LIVER INJURY/REGENERATION

The Hepatic Stem Cell Niche: Identiﬁcation by
Label-Retaining Cell Assay
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Els Barendswaard,1 and Neil D. Theise1,4
Label retention assays remain the state-of-the-art approach to identify the location of intraorgan epithelial stem cell niches, in situ and in vivo. They are commonly used in organs
with rapid cell turnover but have not been applied to the liver, where cell turnover is very
slow. We used a sublethal dose of acetaminophen administered coincident with bromodeoxyuridine to load possible hepatic stem cells in mice with label and then administered a
second, sublethal chase of acetaminophen to accomplish “washout” of label from transit
amplifying cell populations. Conclusion: Four possible hepatic stem cell niches are identiﬁed
by this approach: the canal of Hering (proximal biliary tree), intralobular bile ducts, periductal “null” mononuclear cells, and peribiliary hepatocytes. These results conﬁrm several
different and often contradictory lines of investigation regarding the intrahepatic location of
stem/progenitor cells and suggest that the liver has a multi-tiered, ﬂexible system of regeneration rather than a single stem/progenitor cell location. (HEPATOLOGY 2008;47:1994-2002.)
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H

epatocytes are normally proliferatively quiescent with 5-bromo-2⬘-deoxyuridine (BrdU) incorporation studies yielding turnover rates of 1
in 20,000 to 40,000 cells.1 With mild to moderate hepatocellular injury or depletion, hepatocyte replication increases, providing the necessary repopulating cell mass
without invoking hepatic stem/progenitor cell (HSPC)
responses.1-4 In severe acute injury and in chronic injury,
however, HSPCs participate more signiﬁcantly.4,5 Under
such conditions, in which proliferation of mature hepa-
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tocytes is inhibited or the parenchyma of the liver is severely injured, in rodent models, proliferating HSPCs,
called “oval cells” (OVc) based on their morphology, are
observed.6,7 These cells can express markers corresponding to both hepatocyte and cholangiocyte lineages,8,9 and
experimentally have been proven to differentiate into either of these cell types.10-12
Historically, 4 anatomic HSPC compartments have
been hypothesized1: (1) replicating hepatocytes at the parenchymal–stromal interface (the so-called “streaming
liver” hypothesis)13; (2) the most proximal branches of the
biliary tree, including canals of Hering (CoH) and perhaps, also, bile ductules14,15; (3) cholangiocytes of the
intralobular bile ducts16; and (4) periductular “null” cells
(in other words, devoid of hepatocytic and biliary markers) seen in periportal injury, for example, with allyl alcohol toxicity in rats.17
Numerous other antigens have been commonly identiﬁed in stem/progenitor cells in many organs, such as
c-kit, Sca-1, Thy-1, and CD-34, and have been shown to
be present in OVc.1 These markers, however, only highlight cell populations enriching for a subpopulation with
stem cell–like functions, but do not exclusively, speciﬁcally identify the stem cells themselves. In the current
absence of a unique marker for HSPC, it is necessary to
turn to functional deﬁnitions of stem cells for their identiﬁcation in living tissues. This functional deﬁnition includes slow cycling of asymmetrically dividing stem cells,
thereby self-renewing and simultaneously giving rise to a
rapidly proliferative, multipotent transit amplifying population. Currently, state-of-the-art experimental approaches
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based on these functions of stem cells allow in vivo demonstration of epithelial stem cell niches and are called “label
retaining cell” (LRC) assays. These assays have been successfully and reproducibly performed in many organs.18-21
A standard LRC assay exploits the fact that on asymmetric stem cell division both daughter cells, one being a
new, replacement stem cell and the other the progenitor
of transit amplifying cells, are both labeled with tritiated
thymidine or BrdU. The new, replacement stem cell becomes quiescent after division and therefore retains its
incorporated label. Meanwhile, the other progeny, in
other words, rapidly dividing, transit amplifying cells,
soon dilute label to undetectable levels in organs with
rapid, frequent turnover (such as skin, intestinal tract) or
deplete it during a “chase” period of severe organ injury in
organs without constant, rapid turnover. LRCs are thus
the experimentally marked, in vivo stem cells residing in
that tissue’s stem cell niche. Thus, the stem cell niche has
been identiﬁed in many epithelium-containing organs,
for example, skin,22 small intestine,23 kidney,24 and prostate.25 Given the slow cycling of the liver, however, such
LRC experiments are impossible to perform in adulthood
without injury, although use of an injury model may
stimulate stem cell activation in the liver and make hepatic LRC experiments possible.
Overdose of acetaminophen (N-acetyl-p-aminophenol, APAP) is the most frequent cause of acute fulminant
hepatic failure in the United States26,27 and is a pan-species, predictable hepatotoxin. The compound undergoes
metabolism by the cytochrome P450 mixed function oxidase to a hepatotoxic metabolite.28,29 Once fulminant
hepatic failure has developed, the mortality rate is extremely high.30 Given this clinical importance and the
severity of outcomes, we have previously deﬁned a mouse
model of APAP toxicity with particular attention to dose
relationships to OVc proliferation.31
To identify label-retaining cells as a functional assay for
HSPC niche, we performed LRC studies with APAP injury providing a loading dose for BrdU incorporation of
HSPC and a “chase” for washout of BrdU in transit amplifying OVcs (Fig. 1).

Materials and Methods
BrdU Loading With APAP Injury
Animal Experiments. Animal experiments were performed with the approval of the Animal Institute Committee, Albert Einstein College of Medicine of Yeshiva
University. Protocols were conducted according to the
National Institute of Health Guidelines for the Care and
Use of Laboratory Animals. Male C57BL/6 mice were
purchased from The Jackson Laboratory (Bar Harbor,
ME) for this experiment. Mice were fasted with freely
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Fig. 1. Summary of experimental procedures for the “label-retaining”
cell assay. Mice were fasted for 8 hours before APAP administration, then
received intraperitoneal injection of APAP at the dose of 500 mg/kg at
day ⫺14, and 750 mg/kg APAP injection at day 0. Water containing
BrdU was given before and after APAP administration. Three mice each
were sacriﬁced at days 0, 28, and 56 to perform experiments. BrdU,
bromodeoxyuridine; APAP, acetaminophen.

available water for 8 hours before APAP administration to
induce severe liver injury. Phosphate-buffered saline
(PBS), pH ⫽ 7.2, containing 25 mg/mL APAP (SigmaAldrich, St. Louis, MO; catalog no. A-5000), was given
intraperitoneally at doses of 500, 750, and 1000 mg/kg
body weight. Free access to water containing 1 mg/mL
BrdU (Sigma-Aldrich, catalog no. 858811) was given
from 36 hours before APAP administration to 48 hours
after APAP administration. Mice of each group were sacriﬁced at 0, 4, 12, 48 hours, and 14 days after APAP
administration. Liver samples were ﬁxed in 10% neutral
buffered formalin for 4 hours and preserved in 70% ethanol. Control mice of the same sex, age, and strain received water containing 1 mg/mL BrdU by the same
experimental methods.
Immunohistochemistry
Assessments of LRC. Double immunostaining of
BrdU/ Pan-keratin (PanK) was performed for the detection of label-retaining cells. After deparafﬁnization and
rehydration, slides were incubated in target retrieval solution at 99°C for 40 minutes. Quenching of endogenous
peroxidase, blocking of nonspeciﬁc binding with serumfree proteins, and of endogenous avidin and biotin were
carried out by the same methods as previously described.31 Following the biotinylation of monoclonal
mouse anti-bromodeoxyuridine antibody (DAKO; catalog no. M0744) by using the commercially available kit,
DakoCytomation ARK (Animal Research Kit) Peroxidase (DAKO; catalog no. K3954) according to manufacturer’s instructions, slides were incubated at 4°C with this
biotinylated antibody at a dilution of 1:25 overnight. Af-

1996

KUWAHARA, KOFMAN, ET AL.

ter washing with PBS, horseradish peroxidase/streptavidin (diluted 1:100) was applied for 30 minutes at room
temperature. BrdU was visualized by 3,3⬘-diaminobenzidine chromogen and substrate buffer. Then, slides were
incubated at 4°C with polyclonal rabbit anti-cow keratins
antibody (diluted 1:100; DAKO; catalog no. Z0622)
overnight. This antibody was raised against cow epidermal cytokeratin units of 58, 56, and 52 kDa, among others, and cross-reacts with a wide range of cytokeratins,
including the high-molecular-weight cytokeratins expressed in cholangiocytes. As we reported previously, this
antibody detected cells positive for the A6 antigen, which
is known as a marker for murine oval cells, with a sensitivity and speciﬁcity of greater than 99%.31 Incubation
with peroxidase-labeled polymer conjugated to goat antirabbit immunoglobulin (DAKO; catalog no. K4008) was
carried out for 30 minutes at room temperature. Counterstaining was performed with 3-amino-9 ethylcarbazole.
Terminology. The terminology assigned to proliferative/regenerative lesions in the rodent liver is difﬁcult, in
part because the precise nature of the OVc is not fully
understood, and their relationship to the preexisting biliary tree is not necessarily consistent. For the purpose of
obtaining counts of labeled cells, we have deﬁned cell
populations by morphological appearance, anatomic location, and presence or absence of staining for biliary-type
cytokeratins.
It has been recognized that small, biliary-cytokeratin–
positive cells at the limiting plate or within the hepatic parenchyma correspond to the normal, intraparenchymal
extensions of the proximal biliary tree, namely the canals of
Hering and bile ductules. In diseased livers, proliferated cytokeratin-positive cells similar, if not morphologically identical to, cells of these normal structures are referred to as
OVc. One difﬁculty is that in these experiments we are examining normal livers, injured livers containing OVc, and
then the restored livers with structures that function as did
the original CoH/ductule units, but that may have slightly
more complex structures than the undisturbed originals. For
the purposes of reporting results of cell counting, however,
this paper will use OVc for all extraportal, cytokeratin-positive cells with OVc-type morphology whether in normal,
injured, or restored livers.
Analyses of BrdU Incorporation After APAP Injection. BrdU incorporation after APAP administration
was evaluated by counting the number of BrdU-labeled
intralobular hepatocytes, peribiliary hepatocytes (hepatocytes in direct contiguity to PanK-labeled OVc), and OVc
in whole sections of each slide. Other BrdU-positive cells
in the injured liver, such as sinusoidal endothelial cells,
Kupffer cells, leukocytes, and bile duct epithelial cells in
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normal interlobular bile ducts, were excluded from the
counting.
Post-APAP Chase Label Retaining Cells
Animal Experiments. To detect LRC in the regenerating liver, we established the following experimental
protocol (Fig. 1): APAP 500 mg/kg body weight was injected by the same methods as mentioned with 8 hours’
fasting before administration. Mice started receiving water containing 1 mg/mL BrdU from 36 hours before to 48
hours after APAP administration. Mice, with an initial
dose of 500 mg/kg of APAP, received 750 mg/kg of APAP
again at day 14 for acute injury “chase” for label washout
and were sacriﬁced 28 and 56 days after the second APAP
injection. A higher dose was selected for the chase because
it is recognized that desensitization to APAP effects occur
in the weeks after an initial exposure. As a control experiment, some mice of the same sex, age, and strain received
the primary injection of APAP but not the secondary
administration.
Assessments of LRC. Double immunostaining of
BrdU/PanK was performed as described. To evaluate the
distribution of LRC, the number of intralobular hepatocytes, peribiliary hepatocytes (hepatocytes in direct contiguity to OVc), and OVc were counted in the sections taken at
28 and 56 days after the second APAP injection. We examined up to 20 of the smallest portal tracts containing visible
bile duct and portal vein and counted BrdU-positive OVc,
peribiliary hepatocytes, and intralobular hepatocytes.
Cells corresponding to the previously described “null
cells,” that is, intraportal, mononuclear cells directly adjacent to interlobular bile ducts that were PanK negative
but positive for BrdU, were also investigated. For identiﬁcation of markers in these cells, additional immunostaining for CD34 (DAKO; catalog no. LS039), Sca-1
(BD Pharmingen, Rockville, MD; catalog no. 557403),
vimentin (DAKO; catalog no. M0725), CD45 (BD
Pharmingen; catalog no. 550539), c-kit (Santa Cruz Biotechnology, Santa Cruz, CA; catalog no. sc-1494), and
alpha-fetoprotein (Santa Cruz Biotechnology; catalog no.
sc-8108) was performed. Staining protocols that could
accomplish double staining for each of these markers
along with BrdU could not be established because antigen
retrieval techniques were mutually exclusive. Instead,
these antibodies were stained in parallel sections, and examination of periductal mononuclear cells was performed. These periductal, PanK-negative “null” cells
could not be reliably quantiﬁed as a percentage of a larger
population given the absence of a marker distinguishing
them from ordinary inﬂammatory inﬁltrates.
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Fig. 2. Localization of BrdU-labeled cells in APAP-injured liver. APAPtreated BrdU-labeled murine liver was double-immunostained for BrdU
(brown) and PanK (red). These images are from 28 days after second
(chase) dose of APAP, but are representative of changes seen at later
time points. (A) BrdU-labeled OVc; (B) BrdU-labeled cholangiocyte of the
intralobular bile duct; (C) BrdU-labeled periductular “null” cell; (D) BrdUlabeled peribiliary hepatocytes; (E) BrdU-labeled peribiliary hepatocyte with
faint PanK staining. Original magniﬁcation, ⫻20. OVc, oval cell; BrdU,
bromodeoxyuridine; APAP, acetaminophen; PanK, biliary cytokeratins.

Data Acquisition and Analysis
Microscopy was performed on the Olympus BX51 microscope equipped with the SensicamQE camera. IPLAB
software was used to capture images. Fisher’s exact test
and Student t test were used for statistical analyses. A
two-tailed probability value of less than 0.05 was considered signiﬁcant.

Results
BrdU Incorporation After APAP-Induced Liver
Injury
BrdU incorporation after one dose of APAP was demonstrated by using double immunostaining of BrdU/
PanK (Fig. 2). We evaluated the frequency of BrdU
staining in two ways: First, we assessed, where possible,
the percentage of a particular cell type that was BrdU
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positive by counting an average of 3347 ⫾ 1695 BrdUpositive hepatobiliary cells. We were able to adequately
quantify intralobular hepatocytes, peribiliary hepatocytes
(that is, hepatocytes in direct contiguity with PanK biliary
structures in the periportal region), and PanK-positive
OVc belonging to the CoH. We could not evaluate periductal “null cell” mononuclear cells in this fashion given
that there was no speciﬁc morphological or immunophenotypical marker to reliably identify them if they did not
take up BrdU.
The distribution of particular cell types is shown in Fig.
3. After injection of APAP at 500 and 750 mg/kg, the
percentage of BrdU-labeled OVc in total BrdU-labeled
cells of all types remained less than the initial levels
throughout the observation period. Injection of APAP at
the highest (1000 mg/kg) dose, however, instead induced
increasing percentages of BrdU-labeled OVc within 12
hours after administration. Conversely, in all doses, the
distribution of BrdU-positive peribiliary hepatocytes rapidly decreased and was less than the initial levels during
the 2-week observation. This decreasing trend in percentage of peribiliary cells was paralleled by that of OVc after
APAP injection at the dose of 500 mg/kg and 750 mg/kg
within the early phase. However, there was a discrepancy
between OVc and peribiliary hepatocytes in response to
the injection of APAP at the dose of 1000 mg/kg.
It should be noted, also, that the high percentage of
oval cells in the control, PBS-only injected mice reﬂect the
increase in these cells seen in response to abdominal ﬂuid
injection without any hepatocyte injury, as we reported in
our earlier study of murine APAP injury31; thus, only
their relative number is quite high compared with APAPinjected mice.
The second approach to quantiﬁcation of BrdU incorporation was to evaluate BrdU-positive cells in these three
readily identiﬁable cell compartments and present each
cell compartment’s data in terms of percentage of total
BrdU-positive cells. For this an average of 1935 ⫾ 909
OVc were counted to determine the percentage of BrdUlabeled OVc in total OVc. The expansion of OVc was
reﬂected by increasing percentages of BrdU-positive OVc
in all doses. The range of BrdU-labeled OVc ranged from
approximately 2%-14% during observation periods. The incidence of BrdU-labeled OVc after APAP injection in all
doses were increased approximately three to seven times
more than uninjected control livers (data not shown).
LRC Assay
LRCs were conﬁrmed and quantiﬁed by using double
immunostaining of BrdU/PanK (Fig. 4A, B). Doubleimmunostaining of BrdU/PanK was performed in 20 serial sections taken at day 28. An example is shown in Fig.

1998

KUWAHARA, KOFMAN, ET AL.

HEPATOLOGY, June 2008

Fig. 3. The distribution of BrdUlabeled cells after single “loading”
dose of APAP-induced injured liver
through 14 days (336 hours) after
injury as a percentage of total BrdUlabeled extraportal hepatobiliary
cells. Note that the high percentage
of oval cells in the control, PBS-only
injected mice reﬂect the increase in
these cells seen in response to abdominal ﬂuid injection without any
hepatocyte injury; thus, only their
relative number is quite high compared with APAP-injected mice. OVc,
oval cell; APAP, acetaminophen;
PanK, biliary cytokeratins.

4A and 4B. The strings of label-retaining OVc in ductular
reaction seemed to be connected with a small bile duct in
level 1 (Fig. 4A). Six sequential sections tracking labelretaining hepatocytes are shown in Fig. 4B. This analysis
in three dimensions is required to reveal that individual
label-retaining hepatocytes, which are located away from
the portal tract (levels 5 and 6), are often lining up in
strings (Levels 1-4) in contiguity to OVc (Levels 1 and 2).

We examined the change in the cell numbers of LRC in
the 20 smallest portal tracts. The density of BRDU-positive peribiliary hepatocytes and lobular hepatocytes were
statistically decreasing between day 0 and day 28 (P ⬍
0.0001 for both populations). The number of these cells
increased statistically between day 28 and day 56 (P ⬍
0.0008, and P ⬍ 0.0231, respectively). Meanwhile, there
was no signiﬁcant change in the density of OVc during 56

Fig. 4. Immunohistochemistry for BrdU (brown) and PanK (red) in serial section. (A) Sample sequential images of label-retaining cells in ductular reaction. On each level, label-retaining OVc are marked
by arrowhead. These cells in ductular reactions are connected with a small bile duct in level 1 (arrows). (B) Six sequential sections tracking label-retaining hepatocytes. Double immunostaining for BrdU
and PanK revealed that an individual label-retaining cell, which locates away from the portal tract (levels 5 and 6), are lining in the label-retaining hepatocytes (levels 2-4) and connected with OVc (levels
1 and 2). Original magniﬁcation, ⫻40. OVc, oval cell; BrdU, bromodeoxyuridine; PanK, biliary cytokeratins.
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The distribution of “label-retaining” OVc, peribiliary
hepatocytes, and lobular hepatocytes were not different
signiﬁcantly between day 0 and day 28. From day 28 to
day 56, however, the percentage of peribiliary hepatocytes
increased signiﬁcantly [P ⫽ 0.0067; 95% conﬁdence interval (CI), ⫺18.80 to ⫺8.97), whereas the distribution
of lobular hepatocytes decreased signiﬁcantly (P ⫽
0.0069; 95% CI, 8.93-18.94). During this later period,
there was no signiﬁcant change in the distribution of BrdUlabeled OVc (1635 ⫾ 1111 counted per specimen).

Discussion
Acute liver failure in humans is most commonly caused
by intentional or accidental APAP injury. Although there
are many chemical models of injury in rodents, none
shows similar histological or physiological features to
APAP toxicity. Thus, we have begun examining similarities between murine and human APAP injury, to shed
light on human conditions.31
Because normal cell turnover in the liver is relatively
low, LRC assay must be investigated by inducing uptake
of label (loading dose) by injury and then a second injury
to provide a “chase.” Having established the utility of
APAP injury for production of OVc in a manner similar
to that seen in human liver, we used that model to accomplish both uptake of BrdU label and the chase injury to
reveal label retention. Four cell compartments were identiﬁed as containing LRC.

Fig. 5. Distribution of “label-retaining” cells at various periods after
APAP “chase.” (A) The density of label-retaining cells in the smallest
portal tract after APAP “chase” at days 0, 28, and 56. Label-retaining
peribiliary hepatocytes and intralobular hepatocytes were decreasing for
the ﬁrst 4 weeks, then increasing during the next 4 weeks. During the
8-week follow-up, the density of label-retaining OVc was not changing
statistically. (B) The distribution of label-retaining cells after APAP
“chase” at days 0, 28, and 56. The percentage of label-retaining
intralobular hepatocytes decreased between day 28 and day 56 statistically, whereas the percentage of label-retaining peribiliary hepatocytes
increased during this same period. There was no statistical difference in
the percentage of label-retaining OVc. These data suggest that intralobular hepatocytes are not “true” label retaining cells, losing label with time
and normal hepatocyte turnover.

days after the second APAP injection for acute injury
“chase” for label washout.
To investigate the distribution of BrdU-labeled cells,
3550 ⫾ 2894 LRC were counted in each case, classifying
them into three cell types: OVc, peribiliary hepatocytes,
and lobular hepatocytes (Fig. 5B).

LRC: Canals of Hering
As predicted from prior studies, BrdU-positive/PanKpositive cells within the juxtaportal, proximal biliary tree
were found to be BrdU label-retaining as far out as 56 days
after APAP administration. Thus, these represent true
LRCs, sufﬁciently slow cycling that they persist at least 8
weeks after initial, injury-related cell divisions. Given the
rarity with which the intrahepatic HSPC compartment
probably contributes to normal hepatocyte turnover in
the absence of overt injury, these data support the canal of
Hering as being an intrahepatic stem cell niche.
LRC: Peribiliary Hepatocytes
The ﬁnding of these BrdU hepatocytes, always periportal, directly contiguous with PanK-positive cells, was
the most unexpected and intriguing ﬁnding of this segment of the study. At the earliest time points postinjury,
these cells were the most frequently identiﬁed as BrdU
positive, other than the mid-acinar to central-acinar hepatocytes, which were turning over rapidly, representing the
predominant regenerative response to parenchymal loss.
But over time, these BrdU intraparenchymal hepatocytes
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slowly diminished, whereas the BrdU-positive, peribiliary
hepatocytes had a relative increase in number (Fig. 5B),
suggesting that whereas the intraparenchymal hepatocytes lose BrdU by division, the BrdU-positive, peribiliary
hepatocytes remain; in other words, they also represent a
true LRC population. On its face, this ﬁnding would
seem to support the old “streaming liver” hypothesis,
slightly modiﬁed to reﬂect our current understanding that
the hepatocyte acinus begins not at the limiting plate but
at the interface between the hepatocyte canaliculi and the
biliary tree, at the CoH.
However, examination of serial sections and relative
proportions of CoH LRC to peribiliary hepatocyte LRC
suggests that the peribiliary hepatocyte LRC actually derive from the COH-LRC through a differentiative process. First, occasional peribiliary hepatocytes-LRC show
faint, apparently retained PanK staining (Fig. 2E). Second, serial section examination (Fig. 5A, B) shows linear
arrays of BrdU-positive hepatocytes trailing off from the
ends of strings of PanK-positive cells, that is, the CoH,
suggesting derivation from those structures. Third, the
data at 28 days and at 56 days show that while parenchymal hepatocyte BrdU staining declines the combined
number of CoH-LRC and peribiliary hepatocyte-LRC
remains stable, supporting a possible differentiative shift
of the former population into the latter. Thus, CoH-LRC
and peribiliary hepatocyte-LRC may represent the same
population of cells, but in shifting differentiative states.
LRC: Intraductal Cholangiocytes
Prior studies indicate HSPCs within interlobular bile
ducts of human livers on the basis of c-kit expression.16 In
our own studies of human intraseptal hepatocyte “buds”
in cirrhosis caused by diverse diseases we also showed that
although most such regenerating hepatocyte nodules were
linked to the CoH, some appeared to bud directly from
interlobular bile ducts.8 Thus, our current ﬁnding of
cholangiocyte-LRC in the bile ducts is not necessarily
surprising; however, in the absence of direct communication of these structures with the hepatic parenchyma itself, it is difﬁcult to see how these might function as
HSPC for hepatocyte regeneration in APAP injury. Instead, these could represent labeled cells in the stream of
repopulating a normal biliary system or a response to
physical injury secondary to the APAP-induced parenchymal collapse that then have little reason to divide in
the face of complete restitution.
LRC: Peribiliary“Null”Cells
These cells are particularly difﬁcult to study and have
not disclosed their nature to us with this set of investigations. These cells were ﬁrst described as representing a
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subpopulation of OVcs in a periportal model of rat hepatic injury induced by allyl alcohol toxicity.17 These were
small, periductal cells that were negative for typical OVc
markers such as alpha-fetoprotein, biliary-type cytokeratins (as stained in that experiment with antibody OV-6),
albumin, and also negative for leukocyte common antigen
(CD45) and desmin. The origin of these null cells remains unclear, though the possibility that they derived
from extrabiliary, perhaps even extrahepatic, sources was
the clue that initiated our own studies of marrow-to-liver
engraftment. Considering that possible source for these
cells, we not only evaluated alpha-fetoprotein and biliarycytokeratin staining, but also hematopoietic-type markers
that have been previously identiﬁed on OVc, including
CD34, Sca-1, Thy-1, and CD45. We also evaluated staining for vimentin and desmin. The successful double staining protocol for PanK/BrdU allowed us to conclusively
identify these small, periductal cells as negative for PanK.
We were not able to establish reliable double staining for
the other markers, however. In single marker staining of
APAP-injured livers, the only marker that was ever seen to
stain any periductal monocytes was CD45, which did so
quite rarely.
Thus, we can conclude that these periductal monocytic
LRC are “null” for the tested hepatobiliary markers as well
as for hematopoietic markers described, and for other
possible stromal cells that might be labeled by desmin or
vimentin. Their more striking appearance in models of
periportal injury, rather than the more typical centrilobular APAP injury, suggests that they may play a more important role in hepatobiliary regeneration when the canal
of Hering stem cell niche is disrupted or obliterated along
with destruction of the periportal hepatocytes.
Thus, in summary, using the APAP injury model, we
have applied standard approaches for identifying in vivo
functional stem cell niche locations. We ﬁnd evidence
that supports partly or wholly the four previously postulated niches: the hepatocytes at the beginning of the hepatic acinus (though now redeﬁned as those hepatocytes
that meet the CoH rather than those sitting directly on
the portal tract stroma in the limiting plate), PanK-positive cells in the CoH, intraductal cholangiocytes, and,
possibly, periductal “null cells.” That our data suggest
that the ﬁrst of these two are linked physiologically, as
CoH-LRC differentiate into hepatocytes, thereby becoming peribiliary hepatocyte-LRC, is not surprising. The
absence of clear participation of the other two cell compartments in hepatobiliary regeneration may reﬂect the
nature of the hepatic injury.
It is clear, however, that HSPC participation in hepatic
repair is probably more complicated than in organs with
normally rapid cell turnover and that multiple sites may,
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depending on severity of injury, location of injury, and
chronicity of injury, function as an HSPC niche. Further
LRC studies with other injury models and following LRC
through normal development from fetal through adult
postnatal life will be necessary to understand HSPC location and functioning. Moreover, more sophisticated,
transgenic approaches to LRC identiﬁcation, not relying
on cell cycle progression for initial labeling, needs to be
pursued such as those already reported for skin LRC by
Tumbar et al.32 Such models are currently under development in our laboratory and may shed further light on
these important questions.
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