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Abstract
The Notch/Jagged signaling pathway is important for cellular differentiation and proliferation. Its
dysfunction is associated with human pathologies in several tissues including liver. Point mutations
in Jagged-1 gene are the cause for Alagille syndrome, associated with paucity of intrahepatic bile
ducts. To determine the putative role of the trans-membrane receptor Notch and its ligand Jagged-1
in liver regeneration, we investigated the expression of Notch and Jagged-1 in rat liver following 2/3
partial hepatectomy. Immunohistochemical staining of normal rat liver showed that Notch was
expressed in hepatocytes, bile duct cells and endothelial cells, whereas Jagged-1 was expressed in
bile duct cells and hepatocytes. Both Notch-1 and Jagged-1 proteins were upregulated in hepatocytes
after partial hepatectomy up to day 4. After partial hepatectomy, nuclear translocation of the
intracellular cytoplasmic domain of Notch (NICD) increased and peaked within 15 minutes,
indicating the activation of Notch. Expression of the Notch-dependent target gene (HES-1)
expression increased within 30 – 60 minutes. Addition of recombinant Jagged-1 protein to primary
cultures of hepatocytes stimulated hepatocyte DNA synthesis. Furthermore, injection of silencing
RNA for Notch and Jagged-1 to livers 2 days before partial hepatectomy significantly suppressed
proliferation of hepatocytes at days 2 to 4 of the regenerative response. In conclusion, Notch/Jagged
signaling pathway is activated during liver regeneration and is potentially contributing to signals
affecting cell growth and differentiation.

Abbreviations
HGF, hepatocyte growth factor; TES, tris-EDTA-sucrose; DAB, diaminobenzoic acid; AEC,
aminoethylcarbazole; PBC, primary biliary cirrhosis; bHLH, basic helix-loop-helix; PSC, primary
sclerosing cholangitis; NICD, Notch intracellular cytoplasmic domain; HES, hairy enhancer of split;
Ct, cycle threshold; siRNA, silencing RNA; HGM, hepatocyte growth medium; PCR, polymerase
chain reaction

Liver regeneration after partial hepatectomy is carried out by proliferation of mature
hepatocytes, biliary epithelial cells, Kupffer cells and stellate cells.1 Multiple signaling
pathways contribute to essential early and late events in this process, including activation of
signaling pathways triggered by HGF, EGF, TNFa, IL6 and others.2 The role of the Notch/
Jagged signaling system in liver regeneration has not been studied. This system has effects on
cell growth and differentiation in many tissues.3–5 In addition, mutations in Jagged-1 are
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associated with paucity of intrahepatic bile ducts in humans, suggesting an important role for
the Notch/Jagged signaling pathway in liver tissue growth and assembly during embryonic
development.6 Recent studies have investigated the expression of Notch-1 and Jagged-1 in
normal rat and human liver but also in diseased human livers and revealed an induction of
Jagged-1 in cases of primary biliary cirrhosis (PBC) and primary sclerosing cholangitis (PSC).
6– 8 The expression of Jagged-1 in fetal liver6 and also mutations of Jagged-1, resulting in
liver disease known as Alagille syndrome,9 reveal a developmental requirement for the
interaction between Notch and Jagged during liver organogenesis. Reactivation of Notch
signaling in adult organs may be essential in order to form new tissue during regenerative
events. In view of the existing literature, we pursued the study of changes in Notch signaling
during liver regeneration.

Notch genes encode for a family of transmembrane receptors whose intracellular domain is
released by proteolytic cleavage at three sites (S1, S2 and S3).3,4,10,11 S1 cleavage occurs
within the secretory pathway so that a processed heterodimeric form is transported to the cell
surface. After ligand binding to the receptor Notch, two proteases acting sequentially mediate
the activation of Notch. First, cleavage occurs at an extracellular site (S2, 12 amino acids
outside the transmembrane domain) by metalloproteinase TACE/ADAM17.10 The resultant
carboxyterminal product is called NEXT (Notch EXtracellular Truncation) and is required for
the S3-cleavage performed by presenelin within the transmembrane region. The S3 cleavage
releases the cytoplasmic domain of Notch (NICD), which translocates into the nucleus and
binds to the transcription factor CBF1/RBP-Jκ. In the absence of NICD, CBF1/RBP-Jκ acts as
a transcriptional repressor.12 The binding of NICD to CBF1/RBP-Jκ converts CBF1/RBP-Jk
from a transcriptional repressor to a transcriptional activator and is sufficient to induce
expression of target genes. Downstream targets of Notch signaling include basic helix-loop-
helix (bHLH) proteins like HES-1 and HES-5.13,14 They are able to antagonize other bHLH
factors like MyoD that affect differentiation.15 Using the methods and experiments described
in this study, we show that Notch and Jagged-1 are upregulated and that activation of Notch
occurs early during liver regeneration of rat liver. The findings from cell culture experiments
with primary rat hepatocytes and the effects of interfering with expression of Notch and
Jagged-1 during liver regeneration (described in this study) reveal potential regulatory effects
of Notch and Jagged during the regenerative process.

Material and Methods
RNA Isolation and Real-Time PCR Analysis

Tissue (50 mg) frozen in liquid nitrogen added to 1 ml TRIzol (Invitrogen, CA) was used to
isolate total RNA. DNase I digestion and reverse transcription reactions (Superscript II RNase
H− Reverse Transcriptase, Invitrogen, CA) were performed according to the manufacturer’s
protocol. The following primers (designed with Primer Express, Applied Biosystems) and
reaction conditions were used for semiquantitative real-time polymerase chain reaction (PCR)
using SYBR®-Green technique: Notch mRNA was detected using primers 5′CACCCATGAC-
CACTACCCAGTT3′ and 5′CCTCGGACCAATCA-GAGATGTT3′, which amplified a 186-
bp fragment; Jagged-1 mRNA was amplified with 5′AACTGGTAC-CGGTGCGAA3′ and 5′
TGATGCAAGATCTCCCT-GAAAC3′ primers that generated a 190-bp fragment. For
detection of HES-1, 5′CGACACCGGACAAACCA-AA3′ and 5′
GAATGTCTGCCTTCTCCAGCTT3′ primers were used to amplify a 174-bp fragment.
HES-5 was detected by 5′ACCGCATCAACAGCAGCATT3′ and 5′
AGGCTTTGCTGTGCTTCAGGT3′ primers amplifying a 135-bp product. As internal
control, a 105-bp β-actin fragment was amplified with 5′AG-
GCATCCTCACCCTGAAGTA3′ and 5′CACACG-CAGCTCATTGTAGA3′
oligonucleotides. The standard conditions used for real-time PCR were as follows: 50°C for
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10 minutes and 95°C for 2 minutes followed by 50 cycles of 15 s denaturation at 95°C, 45 s
annealing/ elongation at 58°C or 60°C. SYBR® Green signal was measured in each step.
Baseline was set between cycles 3 and 15. Each 96-well plate carried the same standard curve
with β-actin. Mean fold gene expression was calculated with Applied Biosystems software
regarding to the standard-curve and in addition with the 2 (Delta Delta CCT) Method. Data are
expressed as mean ± SEM. The Student’s t test was performed for evaluation of significant
differences between partial hepatectomy and Sham animal groups. Significance was
determined at P < .05.

BrdU Incorporation and Detection in Cultured Primary Hepatocytes
Primary hepatocytes were exposed to 5-bromo-2′-deoxyuridine (Kit from Amersham
Biosciences, Piscataway, NJ) using the recommended dilution of 1:1,000 in hepatocyte growth
medium (HGM) for 24 hours. After incubation, cells were washed with PBS and fixed with
methanol/glacial acetic acid solution (3:1, v/v) and air dried. The detection of BrdU was
performed as instructed by the manufacturer’s protocol using a horse anti-mouse purified
secondary antibody. For final staining, aminoethylcarbazole (AEC)-peroxidase substrate kit
(Vector Laboratories, Burlingame, CA) was used and cells were counterstained with Shandon
hematoxylin. Positive and negative stained nuclei were counted under the microscope.

BrdU Incorporation Into Hepatic Cells After Partial Hepatectomy
BrdU was injected intraperitoneally within 1 hour after partial hepatectomy and every 24 hours
thereafter. We pursued this approach in order to be able to assess the cumulative label of all
hepatocytes that had progressed through the cell cycle in a given animal up to the point of
sacrifice. The amount of BrdU was injected at 50 mg/kg per rat.

Silencing Jagged-1 and Notch-1 Using a siRNA-Vector and In Vivo Transfection
For silencing experiments in vivo, psiRNA-hH1neo kit (InvivoGen, San Diego, CA) was used
containing the human H1 promoter. Specific sequences for Jagged-1 (AAG GAG TAT CAG
TCC CGC GTC) and Notch-1 (AAG TGG GAC CTG CCT GAA TGG) silencing were selected
after general recommendations (Ambion Inc., Austin, TX). A scrambled sequence was used
as a negative control (AAT CGC ATA GCG TAT GCC GTT). The synthesized
oligonucleotides were designed to contain a loop sequence -TCAAGAG- to transcribe a
dsRNA with hairpin structure. The annealed oligonucleotides were ligated into the BbsI-
digested silencing RNA (siRNA) plasmid and competent E. coli GT116 were transformed.
Plasmid expressing E. coli were selected and grown up in LB-broth containing 50 μg/ml
kanamycin. Plasmids were isolated using Maxi-Prep (BioRad, Hercules, CA) and controlled
by sequencing. Two days before PHx, 250 μg of plasmid was delivered into the liver using
InvivoGene SHUTTLE (Q-Biogene, Montreal, QC) by injection into the superior mesenteric
vein. Silencing of Notch-1 and Jagged-1 was controlled by immunohistochemical detection of
Notch-1- and Jagged-1-protein in liver sections. The control animals were transfected with the
scrambled-psiRNA vector as a control vector. Uptake and distribution in the liver was
controlled using the native psiRNA vector and after immunohistochemical detection of the
plasmid using anti-β-Galactosidase antibody (Cortex Biochem, San Leandro, CA). The
plasmid was mainly taken up by periportal and midzonal hepatocytes, and much less in other
cells like endothelial or bile duct cells. The cells were stained positive during the whole time
period after PHx.
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Results
Expression Pattern of Notch-1 and Jagged-1 in Regenerating Liver

In order to investigate the Notch signaling pathway in liver regeneration, we analyzed the
expression of Notch-1 and Jagged-1 using the two-thirds partial hepatectomy model in adult
rats. We performed semi-quantitative real-time PCR to examine the expression of Notch and
Jagged-1 mRNA in normal and regenerating liver. We found that Notch mRNA was down-
regulated between 6 hours and 2 days after partial hepatectomy (P ≤ 0.01 partial hepatectomy
vs. sham) and returned to normal levels at day 7 (Fig. 1A). Conversely, Jagged-1 gene
expression (Fig. 1B) was moderately increased 2.13 and 3 fold at 3 and 6 hours after partial
hepatectomy, respectively (P < .02 partial hepatectomy vs. sham). After 12 hours, Jagged-1
mRNA was down-regulated through day 2 and returned to normal levels by day 4. Notch
protein was very weakly expressed and barely detectable in whole cell lysates. Because of this
low expression of Notch-1 and the localization of Notch-1 and Jagged-1 in cell membrane, we
isolated and analyzed levels of Notch and Jagged proteins in plasma membrane preparations
via Western blot (Fig. 2). Notch-1 protein levels increased up to day 2–4 after partial
hepatectomy, and was followed by a decrease (Fig. 2). Western blot analyses of sham operated
rats did not show significant changes in Notch-1 protein levels. Jagged-1 protein was well
expressed in plasma membrane proteins of normal liver and showed a strong increase through
day 4 after partial hepatectomy, remaining slightly elevated at day 7 (Fig. 2). We also
investigated changes in other isoforms of Notch and Jagged and we analyzed the protein
extracts for Notch-2 (M20, 25-255, Santa Cruz, CA) and Jagged-2 (R19, Santa Cruz, CA). We
were not able to detect Notch-2 protein, and Jagged-2 protein was extremely weak without
visible changes in protein levels after partial hepatectomy (data not shown). Due to the higher
protein levels of Notch and Jagged-1, we assumed that these isoforms may be more important
for cell–cell interactions in the liver and focused the study on Notch and Jagged-1. (The names
Notch and Jagged to be used further in this study, refer to Notch-1 and Jagged-1, unless
otherwise indicated.)

Localization of Notch and Jagged Proteins in Rat Liver
We investigated the cellular distribution of both Notch receptor and Jagged ligand in rat liver
by immunohistochemical staining of sections of formalin-fixed and paraffin-embedded liver
tissue. In normal liver, we observed a high level of Notch in bile duct and endothelial cells, as
well as staining of the plasma membrane in hepatocytes (Fig. 3A). Staining for Notch was
enhanced at day 4 after partial hepatectomy in periportal hepatocytes (shown in Fig. 3B and
3C at low and high magnification). Staining for Jagged in normal liver (Fig. 3D) was seen
predominantly in biliary epithelium with weaker staining seen in hepatocytes. Enhanced
staining for Jagged was observed at day 4 in both biliary epithelium and periportal hepatocytes
(shown in Fig. 3B, 3C, 3E, and 3F at low and high magnification). There were no changes in
slivers of sham-operated animals (data not shown).

During the upregulated expression of Jagged- and Notch-proteins in the periportal regions at
day 4 after partial hepatectomy, Notch and Jagged were clearly colocalized on the membrane
of hepatocytes (Supplemental Figs. 1A and 1B). There was no significant colocalization of
Notch and Jagged seen in slivers of sham operated animals (Fig. 4B).

Activation of Notch After Partial Hepatectomy
To determine the activation of Notch and the translocation of NICD to the nucleus after partial
hepatectomy, we isolated nuclear proteins from normal and regenerating livers. Detection of
NICD was pursued using antibody specific to the carboxy-terminal intracytoplasmic portion
of Notch, which is cleaved off after ligand binding and migrates to the nucleus (see
Introduction). Our results show an increased translocation of NICD starting 5–15 minutes after
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partial hepatectomy, which indicates an early activation of Notch (Fig. 4). Quantification of
the results of the Western blots showed modest fluctuations around the control levels from 30
minutes until day 7. No significant changes were seen in the sham-operated animals. These
changes were also observed by detection of NICD via immunofluorescence. Figure 5 shows
immunofluorescence for NICD in normal liver (Fig. 5A-a and 5A-b) and liver at 15 minutes
after partial hepatectomy (Fig. 5B-a and 5B-b), at the time with the highest concentration of
Notch in the nucleus (from the data of Fig. 5). Green fluorescence for NICD was clearly
detectable in the nucleus 15 minutes after partial hepatectomy. Cytoplasmic or membrane
associated NICD was the predominant localization seen in hepatocytes of sham-operated livers
(Fig. 5C-a and 5C-b) and normal liver (Fig. 5A-a and 5A-b).

Early Upregulation of Notch Target Gene HES-1 During Liver Regeneration
In order to further explore the implication of the above findings suggesting early activation of
Notch after partial hepatectomy, we investigated the expression of target genes of Notch. We
used real-time PCR analysis to determine the expression of the genes HES-1 and HES–5.
HES-1, which can be found in many tissues (13), was well expressed in normal liver compared
to HES-5 (cycle threshold: CtHES1 = 24.5; CtHES5 = 35). After Notch activation, expression
of HES-1 was upregulated early after partial hepatectomy and reached a maximum at 1 hour
(P < .04 vs. control) (Supplemental Figure 2A). This time frame of change in HES-1 expression
correlates well with the early nuclear translocation of NICD after partial hepatectomy shown
above. The later decrease of NICD in the nuclei (after 3 h) also correlates with the subsequent
down-regulation of HES-1 gene expression. The expression returned to normal levels by 12
hours after partial hepatectomy. Although the expression changes of HES-5 after partial
hepatectomy were less striking than those found in HES-1, HES-5 expression showed a minor
increase at 1–6 hours, followed by a decrease of 85% between 12 hours and 48 hours
(Supplemental Figure 2B). Data from RNA from sham-operated livers do not show significant
changes in either HES-1 or HES-5.

BrdU Uptake in Rat Hepatocytes Treated With Soluble-rrJagged Protein
Isolated rat hepatocytes from normal livers were cultured in low density on collagen coated
culture dishes in HGM in the absence or presence of growth factors HGF and epidermal growth
factor (EGF). After plating, cells were exposed to 0.2 μg/ml or 2 μg/ml recombinant rat Jagged
soluble protein (R&D Systems, Minneapolis, MN). Control cultures were treated with the same
volume of carrier solution (0.1% BSA in 1× PBS). BrdU was added to the cultures 24 before
harvesting. At the end of the BrdU exposure, cultures were fixed and stained for BrdU. The
results are shown in Supplemental Figure 3A. We found that rr-Jagged treatment increased the
percentage of BrdU positive nuclei in a dose-dependent fashion with the highest effect at the
48-h time point in the absence of growth factors. Measurable increase was also seen at day 4
of culture, when (in the presence of HGF plus EGF) hepatocytes are at the peak of proliferation.
We also determined the presence of Notch protein in the hepatocyte cultures at 24 and 48 hours.
The results are shown in Supplemental Figure 3B. Notch protein was present at both 24 and
48 hours in the cultures of hepatocytes. These findings provide direct evidence that endogenous
Notch signaling may act as mitogenic or growth enhancing signal for hepatocytes.

Effects of Silencing RNA for Notch and Jagged on Hepatic Cell Proliferation During Liver
Regeneration

In order to directly assess the effects of Notch and Jagged on liver regeneration, rats were
injected with silencing RNA vectors for Notch or Jagged 2 days before performing partial
hepatectomy. Injections with siRNA-vector containing a scrambled sequence were used as
control (see Materials and Methods). DNA synthesis was monitored by injecting BrdU 1 hour
after partial hepatectomy and every 24 hours thereafter. We pursued this approach in order
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monitor the cumulative labeling of hepatocytes and other cell types from the performing of
partial hepatectomy to the time of sacrifice in each animal. BrdU incorporation was monitored
using anti-BrdU immunohistochemistry and assessing the percent of BrdU labeled nuclei as
per established procedures (see Materials and Methods). The results are shown in Table 1.
Silencing RNA for Notch and Jagged (injected separately) each suppressed hepatocyte
proliferation at day 2, 3, and 4 after partial hepatectomy. The results were statistically
significant (P < .05) for all values in comparison to the animals injected with “scramble” RNA
vector. Because the animals were injected daily, the number of BrdU labeled nuclei continued
to rise in both the control (injected with vehicle solution) animals and the animals injected with
“scramble” RNA vector from day 2 to day 4 after partial hepatectomy, whereas the percent of
BrdU labeled nuclei in the livers of animals injected with the silencing RNA vectors remained
generally unchanged.

Despite the change in BrdU labeling induced by either Notch or Jagged silencing RNA, there
was no statistically significant change in liver weight between the different groups (data not
shown). This probably reflects other compensatory mechanisms that may correct liver weight
during regeneration when hepatocyte proliferation is inhibited. We also examined the amount
of Notch and Jagged proteins at day 4 after partial hepatectomy by immunohistochemistry,
comparing animals injected with Notch- or Jagged-silencing RNA versus those injected with
“scramble” RNA. The results are shown in Fig. 5. Immunohistochemical staining in the
periportal regions for both Notch and Jagged in the animals injected with silencing RNA was
decreased compared to the animals injected with the “scramble” RNA.

Discussion
Liver regeneration is a very complex process influenced by a great variety of growth factors,
cytokines, and cell–cell interactions.2 We investigated the role of the Notch/ Jagged signaling
pathway in the regenerative process using the standard model of two-thirds partial
hepatectomy. The baseline expression of Notch and Jagged in the different cell types in the
liver revealed widespread expression, with higher expression on the hepatocytes and the biliary
epithelium, but also expression of Notch on endothelial cells of the sinusoids and small vessels.
Our findings with the rat are comparable to what has been described in human liver.7,8

At the beginning of regeneration, Notch is minimally expressed in hepatocytes as detected by
immunohistochemistry (Fig. 3A). The activated form of Notch (NICD) reaches peak levels in
hepatocyte nuclei very early, at 15 minutes after partial hepatectomy. The expression of the
Notch-dependent gene Hes1 peaks at 1 hour, suggesting induction from the transport of the
NICD to the nucleus. It is not clear whether hepatocyte Notch is activated by Jagged expressed
in hepatocytes or by Jagged expressed in other cell types. The increase in nuclear content of
NICD at 15 minutes after partial hepatectomy may be occurring in any of the cells expressing
Notch in normal liver, i.e., hepatocytes, sinusoidal cells, and biliary epithelium. The
morphology of the nuclei and the cells shown in Fig. 6 demonstrate that at least some of the
cells positive for NICD immunofluorescence are hepatocytes. The nuclear presence of NICD
may be easier to demonstrate in hepatocytes given the overall much larger size of the hepatocyte
nuclei compared to other hepatic cell types.

An important finding of our study in relation to liver regeneration is that a significant increase
occurs after partial hepatectomy in protein levels of both Notch and Jagged, mainly in periportal
hepatocytes. Multiple previous studies have indicated that hepatic regeneration proceeds from
the periportal to the pericentral regions, with a wave of mitoses,17 expression of
metalloproteinases,18 and TGF-β1.19 Our findings demonstrate that there is a dramatic
increase in expression of Notch and Jagged in the periportal regions, albeit at later time points.
The increase in both Notch and Jagged, as shown by the Western blot in Fig. 2, occurs primarily
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from 0.5 to 7 days. This change may affect proliferation of any of the cells expressing the two
proteins. In the case of hepatocytes, however, it is also likely that Jagged and Notch reside on
the same cells (hepatocytes) and that their colocalization on the plasma membrane of the
hepatocytes, as shown in Supplemental Fig. 1, may be stimulating a pathway operating through
a juxtacrine loop. It is also possible that expression of Notch and Jagged in hepatocytes may
mediate events in adjacent cells. Although hepatocyte proliferation in the rat peaks at 24 and
48 hours, proliferation of endothelial cells starts at day 3 and proceeds until day 6.20
Endothelial cells express Notch and it is possible that expression of Jagged may affect
proliferation or other events dependent on Notch signaling in endothelial cells. Recently, some
interesting studies revealed that Notch decreases proliferation of endothelial cells by
downregulation of VEGFR-2 via HESR-121 and activation of Notch signaling enhances
cessation of proliferation and formation of vessel-like structures in a three-dimensional
angiogenesis model.22 Notch, which is expressed in endothelial cells in the liver, would also
have a role in revascularization and thereby take part in remodeling of the hepatic micro-
architecture during liver regeneration.23 The Notch receptor expressed at the endothelial cells
may be stimulated by its ligand Jagged that is highly expressed in proliferating hepatocytes.
At 72–144 hours after partial hepatectomy, sinusoidal endothelial cells start to infiltrate the
avascular clusters of proliferating hepatocytes.20,24,25 Given the findings from other studies,
the presence of Jagged on hepatocytes may cause a decrease in endothelial cell proliferation
and promote formation of mature sinusoids, a hallmark of return to a quiescent liver status.
Existing literature also suggests that after Notch cleavage, the extracellular domain can be
transferred into hepatocytes by trans-endocytosis and thereby increase Notch content of
hepatocytes.26 An early activation of Notch in sinusoidal cells by Jagged of hepatocytes would
thereby activate gene expression in sinusoidal cells but also affect Notch signaling in
hepatocytes due to additional intracellular cell-autonomous Notch-Jagged association.27 More
studies focusing on specific cell populations are required to assess these possibilities.

A decrease in expression of Notch and Jagged induced by silencing RNA before partial
hepatectomy had significant effects on the rate of proliferation of hepatocytes, as shown in
Table 1. This finding is also complementary to our other observation in Supplemental Fig. 8,
in which it is shown that treatment of hepatocytes with 2 μg/ml soluble rr-Jagged protein
increases the BrdU uptake in hepatocytes in culture. The known specific interaction of rr-
Jagged with Notch should result in an induction of HES-1. We detected, using real-time PCR,
that HES-1 gene expression was induced by a factor of 11 at 1 hours after treatment of 48-h
cultured hepatocytes with rr-Jagged (data not shown). The results in Fig. 6 and Supplemental
Fig. 1 and Table 1 demonstrate that, whatever the precise mechanism and signaling pathways,
activation of Notch in hepatocytes enhances hepatocyte proliferation and that this pathway is
important during liver regeneration. Presence of Jagged is equally important in that regard.
The findings with silencing RNA are specific and not seen when “scramble” siRNA vector
was used as control. Despite the observed effects on hepatocyte proliferation, there was a slight
(10%–25%) but not significant decrease in liver weight between the control, “scramble,” and
silencing RNA treated groups. Liver weight is not a sensitive end-point for changes in kinetics
of cell proliferation during liver regeneration. Previous studies have shown that treatment of
the live with a variety of mito-inhibitory drugs or irradiation does not substantially affect the
final liver weight, due to compensatory contribution of hepatocyte cellular hypertrophy in the
absence of hepatocyte proliferation.2

While the changes in Notch protein as shown by both Western blot and immunohistochemistry
during different time points in regeneration are easily demonstrable, the changes in Notch
mRNA do not parallel in magnitude the changes seen in Notch protein. This suggests that the
increase in Notch protein is not so much due to transcriptional changes in Notch gene but due
to increased efficiency of Notch protein synthesis and decrease in its degradation. Similar
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changes in protein content have been demonstrated for other signaling molecules, such as beta-
catenin.28

The role of Notch/Jagged signaling in bile duct cell proliferation and duct assembly is not clear
from these studies. Bile duct epithelium was positive for both Notch and Jagged protein.
Lemaigre29 pointed out that Notch actually controls interactions between blood vessels and
the mesenchyme and that the impact of Jagged mutations in bile duct morphogenesis is only
indirect due to dys-morphogenesis of periductal structures. Studies on Alagille syndrome
affected patients revealed that bile ducts are not congenitally lacking but that the ductal paucity
develops progressively after birth,30 suggesting the idea that Notch pathway is required to
maintain a differentiated phenotype of bile duct cells. Again, much remains to be understood
about the mechanisms by which Notch and Jagged regulate biliary epithelium development
and growth.

In summary, our studies present evidence that Notch and Jagged signaling pathways are
activated and play an important role in cell proliferation during liver regeneration after partial
hepatectomy. The precise sequence of events and the cellular pathways and types affected need
to be better understood. Evidence from many other systems of tissue development, however,
suggest that these changes are likely to be important. Further studies are needed to pursue the
impact of the Notch and Jagged signaling in specific hepatic cell types.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Real-time PCR analysis of Notch (A) and Jagged (B) gene expression in normal, sham
operated, and partially hepatectomized (partial hepatectomy) rat liver. Data are normalized to
expression in normal liver (actual expression of normal liver samples was CtNotch = 26;
CtJagged = 27.9). Data represent the mean value ± SEM (n ≥ 3).
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Fig. 2.
Detection of Notch and Jagged expression by Western blot analysis. Plasma membrane proteins
were isolated from normal and partial hepatectomy or sham liver. Monoclonal antibody against
Notch (hamster, Upstate) or polyclonal antibody against Jagged16 were used to analyze Notch
(A) and Jagged (B) expression. (C) Jagged detection in whole cell lysate of normal (t = 0),
partial hepatectomy, and sham rat livers. PLEASE NOTE: Due to the very low level of
expression of both Notch and Jagged in normal and sham operated liver, a longer time exposure
was used for the sham samples. The t = 0 sample of both sham and partial hepatectomy is the
same tissue sample. It appears over-expressed in the sham samples only due to the longer
exposure applied to the sham samples to allow detection of the protein.
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Fig. 3.
Time course of Notch and Jagged expression in regenerating liver determined by
immunohistochemical staining. (A) Normal liver, magnification at 40×. Notch staining is
shown on bile ductules (single long arrow), sinusoidal endothelial and small vessel endothelial
cells (double arrows), and hepatocyte plasma membranes (short arrows). (B and C)
Regenerating liver, 4 days after partial hepatectomy. Figure 3B was taken at a magnification
of 10× and Fig. 3C at a magnification of 40×. Both pictures demonstrate staining of Notch in
endothelial cells and periportal hepatocytes. (D) Normal liver (magnification: 20×). Jagged
staining predominantly in bile ductules with weaker staining seen in hepatocytes. (E and F)
Regenerating liver. Magnifications at 10× and 40×, respectively. Strong immunoreactivity for
Jagged is seen in bile ductules and periportal hepatocytes. B.D. = bile ductile; P.V. = portal
vein.
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Fig. 4.
Detection of cytoplasmic domain of Notch (NICD) in nuclear protein (NP) extracts by Western
blot analysis (rabbit polyclonal antibody, Upstate). (A) Densitometric analysis of Western blots
for NICD in nuclear protein (NP). Data are shown as mean ± SEM (n = 3). (B) Representative
Western blot of NICD detection in NP of rat liver. Ponceau-S stain of a band at 176 kDa are
used as loading control. Numbers indicate time elapsed after operation in minutes, hours, and
days.
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Fig. 5.
Detection of localization of the intra-cytoplasmic domain of Notch (NICD) in normal liver (A-
a and A-b), liver at 15 minutes after partial hepatectomy (B-a and B-b), or sham operation (C-
a and C-b). In normal liver and in sham-operated animals, NICD is localized only on the
cytoplasm or the plasma membrane. There is no green fluorescence in the nuclei. Green
fluorescence is seen in the nuclei at 15 minutes after partial hepatectomy. The nuclei were
counter-stained with Hoechst dye shown in Fig. A-b, B-b, and C-b, to serve as comparison
with the corresponding (a) figures in order to facilitate visual localization of the nuclei.
Cytoplasmic and membrane localization of NICD is shown by long arrows. Nuclear
localization (seen only in B-a) is shown by short arrows.
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Fig. 6.
Immunohistochemical stains for Notch and Jagged proteins in animals injected with
“scramble” RNA (scra-siRNA), Jagged-1 silencing RNA (J1-siRNA), and Notch1 silencing
RNA (N1-siRNA). The animals were injected 2 days before partial hepatectomy. The sections
were performed on livers at 4 days after partial hepatectomy (6 days after the RNA injections).
There is evident decrease in the expression of both Jagged and Notch in the periportal regions
of the hepatic lobules in the animals injected with the silencing RNA for either of the two
genes. The portal triads in each section are shown by arrows. PT: portal triad.
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Table 1
Effect of Notch-1 and Jagged-1 Silencing on Proliferation of Hepatocytes In Vivo

Treatment Days Post-Phx Mean of BrdU Positive Nuclei Standard Error

Normal liver 2 35.40 5.4
Scra-siRNA 2 40.70 3.6
J1-siRNA 2 7.30* 3.8
N1-siRNA 2 24.70† 3.6
Normal liver 3 59.60 7.6
Scra-siRNA 3 43.00 4.3
J1-siRNA 3 25.90† 3.9
N1-siRNA 3 29.95‡ 2.2
Normal liver 4 68.50 3.2
Scra-siRNA 4 63.15 4.2
J1-siRNA 4 29.9* 2.4
N1-siRNA 4 35.4* 4.2

Effect of notch and jagged silencing RNA on hepatocyte proliferation after partial hepatectomy.

P-value of significance against Scra-siRNA treatment.

*
P < .0005;

†
P < .005;

‡
P < .05.
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