
(bringing blood to the liver from the intes- 
tine), hepatic artery (bringing highly oxy- 
genated blood), and bile ductule (carrying 
bile awav to larger bile ducts). The blood - 
carried by the branches of the portal vein 
and hepatic artery proceeds through the 
sinusoids and drains into the central 
venules located at the center of the lobule. 
Hepatocyte proliferation starts in the areas 
of the lobules surrounding the ~ o r t a l  triads - & 

(periportal) (8) and then proceeds to the 
pericentral areas by 36 to 48 hours. The 
other cells of the liver enter into DNA 
synthesis about 24 hours after the hepato- 
cytes, with a peak of DNA synthesis at 48 
hours or later (9) (Fig. 1). The kinetics of 
cell proliferation and the growth factors 
produced by proliferating hepatocytes sug- 
gest that hepatocytes provide the mitogenic 
stimuli leading to proliferation of the other 
cells. After 2 to 3 davs during which all - 
cellular elements of the liver proliferate, 
liver histology at day 3 to 4 after PHx is 
characterized by clumps of small hepato- 
cytes surrounding capillaries. Typical hepat- 
ic histology is gradually restored through a 
series of steps (10). Ito cells send processes 
that penetrate the hepatocyte clumps and 
start producing several types of laminin. 
Eventually, the small hepatocyte clumps be- 
come rearranged into the typical hepato- 
cyte plates seen in the mature liver. The 
capillaries of the small hepatocyte clumps 
(surrounded by typical capillary basement 
membrane) change into true hevatic sinu- u 

soids (surrounded by very scant matrix and 
lined bv fenestrated endothelial cells and 
Kupffer cells). The  hepatic matrix compo- 
sition also changes from one of high lami- 
nin content to  that typical of mature liver 
(very scant matrix containing primarily fi- 
bronectin, collagen types IV and I, and 
several other proteins and glycosaminogly- 
cans in smaller amounts). By day 7, hepatic 
histology consists of lobules larger in size 
than before regeneration. Hepatocytes be- 
come arranged in plates consisting of two 
cell layers (as opposed to the one cell layer 
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of the normal liver) (1 1). It is not clear 
whether there is a net increase in the num- 
ber of lobules or whether existing lobules 
merely become larger in size, though evi- 
dence suggests that both phenomena occur 
(12). 

Clonogenic Capacity of 
Hepatocytes: Prometheus 

Revisited 

Modem studies have validated the ancient 
myth of Prometheus by providing experi- 
mental evidence that liver has an almost 
unlimited capacity to regenerate. Using 
PHx to its limits, it was shown that rat 
liver regenerated each time after 12 se- 
quential hepatectomies (13). The clono- 
genic potential of the hepatocyte itself has 
also been found to be almost unlimited. 
This was recentlv shown in two mouse 
models, in which livers are rendered inca- 
pable of sustaining animal life by experi- 
mentally induced defects. In one model 
large amounts of urokinase are expressed 
in hepatocytes under the influence of the 
albumin promoter (14). The other is an 
animal model of hereditary tyrosinemia 
type I, a recessive liver disease caused by a 
deficiency of fumarylacetoacetate hydro- 
lase (14). Precisely determined numbers of 
normal hepatocytes injected into these 
livers enter into clonogenic growth, create 
nodules, restore liver mass, and rescue the 
animals. In the second model, about 1000 
hepatocytes were found to be sufficient to 
generate nodules of normal cells, colonize 
and rescue the entire liver, and establish 
normal architecture (15). Cells from the 
first-generation nodules of normal hepato- 
cytes were isolated and serially transplant- 
ed to other mice. These cells (carried so 
far through four generations of serial trans- 
plantation) could also rescue the mice de- 
spite having undergone a clonal expansion 
in a previous host. Mathematical calcula- 
tions from this model have established 
that mature hepatocytes could indeed sup- 
port Prometheus' eagle. A single hepato- 
cyte can expand through a minimal num- 
ber of 34 cell divisions, giving rise to 1.7 X 
10'' cells (1 6). Because a normal rat liver 
has on average 3 X lo8 hepatocytes, one 
can calculate that a single rat hepatocyte 
under these conditions has enough clono- 
genic capacity to generate about 50 rat 
livers. Studies in culture have also shown 
that he~atocvtes under the influence of 
hepatocite grbwth factor (HGF) and epi- 
dermal growth factor (EGF) dedifferenti- - 
ate, undergo multiple proliferative events, 
e x ~ a n d  in a clonal fashion. and rediffer- 
entiate to form mature hepatocytes or 
even duct-like structures (1 7). All of these 
findings demonstrate that mature hepato- 

cytes are not terminally differentiated 
cells. In contrast, they can proliferate al- 
most without limit to secure their own 
preservation. This was unexpected, given 
the high ploidy and the complexity of 
functions of mature hepatocytes. 

Proliferation and Differentiation: 
Hepatocyte as the Phenotypic 

Acrobat 

Perhaps more remarkable than the capacity 
of hepatocytes to proliferate is that they do 
so while simultaneously performing all es- 
sential functions needed for homeostasis. 
These functions include glucose regulation, 
synthesis of many blood proteins (including 
albumin and coagulation proteins), secre- 
tion of bile, biodegradation of toxic com- 
pounds, and others. It is indeed remarkable 
that little if anv disturbance is seen in these 
functions when only 33% of the organ re- 
mains and 90% of the cells in the residual 
organ are undergoing proliferation or mito- 
sis, or both. This remarkable ~erformance is 
due to a complex array of interactive events 
involving matrix regulation, dissolution and 
resynthesis of highly specialized hepatocyte 
membrane domains, and proper alignment 
and sorting out of more than 150 chromo- 
somes at any given mitotic event (most 
mature hepatocytes in the rat and human 
have 4N ploidy and many have even higher 
ploidy numbers (18)l. 

Recent studies from several laboratories 
have focused on events that occur shortlv 
after PHx. Urokinase receptor appears in the 
hepatocyte plasma membrane, and urokinase 
activity increases within 1 to 5 min (19). 
The hepatocyte plasma membrane becomes 
hyperpolarized within 30 min (20). Marked 
morphologic changes are seen within the 
first 5 hours in the bile canaliculi (21 ) even 
though little decrease in bile secretion is 
noted (22). Within 30 min after PHx there 
is induction of several new genes collectively 

- 
new protein synthesis. IGFBP1, a plasma 
protein that binds insulin-like growth factor 
I (IGF-I) and IGF-11, increases remarkably to 
100-fold of its original expression (24). Ac- 
tivation of the transcription factor STAT3 
(signal transducer and activator of tianscrip- 
tion-3) occurs within 30 min, peaking at 3 
hours and persisting beyond 5 hours (25). 
Active nuclear factor kappa B (NF-KB) 
(p50-p65 complex) appears within minutes 
after PHx (26). NF-KB and STAT3 are rap- 
idly activated after appropriate signals and 
translocated to the nucleus. Many of the 
immediate early genes contain in their pro- 
moter region sequences reactive to NF-KB 
and STAT3. AP1 activity also increases rap- 
idly as a result of new synthesis of both c-Fos 
and c-Jun. LRF-1, another leucine zipper 
protein, is also induced rapidly after PHx and 
participates in complex formation with c-Jun 
(27). The different forms of AP1 persist for 
several hours after PHx (23). Activation of 
STAT3, NF-KB, and AP1 is likely to be a 
major part of the intracellular signaling cas- 
cade leading to DNA synthesis. CCAATI 
enhancer-binding protein a (C/EBPa) 
amounts decrease, whereas C/EBPP amounts 
increase. Additional "hepatic-associated" 
transcription factors such as hepatic nuclear 
factor 1 (HNFl), HNF4, HNF3, and others 
remain essentially unchanged. 

Similar changes in transcription factors 
are also seen in hepatocytes in culture un- 
dergoing clonal expansion (1 7). Several "fe- 
tal" markers appear in regenerating liver, 
identical to those expressed in fetal liver. 
These include alpha-fetoprotein, hexoki- 
nase (as opposed to glucokinase), and fetal 
isozymes of aldolase, pyruvate kinase, and 
others (28). [For a thorough review of all 
literature before 1975, see (29).] Other pro- 
teins linked to the cell cycle, including 
enzymes related to DNA synthesis (thymi- 
dine kinase), new chromatin synthesis (his- 
tone mRNA), cyclin, and cyclin-dependent 
kinase (CDK) changes, and cell cycle-re- 

called "immediate early [for a review, lated gene expression (30) undergo changes 
see (23)l. This induction is independent of as in o 

Fig. 1. Time kinetics of DNA syn- 1 
thesis in dierent liver cell types 
during liver regeneration after par- 
tial hepatectomy. The four major 
types of liver cells undergo DNA 
synthesis at different times. He- 
patocyte DNA synthesis peaks at 
24 hours, whereas the other cell 
types proliferate later. Regenerat- 
ing hepatocytes produce growth 
factors that can function as mito- 
gens for these cells. This has sug- 
gested that hepatocytes stimu- 
late proliferation of the other cells 
by a paracrine mechanism. The 
figure was generated by graphic 
adaptation of the data presented in the two publications of (9). 
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is also a rather pronounced accumulation of 
triglycerides in hepatocytes from 20 to 72 
hours after PHx associated with marked 
induction of lipogenic enzymes (31 ). All of 
these parameters eventually return to nor- 
mal by day 5 to 7 after PHx along with 
cessation of proliferation and restoration of 
hepatic architecture. Thus, hepatocytes 
manage to proceed with mitogenesis and 
provide differentiated functions through 
subtle changes in liver-associated transcrip- 
tion factors, marked induction of other 
DNA binding activities associated with mi- 
togenesis, and temporary partial reversion 
to a quasifetal phenotype. 

What Triggers Liver Regeneration 
After Partial Hepatectorny? 

Few aspects of liver regeneration have 
spawned as much research as the quest to 
find what triggers the regenerative re- 
sponse. Earlier studies had shown that when 
hepatic tissue or isolated hepatocytes are 
transplanted into extrahepatic sites, they 
also enter into DNA synthesis after PHx of 
the liver of the host (32). When rats are 
joined in pairs through parabiotic circula- 
tion, hepatectomy of one member of the 
pair causes regeneration of the intact liver 
of the other member, with the maximum 
effect seen when the liver of one animal is 
totally removed (33). These studies have 
provided convincing evidence that a mito- 

genic signal or signals for hepatocytes ap- 
pear in the blood during liver regeneration. 
Any hypotheses made to explain the mech- 
anism of initiation of liver regeneration 
have to account for the mitogenic stimuli 
for hepatocytes appearing in circulation 
during regeneration and for the rapid 
changes occurring in hepatocytes within 30 
min after PHx. Current scenarios under 
intense study that attempt to explain these 
findings are discussed below. 

Hepatocyte Growth Factor 

Hepatocyte growth factor (HGF), also 
known as scatter factor (SF), was first 
identified as a blood-derived mitoeen for 

u 

hepatocytes in culture as part of the effort 
to identify blood-borne hepatic mitogens 
arising during liver regeneration (34). 
HGF and its receptor c-Met (34) are key 
factors for liver growth and function. Ho- 
mozygous deletions of the genes of either 
protein are associated with embryonic le- 
thality due in part to arrested hepatic de- 
velo~ment (35). Several studies have . , 

shown that plasma concentrations of HGF 
rise substantiallv in humans when he~a t ic  
mass is decreased (36). In the rat, plasma 
concentrations of HGF rise more than 
20-fold within 1 hour after PHx (37). 
HGF concentrations decline slowly during 
the first 24 hours but remain elevated for 
more than 72 hours, eventually returning 

Fig. 2. Proposed model for the role of HGF in liver regeneration. Rapid up-regulation of the uPA receptor 
leads to activation of uPA within 5 min after PHx. This initiates a protease cascade causing degradation 
of the scant extracellular matrix surrounding hepatocytes and releasing, among others, matrix-bound 
inactive pro-HGF. uPA activates pro-HGF into the mature active form. Active HGF is released in the 
blood and stimulates hepatocyte DNA synthesis by an endocrine or paracrine mechanism by binding to 
the c-Met receptor. 

to normal. This hypothesis (depicted in 
Fig. 2) assumes that the rapid rise of HGF 
in the plasma is the mitogenic stimulus 
leading hepatocytes into DNA synthesis. 
This scenario is compatible with the time 
kinetics of the appearance of blood-borne 
regenerative factors as well as the rapid 
changes in immediate early gene expres- 
sion. HGF induces expression of some im- 
mediate early genes [LRF-1 and IGFBPl 
(38)], suggesting that HGF may be one of 
the stimuli leading to the rapid changes in 
gene expression after PHx. HGF is a po- 
tent mitogen for hepatocytes in culture 
(39). It is reasonable to postulate that the 
rise in plasma of a potent hepatocyte mi- 
togen l hour after PHx is responsible for 
leading hepatocytes to DNA synthesis 23 
hours later. Although this may be the 
case, the causes for the rise in plasma HGF 
are not entirely clear. Liver is responsible 
for clearing most of the circulating HGF, 
but HGF's rate of elimination does not 
sufficiently change after PHx to explain 
the magnitude of the HGF rise in plasma 
(40). Expression of HGF mRNA increases 
in hepatic Ito cells 3 to 6 hours after PHx 
and lasts for 24 hours (41). This cannot 
explain a rise in plasma HGF within 1 
hour after PHx either, but it may account 
for the persistence of elevated concentra- 
tions of HGF throughout the regenerative 
process. An increase in HGF mRNA dur- 
ing liver regeneration is also seen in mes- 
enchymal cells of some other tissues [for 
example, lung and spleen (42)]. The 
mechanism for this diffuse effect is not 
clear. Recent studies with constructs from 
promoters of the genes of both HGF and 
its receptor (c-Met) suggest that interleu- 
kins-1 and -6 (IL-1 and IL-6) may be 
involved (43). 

If HGF is the initial mitogenic stimulus 
for hepatocytes in liver regeneration, in- 
jection of HGF in normal rats through the 
portal vein should cause hepatocyte DNA 
synthesis. This indeed occurs, but the 
number of hepatocytes entering DNA syn- 
thesis is relatively small and limited to the 
periportal sites. Similar results were ob- 
tained with infusion of EGF and trans- 
forming growth factor* (TGF-a). This 
suggests that hepatocytes in normal liver 
are not ready to respond to mitogenic 
signals without a set of "priming" events 
that switch them into a responsive state 
(44). When HGF injection was preceded 
by infusion of a small amount of collage- 
nase, the mitogenic effect of HGF was 
dramatically amplified. DNA synthesis 
was induced in more than 60% of hepato- 
cytes; collagenase itself had no effect (45). 
Some direct and indirect evidence indi- 
cates that matrix degradation occurs 
shortly after PHx and thus may serve as 
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the in vivo corollary of this collagenase 
experiment. Urokinase (uPA) is known to 
be involved in activation of a proteolytic 
cascade involving conversion of plasmin- 
ogen to plasmin. The  latter activates ma- 
trix-degrading metalloproteinases (46). 
The  activity of uPA rises sharply within 5 
min after PHx as a result of translocation 
of the uPA receptor (uPA-R) to the plas- 
ma membrane (47). Conversion of plas- 
minogen to plasmin and increased prote- 
olysis of some components of the hepatic 
biomatrix (namely laminin, entactin, and 
fibronect!n) is seen shortly after PHx (48). 
Previous*studies have shown that the he- 
patic biomatrix contains large amounts of 
HGF (49) predominantly around portal 
triads (50). Matrix breakdown mav cause ~, 

rapid release of HGF, thus accounting for 
the rapid rise of HGF in plasma. In addi- 
tion, several studies have shown that uPA 
converts inactive, matrix-binding, single- 
chain HGF to its active, receptor-binding, 
two-chain form (51 ). A set of events driv- 
en  by increased' UPA activity that leads 
(through a protease activation cascade) to 
proteolysis of hepatic biomatrix may not  
only result in the release but also the 
activation of hepatic HGF, which then 
may bind its receptor on  hepatocytes di- 
rectly from the matrix or through the 
blood. In one study, an  increase in two- 
chain HGF was seen in the liver within 15 
min after PHx (47); however in another 
study active HGF in the liver was seen 
only after chemical injury but not  after 
PHx (52). There is enhanced overall up- 
take of injected HGF by regenerating liver 
(50). Tyrosine phosphorylation of c-Met is 
seen manv hours before initiation of DNA 
synthesis ' (53) ,  which also suggests in- 
volvement of HGF in the generation of 
the mitogenic signal. Further studies of 
the interactive pathways between uPA, 
HGF, and matrix are needed to precisely 
define the role of these factors at the early 
stages of regeneration. 

TNF-a and IL-6 

Several converging lines of evidence from 
recent work have established that tumor 
necrosis factor-a (TNF-a) and IL-6 are 
important components of the early signal- 
ing pathways leading to regeneration. Pre- 
vious studies suggested that endotoxin, one 
of the kev stimulants leadine to TNF-a 
~roduct ion  by Kupffer cells, may be in- 
volved in liver regeneration (54). In more 
recent studies, treatment with antibodies to 
TNF-a before PHx resulted in decreased 
DNA synthesis and abrogation of increases 
in Jun kinase, c-jun mRNA, and nuclear 
AP1 activity (55). Compounds containing 
the element gadolinium (which paradoxi- 

callv increase TNF-a mRNA in K u ~ f f e ~  
cells) enhanced the induction of IL-6 as 
well as c-jun, C/EBPP, and CIEBPA, and 
they increased nuclear amounts of AP1 
(56). These events occur very early during 
the regenerative response, suggesting that 
TNF-a has a role to play in the early sig- 
naling pathways of liver regeneration. Of 
interest is the fact that during the increase 
in liver weight induced by a variety of xe- 
nobiotics (see below), there is no increase 
in mRNA for any growth factor or cytokine 
except TNF-a mRNA (57). DNA synthesis 
after PHx is severely impaired in mice with 
TNF-a type I receptor deficiency, and the 
normally expected increases in STAT3 and 
NF-KB do not occur (58). These defects 
were corrected after injection of IL-6, sug- 
gesting that the role of TNF-a is to regulate 
secretion of IL-6. 

IL-6 is secreted by Kupffer cells, and this 
secretion is stimulated bv TNF-a. IL-6 is a 
major signal for the stikulation of acute 
phase protein synthesis by hepatocytes as 
part of the overall inflammatory response 
(59). The ulasma IL-6 concentration in- . , 

creases after PHx, reaching high levels by 
24 hours (56, 60). IL-6 has been variably 
reported to be mitogenic or mitoinhibitory 
for hepatocytes in primary culture, though 
other studies did not confirm such effects 
(61). IL-6 is a mitogen in cultures of bile 
duct epithelial cells (62). In a recent study, 
hepatocyte DNA synthesis during liver re- 
generation was found to be suppressed in 
mice carrying a homozygous deletion of the 
IL-6 gene (63). STAT3 activation, a 
known function of EGF and IL-6, was mark- 
edly reduced. Similar reductions were noted 
with AP1, Myc, and cyclin D l .  Changes 
both in DNA synthesis and in cell cycle 
gene expression were corrected by injection 
of IL-6. 

The above studies with TNF-a and IL-6 
clearly document that the early signaling 
mechanisms that trigger liver regeneration 
do not proceed normally without these cy- 
tokines. The  data are interesting, especially 
in relation to IL-6. If EGF (also known to 
activate STAT3) were to compensate for 
IL-6, then liver regeneration in IL-6-defi- 
cient mice would not be defective. The 
findings imply that IL-6 is essential and 
irreplaceable by other cytokines that use 
part of its signaling pathways. This also 
includes other gp130 receptor-sharing cy- 
tokines, such as oncostatin M, leukemia 
inhibitory factor (LIF), and ciliary neuro- 
trophic factor (CNTF). Liver regeneration 
in the IL-6-deficient mice, however, does 
eventually proceed to completion (63). 
Though these studies document a require- 
ment for IL-6 (and TNF-a), they do not 
necessarily distinguish between a faculta- 
tive role,\in which the factor must be 

present for regeneration to proceed, versus a 
triggering role, in which changes in the 
factor or its receptor initiate new signaling 
that leads to mitogenesis. 

EGF wid TGF-a 

Both EGF and TGF-a are primary mitogens 
for hepatocytes in culture. In rats, sialad- 
enectomy, which causes a major reduction 
in plasma EGF, also decreases the hepatic 
regenerative response. O n  the other hand, 
plasma EGF concentrations rise only very 
slightly (less than 30%) after PHx (64). 
EGF, however, may play a mitogenic role in 
liver regeneration by abruptly becoming 
more available to hepatocytes after PHx. 
EGF is continually made available to the 
liver by the Brunner's glands of the duode- 
num, through portal circulation (65). EGF 
is taken up by liver in one pass and, as with 
HGF, it deposits itself in the periportal 
matrix (66). A decrease of hepatic mass to 
one-third by PHx increases the concentra- 
tion of EGF (available through the portal 
circulation) per unit liver weight by a factor 
of 3. In addition norepinephrine, a sub- 
stance that also increases dramaticallv after 
PHx (see below), stimulates secretion of 
EGF by the Brunner's glands (67), which 
may further increase the amount of EGF 
entering the liver after PHx. Rapid tyrosine 
phosphorylation and down-regulation of 
the EGF receptor occur shortly after PHx 
(68), suggesting that EGF may indeed play 
a mitogenic role early in the process. 

Though EGF may be involved a t  the 
earliest stages, TGF-a  appears to play a 
role at later times. TGF-a  mRNA is in- 
duced in hepatocytes within 2 to 3 hours 
after PHx, rises to a peak between 12 and 
24 hours, and remains elevated for a t  least 
48 hours after PHx (69). TGF-a produced 
by hepatocytes may be a mitogenic stimu- 
lus to hepatocytes through an  autocrine 
mechanism. Enhanced expression of 
TGF-a  in hepatocytes under the influence 
of the albumin promoter leads to sustained 
high levels of hepatocyte DNA synthesis 
and eventually to tumor formation (70). 
Whether these findings apply to regener- 
ation, however, is not  entirely clear. In 
mice carrying a homozygous deletion of 
the TGF-a  gene, liver regeneration pro- 
ceeds normally (71 ). This, however, may 
be due to a compensatory increase in other 
members of the EGF receDtor familv of 
ligands. TGF-a  protein ih the 
shows only a small rise after PHx (72). 
Despite a large increase in TGF-a  mRNA, 
TGF-a  protein amounts in regenerating 
liver increase only twofold (73). This is 
much less than the rise in TGF-a  that 
induces hepatocyte proliferation in trans- 
genic models. 
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Other Growth Factors with 
Paracrine Effects 

In addition to potential effects on hepato- 
cytes, TGF-a may be part of the mitogenic 
signals synthesized by hepatocytes leading 
adjacent stromal cells into proliferation 
about 24 hours after proliferation of hepato- 
cytes. TGF-a is a mitogen for endothelial 
cells. In addition to TGF-a, other such 
growth factors that may have paracrine ef- 
fects on endothelial cells are also produced 
by regenerating hepatocytes, such as acidic 
fibroblast growth factor (FGF) (74) and vas- 
cular endothelial growth factor (VEGF) 
(75). Production of these growth factors may 
be part of a programmed set of events that 
aim to restore normal histology. Regenerat- 
ing liver, in analogy to rapidly growing tu- 
mors, must synthesize new stroma and blood 
vessels. Not surprisingly, this is achieved by 
using the same angiogenic signals used by 
tumors, many of which also secrete TGF-a, 
acidic FGF, and VEGF. This may also be the 
role for another as yet not fully characterized 
growth factor known as hepatic stirnulatory 
substance (HSS) (76). A factor similar to 
HSS [described as augmentor of liver regen- 
eration (ALR)] was recently cloned and se- 
quenced. It is not clear, however, whether 
the sequenced molecule plays a role in liver 
regeneration (77). 

Norepinephrine 

In hepatocyte primary cultures, norepi- 
nephrine amplifies the mitogenic signals 
of both EGF and HGF by acting on the a 1  

adrenergic receptor (78). Norepinephrine 
rises rapidly in the plasma within 1 hour 
after PHx (79). It also induces secretion of 
EGF from the Brunner's glands of the 
duodenum, thus potentially making more 
EGF available for mitogenic stimulation of 
hepatocytes (67). Norepinephrine also 
offsets the mitoinhibitory effects of TGF- 
$1 on cultured hepatocytes isolated from 
the early stages of regeneration (80). Pra- 
zosin (a specific blocker of a 1  adrenergic 
receptor) as well as sympathetic denerva- 
tion greatly decrease DNA synthesis at 24 
hours after PHx, though DNA synthesis 
eventually returns to normal by 48 to 72 
hours (79). The dependence of liver re- 
generation on norepinephrine may be due 
to all of these reasons. 

Insulin 

Pancreatic islets supply insulin to the liver 
continually through the portal vein. If the 
amount of portal circulation to the liver is 
decreased (by portacaval shunt, which di- 
-verts portal vein flow to the inferior vena 
cava), the liver atrophies (81). Injection 
of insulin prevents or reverses this atrophy 
by a process involving hepatocyte replica- 
tion (82). Insulin, however, does not have 
mitogenic effects on hepatocytes when in- 
jected into normal animals. Liver regener- 
ation itself is blunted after portacaval 
shunt and this is corrected bv insulin in- 
fusion. Hepatocyte proliferation in culture 
is enhanced by insulin in the presence of 
growth factors. However, insulin by itself 
is not a primary mitogen for hepatocytes. 

I 

- 4 
L 

Go 

g w s  of duodenum 

v IL-6 
m EGF 
0 lnsulln C( Inwlln *or 

NomPl-rfm I+ a1 adrenergic moptor 
TNF-a I+ TNF-areceptor-l 
Ta 

Fig. 3. Generation of the mitogenic stimuli for hepatocytes depends on the integrity of many signaling 
pathways, including IL-6, thyroid hormones, insulin, norepinephrine, and EGF (from Brunner's glands of 
the duodenum). These signals and the tissue sources of origin are shown diagrammatically. 

These findings, as with IL-6 discussed 
above, document that the signaling path- 
ways generated by insulin and its receptor 
must be present for the mitogenic signal to 
proceed normally. This should not imply, 
however, that changes in insulin concen- 
tration per se trigger the events leading to 
mitogenesis. Insulin concentration in 
plasma decreases rapidly after PHx, where- 
as glucagon concentration increases. This 
is probably part of the homeostatic re- 
sponse by which glucose concentrations 
are maintained at a steady state in the 
blood during regeneration. 

Nuclear Hormone Receptor 
Ligands and Xenobiotics 

Triiodothyronine (83) and retinoic acid de- 
rivatives (84) stimulate hepatocyte DNA syn- 
thesis in vivo but are not effective in hepato- 
cyte cultures. This is similar to the effects of 
lead nitrate, barbiturates, anti-epileptics (di- 
lantin), diazepam, and hypolipidemic agents 
known as peroxisome proliferators that act as 
ligands of the steroid hormone family of per- 
oxisome proliferator-activated receptors 
(PPARs) (85). These chemicals do not cause 
tissue injury; rather, they induce an above- 
normal increase in hepatic weight (typically 
by 180 to 250%) through a combination of 
events that include hepatocyte DNA synthe- 
sis and cellular hypertrophy (86). The levels 
of TGF-a or HGF mRNA do not change, but 
induction of TNF-a mRNA has been noted 
during this process (57, 84). The increase in 
liver weight is associated with down-regula- 
tion of insulin and EGF receptors, and even- 
tually hepatocytes become resistant to the 
mitogenic effects of HGF and EGF (87). Most 
of the xenobiotics inducing these effects pro- 
mote hepatic neoplasia in rodents. It is not 
clear whether all of these chemicals act simi- 
larly. The discovery of the PPAR family of 
receptors has shed light on the role of nuclear 
receptor ligands as regulators of hepatocyte 
growth and differentiation. The recent find- 
ings with triiodothyronine and retinoic acid 
also suggest that this family of ligands needs to 
be further evaluated for a role in hepatic 
growth regulation. 

Regeneration Triggers: All of the 
Above? A Universalist Approach 

The scenarios discussed above for HGF, 
EGF, TGF-a, IL-6, TNF-a, norepineph- 
rine, and insulin are by no means mutually 
exclusive (Fig. 3). What is in fact remark- 
able is that solid experimental evidence 
suggests that they all contribute in some 
way to the events leading hepatocytes from 
the Go phase to the G, and S phases of the 
cell cycle. Undoubtedly HGF plays a defin- 
itive role in this process. It is capable of 
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generating a complete mitogenic signal in 
hepatocyte cultures in the absence of any 
other signaling cytokines. The increase of 
HGF in the plasma makes it a reasonable 
candidate as the main overall trigger of the 
regenerative process. EGF is also a hepato- 
cyte mitogen that is continually available to 
liver. The changes in EGF receptor concen- 
trations before an increase in TGF-a sug- 
gest that EGF also plays a role in the set of 
events immediately after PHx. Other cyto- 
kines may also be essential, but perhaps in a 
facultative role. There is strong experimen- 
tal evidence that signaling pathways gener- 
ated by- insulin, IL-6, and norepinephrine 
( a 1  adrenergic receptor) must be intact for 
regeneration to proceed normally, but none 
of these substances is a primary mitogen for 
hepatocytes. A n  increase in IL-6 is known 
to cause rapid synthesis of acute phase pro- 
teins but not DNA synthesis. Insulin and 
norepinephrine are not mitogens on their 
own, though they amplify the mitogenic 
remanse of EGF and HGF. Regeneration. - 
albeit slower, is eventually completed in 
IL-6 deficiency, low concentrations of insu- 
lin, complete,al adrenergic blockade, infu- 
sion of TGF-P1 (see below), and even after 
localized radiation with 15 grays (1  gray = 
100 rads) (88). In fact, there is nothing 
known that completely prevents liver re- 
generation. This suggests that there is a 
redundancy of the early "priming" signals. 
Obviously, the fundamental change in- 
duced by PHx is a threefold increase in 
relative blood flow (and all the normal 
blood constituents) Der unit liver weight. It , . u 

is not entirely clear how this eventually 
triggers events as rapid as the increase in 
uPA activity within 5 min or activation of 
transcription factors and induction of im- 
mediate early genes within 30 min. It is 
quite likely that many factors are involved 
in this process. Eventually the rise within 
30 to 60 min of HGF in the plasma adds a 
strong endocrine mitogenic signal to hepa- 
tocytes already "primed" by EGF, IL-6, in- 
sulin, matrix remodeling, and others, which 
leads he~atocvtes into DNA svnthesis. In 
analogy ;o studies of the big-baig theory of 
the universe, research in liver regeneration " 
still needs to sort out the earliest signals 
associated with triggering the origin of the 
regenerative response. 

What Stops Liver Regeneration? 

After a spectacular phase of hepatic growth 
and restructuring, liver regeneration eventu- 
ally stops. DNA synthesis is mostly complete 
by 72 hours. Changes in histology follow 
(1 0). Much more research has focused on the 
initiation of liver regeneration as com~ared  

u 

with its termination. Most of the studies 
have focused on TGF-PI, a known inhibitor 

.of proliferation in hepatocyte cultures (89). 
TGF-P1, normally synthesized by Ito cells, is 
also associated with synthesis of hepatic bi- 
omatrix in normal and diseased liver (90). 
Immunoreactive TGF-P1 disappears as a 
wave from the periportal to pericentral re- 
gions of the lobule (91). The gradual loss of 
TGF-PI is followed by a wave of hepatocytes 
in mitosis, suggesting that removal of TGF- 
PI  from the environment of hepatocytes is 
required for normal completion of their cell 
cycle. The IGF-IIImannose-6-phosphate re- 
ceptor co-localizes with TGF-P1, and it 
probably plays a role in binding TGF-P1 to 
hepatocytes (91 ). TGF-PI increases in the 
plasma very shortly after PHx with the same 
time kinetics as HGF (92). This may also be 
due to release of bound TGF-P1 along with 
HGF from matrix sites. TGF-PI released in 
the plasma is probably inactivated by bind- 
ing to a 2  macroglobulin (93). 

In the liver, TGF-P1 mRNA increases 
within 3 to 4 hours after PHx, reaching pla- 
teau amounts at 48 to 72 hours (94). Because 
DNA synthesis in hepatocytes eventually 
stops at that time, it is reasonable to postulate 
that this may be mediated by a paracrine 
mito-inhibitory effect of TGF-PI. Infusion of 
TGF-P1 after PHx suppresses the hepatocyte 
DNA synthesis peak at 24 hours, though 
DNA synthesis returns by 72 hours (95). 
Hepatocytes isolated from regenerating liv- 
er from 12 to 48 hours after PHx are resis- 
tant to  TGF-PI mitoinhibitory effects (80). 
TGF-PI receptors on hepatocytes also de- 
crease during the same time frame (96). 
Sensitivity to TGF-PI returns by 96 hours; 
however, hepatocyte proliferation stops be- 
tween 48 and 72 hours, a time when they 
are still resistant to TGF-P1. Norepineph- 
rine decreases the hepatocyte sensitivity to 
TGF-PI between 12 and 18 hours after 
PHx (80). Resistance to TGF-PI by regen- 
erating hepatocytes is an important phe- 
nomenon because it may allow hepatocytes 
to proliferate even though concentrations 
of TGF-P1 are increasing. Overall, the role 
that TGF-P1 plays during liver regenera- 
tion is not clear. Obviously hepatocytes 
proceed through regeneration despite the 
TGF-P1 increase. O n  the other hand, 
TGF-P1 is a mito-inhibitor and thus a log- 
ical candidate ,to cause the end of regener- 
ation. It should be pointed out, however, 
that liver regeneration proceeds to comple- 
tion (although slowed down) in transgenic 
mice in which there is enhanced expression 
of TGF-PI in the liver (97). This raises 
doubts as to whether TGF-PI alone is suffi- 
cient to act as the terminating signal for liver 
regeneration. No other specific candidates are 
known at this point, though potential signals 
of key metabolites, growth factors, cyto- 
kines, or restored normal matrix, for exam- 
ple, may deliver in aggregate a set of signals 

leading to termination of regeneration. 
Aside from its mito-inhibitory effects, 

TGF-PI is a strong mitogen for mouse and 
rat hepatocytes and it may stimulate early 
changes in hepatocyte motility (98). In ad- 
dition, TGF-P1 may be involved in the 
regulation of new matrix synthesis as hepat- 
ic histology becomes rearranged during and 
after regeneration. 

Conclusions 

The last two decades have brought a better 
understanding of the molecular mecha- 
nisms of hepatic growth control. Many 
questions, however, still remain unan- 
swered. It is likely that liver regeneration 
will continue to provide a very useful model 
to study the integration of signaling path- 
ways during organogenesis. 
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Stem Cells in the Central 
Nervous System 

Ronald McKay 

In the vertebrate central nervous system, multipotential cells have been identified in vitro 
and in vivo. Defined mitogens cause the proliferation of multipotential cells in vitro, the 
magnitude of which is sufficient to account for the number of cells in the brain. Factors that 
control the differentiation of fetal stem cells to neurons and glia have been defined in vitro, 
and multipotential cells with similar signaling logic can be cultured from the adult central 
nervous system. Transplanting cells to new sites emphasizes that neuroepithelial cells have 
the potential to integrate into many brain regions. These results focus attention on how 
information in external stimuli is translated into the number and types of differentiated cells 
in the brain. The development of therapies for the reconstruction of the diseased or injured 
brain will be guided by our understanding of the origin and stability of cell type in the central 
nervous system. 

D . . .  
efinition of the processes that shape the ture, and transplantation. These traditional 

cellular makeup of the central nervous sys- tools of embryologists have been signifi- 
tem (CNS) has relied heavily on  three dis- cantly improved by the recent incorpora- 
tinct procedures: fate mapping, tissue cul- tion of advanced molecular methods. Fate 

mapping of neuronal precursors in verte- 
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National Institute of Neuroloaical Disorders and Stroke, brates points the existence m u l t i ~ o -  
Bethesda, MD 20892, USA.- tential cells that are precursors to  both neu- 
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