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Abstract

Leukemic cell apoptosis may be enhanced by appropriate oxidative stress. We report here the mechanism of Jurkat cell apoptosis by
monochloramine (NH,CI), a neutrophil-derived oxidant. NH,Cl induced caspase-dependent apoptosis, which was preceded by cytochrome
¢ and Smac/Diablo release from mitochondria. Within 10 min of NH,Cl treatment, c-Jun N-terminal kinase (JNK) activation and elevation
of cytosolic Ca** were observed. JNK inhibitors (SP600125 or JNK inhibitor VIII) significantly suppressed the apoptosis as well as caspase
cleavage and cytochrome c release. In contrast, Ca?* chelation by EGTA + acetoxymethyl-EGTA had no effects on apoptosis. Our results
indicated that JNK activation contributed most importantly to the NH,Cl-induced apoptosis.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Leukemia treatment largely depends on anticancer drugs,
and oxidative stress is involved to a various extent in
chemotherapy-induced apoptosis [1,2]. Oxidative stress is
one of the effective apoptosis inducers and malignant cells
are in general under intrinsic oxidative stress [3]. We have
previously reported that multidrug-resistant NK tumor cell
line underwent apoptosis by a neutrophil-derived oxidant
monochloramine (NH;Cl) (4]. Thus, leukemia therapy may
be improved by properly modulating the oxidative stress of
the tumor cells. However, exogenous oxidants sometimes dis-
turb the effects of some chemotherapeutic drugs [5]. Thus,
it is important to elucidate how oxidative stress induces or
inhibits apoptosis of tumor cells.

NH,Cl is produced by activated neutrophils in the
reaction of OCl™ and NH4* [6,7], and has various biolog-
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ical effects on signal transduction, gene expression, DNA
repair and cell cycle [8-11]. NH;Cl also induces apopto-
sis through the release of apoptosis-promoting proteins, such
as cytochrome ¢ and Smac/Diablo from mitochondria [4].
Cytochrome ¢ promotes caspase 9 activation through the
complex formation with apoptotic protease activating factor
1 [12], whereas Smac/Diablo suppresses inhibitor of apop-
tosis proteins that normally inhibit caspase activity [13,14].
Cytochrome ¢ may be released through the opening of per-
meability transition pore [15,16], or by truncated Bid, a
Bcl-2 family protein [17]. Notably, mitochondrial membrane
potential decreases with the opening of permeability tran-
sition pore, whereas truncated Bid stimulates cytochrome
¢ release without a decrease in mitochondrial membrane
potential [18,19].

NH,Cl causes several immediate cellular responses that
can lead to cytochrome c¢ release. Among them are Ca?*
increase in cytosol [20], p53 phosphorylation at Ser46 [10]
and the activation of c-Jun N-terminal kinase (JNK). Exper-
iments using isolated mitochondria showed that increase in
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cytosolic Ca* can induce mitochondrial membrane perme-
ability transition and release cytochrome ¢ [21]. Apoptosis
can also be initiated by p53 phosphorylation, especially at
S46 [22]. P53 may induce apoptosis by expressions of var-
ious genes, such as p53AIP1, NOXA, PUMA [23-25], or
p53 may migrate to mitochondria and facilitate the release
of apoptosis-promoting proteins probably through the inter-
action with Bcl-2 family proteins [26]. JNK is a member
of MAP kinase family, and is activated by various stresses
such as ultraviolet rays, heat shock, anticancer drugs, inflam-
matory cytokines and oxidative stress [27]. Although JNK
may stimulate or inhibit apoptosis depending on the condition
[28], it is reported that INK stimulates TNFo-induced apop-
tosis by caspase 8 activation [29]. The goal of this study is to
elucidate the link between these immediate cellular responses
and the downstream apoptosis machinery. Our results indi-
cated that JNK activation contributed most importantly to
NH;Cl-induced apoptosis.

2. Materials and methods
2.1. Reagents

Antibodies against caspases 2, 3, 8, Bid, Smac/Diablo, phospho-
MKK4 (T261), phospho-JNK (T183/Y195), and phospho-ATF2
(T71) were from Cell Signaling Technology (Beverly, MA).
Antibodies against MKK4 and JNK were from Transduction
Laboratories (Lexington, KY), and cytochrome ¢ was from BD
PharMingen (San Diego, CA). Caspase inhibitors, namely Z-
D(OMe)E(OMe)VD(OMe)-fimk (Z-DEVD-fmk) for caspase 3,
Z-1E(OMe)TD(OMe)-fmk (Z-IETD-fmk) for caspase 8 and Z-
LE(OMe)HD(OMe)-fmk (Z-LEHD-fmk) for caspase 9, JNK
inhibitors, namely SP600125 (Anthra [1,9-cd] pyrazol-6(2H)-one)
and JNK inhibitor VIII (N-(4-Amino-5-cyano-6-ethoxypyridin-2-
yD)-2-(2,5-dimethoxyphenyl) acetamide), and hygromycin B were
from Calbiochem (EMD Chemicals, San Diego, CA). Cyclosporin
A was from Wako Pure Chemical (Osaka, Japan). Cycloheximide
was from Sigma (St. Louis, MO). Monochloramine (NH,Cl, about
5mM) was prepared just before experiments and the concentra-
tion was measured by the UV absorption spectra as described
previously [30]. All other reagents were of analytical grade or
better.

2.2. Cell culture and treatment

Jurkat T cell, a human acute T cell leukemia cell line, was
obtained from Hayashibara Biochemical Laboratories Inc. (Fujisaki
Cell Center, Okayama, Japan). HL60 cell was from Health Sci-
ence Research Resources Bank (Osaka, Japan). The cell culture
medium was RPMI 1640 supplemented with 10% (v/v) fetal bovine
serum, 2 mM L-glutamine, and 110 mg/l sodium pyruvate (from Life
Technologies, Inc., Gaithersburg, MD, USA). Cells were cultured
in a CO; incubator containing 5% CO, at 37 °C, and the cells in
exponential growth phase were used for experiments.

For NH,Cl pretreatment, cells were suspended in the fresh
medium at 1 x 10° cells/ml. Where indicated, caspase inhibitors
(final concentration at 25 uM each), JNK inhibitors (20 wM each),
protein synthesis inhibitors (cycloheximide S pg/ml, hygromycin

B 100 wg/ml) or Ca?* chelating chemicals (EGTA 2 mM + EGTA-
AM 50 uM) were added and incubated for 10-30 min as indicated
in each figures. Then, 100 uM of NH,Cl (i.e. 100 nmol/106 cells)
were added and incubated for 10min, 3h or 6h at 37°C in a CO,
incubator as described in the results. During the incubation time,
even for 10 min, almost all NH,Cl reacted with cells and medium
components, and disappeared from the medium (data not shown).
The treated cells were separated from the medium by centrifugation
at 500 x g for 5 min, washed once with ice-cold PBS, and used for
the following experiments.

2.3. Apoptosis detection

Apoptosis was detected by FITC-labeled annexin V and propid-
ium iodide double staining method using TACS annexin V-FITC
apoptosis detection kit (Trevigen, Gaithersburg, MD) and a flow
cytometer (FACSCalibur, Becton Dickinson, Franklin Lakes, NJ).
Cells stained with FITC-annexin V, but not with propidium iodide
were considered apoptotic cells. Data were collected from a morpho-
metrically homogeneous cell population, which typically contained
more than 80% of cells.

2.4. Cell fractionation and Western blotting

Cytosolic and mitochondrial fractions were prepared immedi-
ately after cell harvest using mitochondria/cytosol fractionation kit
(BioVision) according to manufacturer’s instruction. The mitochon-
drial pellet was resuspended in lysis buffer consisting of 20 mM
sodium phosphate buffer (pH 7.4) with phosphatase inhibitor cock-
tail (PhosStop, Roche, Mannheim, Germany), protease inhibitor
cocktail (Complete mini, Roche) and 0.1% (v/v) Nonidet P-40.
‘Whole cell protein was extracted in lysis buffer consisting of 20 mM
sodium phosphate buffer (pH 7.4), 40 mM B-glycerophosphate,
20mM NaF, 1mM NazVOy4, 20mM p-nitrophenyl phosphate,
1 mM dithiothreitol, 0.1% (v/v) Nonidet-P40, and protease inhibitor
cocktail. The protein concentration was measured by Coomassie
Plus Protein Assay Reagent (Pierce, Rockford, IL), and the
same amount of protein was separated by SDS-PAGE and
transferred to a PVDF membrane. Immunoreactive proteins
were detected using chemiluminescence system (Nacalai, Kyoto,
Japan).

2.5. Statistical analysis

For Western blot images, each band densities were measured
using Image J software (http:/rsb.info.nih.gov/ij/), and expressed
as % of the sum of total band densities. Results were tabulated for
the indicated number of experimental samples. Analysis of variance
(ANOVA) was performed for multiple comparison using Statcel QC
software (OMS publishing Inc., Saitama, Japan). The P values less
than 0.05 were considered to be significantly different.

3. Results
3.1. NH,Cl-induced apoptosis was caspase dependent

We first studied the caspase dependence of the NH,Cl-
induced apoptosis. NH;Cl-induced apoptosis, which was
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Fig. 1. NH,Cl-induced apoptosis was caspase dependent. (A) Jurkat cells
(suspended in a fresh culture medium at 1 X 109 cells/ml) were added
with the indicated caspase inhibitors at 25 M, and incubated for 30 min,
Then the cells were added with 100 uM of NH,Cl, and incubated for
6h. Apoptosis was detected by annexin V method. Open bars: no NH,Cl,
closed bars: NH;Cl= 100 pM. (*): Significantly lower than inhibitor (-),
NH,Cl=100pM samples. (}): Significantly higher than Z-IETD-fmk,
NH,Cl = 100 pM samples. Mean == S.D. for three independent experiments.
(B) Caspase cleavage was detected at 3 h after NH,Cl (100 pM) addition,
Whole cell lysate was prepared and analyzed by Western blotting. The same
amount of protein was loaded on each well. Arrow: full-length caspase,
arrowhead: cleaved caspases. Representative data from three independent
experiments.

measured at 6h of incubation, was almost completely
inhibited by caspase 8 inhibitor (Z-IETD-fmk) or cas-
pase 3 inhibitor (Z-DEVD-fmk) (Fig. 1A). Caspase 9
inhibitor (Z-LEHD-fmk), on the other hand, also showed
a significant but partial inhibition. Combination of Z-
IETD-fmk and Z-LEHD-fmk resulted in virtually complete
inhibition.

Caspase cleavage was studied at 3h after NHCl treat-
ment, when apoptotic cells were beginning to increase {31].
As expected, caspases 8 and 9 showed a definite cleavage,
which indicated their activation (Fig. 1B). Caspase 3, a major
execution caspase, also showed slight but definite cleavage,

which also indicated its activation. Caspase 2 did not show
apparent cleavage.

Caspase 8 can either directly activate caspase 3, or
through mitochondrial pathway, which include Bid cleavage,
cytochrome ¢ release and caspase 9 activation [32]. Thus,
the Bid cleavage and the release of apoptosis-inducing pro-
teins from mitochondria were studied. After 3h of NH;Cl
addition, truncated Bid was detectable especially in mito-
chondrial fraction (Fig. 2A). At the same time, cytochrome
¢ and Smac/Diablo, which normally localize in mitochon-
dria, appeared in the cytosolic fraction. To confirm that this
Bid cleavage was catalyzed by caspase 8, the effects of Z-
IETD-fmk was studied. Fig. 2B showed that Z-IETD-fmk
almost completely inhibited Bid cleavage, as well as caspase
8 cleavage itself. The result indicated that Bid cleavage was
catalyzed by caspase 8, and caspase 8 activated itself.
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(B) Z-IETD-fmk
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Fig. 2. NH,Cl induced Bid cleavage and cytochrome c release. (A) Jurkat
cells were added with 100 uM of NH»Cl, and incubated for 3 h. Cell fractions
were prepared using Mitochondria/Cytosol fractionation kit (BioVision) and
analyzed by Western blotting. For cytosol and mitochondria samples, 5.1 and
8.6 pg of protein was loaded on each well, respectively. Arrow: full-length
Bid, arrowhead: truncated Bid. Representative data from three independent
experiments. (B) Jurkat cells were added with caspase 8 inhibitor (Z-IETD-
fmk) at 25 uM, and incubated for 30 min. Then the cells were added with
100 uM of NH,Cl, and incubated for 3 h. Whole cell lysate was prepared
and analyzed by Western blotting. The same amount of protein was loaded
on each well, Arrow: full-length proteins, arrowhead: cleaved proteins. Rep-
resentative data from three independent experiments,
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3.2. Cytosolic Ca?* increased by NH,Cl, but had no
effects on apoptosis

It has been reported that increase in the cytosolic
Ca?* stimulated mitochondrial cytochrome ¢ release by
enhancing membrane permeability transition [33]. NH,Cl
addition to Jurkat cells resulted in immediate and sustained
increase in the cytosolic Ca?*, which was detected by the
fluorescence of calcium indicator Fluo-3 (Fig. 3A). How-
ever, when extracellular and cytosolic Ca?* was chelated
by EGTA + acetoxymethyl-EGTA, NH;Cl-induced apopto-
sis did not decrease (Fig. 3B). The classical membrane
permeability transition shows the decrease in mitochondrial
membrane potential and this phenomenon can be inhibited
by cyclosporin A {34]. When the mitochondrial membrane
potential was measured by JC-1 fluorescence, the cells with
low membrane potential was only 9.2% even at 6h after
NH,Cl addition, when the apoptotic cells were more than
20% (Fig. 4A and B). Consistent with this result, cyclosporin
A pretreatment failed to inhibit NH,Cl-induced apoptosis
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Fig. 3. Cytosolic Ca’* elevation had no effects on apoptosis. (A) Jurkat
cells (suspended in a fresh medium without phenol red at 1 x 109 cells/ml)
were added with acetoxymethyl-Fluo3 at 2 uM, and incubated for 30 min.
Flow cytometric analysis was started and 100 pM of NH;Cl was added at
40 s (arrow), and the analysis was continued for up to 512 s. Representative
data from three independent experiments. (B) Jurkat cells were added with
EGTA (2 mM) and acetoxymethyl-EGTA (50 M) and incubated for 30 min.
Then the cells were added with 100 uM of NH,Cl, and incubated for 6 h.
Apoptosis was detected by annexin V method. Open bars: no NH,Cl, closed
bars: NH,Cl= 100 uM. Mean £ S.D. for three independent experiments.
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Fig. 4. Mitochondrial membrane permeability transition did not precede
the apoptosis. (A) Jurkat cells were added with 100 uM of NH,Cl, and
incubated for the indicated times. The cells were washed, resuspended in
PBS, and added with 2 uM of JC-1. JC-1 aggregate (high membrane potential
cells, red fluorescence) and JC-1 monomer (low membrane potential cells,
green fluorescence) were analyzed by a flow cytometer. Events inside the
oval represent low membrane potential cells. Representative data from three
experiments. (B) Jurkat cells were added with cyclosporin A at 1 pM and
incubated for 10 min. Then the cells were added with 100 pM of NH,Cl, and
incubated for 6 h. Apoptosis was detected by annexin V method. Open bars:
no NH;Cl, closed bars: NH;Cl = 100 pM Mean =+ S.D. for three independent
experiments.

(Fig. 4B). These results indicated that the classical membrane
permeability transition was not involved in this apoptosis.

3.3. JNK inhibitors significantly inhibited
NH,Cl-induced apoptosis

NH,Cl addition induced a rapid phosphorylation of INK
at T183/Y185, which was detectable at 4 min and the phos-
phorylation increased at 6 and 10 min (Fig. 5). The upstream
kinase MKK4 and the downstream transcription factor ATF2
were also phosphorylated at the same time points, which indi-
cated that JNK signaling pathway was activated by NH,Cl.
As JNK pathway is reported to be involved in TNFa-
stimulated apoptosis [29], the role of JNK in NH;Cl-induced
apoptosis was studied using Jurkat cells and HL60 cells. In
Jurkat cells, both of two different JNK inhibitors, namely
SP600125 and JNK inhibitor VIIL, inhibited NH,Cl-induced
apoptosis significantly, although not completely (Fig. 6A).
Similar result was obtained using HL60 cells, in which INK
inhibitor VIII induced a significant but incomplete inhibition
of NH>Cl-induced apoptosis (Fig. 6B). The effects of INK
inhibition on caspase 8, Bid, cytochrome ¢ and Smac/Diablo
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Fig. 5. JNK pathway was activated by NH,Cl. Jurkat cells were added with
100 pM of NH,Cl, and incubated for the indicated times. Whole cell lysate
was prepared and the same amount of protein was analyzed by Western
blotting using phospho-specific antibodies. As for MKK4 and INK, the same
membrane was stripped and reprobed using each protein-specific antibodies.
Representative data from three independent experiments.

were also studied. Caspase 8 and Bid cleavage were clearly
inhibited by a JNK inhibitor SP600125 (Fig. 7). The release
of cytochrome ¢ and Smac/Diablo were also inhibited signif-
icantly.

JNK-mediated apoptosis may require a new protein syn-
thesis [35], thus, the effects of protein synthesis inhibitors
were studied. NH;Cl-induced apoptosis was not inhibited
but rather enhanced by protein synthesis inhibitors (Fig. 8),
which indicated that new protein synthesis was not a prereq-
uisite for this apoptosis.

3.4. NH,Cl induced p53(Ser46) phosphorylation and
migration to mitochondria

NH,Cl is reported to enhance pS53 phosphorylation at
Ser46 [10]. As Ser46 phosphorylation of p53 is linked to
apoptosis [23], the role of p53 in NH,Cl-induced apoptosis
was studied. NH,Cl treatment induced a rapid p53 phos-
phorylation at Ser46 within 10 min (Fig. 9A). Interestingly,
mitochondria-associated p53 increased significantly after 3h
of NH,Cl treatment (Fig. 9B).

4. Discussion

In this paper we studied the mechanism of NH,Cl-induced
apoptosis in Jurkat cells. From the experiments, the proba-
ble apoptosis pathways were shown in Fig. 10, and the most
important pathway included JNK phosphorylation, caspase
8 activation, Bid cleavage, cytochrome ¢ and Smac/Diablo
release from mitochondria, caspase 9 activation and caspase
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Fig. 6. JNK inhibitors significantly inhibited NH,Cl-induced apoptosis. (A)
Jurkat cells were added with the indicated JNK inhibitors at 20 uM, and
incubated for 10 min, Then the cells were added with 100 pM of NH,Cl,
and incubated for 6 h. Apoptosis was detected by annexin V method. (B)
The same experiment was done using HL60 cells. Open bars: no NH,Cl,
closed bars: NH,Cl= 100 pM. (*): Significantly decreased from inhibitor
(—), NH;C1 =100 uM samples. Mean == S.D. for at least three independent
experiments.

3 activation. Caspase 8 may also activate caspase 3 directly.
In addition, p53 migration to mitochondria may also stimu-
late cytochrome c release. Although cytosolic Ca®* increased
immediately after NH,Cl treatment, it had no effects on apop-
tosis.

Although exogenous oxidants disturb chemotherapeutic
drugs in some conditions [5], applying oxidative stress to
chemotherapy has certain advantages, i.e., cancer cells are
more preferentially damaged than normal cells [3], and
multidrug-resistant cells can also be damaged by oxidants
[4]. As these apparently conflicting results may be explained
by the difference in the types, doses or targets of oxi-
dants, the detailed mechanism of oxidant action needs to be
elucidated. In the case of NH,Cl-induced apoptosis, INK
activation appeared to be necessary. In addition to Jurkat
cells, HL60 cells also showed inhibition of NH,Cl-induced
apoptosis by JNK inhibitor VIII. When the phosphorylation
of MKK4, INK and ATF2 were compared at various time
points, they were phosphorylated almost simultaneously after
NH,Cl1 addition. Reactive oxygen species has been reported
to activate JNK, which may be due to the decrease of INK
phosphatase, a member of MAP kinase phosphatase, in its
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Fig. 7. The JNK inhibitor attenuated caspase 8 activation, Bid cleavage
and cytochrome ¢ release. Jurkat cells were added with JNK inhibitor
(SP600125) at 20 uM, and incubated for 10 min. Then the cells were added
with 100 pM of NH,Cl, and incubated for 3 h. Cell fractions were prepared
using Mitochondria/Cytosol fractionation kit (BioVision) and analyzed by
Western blotting, For cytosol and mitochondria samples, 11.2 and 9.8 ug
of protein was loaded on each well, respectively. Arrow: full-length pro-
teins, arrowhead: cleaved proteins. The band densities of cytochrome ¢ and
Smac/Diablo were measured and analyzed by ANOVA. (*): Significantly
higher than SP600125 (—), NH,Cl (—) samples, (): significantly lower
than SP600125 (—), NH,Cl (100 pM) samples, Representative data from
three independent experiments.

expression level [36] or its enzyme activity [37]. MAP kinase
phosphatase has a conserved catalytic cysteine residue, and
its oxidation to sulfenic acid inactivates the enzyme [37].
As NH,Cl preferentially oxidizes SH group [38], it is likely
that NH,Cl inactivated JNK phosphatase. This assumption is
consistent with the observed rapid activation JNK pathway.

JNK inhibitor SP600125 suppressed caspase 8 cleav-
age, which indicated that active JNK facilitates caspase 8
activation. Recent report suggested that the degradation of
FLICE-inhibitory protein (FLIP), one of the endogenous cas-
pase inhibitor proteins, was facilitated by active JNK. JNK
phosphorylates and activates Itch, a c-FLIP-specific E3 ubig-
uitin ligase, and promotes c-FLIP degradation [29]. We also
studied the amount of FLIP after NH,Cl treatment, which
did not show definite changes (data not shown). In addition,
Jurkat cells generally have rather low levels of FLIP pro-
tein. Thus, it should be studied further if FLIP degradation is
involved in NH,Cl-induced apoptosis.
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Fig. 8. NH,Cl-induced apoptosis was not inhibited by protein synthesis
inhibitors. Jurkat cells were added with protein synthesis inhibitors (cyclo-
heximide at 5 pg/ml, hygromycin B at 100 pg/ml) and incubated for 10 min.
Then the cells were added with 100 uM of NH,Cl, and incubated for 6 h.
Apoptosis was detected by annexin V method. Open bars: no NH,Cl, closed
bars; NH;Cl = 100 pM. Mean £ S.D. for three independent experiments.
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Fig. 9. NH,Cl enhanced p53(S46) phosphorylation and migration to mito-
chondria. (A) Jurkat cells were added with JNK inhibitor (SP600125) at
20 uM, and incubated for 10 min. Then the cells were added with 100 uM
of NHyCl, and incubated for 10min. Whole cell lysate was prepared
and the same amount of protein was analyzed by Western blotting using
phospho-specific p53(Ser46) antibody. The same membrane was stripped
and reprobed using protein-specific p53 antibody. Representative data from
three independent experiments. (B) Jurkat cells were added with 100 uM of
NH,Cl, and incubated for 3 h. Cell fractions were prepared using Mitochon-
dria/Cytosol fractionation kit (BioVision) and analyzed by Western blotting.
For cytosol and mitochondria samples, 5.1 and 8.6 ug of protein was loaded
on each well, respectively. The band densities of p53 in mitochondria were
measured and analyzed by Student’s t-test. (*): Significantly higher than
NH,Cl (—) sample. Representative data from three independent experiments.
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Fig. 10. Schematic drawing of the NH,Cl-induced apoptosis pathway. The
bold arrows indicate the major pathway. The increase in the cytosolic Ca?*
had no effects on apoptosis.

The apoptosis inhibition by JNK inhibitors was not com-
plete. One possibility is that the JNK inhibition was not
complete. Previous reports showed that slight JNK activity
still remained at 20 uM of SP600125 [39,40]. Nevertheless,
this concentration was chosen in this experiment because
the higher concentration may inactivate other kinases [39].
1t is also possible that there is an additional pathway that
activates caspase. In this respect, p53 migration to mito-
chondria is a notable finding. It has been reported that p53
migration to mitochondria is sufficient to induce cytochrome
c release [41]. The migrated pS3 may interact with Bcl-2
family proteins and facilitates cytochrome c release [41].
Thus, it is plausible that the observed p53 migration may
also stimulate cytochrome ¢ release. P53 may also stimulate
apoptosis through the induction of apoptosis-enhancing pro-
teins [23]. Consistent with our previous report [10], NH>Cl
induced p53(Serd6) phosphorylation in Jurkat cells, and this
phosphorylation is reported to enhance the expression of
apoptosis-related genes [42]. However, the NH,Cl-induced
apoptosis was not inhibited by protein synthesis inhibitors,
instead, the apoptosis was rather enhanced. Cycloheximide
is reported to enhance apoptosis induced by Fas or tumor
necrosis factor-o [43,44]. In these conditions, cyclohex-
imide preferentially decreased apoptosis-inhibiting proteins,
such as FLIP, X-linked inhibitor of apoptosis protein, and
cellular inhibitor of apoptosis protein. Thus, the enhance-

ment of apoptosis by cycloheximide in our experiment may
be explained by the decrease in these apoptosis-inhibiting
proteins. Therefore, it needs to be studied further if p53-
dependent gene expression was involved in NH;Cl-induced
apoptosis.

In this experiment, it became clear that INK activation was
primarily important in the oxidative stress-induced apopto-
sis by NH;Cl. It has been reported that JNK activation and
generation of reactive oxygen species is important in the
action of several therapeutic drugs, such as tyrosine kinase
inhibitor + proteasome inhibitor [45] and AsyO3 [46]. In these
cases chloramine and the therapeutic drugs may enhance
apoptosis cooperatively, because they work through similar
pathways. If oxidative stress by chloramine is applicable ade-
quately, we may be able to decrease the dose of anticancer
drugs, thereby reducing side effects without loss of anticancer
efficacy. Thus, it is an interesting future subject if we can
properly modify tumor cell oxidative stress by exogenous
oxidants and improve therapeutic protocols.
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It has been accepted that bone marrow cells infiltrate the brain and play important roles in neuroinflam-
mation. However, there is no good tool for the visualization of these cells in living animals. In this study,
we generated mice that were transplanted with GFP- or luciferase-expressing bone marrow cells, and

performed in vivo fluorescence imaging (FLI) and in vivo bioluminescence imaging (BLI) to visualize

Keywords:
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In vivo bioluminescence imaging

the infiltrated cells. Brain inflammation was induced by intrahippocampal injection of lipopolysaccharide
(LPS). Immunohistochemical investigation demonstrated an increase in the infiltration of bone marrow
cells into the hippocampus because of the LPS injection and differentiation of the infiltrated cells into
microglia, but not into neurons or astrocytes. BLI, but not FLI, successfully detected an increase in signal

intensity with the LPS injection, and the increase of BLI coincided with that of luciferase activity in hip-
pocampus. BLI could quantitatively and continuously monitor bone marrow-derived cells in vivo.

© 2009 Elsevier Inc. All rights reserved.

It has recently become clear that bone marrow cells are able to
cross the blood-brain barrier (BBB), infiltrate the CNS parenchyma,
and differentiate into microglia (bone marrow-derived microglia)
[1]. The bone marrow-derived microglia are particularly interest-
ing because they could have direct implications for the etiology
(physiopathology) of many neurodegenerative diseases, including
stroke {2,3], traumatic brain injury [4,5], multiple sclerosis [6], Par-
kinson's disease [7], and Alzheimer's disease [8,9]. However, the
precise role of these cells, beneficial or detrimental, is still under
debate. Therefore, a monitoring system for bone marrow-derived
microglia in vivo would contribute to provide valuable information
about the role of microglia in neurodegenerative diseases.

Currently, the study of bone marrow-derived microglia is lim-
ited largely to histological investigation [1], because there is no
good exogenous marker to distinguish resident microglia and bone
marrow-derived microglia. Thus, producing a specific probe for
only recognizing bone marrow-derived microglia, was extremely
difficult. Even if the markers exist, the quantification and prolifer-
ation of the cells cannot be assessed easily in vivo because they are
often degraded, diluted, and excreted as cell populations divide. On
the other hand, in vivo optical techniques, such as fluorescence [10]
and bioluminescence [11] are possibly powerful new modalities

* Corresponding author. Fax: +81 11 706 5042.
E-mail address: y-ohmiya@aist.go.jp (Y. Ohmiya).

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.01.181

for the imaging of infiltrating bone marrow cells in the brain be-
cause GFP and luciferase are expressed in all cell progeny without
dilution,

The overall goal of this study was to visualize bone marrow-de-
rived microglia infiltrating the brain during neuroinflammation by
in vivo optical imaging. To achieve this goal, we made transplanted
bone marrow-derived microglia detectable in mice, by having
them express GFP or firefly luciferase. Intrahippocampal lipopoly-
saccharide (LPS) injection was used for the induction of brain
inflammation. Histological investigation demonstrated that bone
marrow cells infiltrating the brain differentiated into microglia,
but not into neurons or astrocytes. The bone marrow-derived
microglia infiltrated mainly into the hippocampus and were seri-
ally and clearly visualized in living animals by in vivo biolumines-
cence imaging (BLI), but not in vivo fluorescent imaging (FLI).

Materials and methods

Animals. Twenty-four male C57 BL/6j mice (Clea Japan, Tokyo), 4
male EGFP transgenic mice (C57 BL/6j background) [12] as the do-
nors of GFP-expressing bone marrow cells, and 4 male mPer1-luc
transgenic mice (C57 BL/6j background) [13] as donors for lucifer-
ase-expressing bone marrow cells were used in the experiments.
These mice were fed lab chow and kept under a 12 h light/dark
cycle under SPF conditions in our animal facility. The animals were
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cared for according to the Guidelines for the Care and Use of Labora-
tory Animals at Hokkaido University Graduate School of Medicine.

Irradiation and bone marrow transplantation. Bone marrow cells
of 8-week-old male GFP transgenic mice and luciferase transgenic
mice of the same age, were aseptically harvested from their femurs
and tibial cavities. Eight-week-old male C57BL/6] mice acted as
recipients. They were exposed to 9 Gy total-body irradiation using
a cobalt-60 source (MBR-150R2, Hitachi Medical, Tokyo, Japan).
Eighteen hours later, the harvested GFP- or luciferase-expressing
bone marrow cells were injected intravenously through a tail vein
at a dose of 5 x 108 cells per individual. Irradiated mice trans-
planted with this suspension were housed in autoclaved cages un-
der a 12 h light/dark cycle. Animals were used 3 months after the
transplantation.

Stereotaxic surgery and intrahippocampal injections. Animals
were anesthetized with isoflurane, and immobilized in stereotaxic
apparatus (Narishige, Tokyo, Japan). Stereotaxic coordinates were
—2.5mm posterior, +1.7 mm lateral, and —2.2 mm ventral from
bregma. In this study, 1-pl injections of 4 pgful LPS (Salmonella
abortus equine, Sigma, St. Louis, MO) dissolved in sterile saline were
delivered over a 2-min period into each hippocampus. Control
mice were injected with the saline alone. An approximately
10 mm diameter of scalp was resected to expose cranial bone
and covered with dental enamel cement. The animals were then
housed individually, and used for in vivo imaging at different time

Saline
or
L.PS

Injection coordinate

points (0, 1, 3, 5, or 7 days postinjection), and sacrificed at day 7
following the last imaging.

In vivo optical imaging. FLI was performed with an in vivo imag-
ing system (Photon Imager, Biospace, France) with 10 s exposure
and anesthetized with isoflurane during imaging. The same imag-
ing system was used for BLI; mice were injected IP with 150 mg/kg
p-luciferin (Wako, Osaka, Japan) 15 min before imaging and anes-
thetized with isoflurane during imaging. Photons emitted from liv-
ing mice were acquired as photons per sjcm? per steradian by
using Photon Vision + software version 1.0 (Biospace). For photon
quantification, a region of interest (ROI}) was manually selected
and kept constant within all experiments. For longitudinal compar-
ison of fluorescence or bioluminescence, baseline imaging was per-
formed just before LPS administration. Each was expressed as a
fold induction over baseline levels.

Brain tissue preparation. The mice were transcardially perfused
with 30 ml of ice-cold heparinized (1 U/ml) saline to remove blood
from their brains. The brain was quickly removed after decapita-
tion and cut into two hemispheres on ice; the right brain hemi-
spheres were used for subsequent biochemical analysis. The left
hemispheres were fixed with a 4% neutral buffered paraformalde-
hyde solution for 24 h at 4 °C and cryoprotected with 30% sucrose
in 0.1 M phosphate-buffered solution (pH 7.0) for 48 h at 4 °C.
Coronal sections (30 pm thick) were cut with a freezing micro-
tome. At least three animals were used for these studies.

Saline LPS

Fig. 1. Increased bone marrow-derived cells and brain inflammation in LPS-injected mice. (A) Panoramic view of a coronal section (left hemisphere) and coordination of
intrahippocampal injection of saline or LPS. GFP-expressing bone marrow cells (green) increased in LPS injected brain. Scale bar = 500 um. (B) Example of infiltrated GFP-
expressing cells in a region of hippocampus. Increased bone marrow-derived cells (GFP in green) and upregulated brain inflammation (lbal in red) was observed in LPS-

injected brain. Scale bars = 200 um.
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Immunohistochemistry. Free-floating sections were washed with
Phosphate buffer saline (PBS) containing 0.05% Tween 100 (PBST)
and were incubated for 30 min in PBST containing 5% normal goat
serum. Sections were then incubated overnight with primary anti-
bodies (polyclonal rabbit anti-ionized calcium binding adaptor
molecule 1 [Ibal, which is specifically expressed in microglia and
cells of monocytic lineage], 1:2000, Wako; polyclonal rabbit anti-
glial fibrillary acidic protein [GFAP, which is specifically expressed
in astrocytes], 1:10, Dako, Glostrup, Denmark; monoclonal mouse
anti-microtubule-associated protein 2 {[MAP-2, a neuron-specific
marker], 1:400, Sigma) at 4 °C. Sections were washed three times
with PBST and then incubated with a secondary antibody of an
appropriate species (Alexa 594 goat anti-rabbit IgG (1:500) and
Alexa 594 goat anti-mouse IgG (1:500), Invitrogen, Carlsbad, CA)
at room temperature. Sections were then rinsed four times for
5min in PBST, mounted onto slide glass (Matsunami, Osaka,
Japan), and coverslipped with Prolong Gold antifade reagent
(Invitrogen). Confocal fluorescent images were captured using a
laser scanning confocal imaging system (Bio-Rad MRC-1024 on a
Zeiss Axiophot inverted microscope) operated by Lasersharp
2000 software (Bio-Rad, Hercules, CA).

Assay of luciferase and protein determination. For the luciferase
assay, different brain regions from mice, transplanted with lucifer-
ase-expressing bone marrow cells injected with LPS or saline were
homogenized in 1 ml of ice-cold 50 mM Tris-HCl buffer (pH 7.0)
containing complete protease inhibitor cocktail (Roche Diagnos-
tics, Mannheim, Germany) using a Teflon homogenizer for 1 min

A

Astrocyte Microglia

Neuron

on ice. The homogenates were centrifuged at 15,000 g for 15 min
at 4 °C and the supernatants were used for a luciferase assay with
PicaGene (Toyo, Tokyo, Japan) and the results are expressed in rel-
ative light units (RLU)/mg of protein. Protein concentrations were
determined using a BCA protein assay kit (Pierce, Rockford, IL) with
bovine serum albumin as the standard.

Statistics. Data were expressed as means £ SD for groups of 3
mice in FLI and 6 mice in BLI Statistical analysis was performed
using an analysis of variance (ANOVA) followed by Dunnett’s test
(*p <0.05 or »p <0.01 vs Day 0).

Results and discussion

Increased recruitment of bone marrow cells to the brain by
intrahippocampal injection of LPS

Immunohistochemical experiments in rat have demonstrated
that bone marrow cells infiltrate the brain after intrahippocampal
injection of LPS [14]. In addition, it was observed that the number
of activated microglia is significantly elevated from 1 to 28 days
after intrahippocampal injection of LPS and reaches a maximum
around day 7 [15]. Before we performed the in vivo imaging, we
confirmed whether similar results could be obtained in chimeric
mice that we generated by transplanting GFP-expressing bone
marrow cells into irradiated wild-type mice. As the donor for
GFP-expressing bone marrow cells, we chose enhanced GFP (EGFP)
transgenic mice [12], because this mouse line possesses an EGFP

Fig. 2. Differentiation of bone marrow-derived cells into microglia. All panels show the presence of GFP-expressing bone marrow cells (green) in the hippocampus. Upper
panels show examples of GFP positive/lbal positive (microglia in red) cells. Middle and lower panels are examples showing no expression of GFAP (astrocytes in red) and

MAP2 (neurons in red) in bone marrow cells (green). Scale bars = 50 pm.
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¢DNA under the control of a chicken B-actin promoter and cyto-
megalovirus enhancer, so the GFP was constitutively expressed in
cells.

Three months after the transplantation, we injected 1 pl of
either saline or LPS (4 ug) directly into the hippocampus of these
animals. The presence of GFP-positive cells in the brains was exam-
ined using coronal brain sections of animals sacrificed 7 days fol-
lowing LPS injection (Fig. 1). As expected, GFP-positive cells were
observed in both LPS-injected brains and saline-injected control
brains [16]. However, the number of GFP-positive cells in LPS-in-
jected brains was significantly higher than that in controls
(Fig. 1A and B). A weaker, but higher increase in GFP-positive cell
penetration was also observed, even in areas distal to the injection
site, such as the cortex and cerebellum (data not shown). The coex-
pression study showed that the expression of Ibal, which is a
microglia maker, was observed in 100% of the GFP-positive cells,
whereas MAP2 and GFAP, which are neuron and astrocyte markers,
respectively, were not observed in the cells (Fig. 2), suggesting that
the bone marrow-derived cells differentiated into microglia, but
not into neurons or astrocytes. In addition, Ibal positive cells in
LPS-injected mice showed more inflammation-related activating
morphology (ramified) than that of controls (Fig. 1B). These data

w

Day0 Day1

Saline

LPS

indicated that bone marrow cells infiltrated to mouse brain and
differentiated into microglia during brain inflammation because
of the LPS injection.

In vivo fluorescence imaging of bone marrow-derived cells using GFP-
expressing bone marrow chimeric mice

A marked increase in the penetration of GFP-positive cells into
the brain was observed in coronal brain sections of the mice sacri-
ficed on day 7 following intrahippocampal injection of LPS (Fig. 1).
To visualize the dynamic changes of bone marrow cell infiltration
with time, we performed FLI using chimeric mice over a 7-day per-
iod at multiple time points {postinjection days 0, 1, 3,5, and 7). We
injected LPS directly into the hippocampus of the animals and re-
sected the skin of their scalps to prevent loss of signal by hair
and skin (Fig. 3A). Saline-injected animals were used as controls.
Fig. 3B shows representative data for FLI. A robust signal coming
from the ROI was detected in both saline- and LPS-injected mice
from day 1 with no significant differences. Contrary to our expec-
tation, the signal intensity did not change over time and revealed
no significant difference relative to saline controls by day 7
(Fig. 3C). The reason why we could not monitor the dramatic
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Fig. 3. In vivo fluorescence imaging of bone marrow-derived cells. (A) Cranial window. For better acquisition of the signal from the region of interest (RO1), the peripheral part
of the cranial window was blackened with a felt-tip pen. (B) Representative in vivo fluorescence irmaging of bone marrow-derived cells. (C) Quantitative analysis of bone
marrow-derived cells related photon emissions. Robust signals were detected in both saline- and LPS-injected mice and observed no significant differences over time in saline

vs LPS (means £SD, n=3).
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changes of penetration of GFP-positive cells in brain inflammation
is thought to be that the target GFP-positive cells were in a deep
position (>2 mm, indicated by the arrow heads in Fig. 1A) and
may not be excited at this depth by light from the apparatus used
in this study. Furthermore, we only detected the signal from gath-
erings of GFP-positive cells on the surface of the brain, meninges,
or cortex; the gathering of cells on surface of the brain was almost
same between LPS- and saline-injected mice (Fig. 1A). FLI may
therefore be unsuitable for monitoring the deep penetration of
bone marrow cells into the brain.

In vivo bioluminescence imaging of bone marrow-derived cells using
luciferase-expressing bone marrow chimeric mice

We next performed BLI using chimeric mice with luciferase-
expressing bone marrow cells. BLI has been used recently to mon-
itor and quantify gene activity in the same animal and to study dis-
ease progression in several organs [11]. Bioluminescence refers to
light produced by the enzymatic reaction of a luciferase enzyme
with its substrate, In this study, we used mPer1-luc transgenic mice
with a firefly luciferase (FLuc) reporter on a C57BL/6] background
as a donor of luciferase-expressing bone marrow cells-[13] because
it has been confirmed and accepted that the luciferase activity
from identical tissue or cells from the mice show the same inten-
sity at the same time of day. Thus, we performed BLI at the same
time for every measurement in this study. In addition, it has been
accepted that FLuc is a suitable luciferase for molecular imaging
in vivo because its brightness increases at body temperature
(37 °C) and the enzyme demonstrates a red shift (from 578 nm at
25 °C to 612 nm at 37 °C) {17]; hemoglobin is the primary chromo-
phore that absorbs light within tissues {18], primarily in the blue

A Day0 Day1

Saline

LPS

Day3

Fold increase [LPS/saline]

Day0 Day1 Day3 Day5 Day7

and green part of the visible spectrum, but its absorption of wave-
lengths longer than 600 nm is reduced.

On the other hand, the substrate luciferin is thought to rapidly
distribute throughout an animal after intraperitoneal (IP) injection
and cross the BBB. The intensity of the photon emission changes
with time, depending on the availability of the substrate at the
monitoring site. Therefore, the dynamic profile of photon emission
is of importance for the quantification of the signal. Thus, we first
investigated its kinetic profile at the monitoring site after IP injec-
tion of p-luciferin using the chimeric mice. The profile shows a
gradual increase followed by a slow decrease in photon emission
and time-to-peak was found between 10 and 20 min (data not
shown). So, we decided to perform the imaging at 15 min after IP
injection of p-luciferin.

For BLI, we injected LPS directly into the hippocampus of the
luciferase-expressing bone marrow chimeric mice and resected
the skin of scalp as for FLI as shown in Fig. 3A. Saline-injected ani-
mals were used as controls. Fig. 4A shows representative data for
longitudinal BLI. Longitudinal BLI demonstrated that the biolumi-
nescence signal from the ROI increased from at least day 3 until
the end of the study (Fig. 4B); Quantitation of the signals revealed
a 15-fold increase (15.1 £ 5.9, n = 6) toward the saline injected con-
trols at day 7. In order to determine whether the photons were being
emitted from the hippocampus, brains were removed after the last
BLI, rapidly dissected on a chilled platform to obtain different brain
regions, and their luciferase activities measured in vitro. Higher
activity was detected from all regions in LPS-injected animals and
the highest and strongest activity was detected from the hippocam-
pus (Fig. 4C). Quantitation of the signals from the hippocampus re-
vealed a 14-fold increase (13.5 £ 5.9, n = 5) relative to the controls,
which corresponds with that of BLI. These data indicate that BLI
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Fig. 4. In vivo bioluminescence imaging of bone marrow-derived cells. (A) Representative in vivo bioluminescence imaging of bone marrow-derived cells. (B) Quantitative
analysis of bone marrow-derived cells related photon emissions. For statistical evaluation, ANOVA with Dunnett’s test was applied, symbol - and - denote P<0.05 and
P <0.01 vs Day 0, respectively, (mean # SD, n = 6), (C) Luciferase activity in different brain regions of the luciferase-expressing bone marrow chimeric mice at day 7 after the
last BLI (mean  SD, n = 5). Cx, cortex; Hc, hippocampus; Cb, cerebellum; Tha, thalamus; Mo, medulla oblongata.
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can monitor the penetration of bone marrow cells into the brain and
is more suitable for such deep site monitoring than FLI.

Conclusion

In this study, we generated chimeric mice with GFP- or lucifer-
ase-expressing bone marrow cells, and performed FLI and BLI to
monitor the infiltration of cells into brain during brain inflamma-
tion. Immunohistochemical investigation demonstrated that the
infiltrated bone marrow cells differentiated into microglia. BLI,
but not FLI, can successfully monitor increases in signal intensity
that are derived from infiltration of luciferase-expressing bone
marrow cells, indicating that BLI is more suitable for deep site
monitoring in the brain than FLI. The chimeric mice with lucifer-
ase-expressing bone marrow could provide several new opportuni-
ties to study brain inflammation related injury, such as Parkinson’s
disease [7] and Alzheimer's disease [8,9], because of the observa-
tion of a markedly increased infiltration of bone marrow cells into
the brain. The in vivo imaging tool described here may be useful for
monitoring the protective effect of various drug treatments of
brain inflammation, and contribute to the management of diseases
with this condition.
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Background/Aims. The autonomic vagus nerve is
thought to play an essential role in liver regeneration
since hepatic vagotomy delays hepatic DNA synthesis.
However, how the parasympathetic vagus nerve is in-
volved in liver regeneration remains obscure. Kupffer
cells are located in liver sinusoids adjacent to hepato-
cytes and might regulate liver regeneration by releas-
ing interleukin-6 (IL-6). The present study examines
the role of the vagus nerve and how Kupffer cells are
involved in parasympathetic nerve-mediated liver re-
generation in mice.

Methods. We performed surgical vagotomy of the he-
patic branch and then partial hepatectomy (PH); some
mice received acetylcholine (ACh) agonist/antagonist
before PH. We then evaluated liver regeneration and
signal transducer and activator of transcription-3
(STAT3) activation. We also investigated whether ACh
stimulates IL-6 release from Kupffer cells.

Results. Surgical vagotomy impaired liver regener-
ation. STATS, which is activated by IL-6 after hepatec-
tomy and plays a pivotal role in liver regeneration,
was less activated in vagotomized mice after PH.
Post-PH STATS activation was recovered by adminis-
tering vagotomized mice with an ACh agonist. Fur-
thermore, ACh stimulated IL-6 release in Kupffer cells
in vitro.

Conclusion. The parasympathetic system (vagus
nerve) contributes to liver regeneration after hepatec-
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tomy by stimulating IL-6 release from Kupffer cells
followed by STATS3 activation in hepatocytes. o 2009
Elsevier Inc. All rights reserved.

Key Words: liver regeneration; vagus nerve; Kupffer
cells; IL-6; STAT3; acetylcholine.

INTRODUCTION

The liver regenerates through the proliferation of all
extant mature cellular populations and is not depen-
dent on progenitor or stem cells [1, 2]. Liver regenera-
tion is a critical issue related to clinical morbidity and
mortality in drug-induced liver injury, and after sur-
gery including hepatectomy or transplantation [3-5].
Various genes that are related to hepatic growth and
proliferation are expressed within hours after partial
hepatectomy (PH) [6] and DNA is synthesized in hepa-
tocytes 12 to 16 h and peaks 40 to 44 h after PH in mice
[7-9]. The structural and functional regeneration of
the liver requires strictly and chronologically regulated
processes of initiation, maintenance, and termination
of liver growth.

The initiation of liver regeneration requires appro-
priate mitogenic stimulation of hepatocytes [1].
Interleukin-6 (IL-6) is considered a key cytokine in
liver regeneration and is the principal activator of
signal transducer and activator of transcription-3
(STATS3) [10-12]. STATS plays a critical role in cell
proliferation and is activated during the early phase of
liver regeneration after PH [13]. Kupffer cells are res-
ident macrophages in the liver and comprise the pri-
mary source of IL-6 produced in the liver [14]. There-
fore, they might play a key role in liver regeneration.
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The autonomic nervous system influences many fun-
damental functions of various organs, including those
of the cardiovascular, digestive, urogenital, and endo-
crine systems. The liver is also directly innervated and
regulated by autonomic nerves [15]. The vagus nerve is
considered o play an essential role in liver regenera-
tion since hepatic vagotomy delays the increase in the
rate of hepatic DNA synthesis [16-18]. One of the
neuropeptides, thyrotropin-releasing hormone, acts in
the central nerve system to stimulate hepatic DNA
synthesis and the stimulatory effect is blocked by he-
patic branch vagotomy [19]. The sympathetic nerve
was proven to have no influence on liver regeneration
[17], but Oven et al. reported that sympathectomy in-
creases hepatic progenitors and reduces liver injury
[20]. Total liver denervation promotes liver regenera-
tion in rats [21]. Nevertheless, the precise mechanism
of the autonomic nerve system in the regulation of liver
regeneration remains obscure.

The vagus nerve and macrophages are closely associ-
ated. During inflammation, the vagus nerve mainly sup-
presses acute inflammatory reactions by inhibiting the
release of pro-inflammatory cytokines such as tumor ne-
crosis factor-alpha (TNF-¢) and IL-6 [20—22]. One mech-
anism is associated with the vagus nerve in which ace-
tylcholine (ACh) or ACh agonist inhibits cytokine release
from resident tissue macrophages [22-26]. Therefore, the
vagus nerve might affect liver regeneration by regulating
cytokine release from Kupffer cells. However, the effect of
the vagus nerve on Kupffer cells during liver regenera-
tion is not understood in detail.

Here, we examined the role and mechanism of the
vagus nerve on liver regeneration in a conventional
mouse model of PH.

MATERIALS AND METHODS

Animals

Eight-week-old male C57BL/6 mice (Charles River Japan, Yoko-
hama, Japan) weighing 20 to 25 g were maintained in a temperature-
controlled room on a 12-h light-dark cycle with free access to water
and standard chow. All animal experiments proceeded in a humane
manner after receiving approval from the Institutional Animal Ex-
periment Committee of the University of Tsukuba, and in accordance
with the Regulation for Animal Experiments at our university and
the Fundamental Guideline for Proper Conduct of Animal Experi-
mentation and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture, Sports,
Science and Technology of Japan.

Experimental Design

Experiment 1 examined the effect of hepatic vagotomy on liver
regeneration and experiment 2 examined the effect of the vagus
nerve on cytokine release by measuring the effect of ACh on cytokine
production from Kupffer cells in vitro.
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Experiment 1

Mice were divided into a group that underwent hepatic branch
vagotomy and a control group that underwent a sham operation. All
mice underwent 70% PH 1 wk after vagotomy or sham operation.
Five to 10 mice from each group were sacrificed and liver specimens
were collected at 2, 24, 48, and 72 h after PH, In an additional
experiment, 5 vagotomized mice received an intraperitoneal injec-
tion of the selective nicotinic AChR agonist, anabasine (Sigma Chem-
ical Co., St. Louis, MO) (4 mg/kg) and 5 control mice received the
nonselective nicotinic AChR antagonist, mecamylamine (Sigma
Chemical Co.) (1 mg/kg), 15 min before PH and were sacrificed 2 h
after PH.

Experiment 2

Murine Kupffer cells cultured for 24 h in RPMI 1640 medium
containing 10% fetal calf serum were further incubated with or
without 100 uM of ACh. The control group was incubated with the
same volume of saline added to the medium.

Surgical Procedures

Surgery proceeded under ether anesthesia. Hepatic branch vagot-
omy was achieved by selectively sectioning the hepatic branch of the
vagus nerve that branches off from the left main vagal trunk [17].
The hepatic branch of the vagus nerve was exposed without resection
in the control group. These operations were performed 1wk before
PH to exclude the effects of their surgical stresses. PH was per-
formed as described by Higgins and Anderson [27]. Briefly, the left
and median lobes of the liver were removed with a single ligature
under ether anesthesia. The mice were then returned to their cages
and given free access to food and water.

Cell Proliferation Assay

We counted mitotic hepatocytes and proliferating cell nuclear
antigen (PCNA)-positive hepatocytes to assess cell proliferation of
hepatocytes after PH. Liver tissues were removed at 24 and 48 h
after PH, fixed in 10% buffered formalin, embedded in paraffin and
stained with hematoxylin and eosin (H and E) and with anti-PCNA
using a kit (Zymed Laboratories Inc., San Francisco, CA). The ratio
(%) of mitotic or PCNA-positive hepatocytes was calculated at least
three times in different sections from each group at 200-fold magni-
fication.

Western Blotting

Liver protein extracts were separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to nitrocellu-
lose membranes (Millipore, Bedford, MA) and blotted against the
primary antibodies, STAT3/phospho-STAT3 (Tyr705), Akt/phospho-
Akt (Ser473) (Cell Signaling, Beverly, MA), followed by secondary
goat and mouse antibodies conjugated with horseradish peroxidase
(Zymed Laboratories Inc). The relative density of protein bands was
determined using Scan Analysis image quantitation software (Scion
Image Beta 4.0.3, Frederick, MD).

Isolation and Culture of Kupffer Cells

Kupffer cells were isolated from mice as described with some
modification [28]. Briefly, the liver was perfused through the portal
vein with Ca®'- and Mg®'-free Hank’s balanced salt solution at 37°C
for 3 min at a flow rate of 10 mL/min, followed by Hank’s balanced
salt solution containing 0.05% Type 1 collagenase (Sigma Chemical
Co.) at 37°C for 8 min. Thereafter, the liver was excised and cut into
small pieces in buffer containing collagenase. The suspension was
filtered through nylon gauze and the filtrate was centrifuged twice at
50 X g for 3 min at 4°C to pellet parenchymal cells. The remaining
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cell fraction in the supernatant was resuspended in complete Willi-
am’s E medium containing 10% heat-inactivated fetal calf serum and
allowed to adhere to the bottom of plastic culture dishes for 15 min.
Free cells were removed by gentle washing. The purity of the adher-
ent Kupffer cells was immunohistologically assessed using the rat
anti-mouse macrophage monoclonal antibody F4/80 (Serotec, Ra-
leigh, NC) (data not shown).

Enzyme-Linked Immunosorbent Assay for IL-6

The concentration of IL-6 in the medium of Kupffer cell cultures
was determined using a mouse specific IL-6 enzyme-linked immu-
nosorbent assay kit (R and D Systems, Minneapolis, MN).

Reverse Transcriptase Polymerase Chain Reaction for IL-6

Total cellular RNA was isolated from cultured Kupffer cells using
Isogen reagent (Nippon Gene, Tokyo, Japan). First-strand ¢cDNA was
synthesized using reverse transcriptase, 2 ug of total RNA, and oligo
(dT) primers. The cDNA was amplified by PCR with IL-6 and mouse
B-actin. The primers for IL-6 and p-actin were 5-CTGGTGACA-
ACCACGGCCTTCCCTA-3' and 5'-ATGCTTAGGACTAACGCACTAG-
GT-3', 5'-CCCAGAGCAAGAGAGGTATC-3' and 5'-AGAGCATAGC-
CCTCGTAGAT-3', respectively. The PCR products were separated on
2% agarose gels.

Statistical Analysis

Results are expressed as means = S.D. Data were analyzed using
the Mann-Whitney ¢-test, and P-values below 0.05 were considered
statistically significant.

RESULTS

Experiment 1-—Liver Mass Recovery After PH in Surgically
Vagotomized Mice

The liver/body weight ratio 48 h after PH in the
vagotomy group was significantly lower than that in
the control group. At 2, 24, and 72 h after PH, there
was no significant difference between the groups, al-
though the liver tended to recover slowly in the vagot-
omy group (Fig. 1).
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FIG. 1. Changes in liver/body weight ratio after PH in control
and vagotomized mice. Five to 10 mice were sacrificed at 2, 24, 48,
and 72 h after PH. Data are presented as means * S.D. *P < 0.05
versus control group.
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FIG. 2. Hepatocyte proliferation after PH. (A) Mitotic hepato-
cytes 24 and 48 h after PH counted in triplicate on different sections.
(B) PCNA positive hepatocytes 24 and 48 h after PH counted in
triplicate on different sections. Data are presented as means + S.D
(n = 6 per group). *P < 0.05 versus control group.

Hepatocyte Proliferation After PH in Vagotomized Mice

Histological examination of residual liver revealed
numerous mitotic hepatocytes in the regenerating liver
in the control group at 48 h after PH, but fewer in the
vagotomy group (Fig. 2A). Immunohistochemical stain-
ing of PCNA also confirmed that the mitotic activity of
hepatocytes reduced and delayed in the vagotomy
group (Fig. 2B).

Activation of STAT3 and Akt in the Vagotomy Group

We examined STAT3 and Akt activation to under-
stand the effect of vagotomy on cellular signaling path-
ways. Both STAT3 and Akt were phosphorylated im-
mediately after PH in the control group, whereas
STATS phosphorylation was partially but significantly
suppressed in the vagotomy group although its protein
levels did not change (Fig. 3A). The phosphorylation of
Akt did not significantly differ between the groups
(Fig. 3B).

Effect of AChR Agonist and Antagonist on
Activation of STAT3

We examined whether pharmacological stimulation
of AChR influences STATS activity. Vagotomized and
sham-operated control mice underwent PH 15 min af-
ter the administration of anabasine (AChR agonist)
and mecamylamine (AChR antagonist), respectively.
Post-PH STAT3 phosphorylation was obviously sup-
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pressed in the mice given mecamylamine, but not in
those administered with anabasine (Fig. 4). These re-
sults indicated that the ACh/AChR system is associ-
ated with post-PH STATS3 activation in the liver. The
finding that STATS3 plays a pivotal role in liver re-
generation suggests that the vagus nerve is involved
in liver regeneration as well as STAT3 activation
after PH.

Experiment 2—Effect of Ach on IL-6 Production in
Kupffer Cells

To assess the specificity of the IL-6 response to ACh,

we evaluated IL-6 levels in the culture medium of ‘
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FIG. 3. Phosphorylation of STAT3 and Akt in control and vagot-
omy group. Western blot analysis of liver tissue 2 h after PH. (A)
Upper panel: total and phosphor-STAT3. Lower panel: correspond-
ing histograms from two separate analyses. (B) Upper panel: total
and phosphor-Akt. Lower panel: corresponding histograms from two
separate analyses. Data are presented as means * S.D. (n = § per
group). *P < 0.05 versus control group.
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FIG. 4. Effect of AChR antagonist and AChR agonist on activa-
tion of STAT3. Western blot analysis of liver tissue in vagotomized,
vagotomized + anabasine, control, and control + mecamylamine
mice 2 h after PH. Vagotomized and control mice underwent PH 15
min after the administration of anabasine (AChR agonist) and
mecamylamine (AChR antagonist), respectively.

Kupffer cells cultured for 6 h with or without ACh.
Kupffer cells obviously released IL-6 in the presence of
ACh (Fig. 5A). We also found that IL-6 mRNA levels
were significantly increased in Kupffer cells incubated
with ACh for 3 h (Fig. 5B). These data indicated that
ACh stimulates Kupffer cells to produce and release
IL-6.

DISCUSSION

The autonomic nervous system innervates the liver
and plays a role in metabolic control [29]. Subdiaphrag-
matic vagotomy causes more loss of body weight than
sham vagotomy after PH, and this affects the restora-
tion of liver mass {16, 30]. However, we created a
mouse model of hepatic branch vagotomy that did not
influence body weight after PH (data not shown). He-
patic branch vagotomy delays but does not suppress
the increase in hepatic DNA synthesis activity of thy-
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FIG. 5. Effect of ACh on IL-6 production in Kupffer cells. (A) IL-6
contents in medium of cultured Kupffer cells. Values are presented
as means * S.D. (n = 4 per group). *P < 0.05. (B) Expression of IL-6
mRNA by reverse transcriptase polymerase chain reaction in
Kupffer cells incubated with saline or ACh (100 uM). Internal stan-
dard was B-actin.
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midine kinase after PH [16, 30]. In our study, liver
regeneration was also delayed by hepatic branch of
vagotomy. In addition, the activity of STAT3 after PH
was significantly suppressed by hepatic branch vagot-
omy. The effect of total autonomic denervation on liver
regeneration is associated with regulation of the vas-
cular system within the liver [21], but sectioning of the
hepatic branch of vagus nerve did not change the blood
flow of the hepatic artery or the portal vein [17]. Little
is understood about the pathophysiological roles of au-
tonomic nerves on the liver, We found that the vagus
nerve is involved in liver regeneration through IL-6/
STATS signaling via Kupffer cells/hepatocytes.

After PH, TNF-« signals from TNFRI activate nu-
clear factor kappa B on Kupffer cells that translocates
into the nucleus to induce IL-6 gene expression [31—
33]. Released IL-6 binds to its receptor and sends sig-
nals to STAT3 in hepatocytes for immediate liver re-
generation [34]. The activation of STAT3 is important
for stimulating quiescent hepatocytes to re-enter the
cell cycle in a proliferative response to PH [34, 35]. We
found here that STAT3 activation and the immediate
mitotic response of the vagotomized liver after hepa-
tectomy was significantly suppressed, which might be
a key cause of impaired liver regeneration. The follow-
ing data also supported the notion that inactivated
STATS3 was restored by AChR agonists, which we used
instead of ACh because ACh is degraded in extremely
short time in vivo whereas AChR agonists are stable,
and that AChR antagonists inactivated STAT3 in nor-
mal mice.

Kupffer cells are activated by lipopolysaccharide and
secrete TNF-« and IL-6 [36]. During systemic inflam-
mation, TNF-a and IL-6 act as pro-inflammatory cyto-
kines, which activate mainly neutrophils, lymphocytes,
and vascular endothelium, and cause cell and tissue
damage [38]. Under this condition, the vagus nerve
suppresses acute inflammatory reactions by inhibiting
the release of proinflammatory cytokines [24], while
after PH, which is performed without damage to the
residual liver and is not associated with inflammation
[1], Kupffer cells also secrete IL-6, which acts on hepa-
tocytes [14, 87], activates STAT3 [10-12], and pro-
motes liver regeneration [13]. We found that STAT3
activation after PH was suppressed by vagotomy. And
ACh stimulated Kupffer cells to produce IL-6 at the
transcriptional level and to secrete IL-6 in vitro.
Kupffer cells can be directly activated via AChR (via
the vagus nerve) and produce/secrete IL-6 through nu-
clear factor kappa B activation immediately after PH.

Liver regeneration is very complicated. It consists of
cell proliferation and apoptosis. IL-6 acts not only mi-
togenic but also antiapoptotic for hepatocytes [39].
There might be some effects of the vagus nerve on
apoptosis. Various kinds of stimuli such as hepatocyte
growth factor (HGF), epidermal growth factor, norepi-
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nephrine, and insulin besides IL-6 and TNF« partici-
pate in liver regeneration [1]. Especially, HGF is well
known as a potent stimulator of DNA synthesis in
hepatocytes. HGF activates a receptor tyrosine kinase
c-Met, which stimulates diverse signaling pathways
including Ras, mitogen-activated protein kinase, phos-
phatidylinositol 3’-kinase, and phospholipase C [40].
The effects of the vagus nerve on these signaling path-
ways remain to be unknown.

In conclusion, we investigated the mechanism of liver
regeneration from the viewpoint of autonomic regulation,
especially by the vagus nerve. We found that the vagus
nerve stimulates Kupffer cells to produce/secrete IL-6 in
response to PH, activates STAT3 in hepatocytes, and
eventually promotes liver regeneration. The mecha-
nism of up-stream regulation of the vagus nerve after
PH remains to be determined. However, the present
findings provided a clue to the mechanisms of immedi-
ate liver regeneration after PH. Under extreme clinical
situations such as massive hepatectomy or liver trans-
plantation, our findings might provide some hints to
help overcome postoperative liver failure.
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