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Kupffer cells were selectively eliminated in mice
by the intravenous administration of liposome-
entrapped dichloromethylene diphosphonate. At
5 days, small peroxidase-negative and acid-
phosphatase-weakly-positive macrophages ap-
peared, increased in number, and differentiated
into peroxidase- and acid-phosphatase-positive
Kupffer cells. Repopulating smaUl macrophages
actively proliferated, and the number ofKupffer
cells returned to the normal level by day 14. The
numbers of macrophage precursors in the liver
as detected by the monoclonal antibodies ER-
MP20 and ER-MP58 increased after liposome-
entrapped dichloromethylene diphosphonate in-
jection. ER-MP58-positive cells proliferated and
differentiated into ER-MP20-positive cells and
eventually into BM8-positive Kupffer cells in the
liver. Bone-marrow-derived ER-MP58-positive
cells were also detectable in the liver and dif-
ferentiated into ER-MP20-positive cells, but
they did not become BM8-positive macro-
phages. Macrophage colony-stimulating factor
mRNA expression was enhanced in the liver
Iday after injection. The administration of
macrophage colony-stimulating factor did not
shorten the period ofKupffer ceU depletion but
increased the number and the proliferative ca-
pacity of repopulating Kupffer cells. These
findings implied that repopulating Kupffer
cells are derived from a macrophage precur-
sor pool in the liver rather than from bone-
marrow-derived monocytes. Local production

ofmacrophage colony-stimulatingfactor in the
liver plays a crucial role in the differentiation,
maturation, and proliferation ofKupffer cells.
(AmJ Pathol 1996, 149:1271-1286)

According to the concept of the mononuclear
phagocyte system, Kupffer cells constitute a short-
lived and nondividing population and are supplied
by a high rate of monocyte influx to the liver.1 The
mean turnover time of Kupffer cells is estimated at
3.8 days in mice1 and 12.6 days in rats.2 However,
the proliferative potential of Kupffer cells has been
confirmed by partial hepatectomy,3 6 the administra-
tion of various macrophage stimulants,4'7 and para-
biosis,8'9 indicating that Kupffer cells are self-renew-
ing. In our studies of mice rendered severely
monocytopenic by the administration of 89Sr10 11 we
found that Kupffer cells can survive without an influx
of monocytes. Thus, the differentiation and prolifer-
ation kinetics of Kupffer cells has not been com-
pletely settled.

Various approaches have been followed to ana-
lyze macrophage kinetics. Liposome-encapsulated
dichloromethylene diphosphonate (MDP), which is
highly cytotoxic to macrophages, is a useful tool with
which to examine repopulating macrophages in sev-
eral tissues. Using this method, Rooijen et al12-17
have depleted tissue macrophages and studied their
repopulation. However, the kinetics of repopulating
Kupffer cells and their precursor cells have not been
investigated.
Among several macrophage growth factors, mac-

rophage colony-stimulating factor (M-CSF) plays an
important role in the development, differentiation,
proliferation, and function of macrophages.18 21 In
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op/op mice,19'20 macrophage differentiation is de-
fective because of the complete absence of func-
tional M-CSF. The number of Kupffer cells in op/op
mice was reduced to 30% of that of normal litter-
mates, and their ultrastructure was small and imma-
ture. M-CSF corrects the numerical and morpholog-
ical defects of Kupffer cells in mutant mice.19 These
observations indicate that M-CSF is a key molecule
for the development and differentiation of Kupffer
cells. Because fetal and adult livers produce M-
CSF,22'23 the liver may provide a microenvironment
for Kupffer cell differentiation by the local production
of M-CSF.

In this study, we performed immunohistochemical,
ultrastructural, and autoradiographic studies on mu-
rine Kupffer cells and their precursors after a single
intravenous injection of liposome-entrapped MDP, to
clarify the repopulation mechanism of Kupffer cells.
The role of M-CSF in the repopulation of Kupffer cells
was also investigated by examining the expression
of M-CSF mRNA in the liver and by injecting M-CSF
into Kupffer-cell-depleted mice.

Materials and Methods

Preparation of Liposome-Entrapped MDP
Multilamellar liposomes were prepared as de-
scribed.24 In brief, 58.72 mg of phosphatidylcholine
(Nihon Seika, Hyogo, Japan), 8.75 mg of dehexade-
cyl phosphate, and 24.75 mg of cholesterol (Wako,
Tokyo, Japan) were dissolved in chloroform in a
round-bottom flask and dried under reduced pres-
sure. The lipids were then hydrated in 5 ml of phos-
phate-buffered saline (PBS) containing 650 mmol/L
(0.9455 g) MDP and vortex mixed at room tempera-
ture. The liposomes were extruded through polycar-
bonate membranes (Costar Corp., Pleasanton, CA)
with a pore size of 0.8 ,um. Non-encapsulated MDP
was removed by ultracentrifugation. The liposomes
were composed of phosphatidylcholine/dehexade-
cyl phosphate/cholesterol at a molar ratio of 5:1:4.

Animals
BALB/c mice were purchased from Charles River
Japan (Tokyo, Japan) and maintained under routine
conditions at the Laboratory Animal Center of Niigata
University School of Medicine. Eight-week-old male
mice were intravenously injected with 0.1 ml of lipo-
some-entrapped MDP. The liver, bone marrow cells,
and peripheral blood cells were removed at various
intervals after MDP-liposome injection. At various
time points, three mice were killed by ether anesthe-
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Figure 1. The mlonoclonal antibodies used in this sttdlc recognize
antigens oni macrophages and their precursors. BM8 recognizes mita-
ture tissue macrophages. ER-MP20 recognized inmmatuire macro-
phages, monocytes, andpromonocytes. ER-MP58 recogjnized cells fron
colonyforming units ofgranuilocytes anid macrophages (CFU-GM) to
monoblasts. ER-MP12 recognized mnainly blastic cells as nell as afen'
promonocytes.

sia. Mice given liposome-entrapped MDP and sub-
cutaneously injected with 5 ,ug of recombinant hu-
man M-CSF (Morinaga Milk Co., Tokyo, Japan) daily
from 2 days after liposome-entrapped MDP injection
were also examined.

Blood Cell Count

A small amount of blood was sampled from the tail
vein of each animal, and the number of white blood
cells was calculated. On a blood film, 1000 white
blood cells were differentially counted.

Monoclonal Antibodies
The monoclonal antibodies BM8, ER-MP12, ER-
MP58, and ER-MP20 (BMA Biomedicals, Augst,
Switzerland) were used at a dilution of 1:100. These
monoclonal antibodies recognize antigens on mac-
rophages and their precursors at different stages of
differentiation (Figure 1).25,26

Immunohistochemistry
The liver was fixed for 4 hours at 40C in periodate-
lysine-paraformaldehyde (PLP), washed for 4 hours
with PBS containing 10, 15, and 20% sucrose, em-
bedded in OCT compound (Miles, Elkhart, IN), fro-
zen in dry ice/acetone, and cut by a cryostat (Bright,
Huntington, UK) into 6-,tm-thick sections. Cytospin
specimens of bone marrow cells and peripheral
blood smears were fixed in acetone for 5 minutes.
After inhibition of endogenous peroxidase activity by
the method of Isobe et al,27 we performed immuno-
histochemistry using the anti-mouse macrophage
monoclonal antibody BM8 and anti-mouse monoclo-
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nal antibodies ER-MP12, ER-MP20, and ER-MP58
against macrophage precursors.25 26 As a second-
ary antibody, we used anti-rat Ig-horseradish-perox-
idase-linked F(ab')2 fragment (Amersham, Little
Chalfont, UK). After visualization with 3,3'-diamino-
benzidine (Dojin Chemical Co., Kumamoto, Japan),
nuclear staining with methylene green, and mounting
with resin, the positive cells with nuclei per 1 mm2
were counted using a light microscope.

Immunohistochemical Double Staining

Immunohistochemical double staining with ER-
MP58, ER-MP20, and BM8 was performed as de-
scribed previously28 with minor modification. In brief,
after inhibiting endogenous peroxidase activity as

described by Isobe et al,27 cryostat sections were

incubated with the first primary monoclonal antibody.
After incubation with anti-rat Ig-horseradish-peroxi-
dase-linked F(ab')2 fragment, the reaction was

stained brown with diaminobenzidine. The sections
were washed twice with glycine/HCI buffer for 1 hour
and then incubated with the second primary mono-

clonal antibody. After incubation with anti-rat Ig-
horseradish-peroxidase-linked F(ab')2 fragment,
they were incubated with 4-chloro-1-naphthol and
processed as above to stain positive cells blue. As
for the negative control, primary antibodies were

replaced by nonspecific rat serum.

Immunofluorescent Microscopy
Liver sections prepared by the method described
above were stained by an indirect method using the
anti-macrophage and anti-macrophage precursor

monoclonal antibodies mentioned above. As a sec-

ondary antibody we used fluorescein-isothiocya-
nate-labeled anti-rat Igs (Dako, Carpinteria, CA).
Double staining with ER-MP20 and BM8 was per-

formed by using anti-rat Ig-horseradish-peroxidase-
linked F(ab')2 fragment followed by incubation in 0.1
mol/L glycine/HCI buffer (pH 2.2) to remove the re-

acted primary antibody and then fluorescein-isothio-
cyanate-labeled anti-rat IgG, respectively. BM8 pos-

itivity is observed as a diaminobenzidine reaction
under the microscope, and ER-MP20 positivity is
observed by fluorescence microscopy.

Acid Phosphatase Cytochemistry
To demonstrate acid phosphatase activity, the livers
were fixed with PLP solution as described above,
frozen, and cut into sections. Sections were stained
as described previously29 with minor modification.

Sections were incubated in the medium contain-
ing 50 ml of acetate buffer, pH 5.0, 10 mg of naph-
thol-AS-BI phosphate (Sigma Chemical Co, St.Louis,
MO) in 0.5 ml of ethylene glycol monomethyl ether
(Sigma Chemical Co, St. Louis, MO), and 2 ml of
freshly prepared hexazotized pararosaniline (Sig-
ma). Positive cells were stained red.

Ultrastructural Peroxidase Cytochemistry
To cytochemically demonstrate peroxidase activity,
the liver was perfused with 1.5% glutaraldehyde
through the portal vein for 1 minute as described by
Wisse.30 After washing in 0.05 mol/L cacodylate
buffer, the tissues were chopped into 50-Am-thick
sections using a vibratome (Lancer, St. Louis, MO)
and then incubated according to Graham and Kar-
novsky.31 Ultrathin sections were observed under a
Hitachi H-800 electron microscope (Hitachi, Tokyo,
Japan) after staining with lead citrate.

Autoradiography with [3H]Thymidine

We purchased [3H]thymidine (specific activity, 3.0
TBq/mmole) from DuPont (Wilmington, DE) and
stored it at 40C. The time of injection of [3H]thymidine
was varied with respect to when the injection of
liposome-entrapped MDP was given. Three groups
of experiments were performed. In the first group,
mice were intravenously injected with 1 MBq of
[3H]thymidine for 60 minutes at 1, 2, 3, 5, 7, 10, 14,
21, and 28 days after liposome-entrapped MDP in-
jection and then killed, and the liver, peripheral
blood, and bone marrow cells were removed. After
immunohistochemical staining with ER-MP12, ER-
MP20, ER-MP58, and BM8, slides were dipped into a
Sakura NR-M2 liquid emulsion (Konica, Tokyo, Ja-
pan) diluted 1:2 with water, exposed for 2 weeks at
4°C, and developed. Cells with 10 or more grains in
the nucleus above background were considered as
labeled.

In the second group, we injected the mice with 0.1
ml of liposome-encapsulated MDP immediately after
injecting 1 MBq of [3H]thymidine. At 1, 2, and 3 hours
and at 7 days, three mice were sacrificed. In the third
group, 1 MBq of [3H]thymidine was intravenously in-
jected at 2 days after giving mice a liposome-en-
trapped MDP injection. At 2, 3, 5, 7, 10, 14, 21, and 28
days after liposome-entrapped MDP injection, the mice
were sacrificed and examined as described above.
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Table 1. Oligoi-nicleotides Used

Sequences (5' to 3')

GAGGATCCTGTTTGCTACCTA
GTTGAGCTCCTCATAAGTCCTTGG
GAAACGGACTGTGAAACACA
CTGTGGCTGTGCCACATCTC
GAAGTGGATCCTGAGGACAGATACG
GACCATGGGCCATGAGGAACATTC
CTCTAGAGCACCATGCTACAGAC
GACCATGGGCCATGAGGAACATTC
TGGAATCCTGTGGCATCCATGAAAC
TAAAACGCAGCTCAGTAACAGTCCG

RNA Isolation and mRNA Analysis by
Reverse Transcriptase Polymerase Chain
Reaction (RT-PCR)

Total cellular RNA was isolated from the liver of each
mouse by phenol-chloroform extraction.32 In brief, at
2, 6, and 12 hours and at 1, 2, 3, and 5 days after
liposome-entrapped MDP injection, the liver was re-

moved and homogenized at room temperature in 5
ml of solution D (4 mol/L guanidinium isothiocyanate,
0.5% N-lauroylsarcosine, 25 mmol/L sodium citrate,
100 mmol/L 2-mercaptoethanol) in a glass Teflon
homogenizer and transferred to a 12-ml polypro-
pylene tube. Subsequently, 0.4 ml of 2 mol/L sodium
acetate (pH 4), 4 ml of water-saturated phenol, and
0.8 ml of chloroform/isoamyl alchol was added to the
homogenate. After centrifugation, the aqueous

phase was transferred to a fresh tube, mixed with 2
ml of isopropanol, and placed at -20°C overnight to
precipitate RNA. After sedimentation, the RNA pellet
was dissolved in 2 ml of solution D and precipitated
with 2 ml of isopropanol. The RNA yield was deter-
mined by the A260, and the purity of the RNA was

assessed on the basis of the A260/A280 ratio with a

nucleic acid spectrometer (GeneQuant, Pharmacia,
Uppsala, Sweden). A 2-Ag amount of total RNA was

mixed with 4 ,ul of RT buffer, 2 Al of 0.1 mol/L dithio-
threitol, 0.5 ,ul of RNAsin (Promega, Madison, WI), 1
,ul of 10 mmol/L dNTPs (Pharmacia), 2 ,ul of random
primer (Pharmacia), 0.5 ,ul of RT (Gibco, Gaithers-
burg, MD), and distilled water to bring the final vol-
ume to 20 ,ul, and the mixture was incubated at 420C
for 60 minutes and then boiled at 95°C for 3 minutes.
PCR amplification was performed by using a TP
cycler-100 (Toyobo, Osaka, Japan). The reaction
mixture consisted of 5 ,ul of sample cDNA, 5 ,lI of
PCR amplification buffer, 2 p,l of 25 mmol/L MgCI2, 4
,ul of 2.5 mmol/L dNTPs, 0.3 ,ul of Taq DNA polymer-
ase (5 UI,l; Promega), 2 ,ul of 20 mmol/L primer, and
29.7 Al of double-distilled water to bring the final
volume to 50 ,.l. All of the PCR primers were made to
order by Kurabo Biomedicals (Osaka, Japan). The

oligonucleotides used are shown in Table 1. The
predicted sizes of amplified products for M-CSF,
granulocyte/macrophage (GM)-CSF, interleukin
(IL)-3, IL-la, and f3-actin were 187, 230, 292, 288,
and 348 bp, respectively. The mixture was first incu-
bated for 5 minutes at 95°C and then cycled 30 times
at 950C for 1 minute, 570C for 2 minutes, and 72°C
for 2 minutes and elongated at 720C for 10 minutes.
The samples were separated on a 1.5% low-melting-
point agarose gel containing 0.3 ,ug/ml (0.003%) of
ethidium bromide, and bands were visualized and
photographed using ultraviolet transillumination. For
further analysis, livers removed at 24 hours after
injection with liposome-entrapped MDP were re-

moved and divided into the mononuclear cell (MNC)
fraction and the liver cell fraction as described.33
Briefly, the liver was cut into small pieces with scis-
sors, pressed through a 100-gauge stainless steel
mesh, and suspended in RPMI 1640 medium sup-

plemented with 5% heat-inactivated fetal calf serum.

MNCs were isolated from parenchymal hepatocytes
by Ficoll-Isopaque (specific gravity: 1.090) gradient
centrifugation. RNA was extracted from both cell
fractions and examined as described above.

Statistics

The significance of the data was evaluated by Stu-
dent's t-test.

Results

Changes in Numbers of White Blood Cells
and Monocytes in Peripheral Blood of Mice
after Liposome-Entrapped MDP Injection
In mice injected with liposome-entrapped MDP, the
white blood cell count increased from 8,000 to
50,000 per mm3, and the number of monocytes in
the peripheral blood also rapidly increased in paral-
lel. The numbers of neutrophils and monocytes in the

mRNA

M-CSF

GM-CSF

IL-3

IL-la

f-actin

Primers

Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense
Sense
Antisense

Products (bp)

187

230

292

288

348
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Figure 2. Changes in The numbers of white blood cell.s ( WBC), nentro-

pbil.s (PMN), and monoclytes (Mlono) after administration jfliposome-
entrapped M)P.

MDP-treated mice increased nearly fivefold within 5
days. At 2 days after injection, the number of neu-

trophils had more than doubled. Monocytes consti-
tuted 6 to 12% of the total white blood cell count from
2 to 10 days after injection, and the number of these
cells remarkably increased to 7500/mm3 at day 5
(Figure 2).

Depletion and Repopulation of Kupffer Cells
in Liposome-Entrapped MDP- Treated Mice

In normal untreated mice, BM8-positve Kupffer cells
were found predominantly in the peripheral zone of
the hepatic lobules (Figures 3a and 4a). Kupffer cells
were strongly positive for histochemical staining for
acid phosphatase (Figure 5a). At 1 day after lipo-
some-entrapped MDP injection, BM8-positive and
acid-phosphatase-positive cells disappeared and
were not detected until day 4 (Figures 3b, 4b, and
5b). The numbers of BM8-positive and acid-phos-
phatase-positive cells started to increase from 5
days (Figures 3c, 4c, and 5c), reaching a plateau
after 14 days (Figure 6). The distribution of the BM8-
positive macrophages was rather irregular until 10
days, but they became larger and increased the
intensity of acid phosphatase reactivity. Throughout
the observation, ER-MP12-positive cells were not de-
tectable in the liver. Although the numbers of ER-
MP20- and ER-MP58-positive cells were small in un-

treated mice (Figure 7a), these macrophage
precursor cells increased abruptly at 2 and 3 days,
occasionally forming colonies in the liver (Figure 7b).
Both ER-MP20-positive and ER-MP58-positive cells
were mostly round (Figure 7, b and c). Immunohis-
tochemical double staining demonstrated that the
percentage of ER-MP58 and ER-MP20 double-posi-
tive cells in the total numbers of ER-MP58- and ER-

MP20-positive cells was 35% on 3 days followed by
a gradual decrease. Almost all of the precursors in

the colonies were doubly stained with ER-MP58 and
ER-MP20 (Figure 8a). At 5 days, ER-MP20 and BM8
double-positive cells appeared and occupied ap-
proximately 10% of the total number of ER-MP20-
and BM8-positive cells (Figure 8b). ER-MP20-posi-
tive cells were small and round and BM8-positive
Kupffer cells were large and possessed many cyto-
plasmic projections (Figure 9). However, after 7
days, ER-MP20 and BM8 double-positive cells were

not detected (Figure 10).

Ultrastructure, Ultrastructural Peroxidase
Cytochemistry, and Immunoelectron
Microscopy of Kupffer Cells in Liposome-
Encapsulated MDP-Treated Mice

In Kupffer cells from untreated normal mice, peroxi-
dase activity was localized in the nuclear envelope
and rough endoplasmic reticulum. Kupffer cells were
hardly detectable for 3 days after liposome-en-
trapped MDP administration, except for a few de-
generative Kupffer cells containing a large amount of
liposomes. However, the sinusoidal structure was
otherwise intact. In the sinusoidal lumen, monocytes
and neutrophils with peroxidase-positive granules
were often seen. Besides, a few small immature
mononuclear cells devoid of peroxidase activity in
the organelles were present (Figure 11a). From 1 to
3 days, a few monocytes and small macrophages
ingesting a small amount of liposomes were found in
the space of Disse. In the sinusoid and the space of
Disse as well as between hepatocytes, we detected
a few round, blastic cells with abundant polyribo-
somes, round nuclei, and poorly developed cyto-
plasmic organelles that were all peroxidase negative
(Figure 11 b). From 5 days, macrophages with weak
peroxidase activity in the nuclear envelope and
rough endoplasmic reticulum adhered to the sinusoi-
dal endothelial cells (Figure 11c). A few promono-
cytes and monoblasts with peroxidase activity in the
nuclear envelope, rough endoplasmic reticulum,
granules, and Golgi apparatus were observed. Per-
oxidase activity in the Kupffer cells became distinct,
followed by enlargement and the development of
intracellular organelles (Figure 11 d).

Immunoelectron microscopically, reaction prod-
ucts by incubation with ER-MP58, ER-MP20, and
BM8 were localized on the cell membrane. Ultra-
structural features of ER-MP58-positive cells were
compatible with those of monoblasts, promonocytes
(Figure 12a), or more immature cells, sometimes
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containing a few small granules. They occasionally
formed colonies and showed mitotic figures (Figure
12b). ER-MP20-positive cells showed ultrastructural
features of promonocytes, monocytes, and small
macrophages. BM8-positive cells were large mature
macrophages as well as small immature ones in
ultrastructure.

Proliferative Potential of Kupffer Cells and
Macrophage Precursors in Liposome-
Encapsulated MDP-Treated Mice

To examine proliferative potential of Kupffer cells
and their precursors, [3H]thymidine was given to
mice at various times after liposome-entrapped MDP
injection. In untreated mice, the ratio of [3H]thymi-
dine-labeled cells to BM8-positive Kupffer cells was
low and there were no labeled ER-MP20-positive or

ER-MP58-positive cells in the liver. In mice given
liposome-entrapped MDP, the increase of [3H]thymi-
dine-labeled ER-MP58-positive cells was marked at
3 days (Figure 13a). At 5 days, the percentage of
labeled cells in the total BM8-positive cells began to
increase, reaching a maximum at 7 days (Figure
13b). The number of proliferating BM8-positive
Kupffer cells returned to the normal range at 21 days
(Figure 14).

Kinetics of Macrophages and Their
Precursors

In contrast to the absence of [3H]thymidine labeling
in ER-MP58- or ER-MP20-positive precursor cells in
the liver of unmanipulated mice, approximately 5% of
ER-MP58- and ER-MP20-positive precursor cells in
the bone marrow were labeled with [3H]thymidine. In
mice injected with liposome-entrapped MDP and
[3H]thymidine simultaneously, therefore, only ER-
MP20- or ER-MP58-positive cells in bone marrow

were labeled and transferred to the peripheral blood
and then to the liver. The ratios of ER-MP58- or

ER-MP20-positive cells labeled with [3H]thymidine in
the peripheral blood were high, reaching approxi-
mately 20 to 30% at 3 days (Figure 15a). The per-

centage of labeled cells among the ER-MP58- or

ER-MP20-positive cells in the liver increased at 2 and
3 days but not by more than 4%. Cells labeled with

cm

4-f0

0

0 BM8

0 1 2 3 4 5 7 10 14 21 28
Days

Figure 6. Changes in m//m/ers( o/IB8-pos/iti/ve K//p//er cells c/ilC ER-

A1I/'20(/-1clfn 1iR-PIP58-positivc precursors i1/ the li/c') ae/te the adni//-
istr(/tiol/ O/ //iposom/e-en/tr(/ppedl I)P. Data are e.xpre'ssed cisGSnean±I
SD.

[3H]thymidine among repopulating BM8-positive
Kupffer cells were undetectable up to 7 days (Figure
15b).

In mice injected with [3H]thymidine at 2 days after
liposome-entrapped MDP administration, proliferat-
ing cells both in the bone marrow and in the liver
were labeled. The labeling indices of precursor cells
in the bone marrow and the liver were much higher
than those of the previous group of mice. A large
number of ER-MP58-positive cells in the bone mar-

row were labeled first, and ER-MP58-positive cells in
the peripheral blood reached the maximal level at 4
days (Figure 16a). The [3H]thymidine labeling rate of
ER-MP58-positive cells in the liver increased appar-

ently up to 30% at 3 days. BM8-positive cells were

labeled with [3H]thymidine at 5 and 7 days (Figure
16, b and c), indicating that ER-MP58-positive cells
differentiated into Kupffer cells.

Changes in the Number of Repopulating
Kupffer Cells after Daily Administration of
Recombinant M-CSF

After liposome-entrapped MDP injection, there were

no significant differences in the numbers and prolif-
erative capacity of ER-MP20- and ER-MP58-positive

Figure 3. [)isaPcaranceaIi(1 re9opi/aliOn/ 0/ BM318-ponsitive Kupl.//er cl//S in the lieer /ier the)aelladmiistration)f liposome-entra.20ped AmDP In/n//a/io-
bistocbemistry 111s peiJor-ned itsingq anti-mlac rc)phacge nionoclona( l anltibc)lB.o418. a: (onitrol. b: Day _. C: I)C'D Iag)nification, X 400.
Figure 4. Disappearance ac)1 repoppidliontm o/ B.lJ8-positiv'e KiITlle cel/s in the livcr /li/er the administration of liposome-enteappecl AIDP. Inluno-
/linrescenit 1nic roscopy ulsinAIS a: Control. b: D)cY3 c: Dayr} s. Aag)nification, x400.
Figure 5. /isappC'arance and reppfdalaot/n n/a id phosfihatase /)os/t/ee ce/is ( rvd) in thc, livcr alter he calininistration n/J lip)sn);oec-u/iilrapped(I AIDP,
siaqg aicid phospbalctase istocbemistry. a: (Coitrol. b: Day ., c: D>ay 5. Sa/ll cells (arrowheads) alre i'eak/}' p0sitivc' /0br icicl pbospahC/tl/se,

Alfgn/iJfication/. X 400.



1278 Yamamoto et al
AIP October 1996, Vol. 149, No. 4

4~~~~~~~~~~~~~~~~~0

:..I-..

t'A.
., t, 1.i

i e 2 ..

s

.+.

4E,
...

.j

W: "i".
...$, ^* ,. .. F + ' r
w i's, ,*. §

6 > .. :,^. ffi et: *r S; 5.
Q**t* ,,,@t-*to?jajt

it'
.f._..:fi
*; .^, .;i

:i; A.s:l.. Fte.s #

.:dwi : +¢

a. Ng:

b

F.

..O

~~4.r

4..1T
w;

fl:
C

N't

'i F.4",
.iz 4

-d-

.i.

.l

i

0

V



Repopulation of Kupffer Cells 1279
A/P October 1996, VTol. 149, No. 4

cells in the liver between the M-CSF-treated and
untreated mice. The number (Figure 17a) of repop-
ulating BM8-positive Kupffer cells in M-CSF-treated
mice was significantly larger than that in untreated
mice at 5 and 7 days. However, their proliferative
capacity was variable between the two groups of
mice (Figure 17b), and the period of Kupffer cell
depletion was not decreased by M-CSF.

Expression of M-CSF mRNA in the Liver of
Liposome-Encapsulated MDP-Injected Mice

M-CSF mRNA was detected in the livers of normal
and MDP-treated mice. At 2, 12, and 24 hours after
liposome-entrapped MDP injection, mRNA expres-

sion was amplified (Figure 18a). At 24 hours, M-CSF
mRNA was detected in the hepatocyte fraction but
not in the MNC fraction of the liver (Figure 1 8b). IL-1 a
mRNA was detected only at 2 hours after injection
(data not shown). The expression of IL-3 and GM-
CSF mRNA was not detectable.

Discussion

This study demonstrated that Kupffer cells were se-

lectively eliminated in the mouse liver by injecting
liposome-entrapped MDP and that they repopulated
within 14 days. This finding is almost compatible with
the previous observation that Kupffer cells com-

pletely repopulate in rats 16 days after depletion.13
Kupffer cells started to repopulate 5 days after

liposome-entrapped MDP administration. In the early
stage of their repopulation, small cells with immature
ultrastructural features appeared and proliferated.
They were positive for BM8 and weakly positive for
acid phosphate but devoid of peroxidase activity in
the rough endoplasmic reticulum, the nuclear enve-

lope, or granules, indicating that they were neither
monocytes nor resident macrophages. These small
immature macrophages became mature and devel-
oped peroxidase activity in the nuclear envelope and
rough endoplasmic reticulum as well as acid phos-
phatase activity over several days. Similar immature
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macrophages reportedly develop and differentiate
into resident macrophages in the fetal hematopoietic
organs, and we designated these cells as primitive/
fetal macrophages.3435 The small immature macro-

phages found in this study and the primitive/fetal
macrophages in the fetal hematopoietic organs
share common features not only in morphology but
also in having a high proliferative capacity. Small
macrophages have also been detected in the regen-

erating rat liver6 and in the liver after lipopolysaccha-
ride injection36 and are regarded as precursors of
Kupffer cells. In our Kupffer-cell-depleted model, the
small macrophages appearing in the liver were con-

sidered to be direct precursors of repopulating
Kupffer cells.

Colony-forming assays have demonstrated low
concentrations of hematopoietic stem cells in the

Figure 7. a: Mere ar-e onily fir ER 1JIP58-positive ce/lls in the liier 0/fa control miiouise. Ihnunlii iiohistocbeniistit uisi)ng FR-.1I'I58; m,nagni/ication, X 600.
b: 7he niimibcrs oJ?/fI .MI18-positiive cells increised and occasiona/l/lyorned' colonies ait 2 claYs cafter the cadmninistrCationi 'l//iposouuiee-ntrappedcl IIDP.
Inniiiuii1iobiStochbeiii,,;1Stv iosinlg .R-,V'1P58, mnagnification, X 600. C: ER VIP20-positive ce/(llsi/s)fac)rmed co/oniS alt 2 Cla's cifiert the ac/ninistration o
liposomnie-enitr-cappedI ,IiIP. ImmitnoJlhorescence miiicroscopy lsinig IFRMP20; mnagnuication, X 600.
Figure 8. a: 77T)e nminbers o/FR-MI->58 cw1llR-an1dR 20 c/ouble-positive cells (dari brouwn) increased, anid they formel colonies at aclays qfter the
acldiministraltiomi of liposon1ie enltrcappel DIDP. IiMM11iinobhistochbemical c/doble staining; Inagnt/ication, X(600 b: At 5 days, ER-.11'2(i and B.1318
cloitble-positiive cells (double arrowheads, dlark brow)n) as well Cas ER-I P20-positi caiicl 13,118n-egativ'e cells (arrow, blle) anicdER-.P20-negative and
13.,18-po)sitiive cells (arrowhead. brouon) werec etected in the liver. Inimmiiimicthcstochemiiccal clouible stainimg. mnagmiz/zicationi. X600.
Figure 9. a: A roUndl cell is dcemonstratecl to be FR-MP20 positive by imimLcinoflicorescence (arrowhead) at 5 dap;s cafter adnministration liposone-
emitrappedc lIDP M1./ag/ificatiomn, X 6)00. b: Roundcl aucd polygomual B.131,-positive cells (arrowhead anid arrow) Innnini obhistochbemical stainiiig iusing
BJIS ii thebsane sectionI cs a, macmgmni/icatiomn, X 600. Th1e roundcl 13.418-positive cell (black arrowhead) is clentooist-ratedl also to be IIM-,PII2o?positiu'e by1
immunuloorimevscence (white arrowhead).
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1

Figure 11. t Itra structural peruxicdase ciptochemnisto oJ repopiilating mlac)ophagces a: JImiature r-olund cell obseried at 2 daYa'had no peroxidase
actiiitV inl the8 sgaIIe//eSas.igniication, X6)000 b: At 2 da's, hbastic ce/ls w'ith or withoiit a few peroxidase-positine granules appeare/.
zlfagnificalion, X6000. C: At 7 das aftr administration mnacraphages with u'eakperoxidase activity in the nuctlear enie/ope and r-ough endoplasmiic
reticulum werev r)immid .kmd.Jlagmficaution X6000. d: At 14 days, peroxidase activity in Kimp//er ce//s hecamiie clistimict nithimi dIs, /oii'ed by the
ena/lrgemewiit a11i( devielopnmenl oJ iui race/lll/ar 01gcInel/les ifagnil/icationi X(000.

adult mouse liver, and their number increased after
partial hepatectomy.37'38 Hematopoietic stem cells
have been found in the adult mouse liver based on
the results of liver cell transplantation.39 These he-
matopoietic cells from the liver formed colonies in
vivo and in vitro and reconstituted bone marrow of
lethally irradiated recipient mice for at least several
months.39 However, hematopoietic progenitors in
the adult mouse liver have not been found in situ. To
detect macrophage precursors, we used monoclo-

nal antibodies raised against murine macrophage
precursors.2526 ER-MP12 is similar to CD34 with
regard to the high level of expression by early he-
matopoietic cells. ER-MP58 reacts mainly with cells
at the level of colony forming units of granulocytes
and macrophages (CSU-GM) responsive to M-CSF
and colony forming units of macrophages (CFU-M).
ER-MP20 is a typical marker of intermediate stages
of bone-marrow-derived macrophage maturation in-
cluding monocytes (Figure 1). In this study, ER-

r;":......

I.31,. '
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Figure 12. Immimiiiioelectroniiiiicroscopp isi.1gJ L-R,IP58. a: Reaction proc/dcts Jcfw E.RV/P58 carc presenit oo the ce/IC'mem1'bran1e (YloJimmature cells
forminig al CO/oly.)'ib' co(1tCi11 a ft/lt tinl}' grailll/es. Afhgii/cation. X4000. b: A oito/icftigon (arrowhead) i.s seeii i11 a co/oiny'. vagii/qication,
X 2000

MP12-positive cells were not detectable. However,
there were ER-MP58- and ER-MP20-positive cells in
the livers of normal mice, and the present immuno-
electron microscopic observation confirmed the re-
activity of these monoclonal antibodies to macro-
phages and their precursors. During Kupffer cell

depletion, the numbers of ER-MP58- and ER-MP20-
positive cells increased approximately threefold
compared with those in normal mice. Autoradiogra-
phy revealed that ER-MP58-positive precursor cells
constituted a highly proliferating population in the
liver during the period of Kupffer cell depletion,

Figure 13. Combined imintnniiiohistochbeosiitrt al,ciic/( thtmicdiiie aiitoracdiography. a: ER4./1158-positiie cells conitcainl inanvgraiIns ont their nilc/ci at
5 dclaps a/ter adcministration ofJ/iposoie-eu/lrcia)ped .it.)1' Al/agiYificationn X 600. b: Repopulatiiig BA18-positive Kiip//i' ce//s a/so show c high /ahe/ing
roate at cdays. lfagiificcationi. X'600
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whereas they did not proliferate in an unstimulated
condition. These results suggested that these pre-
cursors represent steady components of the liver

18a

M-CSF
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p -actin

that are essentially inactive until stimulated to prolif-
erate.
A question arises as to whether or not the macro-

phage precursors in the liver serve as progenitors of
repopulating Kupffer cells. Combining the results of
immunohistochemical double staining and [3H]thy-
midine autoradiography, ER-MP58-positive precur-
sor cells proliferated and differentiated into ER-MP58
and ER-MP20 double-positive, ER-MP20-positive,
and ER-MP20 and BM8 double-positive cells and
finally into BM8-positive Kupffer cells. The BM8-pos-
itive Kupffer cells also proliferate, especially during
the early stage of repopulation. These results indi-
cated that ER-MP58-positive cells play an important
role in the repopulation of Kupffer cells after lipo-
some-entrapped MDP administration. However, the
possibility that ER-MP58- and ER-MP20-positive
cells migrate from the bone marrow cannot be ex-
cluded.

In the normal untreated mouse liver, labeling indi-
ces of ER-MP58- and ER-MP20-positive cells were
almost 0%. Therefore, the simultaneous administra-
tion of [3H]thymidine and liposome-entrapped MDP
can selectively label precursor cells in bone marrow.
This experiment demonstrated that ER-MP58-posi-
tive cells in the bone marrow migrate into the periph-
eral blood and reach to the liver after an injection of
liposome-entrapped MDP. However, differentiation
from bone-marrow-derived precursor cells into BM8-
positive cells was not detected in the liver. In con-
trast, pulse labeling performed 2 days after lipo-
some-entrapped MDP injection labeled precursors
in the bone marrow and in the liver. ER-MP58-posi-
tive cells in the liver proliferated and some of them
differentiated into BM8-positive cells. These results
suggested that there are macrophage precursor
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Figure 18. Fxpression ofM-CSF mnRNA in the liver detected by RT-PCR. a: M-CSF mIRNA expression is enhanced at 2, 12, and 24 bours after the
admiinistration of liposome-entrapped MDP. b: M-CSF niRNA expression is detected in the liver cell fracti(li ht n1ot in that oftbe MNCs at 24 hours.
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pools in the liver of normal mice and that these
precursor cells proliferate and participate in the re-
populating process of Kupffer cells after their deple-
tion. Thus, macrophage precursors in the liver after
injection of liposome-entrapped MDP were com-
posed of bone-marrow-derived and intrahepatic pro-
liferating populations. The significance and the rela-
tionship between these two precursor populations
should be clarified by further investigation.

In contrast to previous studies, the increases of
neutrophils and monocytes were remarkable in mice
after liposome-encapsulated MDP administration.
The mechanism as to the induction of leukocytosis is
unknown. Considering the appearance of ER-MP58-
positive cells in peripheral blood, substances re-
leased from destroyed macrophages may have stim-
ulated the release of leukocytes including myeloid
precursors from bone marrow. It is postulated that
Kupffer cells phagocytize neutrophils undergoing
apoptosis.40 Marked leukocytosis may result from a
dysfunction of the leukocyte clearance system due
to the depletion of Kupffer cells.

Several growth factors modulate the differentiation
and maturation of macrophage precursors.18'41-43
The liver is a hematopoietic organ during fetal devel-
opment, and M-CSF is detected in the fetal liver.23 In
the adult rat liver, focal hematopoiesis is induced by
the administration of glucan, which increases the
production of M-CSF and GM-CSF in the liver.44
Osteopetrosis (op/op) mice lacking functional activ-
ity of M-CSF due to a mutation in the coding region of
the M-CSF gene itself45'46 are characterized by an
absence of monocytes in the peripheral blood and a
disturbance in their differentiation into macro-
phages.19,20,45-48 The administration of M-CSF to
op/op mice corrects the reduction of Kupffer cells.18
Thus, the major population of Kupffer cells is re-
garded as M-CSF-dependent macrophages. How-
ever, daily administrations of recombinant murine
GM-CSF also correct macrophage deficiencies in
the liver of op/op mice.49 Furthermore, IL-3 may also
regulate macrophage development and differentia-
tion in combination with GM-CSF in vitro.46 Besides,
M-CSF and GM-CSF reportedly support the local
proliferation of rat Kupffer cells.50 We therefore ex-
amined the in loco production of CSFs in the livers of
mice treated with liposome-entrapped MDP. M-CSF
mRNA expression in the liver as detected by RT-PCR
was enhanced during Kupffer cell depletion,
whereas IL-3 and GM-CSF mRNA was undetectable.
These results corresponded to the fact that the num-
ber of ER-MP58-positive cells increased after lipo-
some-encapsulated MDP injection because they are
M-CSF responsive.26 Although a significant differ-

ence was not detected in the proliferative potential of
ER-MP58-positive precursor cells in the liver be-
tween M-CSF-treated and untreated mice, the num-
ber and the proliferative potential of repopulating
BM8-positive Kupffer cells was significantly larger in
M-CSF-treated mice than those in untreated mice.
We also confirmed marked proliferation of small im-
mature Kupffer cells in op/op mice after M-CSF ad-
ministration.20 Taken all together, it is suggested that
M-CSF promotes the differentiation and proliferation
of repopulating immature Kupffer cells and their pre-
cursors.

Hepatocytes and sinusoidal cells produce M-CSF
and GM-CSF to regulate the proliferation, differenti-
ation, and maturation of Kupffer cells.2238 These
CSFs are also secreted by Kupffer cells themselves.
To clarify the source of M-CSF production, we frac-
tionated the liver tissue and detected M-CSF mRNA
expression in the hepatocyte but not in the MNC
fraction. Because Kupffer cells were completely
eliminated by liposome-entrapped MDP for 4 days,
hepatocytes are responsible for the enhanced ex-
pression of M-CSF mRNA at 12 and 24 hours. The
augmented M-CSF mRNA expression at 2 hours as
well as the temporary expression of IL-1 mRNA may
reflect a Kupffer cell activation by liposome phago-
cytosis before they are destroyed by liposome-en-
trapped MDP.

In summary, after depleting Kupffer cells by inject-
ing liposome-entrapped MDP, macrophage precur-
sor cells increased and proliferated in the liver and
differentiated into Kupffer cells. The liver provides a
microenvironment for the differentiation, proliferation,
and maturation of Kupffer cells and their precursors
by the local production of M-CSF.
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