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Fig. 2. Cluster analysis of individual mice according to the profile of gene expression examined. Mice from the same exposure group
was the closest and the neutron exposure group was the most different from other groups.

Gene
OKupfter cells
Galnt3
H Endothelial cells
Neutron
Atpsb y-ray

Gsta3  Pppiri4d [l

Ak3 Mtl

5 14 12 11 0 2 10 20

fold . fold
Gene expression
Fig. 3. Genes which are commonly over-expressed more than 2-fold or under-expressed less than a half following irradiation
compared to control gene expression levels. Ak3: Adenylate kinase 3a., Gsta3: Glutathione S-transferase 3a, AtpSb: ATP synthase
B subunit, Galnt3: UDP-N-acetyl-a-D-galactosamine-polypeptide, Mt1: Metallothionein 1, Ppp1rl4d: Protein phosphatase 1, regu-
latory (inhibitor) subunit 14D.
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(261), apoptosis (260), cardiovascular disease (240), neuro- After total RNA was extracted from the liver using TRI-
science (197), toxicology/pharmacology (184), extracellular =~ ZOL reagent (Invitrogen Corp., Carlsbad, CA), Poly-A RNA
matrix/adhesion molecules (105), diabetes/obesity (105),  was separated using dT(25)-coupled magnetic beads (Dynal
developmental/regenerative disorder (102), cell cycle (99),  Biotech, Oslo, Norway). Individual mice were evaluated for
and others (2,503). the change in gene expression against pooled liver RNA

Table 2-A. Up and down-regulated genes in all the irradiated groups

Gene Symbol GenBank Function
Up Metallothtonein 1 Mitl AKO018727 Metal binding
Protein phosphatase 1, regulatory (inhibitor) subunit 14D  Ppplrl4d AKO008348 Protein phosphatase inhibitor
Down Adenylatekinase3o AK3  AK005194  Adenine metaboilsm
Glutathione S-transferase o3 Gsta3 AKO014076 Detoxication
ATP synthase 3 subunit Atp5b AKO010314 ATP synthesis
UDP-N-acetyl-a-D-galactosamine-polypeptide Galnt3 AK019995 Secretion

Table 2-B. Commonly up and down-regulated genes by Kupffer cell specific and endothelial cell specific exposures to o-particles

Gene Symbol GenBank Function

Up Lipocalin 2 Lcen2 AK002932 Anti-apoptosis
Metallothionein 2 M2 AK002567 Metal binding
Actin related protein 2/3 complex, subunit 1B Arpclb  AKO002274 Cytoskeleton, protein trafficking
Dynactin 4 Dctn4 AKO016059 Cytoskeleton, protein trafficking
PHD finger protein 19 Phf19 AKO014380 Chromatin regulation
Epidermal growth factor receptor Egfr AK004944 Cell growth
SET and MYND domain containing 2 Smyd2 AK003853 Transcription
Endoplasmic reticulum chaperone SIL1 homolog Sili-pening BB610394 Molecular chaperon
Hemopexin Hpxn BB610094 Metal transporter, antioxidant
Ceruloplasmin Cp AKO080701 Metal transporter
Cyclin El Ccnel BB626794 Cell cycle
Translin-associated factor X (Tsnax) interacting protein 1~ Tsnaxipl ~ AK006041 Cell cycle
Regenerating islet-derived & Reg3d AKO019033 Cell growth
Glutathione peroxidase 3 Gpx3 AK002262 Antioxidant

Down PRdomain containing8 Prdm8  AK019785  Chromatinregulaon
CYP4A10 Cyp4al0  AK002528 Metabolism
S-adenosylhomocysteine hydrolase Ahcy AKO075629 Adenosine metabolism
Glycine N-methyltransferase Gnmt AKO007398 Methylation
CYP2C37 Cyp2c37  AKO005017 Metabolism
Carbonic anhydrase 3 Car3 AK003671 Antioxidant
ATP synthase 7y subunit Atp5cl AKO007063 ATP synthesis
NADH dehydrogenase (ubiquinone) 1 subcomplex 8 Ndufb8  AKO013516 Electron transport
Transthyretin Ttr AKO018701 Negative acute phase protein
CYP1A2 ) Cypla2  BB610038 Metabolism
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Table 2-C.  Up and down-regulated genes by Kupffer cell specific exposure to d-particles

Gene Symbol GenBank . Function
Up Lymphotoxin B receptor Ltbr AK(078859 Immunity
Histone 1, Hlb Histlhlb  AKO020117 Chromosome organization
PHD finger protein 14 Phf14 AKO016517 Chromatin regulation
Stoned B/TFIIA- o/ -like factor Salf AKO014958 Transcription factor, membrane traficking
Nuclear transcription factor-Y o Nfya AKO004729 Transcription factor

UDP-GIcNAc:dolichyl-phosphate N-acetylglucosamine
photransferase 1

Dpagtl AKO008246 Protein glycosylation

Down Nicotinic cholinergic receptor, £ polypeptide Chrne AKO006411 Neurotransmitter/receptor
Hairy/enhancer-of-split related with YRPW motif Heyl AKO004697 Transcriptioin repressor
3,2 trans-enoyl-CoA isomerase Dci AK004838 b-Oxidation of unsaturated fatty acids
Xeroderma pigmentosum, complementation group C Xpc AK004713 DNA repair
GO0/G1 switch gene 2 GO0s2 AKO003165 GO0/G1 transition
Tubulin, o0 4 Tuba4 AK002427 Cytoskeleton
Nuclear respiratory factor 1 Nrfl AKO014494 Transcription factor
Acetyl-CoA-acyl transferase 2 Acaa2 AKO002555 Fatty acid oxidation
Insulin-like growth factor binding protein 2 Igfbp2 AKO012703 Cell growth regulation

Table 2-D. Up and down-regulated genes by endothel specific exposure to a-particles

Gene Symbol GenBank Function
Up Uncoupling protein 1 Ucpl AKO002759 Heat production
Leucine-rich o-2-glycoprotein| Lrgl AKO004940 Acute phase protein
PQ loop repeat containing 1 Pqlcl AK009256 Electron carrier
Oxidative-stress responsive 1 Oxsrl AKO075837 Cytoskeleton
Down BRCAlassociated protein Brap  AKOI3885 DNArepar
Voltage-dependent Ca channel ((32) Cacnb2  AK020806 Ton channel
Hemoglobin o adult chain 1 Hba-al AKO003077 Oxygen delivery
Acyl-CoA thioesterase 2 Acate2 AK 002892 Signal trans., protein traffick

Table 2-E. Up and down-regulated genes by y-ray exposure

Gene Symbol GenBank Function
Up EF hand calcium binding domain 1 Efcabl AKO015426 Ca binding
Germ cell-less homolog Gel AKO004716 Differentiation
Testis specific gene A2 Tsga2 AKOQ005739 Testis specific

Membrane-spanning 4-domains, subfamily A, member 8A Msda8a  AKO008099 Transporter

Leucm ¢ tich repeat and fibronectin type IIT domain Lrfn2 AKO017594 Cell adhesion signal trans.
containing 2

Down FK506 binding protein 10 Fkbpl0  AKO019446 Immunosuppression
Activating signal cointegrator 1 complex subunit Ascc3 AKO021027 Transcription coactivator
Secretory carrier membrane protein 1 Scampl  AK015706 Endocytosis
Solute carrier family 43, member 1 Slc43al  AKO011417 Transporter
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Table 2-F. Up and down-regulated genes by neutron exposure
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Gene Symbol GenBank Function
Up Diaphanous homolog 1 Diapl AK012707 Cytoskeleton
Down Complement receptor related protein Cry  AKO04825  Immunity
Synaptogyrin 2 Syngr2 AV(27954 Synaptic transmission
Phosphatidylinositol 4-kinase type 2 § Pidk2b AKO11751 Inositol lipid biosyhthesis
M-phase phosphoprotein 9 Mphosph9  AKO016065 Cell cycle
Adenosine kinase Adk BB617511 Signal transduction

from the five control non-irradiated mice. Complementary
DNA (cDNA) probes were generated starting with 1 pg of
polyA RNA using a CyScribe First-Strand cDNA Labelling
kit (Amersham Biosciences Corp., Piscataway, NJ). cDNA
from irradiated mice was labeled with Cy5 and that from
control mice was labeled with Cy3. Pre-hybridization and
hybridization were carried out on UltraGAPS coated slides
in accordance with the manufacturer’s manual (Corning,
NY). The image was captured in a GenePix 4000B (Axon
Instruments, Inc. CA). The quantification of gene expression
arrays was performed by Array Vision software (Imaging
Research Inc., Ontario, Canada). Cluster analysis of gene
expression was performed by the War method.® The exper-
iments were carried out in independent duplicates.

Real-time PCR

In order to validate the results from the microarray anal-
ysis we selected 12 genes (Table 1) and compared their gene
expression as measured by microarray analysis and real-time
PCR. DNasel treated 500 ng of total RNA was used for the
synthesis of cDNA using superscript First-Strand Synthesis

System (Invitrogen, Carlsbad, CA). cDNA corresponding to
10 ng of total RNA was amplified using Real-time PCR for
the determination of gene expression using QuantiTect
SYBR Green PCR Master Mix (QIAGEN K.KX., Tokyo,
Japan) in an iCycler (BIO-RAD, Hercules, CA). For the nor-
malization of gene expression, a set of primers for $-actin
was used.

RESULTS

Compared with non-irradiated controls, mice injected
with '"B-liposome solution showed a slight increase in the
number and the size of Kupffer cells, indicating that Kupffer
cells were irradiated (Kupffer exposure, Fig. 1A). The dila-
tation of sinusoids was noticed in mice injected with PEG-
'9B-liposome, indicating sinusoidal endothelial cells were
irradiated (Endothelial exposure, Fig. 1B). Liver tissues
from mice exposed to y-rays and neutrons revealed no
remarkable histological changes (data not shown). In all cas-
es, parenchymal hepatocytes did not show noticeable chang-
es (Fig. 1).

Table 3. Comparison of gene expressioin levels between microarray and real-time PCR

endothelial ! Kupffer ' neutron ! gamma
Symbol ~ GenBank  Realtime-PCR  Micro-Ammay  , Real ime-PCR  Micro-Amay | Real time-PCR  Micro-Array  |Real ime-PCR  Micro-Array
meantS.D. Mouse ! Mouse2 : meantS.D. Mouse ] Mouse 2 X meant S§.D. Mouse | Mouse 2 : meant S.D. Mouse ! Mouse 2

AK3  AK005194 0.66 +0.29 0.40 045 0.68£0.10 0.29 0.27 0.84£0.28 0.42 0.40 0.95+0.33 0.38 0.48
AtpSb  AK010314 0.52£0.06 0.22 0.44 0.72+0.28 035 030 071x0.17 043 0.44 09010.19 0.34 0.45
ATP5cl  AK007063 0.64 £ 0.06 0.27 0.26 0.68 +0.07 0.28 015 0831029 0.33 0.28 1.47+0.53 0.91 0.52
Brap  AKO013885 0.69 £ 0.14 0.04 0.06 0.8910.32 0.94 0.13 1.231£0.54 1.66 111 2.03£0.71 0.62 0.97
Car3 AKO003671 0.07+0.053 0.04 0.20 0.14+0.03 0.26 0.17 0.85+0.27 1.14 1.09 0.53+£0.26 0.53 0.74
Egfr AK004944 1.65+0.84 5.41 4.90 3.39%167 522 9.07 1,12+ 0.69 1.68 2.81 1.93 £0.81 3.61 1.71
Galmt3  AK019995 0.19 £0.05 0.29 0.37 0.39+0.20 0.30 034  0.68+0.17 043 0.38 0.47 £0.06 0.24 0.30
Gsta3  AK014076 0.58+0.14 0.18 0.30 0.85+0.22 0.31 0.30 1.10£0.21 0.46 0.34 0.67 £0.10 0.4] 0.54
Hpxn  BB610094  36.53+£20.07 449 6.94 40.33+£17.23 642 638  2.56%1.05 0.61 0.82 838£53258 6.12 2.90

Len2 AK002932 1909.50 + 558.5 94.79 95.38 1558.30%133.6 34.90 6241 1.94£1.15 0.79 1.38 634 +£5.20 128.21 -
Mtl AKO018727 24.22+9.13 13.14 16.51 29.51+8.88 15.35 16.38 1.67+0.81 7.20 292 15.59 + 10.66 512 4.11
M2 AK002567 384612577 647 8.78 42334771 12.84 19.36 2.57+1.65 2.00 137 1022+743 1.99 332
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Cluster analysis of the microarray results revealed that 2
mice from the same exposure group were the closest, indi-
cating that all the experimental data in this study are reliable
(Fig. 2). In this study, only the genes whose over-expression

or under-expression compared with non-irradiated control
levels which were consistently observed in 2 different mice
with the same exposure levels were analyzed. In total, 161
genes were over-expressed by more than 2-fold and 32 genes

Table 4. Comparison of gene expression profiles between radiation exposures and hepatotoxicants

Kupffer cells Endothel Neutrons Yrays McMillian et al. (rat)

Gene Symbol GeneBank
Mouse ! Mouse 2 Mouse 1 Mouse 2 Mouse 1 Mouse 2 Mouse 1 Mouse 2 hepatotoxicants PPA*

Macrophage activation/acute phase response

Cytochrome P450, family 1, subfamily a, Cypla2 BB610038 ’

polypeptide 2

CYP2C37 Cyp2¢37 AKO005017 [ 0.63
Fatty acid binding protein 5, epidermal Fabp5 AKOI11551 1.28 1.76 275
G-6-phosphatase, transport protein 1 G6ptl  AK003620 ¢ 3 0.54 0.58 0.70 0.55 0.51
Hemopexin Hpxn BB610094 .

Insulin-like growth factor binding protein,

acid labile subunit Igfals  AK004926 - - -

Y

Latent TGF-B binding protein 1 Libpl  AK020449 {55045 0.84
S T

i

Metallothionein 1 Ml AK018727 h077

Pyruvate kinase, muscle Pkm2 AKO002341 1.10

Retinol binding protein 4, plasma Rbp4  AK004839 ,,“g::’fZM

Superoxide dismutase 2 Sod2 AK002534 173 V

""""" ];e;o;i;o;n;;;ro-lit-'e;a(;r._-‘---—------__-_--—____—_

Acetyl-CoA dehydrogenase, medium chain Acadm AKO008149  0.62 - 0.81 0.87 0.76 0.88 0.52

Brain acyl-CoA hydrolase Bach AKO010646 123 1.25 126 1.45 1.06 1.26 0.88

3-hydroxybutyrate dehydrogenase Bdh  AKO009575 0.59 0.66 0.57 0.75 0.54 o 0382
CD36 antigen Cd36 AKO004192 120 1.09 1.30 1.10 0.69 1.01
Dodecenoyl-CoA delta isomerase Dci AK004838 'f;ob'd;“ ’ 0.65 0.89 1.10 173
2,4-dienoyl CoA reductase 1 Decrl AK004725 122 1.10 1.22 1.00

Epoxide hydrolase 2 Ephx2 AKO002415 0.54 0.55 0.62 0.50 0.99 0.89 0.82

Fatty acid CoA ligase, long chain 2 0320 076  0.60

3-hydroxy-3-methylglutaryl-CoA 1.21 0.69

synthase 2

ER stress/chaperone protein /HSP

Annexin A2 Anxa2 AKO012563 0.75 1.26 1.45 1.38 1.14 0.93 1.66 -

Calreticulin Calr  AKO75605 1.58 1.57 1.35 1.88 0.62 1.21 1.79 1.13

Protein disulfide isomerase-related Pdir AKO012415 1.38 L35 1.18 0.60 0.94 115 0.88 0.58

""""" Mewbolism T TToTnTTonnIIIIImm e
S-adenosylhomocysteine hydrolase Ahcy

Betaine-homocysteine methyltransierase Bhmt

Sumstes iy

"""" Otner functions

GO/G1 switch gene 2 G0s2  AK003165 i: jé:é 1.35 0.60

Kininogen Kng  AKO005547 171 1.21 1.61 1.04 1.16 0.68
Solute carrier family 34 , member 2 Slc34a2 AK004832 ir 0.74 1.18 1.24 1.37 1.06 1.59

Light gray background: Under-expressed genes; Black: Over -expressed genes
*: Peroxisome proliferator agonist
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were over-expressed by more than 3-fold by exposure to
either type of radiation. Of the under-expressed genes, 194
showed an expression level of less than 1/2, compared to the
control levels and 36 genes showed less than 1/3 compared
to the control levels. Approximately the same number of
genes showed over-expression of between 2- and 3-fold or
under-expression of between a half and a third. Therefore,
we defined a gene to be up-regulated when the mean value
of its expression levels in exposed mice showed more than
a 3-fold over-expression, and down-regulated if its expres-
sion level was less than 1/3 compared with non-irradiated
mice.

In terms of gene expression profile, Kupffer and endothe-
lial exposures were the most similar to and the neutron
exposure group was the most different from other groups
(Fig. 2). For commonly up- and down-regulated genes in all
the exposure groups, we picked up genes with a level of
over-expression of more than 2-fold and under-expression of
less than a half among all the radiation groups. Commonly
up-regulated genes were metallothionein 1 (Mtl) and
protein phosphatase 1, regulatory (inhibitory) subunit 14D
(Ppplr14d). Commonly down-regulated genes were adeny-
late kinase 3ot (Ak3), glutathione S-transferase 3o (Gsta3),
ATP (Adenosine triphosphate) synthase B subunit (Atp5b)
and UDP (uridine diphosphate)-N-acetyl-o-D-galactosamine-
polypeptide (Galnt3) (Fig. 3 and Table 2-A). Commonly up-
and down-regulated genes between Kupffer cell irradiation
and endothelial cell irradiation are shown in Table 2-B.
There were 14 up-regulated genes: 5 associated with cell-
cycle regulation, 3 associated with intracellular transporta-
tion, 3 that code for metal binding proteins and 3 others.
There were 10 down-regulated genes, composed of 3 cyto-
chrome P450 (CYP) genes, 3 associated with ATP synthesis
and 4 others. For the genes whose changes in expression
were specific to irradiated Kupffer cells, molecules
associated with transcription including histone H1 were 3 of
6 up-regulated genes. Of the 9 down-regulated genes, 2 each
were respectively associated with cell cycle, transcription
and fatty acid metabolism, and 1 was involved in DNA
repair (Table 2-C). Among genes specific to endothelial
exposure, acute phase protein and cytoskeleton associated
gene were up-regulated. Down-regulated genes were associ-
ated with signal transduction, protein trafficking and DNA
repair (Table 2-D). In contrast to cell specific exposure
groups, the genes with altered expression by neutrons or y-
rays were small in number and did not appear to possess sig-
nificantly different characteristics (Table 2-E and -F). In
each Table, up-regulated genes are presented in decreasing
order and down-regulated genes in increasing order. All pri-
mary Microarray data are available at the site of GEO (http:/
www.ncbi.nlm.nih.gov/project/geo/) (data No. GSE9290).

In order to validate the consistency of microarray analysis
in the present study, we compared gene expression levels of
selected genes between microarray and real-time PCR. We

determined the mean value of expression of the selected
genes in 5 independent mice from each exposure group. This
was compared with those in pooled RNA from 5 non-
irradiated mice. The qualitative changes in gene expression
levels were consistent between these analyses. However, the
quantitative difference was greater in real-time PCR than in
microarray analysis, both in up- and down-regulated genes
(Table 3).

Since radiation exposure could be hepatotoxic, we com-
pared the results of our present study with the results by
McMillian et al.” They performed microarray analysis of
gene expression in rat liver 24 hrs after administration of
various kinds of hepatotoxic compounds. We picked up
genes whose expression level increased more than 2-fold or
decreased to less than 1/2 of the control level in their or our
study (Table 4). Over-expression of Mtl and hemopexin
(Hpxn), and under-expression of CYP were prominent in
radiation-exposed samples compared with those undergoing
administration of hepatotoxic chemical compounds and per-
oxisome proliferator agonists.

DISCUSSION

Gene array analysis of RNA from irradiated tissues is an
effective tool for identifying genes of potential interest in the
development of tissue injury. Since Thorotrast naturally
emits o-particles and causes liver cancers, evaluating
changes in gene expression in the liver irradiated with o-
particles might help us to understand how Thorotrasts
induce liver cancer. In order to analyze the effect of target
cell specificity and quality of irradiation on gene expression
in the liver, we intended to separately expose Kupffer and
endothelial cells to a-particles using BNC, and performed
oligonucleotide microarray analysis. Ishida er al. reported
that 4 hrs after injection into mice, 5% of bare liposomes and
50% of PEG-liposomes are retained in the blood, respectively,
whereas, 70% of bare liposomes and 15% of PEG-liposomes
accumulate in the liver, respectively.'”® Assuming that lipo-
somes in either form are phagocytosed by Kupffer cells in
the liver, the dose ratio of Kupffer group to endothelial group
is 4.7 folds in Kupffer cell group and 1/10 in endothelial cell
group in this study. Although we could not completely
separate target cells for o-particle exposure, we think these
numbers were satisfactory because of internal exposure
experiments of the mouse. The cellular responses of Kupffer
and endothelial groups were the closest to other groups,
whilst the group exposed to neutrons showed greatest varia-
tions from other groups (Fig. 2). This suggests that cellular
responses are mainly determined by the quality of radiation,
that is, dependent on exposure to high LET particles or low
LET photons.

Acute phase response refers to changes in concentrations
of a-number of plasma proteins, termed acute-phase proteins
(APPs) which reflect re-orchestration of the pattern of gene
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expression in hepatocytes in response to a variety of systemic
injuries. An APP has been defined as one whose plasma con-
centration increases (positive APP) or decreases (negative
APP) by at least 25% after injury. In the present study, we
detected significant changes of the level of APPs such as
Hpxn, ceruloplasmin (Cp) and transthyretin (Ttr) commonly
in Kupffer and endothelial exposures (Table 2-B). These
indicate that the alterations of gene expression in this study
reflect those of hepatocytes even after Kupffer cells and
endothelial cells were specifically exposed to a-particles. Cp
has a scavenger activity'"? and Hpxn acts as an antioxidant
by its strong heme binding and iron homeostasis proper-
ties.'® During inflammation, macrophages and endothelial
cells secrete the so-called pro-inflammatory cytokines,
tumor necrosis factor-oo (TNF-a), Interleukin-1B (IL1§) and
IL6.'® Mt also has antioxidant activity and this gene expres-
sion is induced by IL6." Lipocalin is also an APP involved
in a mammalian defense mechanism against bacterial infec-
tion and works by binding to the iron group within bacterial
iron-containing siderophores.'” Interestingly, acute lung
injury in mice induced by lipopolysaccharide and diesel
exhaust'® particles up-regulates lipocalin 2 and Mt2 gene
expressions.!® The present study suggests that pro-
inflammatory cytokines are secreted by irradiated macroph-
ages and endothelial cells, especially those exposed to o-
particles. Mouse macrophages are activated after whole
body irradiation to 4 Gy of y-rays. However, this activation
is not a direct effect of radiation but an indirect effect
induced by phagocytosis of apoptotic cells after irradia-
tion.!” In the present study, the destruction of macrophages
and endothelial cells in the spleen was also observed (data
not shown). We need to take account of the indirect effects
on the spleen of radiation exposure when considering liver
carcinogenesis of Thorotrast patients, because the spleen in
Thorotrast patients is drastically reduced in size compared to
the liver. The changes in gene expression profile commonly
observed after Kupffer cell and endothelial cell exposures
revealed that hepatocytes are in the state of inflammation
and are tending towards proliferation at the cost of metabolic
activities. Hepatocytes also actively perform quality control
of substances by up-regulation of intracellular protein traf-
ficking.

Expression of genes encoding molecules associated with
transcription was up-regulated and expression for those
associated with signal transduction was down-regulated in
the liver. Further study to characterize molecules involved in
these gene expressions would elucidate radiation carcino-
genesis, especially that of Thorotrast-induced liver tumors.
It is noticeable that epidermal growth factor receptor
(EGFR) and cyclin EI gene expressions were up-regulated
in the liver whose Kupffer cells or endothelial cells were
exposed to o-particles, whereas xeroderma pigmentosum,
complementation group C (XPC) and insulin-like growth
factor binding protein 2 (IGFBP2) gene expressions were

down-regulated in Kupffer cell irradiated group and BRAP
gene expression in endothelial cell irradiated group. The
level of EGFR gene expression in tumors has been correlat-
ed to the degree of radiation resistance.'® Exposure of the
breast cancer cell line, MCF-7 to y-rays enhanced EGFR
gene expression concomitant with overexpression of its
ligand, TGFo.,'” resulting in enhanced cell growth by irra-
diation.?® Recently, new targets for cancer treatment have
been identified in head and neck squamous cell carcinomas
(HNSCC) as playing key roles in tumor proliferation and
metastasis. The first one led to the approval of a molecularly
based therapy in HNSCC is EGFR.?" Cyclin E initiates cells
to pass from G1- to S-phase and controls genomic stability.
High level expression of cyclin E has been associated with
the initiation or progression of various human cancers.??
Transgenic mice in which cyclin E is constitutively expre-
ssed develop malignant diseases, supporting the notion of
cyclin E as a dominant onco-protein.”® XPC carries out the
first step of global genome repair in nucleotide excision
repair. The lack of the XPC protein is associated with UV-
induced skin tumors but not with hypersensitivity against
ionizing radiation.”” IGFBP2 in breast cancer cell lines is a
marker of resistance against anti-estrogen therapy.?” It has
also been shown that IGFBP2 plays a key role in the activa-
tion of the Akt pathway and collaborates with K-Ras or
platelet-derived growth factor beta polypeptide (PDGFB) in
the development and progression of two major types of
glioma.?® These results suggest that irradiated liver is in the
condition toward cancer induction.

Comparison with the data of McMillian et al.” revealed
that all types of radiation exposure investigated involve mac-
rophage activation rather than peroxisome proliferation
(Table 4). Up-regulations of Mtl and Hpxn, and down-
regulation of CYP and retino! binding protein 4 (Rbp4) are
characteristic of radiation exposure. Steatohepatitis includ-
ing alcoholic fatty liver is well known to be a precursor sta-
tus toward liver fibrosis and liver cancer. Since diverse
causes of steatohepatitis are characterized by increased
mitochondrial (mt) reactive oxygen species (ROS) produc-
tion, limited repair of mtDNA and accumulation of oxida-
tively damaged DNA,” cellular reaction against radiation
toward lipogenesis may indirectly contribute to DNA insult
by high LET radiation. Therefore, intensive or preventive
anti-inflammatory treatment could help radiation-induced
injury. Most of the genes involved in ATP synthesis, oxida-
tive phosphorylation, copper ion homeostasis and electron
transport were induced by both continuous and acute expo-
sure of Saccharomyces cerevisiae to y-rays.”® The results
were concordant with the present study though we focused
on in vivo radiation of the mouse liver. Furthermore, it has
been shown that microvascular endothelial cells are the pri-
mary target to initiate intestinal radiation damage.™ These
similarities indicate that cell-to-cell interaction in response
to radiation in vivo is the result of amplification of in vitro
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signals. In order to separate the effects of irradiation on
parenchymal, Kupffere and endothelial cells, experiments
involving irradiation of these cell types after cell fraction-
ation are underway in our laboratory.
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Abstract

Fatty acids have a great influence on the process of lymphocyte apoptosis which is considered as a modulating facter of
immune response in both humans and animals. However the mechanism underlying the function of fatty acids in the pro-
cess of lymphocyte apoptosis is not fully understood. In this study we show that the appearance of adipocyte-type fatty
acid binding protein (A-FABP) is induced upon administration of dexamethasone (DEX) in both in vivo and cultured lym-
phocytes, and its distinct nuclear localization occurs in close relation to the DEX-induced apoptosis process. In immuuno-
histochemistry of mouse spleen, A-FABP-immunoreactivity starts to occur 3 h after DEX stimulation, and it massively lo-
calizes in the nucleus 8 h after the treatment, while no A-FABP-immunoreactivity is discerned in the lymphocytes of nor-
mal as well as 24 h post-injection spleen. In the murine T-cell leukemia CTLL-2 cells, A-FABP-immunoreactivity is also
induced in both of the cytoplasm and nucleus when the apoptosis is induced by IL-2 retrieval together with DEX treat-
ment, while in the presence of IL-2 A-FABP-immunoreactivity is confined to the cytoplasm with DEX trreatment. On the
other hand, A-FABP-immunoreactivity is not detected by IL-2 retrieval alone. The present findings altogether suggest that
A-FABP and its ligands, fatty acids, play an important role in the process of apoptosis and the immune modulation mduced by
DEX. (Mol Cell Biochem 299: 99-107, 2007)

Key words: fatty acid binding protein, lymphocyte, apoptosis, dexamethazone

Introduction the apoptosis via induction of the mitochondrial permeability

transition [2], palmitic and stearic acids induce apoptosis by
The apoptosis is a crucial mechanism for regulating immune de novo synthesis of ceramide [3]; and eicosapentaenoic acid
and inflammatory responses. There has been accumulated induces the apoptosis in human monocytic cells [4], while
evidence for effects of long chain fatty acids on the apoptosis docosahexaenoic acid markedly reduces the apoptotic effects
of cultured cells [1]:, Palmitic and arachidonic acids induce induced by tumor necrosis factor [5]. In addition, it has been
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shown that dietary n-3 polyunsaturated fatty acids attenuate
T cell immune-mediated inflammatory diseases and increase
the susceptibility to activation-induced cell death in T cells
[6]. However, little information is available on the molecular
mechanisms underlying the effects of long chain fatty acids
on apoptosis.

Fatty acids are hardly soluble in the aqueous cytoplasmic
environment; therefore they are solubilized and transported
intracellularly to different cellular organelles or proteins by
specific lipid binding proteins (LBPs). Multiple species of
intracellular lipid binding proteins have been classified into
4 subfamilies based on the phylogenetic relationship and
on the structure and conformation of bound ligands, among
which five species of fatty acid binding proteins (FABPs),
i.e. adipocyte-type (A-), brain-type (B-), epidermal-type (E-)
and heart-type (H-) species bind specifically to long chain
fatty acids. Thus it is highly possible that these FABPs are
involved in the fatty acid-mediated apoptotic process via shut-
tling their lignds within cells. We have recently shown that
E-FABP-immunoreactivity is selectively localized in the den-
dritic cells of the splenic white pulp of mice, and further that
apoptotic splenic lymphocytes ir situ induced by lipopolysac-
charide (LPS) are phagocytosed by the dendritic cells which
are labeled with E-FABP-immunoreactivity {7]. These find-
ings suggest that E-FABP and/or its ligands, fatty acids, play
an important role in the immune modulation via the antigen-
presentation and/or phagocytosis of apoptotic splenic lym-
phocytes by the dendritic cells. However, there has so far
been no information about which type of FABP is expressed
in apoptotic lymophocytes themselves of the spleen. There-
fore, for understanding the molecular mechanism of fatty
acids on the apoptosis, it is crucial to identify FABPs in
splenic lymphocytes under apoptosis because the altered con-
trol of apoptosis may result in the cancer or autoimmunity
[8].

The present study, as one of series of our studies on FABPs
[7, 9-13], was attempted to answer this question. The result
shows a selective and transient appearance of A-FABP among
FABPs in splenic lymphocytes in situ after systemic admin-
istration of dexamethasone (DEX) and also in murine T-cell
leukemia cells CTLL-2 treated with DEX, both of which
have been shown to be models for DEX-induced apopto-
sis of lymphocytes [14-16]. The functional significance of
the present transient appearance of A-FABP in the apop-
totic cell nuclei of lymphocytes was discussed in relation
to possible involvement of A-FABP in the regulation of tran-
scription in the nucleus via PPAR y, based on previous find-
ings that A-FABP is translocated from the cytosol to the
nucleus of lymphocytes upon activation by ligands of per-
oxisome proliferatore activated receptor y (PPARy) [17]
and that its activation results in apoptosis of lymphocytes
[18, 19].

Materials and methods
Animals and cells -

Male mice of C57BL/6 strain at stages of postnatal 6 week
were used in this study. They were maintained in normal
laboratory condition. All experimental protocols were re-
viewed by the Committee on the Ethics of Animal Exper-
iments of Tohoku University, and were carried out in accor-
dance with the Guidelines for Animal Experiments issued by
Graduate School of Medicine, Tohoku University. Murine
T-cell leukemia CTLL-2 cells was a gift from Dr. N Ishii,
Department of Immunology, Tohoku University School of
Medicine, and maintained in RPMI1640 containing 10% fe-
tal bovine serum in the presence of murine IL-2 (50 U/mL)
under humid atmosphere at 37 °C and 5% CO, condition.

Induction of apoptosis by DEX

For the administration of DEX to the mice, 200 ug of DEX
(dexamethasone 21-phosphate; SIGMA, USA) dissolved in
500 pld of saline was injected intraperitoneally. Three mice
were sacrificed under ether anesthesia at each stage of the
postinjection 0, 3, 8 and 24 h, and spleens were rapidly re-
moved and snap-frozen for analyses of RT-PCR and West-
ern blot, or transcardially perfused by 4% paraformalde-
hyde/0.1 M phosphate buffer for immunohistochemistry and
in situ hybridization. CTLL-2 cells were plated in 35 mm
tissue culture dishes (Nalge Nunc International, USA) at
1x10° cells/dish in RPMI1640/10%FCS medium in the ab-
sence or presence of IL-2 (50 U/ml), and 20 uM of DEX
dissolved in RPMI1640 medium was applied to each dish.
The cells at each stage of 0, 3, 8 and 24 h following DEX
treatment were fixed with 4% paraformaldehyde/0.1 M phos-
phate buffer for immunocytochemistry, or frozen for RT-PCR
and Western blot analysis.

Antibodies against FABPs

Murine A-FABP was expressed in fusion with an N-terminal
6x histidine tag (His-tag). Competent BL21(DE3)pLysS E.
coli cells were transformed with murine A-FABP ¢cDNA [20]
cloned into the pET15b expression vector (Novagen). The
cells were grown in LB medium at 37°C to Aggy = 0.4-0.8
and protein expression was induced by addition of 1 mM
IPTG to the medium. After further growth at 30°C for 2.5 h,
cells were centrifuged and the pellet was kept overnight at
—80°C, resuspended in a lysis buffer (50 mM NaH,PQ,
pH 8.0, 300 mM NaCl, 10 mM imidazole) and incubated
with 25 U benzonase/ml extract for 20 min at 37 °C. After



sonication, the extract was centrifuged for 10 min at 28000g,
the supernatant treated with 1.5% (w/v) streptomycine sul-
fate for 30 min at 4°C and subsequently centrifuged for
60 min at 28000g. His-tagged A-FABP was purified upon
application of the supernatant to a Ni-NTA Superflow col-
umn (QIAGEN, Germany) and eluted with a lysis buffer con-
taining first 20 mM, then 250 mM imidazole. For antibody
production, rabbits (white New Zealand) were immunized
with 400 pg purified recombinant A-FABP and boosted af-
ter four weeks with 200 g A-FABP. Polyclonal antibodies
were purified by affinity chromatography using purified A-
FABP coupled to CH-activated Sepharose 4B (Amersham
Biosciences) according to the manufacturer’s instructions.
Bound antibodies were eluted with a solution composed of
10 mM sodium citrate and 20 mM sodium phosphate (pH 2.8),
and immediately neutralised with a 0.5 M phosphate buffer
(pH 7.4).

The specificities of antibodies against H-, B- and E-FABPs
have previously been reported elsewhere [21].

Histochemical analysis

For immmunohistochemistry, spleens were extirpated and
immersed overnight in a phosphate buffer containing 30%
sucrose after perfusion fixation with a fixative of 4%
paraformaldehyde/0.1 M phosphate buffer. Sections, 20 um
in thickness, were prepared on a cryostat. For immunocyto-
chemistry of CTLL-2 cells, cells were attached onto glass
slides using a centrifugal cell collector (TOMY SEIKO,
Japan). The sections were incubated with rabbit anti-murine
antibodies agaist A-, H-, B- and E-FABPs at a concentra-
tion of 0.5 pg/ml for 12 h at 4 °C. After incubation with the
primary antibody, the sections were incubated with biotiny-
lated secondary antibody or with anti-rabbit antibody labeled
by Alexa488 (Molecular Probe, USA). For the peroxidase
method, sections were subsequently visualized using ABC
(avidin-biotinylated peroxidase complex) system (Vector
Laboratory, USA) with DAB as a substrate. For TUNEL (ter-
minal deoxynucleotidyl transferase-mediated deoxyuridyl
triphosphate nick end labeling) combined with A-FABP im-

munohistochemistry, cryosections of spleen were incubated

in the solution containing 100 mM sodium cacodylate (pH
7.0), 1 mM CoCly, 50 pg/ml gelatin, 10 nM/ml biotin-
16-dUTP (Roche, Germany) and 100 U terminal deoxynu-
cleotidyl transferase (Takara, Japan). After several washes
with TPBS (0.1% Tween/phosphate buffered saline), sections
were incubated with A-FABP antiserum followed by incuba-
tion with anti-rabbit IgG-Alexa488 (Molecular Probe, USA)
and anti-biotin IgG-Alexa594 (Molecular Probe, USA). The
sections were mounted with Vectashield containing DAPI
(Vector, USA), and observed by confocal laser microscope
(Leica, Germany).
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For immuno-electron microscopy, some of the sections
were postfixed with 1% Os04 in 0.1% cacodylate buffer (pH
7.4) for 20 min after completion of the ABC procedure. They
were embedded in Epon according to the conventional proce-
dure and ultrathin sections were examined after brief staining
with uranyl acetate.

The procedure of in situ hybridization was described pre-
viously [22]. For preparation of digoxigenin(DIG)-labeled
¢RNA probe complementary to murine A-FABP, the plasmid
containing murine A-FABP ¢cDNA [20] was linearized with
Ncol (for antisense probe) or with Spel (for sense probe).
The RNA transcription was performed using a DIG-RNA la-
beling kit (Roche, Germany) according to the manufacture’s
manual. The concentration of the labeled probes was deter-
mined by dot-spot methods. 4% paraformaldehyde fixed sec-
tions of 20 ;em thickness were prepared by a cryostat. The sec-
tions were acetylated, dehydrated and hybridized withlabeled
antisense or sense cCRNA probe for mouse A-FABP cDNA.
After several wash, anti-DIG antibody conjugated with al-

‘’kaline phosphatase (Roche Diagnostics, Germany) were ap-

plied to the sections and signals were developed by DIG de-
tection kit (Roche Diagnostics, Germany). The specificity of
the probe was tested using mouse adipose tissue as positive
control, where hybridization signals appeared only upon ap-
plying anti-sense probe, while no hybridization signals could
be detected with sense probe (data not shown).

RT-PCR

For reverse transcription PCR (RT-PCR) analysis, total RNA
was isolated using the guanidine isothiocyanate based TRIzol
solution (GIBCO-BRL, Burlington, ON, Canada) according
to the manufacturer’s manual. Single strand cDNAs were
reverse-transcripted from the separated total RNA using Re-
verse Transcription System (Promega, USA). Semiquantita-
tive PCR analyses on the synthesized cDNA from the cells
were performed to amplify the transcript of A-FABP, and
GAPDH was used as an internal standard. The nucleotide
sequences of the primers for A-FABP were as follows: 5'-
TCAACCTGGAAGACAGCTCCT-3 for the sense primer
and 5'-TCGACTTTCCATCCCACTTC-3 for the anti-sense
primer. Polymerase chain reaction was performed on a Ge-
neAmp PCR system 9700 (Applied Biosystems, Foster, CA
USA) using 100 ng of cDNA, 5 pmol of each oligonucleotide
primer, 200 uM of dNTP, 1 unit of taq polymerase (Takara,
Tokyo, Japan) and 1x PCR buffer (Takara, Tokyo, Japan).
PCR program was initially started with 94 °C denaturation
for 4 min followed by 25 cycles and 28 cycles of 94 °C/1 min,
60°C/1 min, 72 °C/1 min for GAPDH and A-FABP gene, re-
spectively. Linear amplification of the band was confirmed
in advance for A-FABP gene in this condition. PCR products
were electrophoresed on 1.5% agarose gel and gel images
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were digitally captured by ChemiDoc XRS (Bio-Rad Labo-
ratories, Hercules, CA, USA) and the density of the ampli-
fied band was measured by the Quantity One software (Bio-
Rad Laboratories, Hercules, CA, USA). The values were pre-
sented as a ratio of specified gene signal density divided by
that of GAPDH.

Western blotting

In Westem blotting, cytosolic and nuclear fractions of the
CTLL-2 before and 24 h after the DEX treatments were pre-
pared using NE-PER Nuclear and Cytoplasmic Extraction
Reagents (PIERCE, USA). The concentrations of extracted
proteins were determined by a BCA kit (PIERCE, USA), and
25 pg of each samples were loaded onto 12% SDS-PAGE
gel under reducing conditions and the gel was electro-blotted
onto a PVDF membrane (GE Osmonics, USA). The mem-
brane was incubated with rabbit polyclonal anti-A-FABP an-
tibody at a concentration of 2 ug/ml in PBS (pH7.4) con-
taining 0.1% Tween 20. After incubation of the membrane
with horseradish peroxidase-conjugated anti-rabbit IgG, the
immunopositive band was visualized by ECL plus Western
blot detection system (Roche, Germany). Gel images were
digitally captured by ChemiDoc XRS (Bio-Rad Laborato-
ries, USA) and the density of positive bands was measured
by the Quantity One software (Bio-Rad Laboratories, USA).
The values were presented as a ratio of specified band density
divided by that of S-actin.

Results

The quality of the A-FABP antibody was checked by Western
blotting, in which the antibody was able to detect A-FABP
(14.6 kDa) in extracts of 3T3-L1 adipocytes and of QT6 fi-
broblasts transfected with 3 g or 6 g of pCDNA3 express-
ing A-FABP, butnot in QT-6 cells transfected only with empty
pCDNA3 (Fig. 1). Cross-reactivity of the antibody with other
FABP paralogs was tested by dot blotting (data not shown). A
weak cross-reaction was observed with B- and H-FABP with
signals more than 10-fold lower than that for A-FABP in the
densitometer analysis. No cross-reactivity was observed with
E- and L-FABP.

Expression and localization of A-FABP in in vivo spleen
after DEX administration

By immunohistochemistry, A-FABP-immunoreactivity was
detected only in the endothelial cells of capillaries and arte-
rioles surrounding individual white pulps, and no significant
immunoreactivity was seen within both of the white and red

3T3L1 kD
N " transfected QT6 cells lysat
adipocyte 0 1 Q 3 Y 665

lysate 6 s 3 0

ug pDNA3-mA-FABP
ug pDNA3

Fig. 1. Characterization of anti-murine A-FABP antibody. The antibody was
able to detect A-FABP (14.6 kDa) in extracts of 3T3-L1 adipocytes and of
QT6 fibroblasts transfected with 3 g or 6 g of pPCDNA3 containing murine
A-FABPcDNA (pCDNA3-mA-FABP), butnotin QT-6 cells transfected only
with empty pCDNA3.

pulps in the spleen of adult mice without any extrinsic stim-
uli (Fig. 2C). At 3 h after injection of DEX, small aggrega-
tions of round cells showing the distinct immunoreactivity
for A-FABP were distributed randomly without any specific
spatial relation to the central arterioles throughout the white
pulps (Fig. 2D). At 8 h postinjection, the immunopositive cell
aggregations were more numerous and larger than the pre-
vious stage and they were composed of 5-10 immunopos-
itive cells versus 1-3 cells at the previous stage (Fig. 2E
and 2G). The intense immunopositivity appeared as round
profiles representing the nuclei as well as the cytoplasm or
as ring profiles with pale round cores, representing the cy-
toplasmic rim, with the former profiles much more numer-
ous (Fig. 2G). The immunopositive structures seemed to be
smaller in diameter than the adjacent immunonegative cells.
At 24 h postinjection, A-FABP-immunopositivity was al-
most close to the background in any portions of the white
pulps (Fig. 2F). The immunopositivity in the endothelial cells
of vessels surrounding the white pulps remained unchanged
during the course examined and no nuclear accumulation of
A-FABP-immunoreactivity was seen in the cells. When the
specimens were processed simultaneously for TUNEL reac-
tion and A-FABP immunostaining, almost all cell profiles
intensely immunopositive for A-FABP in immunolight mi-
croscopy were co-stained for TUNEL-reaction in spleen at 3
and 8 h postinjection (Fig. 2H). When sections of the spleens
were reacted with the control serum in which the antibody was
pre-absorbed with the recombinant murine A-FABP, no sig-
nificant immunoreaction was discerned in any portions of the
sections, indicating that the immunoreaction described above
was due to authentic A-FABP (data not shown). When the an-
tibodies against H- and B-FABPs were applied to sections of
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e

Fig. 2. Enhanced expression of A-FABP in the mouse spleen after DEX treatment. (A) RT-PCR analysis shows that the amplified band was markedly increased
in density at 1, 3 and 8 h postinjection of DEX. GAPDH mRNA expression is shown in the lower lane as an internal standard. (B) Wester blot analysis of
cytosolic (c) and nuclear (n) protein fractions from the spleen, showing the progressive increase of A-FABP protein synthesis at 3 and 8 h after DEX treatment
in both cytosol and nucleus. (C)«G) Immunolight micrographs showing A-FABP localization before and after DEX treatment. Before DEX treatment, none of
the immunopositive cells are discerned in the white pulp (wp) although the immunoreaction is seen in endothelial cells (e) of the red pulp (C). At 3 h after DEX
treatment, small aggregations of the immunopositive cells are seen randomly throughout the white pulp (D) and the cell aggregations are more increased at 8 h
after the treatment (E). At 24 h after the treatment, immunopositive cells are not detected in the white pulp (F). At higher magnification of the white pulp at
8 h after the reatment, immunopositive cells for A-FABP with ring (arrows) and round (arrow heads) profiles are detected (G). (I) Double immuno-fluorescent
staining for A-FABP (green) and TUNEL (red), showing that most of A-FABP positive cells were TUNEL positive. wp; white pulp, rp; red pulp. Bars in C-F
=300 pm, bars in G = 50 um, barin H = 25 um.
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the same spleens as examined above, no immunoreactivity
was detected in any portions of the spleens. When employed
the antibodies against E-FABP, the immunoreactivity was
found in the dendritic cells of the white pulp and endothe-
lial cells of the red pulp as already reported elsewhere (Ki-
tanaka et al., 2003). Therefore, the subsequent examination
in this study was confined to A-FABP, and two time points
of postinjection 1 and 8 h were selected as the beginning and
maximum stages of the chronological change based on the
immunohistochemical finding.

In RT-PCR analysis, the amplified band of A-FABP gene
was close to the background level in the spleen of adult
mice without any extrinsic stimuli. The amplified band was
markedly increased in density at 1 and 8 h postinjection of
DEX (Fig. 2A). In Western blot analysis of both cytosolic
and nuclear proteins isolated from the spleens before, 3 and
8 h after DEX treatment, a marked increase in the A-FABP
protein synthesis was observed in both of the nuclear and cy-
tosolic fractions at 3 and 8 h after DEX treatment (Fig. 2B).

By in situ hybridization histochemistry, distinct signals
representing mRNA for A-FABP were observed in the splenic
white pulp as small aggregations of cell profiles at 3 h postin-
jection of DEX, while no positive signals were detected
throughout the normal spleen (Fig. 3A and 3B). As a nega-
tive control, no expression was confirmed in adjacent sections
incubated with the sense A-FABP ¢cRNA probe (Fig. 3C).

In immuno-electron microscopy of the 8 h-specimen, im-
munopositive cells of round contour were grouped together to
form cell islets among splenocytes having normal cytological
appearance. The immunopositive cells were smaller than ad-
jacent immunonegative splenocytes and the immunoreaction
products were present in the cytoplasm. The immunopos-
itive cells contained single or multiple bodies of round or
polymorphous contour with a high and homogenous elec-
tron density. They were intimately enclosed together by cells
having larger and irregular-shaped nucleus poor in chro-
matin (Fig. 4). Based on the ultrastructural features, the im-
munopositive round cells and their electron-dense bodies are
regarded as apoptotic splenocytes and their nuclei, and the
enclosing cells as the dendritic cells.

Expression and localilzation of A-FABP in CTLL-2 cells
after DEX treatment

In RT-PCR analysis, an amplified band for A-FABP mRNA
was clearly detected in CTLL-2 cells at 1 h after apply-
ing DEX into the cultured media although such a band was
not discerned before the application. The amplified band in-
creased in density progressively at 3 and 8 h after DEX appli-
cation, and no significant signals were visible at 24 h after the
application (Fig. 5A). In Western blotting of both cytosolic
and nuclear fractions isolated from CTLL-2 at stages of 3, 8

Fig. 3. In situ hybridization histochemistry for A-FABP. A-FABP-positive
cells are detected in forms of cell aggregations in the white pulp at 3 h after
DEX treatment (B), while the expression signals are observed neither in
the pre-treatment spleen (A) nor in the negative- control section (C) probed
by sense A-FABP cRNA. Note the similar distribution pattern of A-FABP-
positive cells to that of A-FABP immunopositive cells within the white pulp
shown in Fig. 2D and E. Bars in A-C = 100 um.

and 24 h after DEX application in the absence of I1.-2, a band
for A-FABP protein was weakly detected only in the cytoso-
lic, but not nuclear, fraction at the 3 h stage, while the band
was evident at the stages of 8 h and 24 h in both the nuclear
and cytosolic fractions. In the presence of IL-2, a band for A-
FABP protein was negative in the nuclear fraction although
it was clearly detected in the cytosol as intense as that of the
cells under IL-2 deprivation (Fig. 5B).



Fig. 4. Immunoelectron micrograph of the spleen 8 h after DEX treatment
Immunopositive cells (asterisks) were smaller in size and more electron-
dense compared to the adjacent immunonegative lymphocytes (ly), and
contained condensed nuclei (cn). Note that the immunopositive cells are
enclosed by an immunonegative presumptive dendritic cell (dc). Arrows in-
dicate the cytoplasmic continuity of the immunonegative dendritic cell. Bar
=S5pum.

Fig.5. Enhanced expression of A-FABP in murine CTLL-2 after DEX treat-
ment. (A) In RT-PCR analysis, a marked enhancement of A-FABP gene
expression is detected from 3 to 8 h after DEX treatment, and returns to
the pretreatment level at 24 h after DEX treatment as shown in the upper
lane. GAPDH mRNA expression is shown in the lower lane as an internal
standard. (B) Western blot of both cytosolic (c) and nuclear protein (n) frac-
tions from CTLL-2 cells. A distinct band for A-FABP appears only in the
cytosol but not in the nuclear fraction at 3 h after DEX(+)IL-2(—) treatment,
while the band appears in both the cytosolic and nuclear fractions at 8 and
24 h after ihe treatment as shown in the upper lane. In the presence of IL-2,
a band for A-FABP is detected only in the cytosolic fraction at 24 h after
DEX treatment. The bands for §-actin are shown in the lower lane as protein
standardization. c; cytosolic protein fraction, n;.nuclear protein fraction.
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In immunocytochemistry, no cells immunopositive for A-
FABP or TUNEL were detected when CTLL-2 cells were
maintained in the culture media containing IL-2 without DEX
(DEX(—)IL-2(+)) (Fig. 6A). Many cells exhibited A-FABP-
immunopositivity in forms of rings containing immunoneg-
ative round cores at 3 h after application of DEX into the
cultured media without IL-2 (DEX(+)IL-2(-)), although a

Fig. 6. Immunofluorescence photomicrographs of A-FABP expression
(green) and TUNEL reaction (red) in murine CTLL-2 celils. (A) Neither
A-FABP expression nor TUNEL reactivity is seen in CTLL-2 cells without
DEX-treatment. (B) A-FABP expression is predominately detected in forms
of rings (arrows), representing the cytosolic localization at 3 h after DEX
treatment. (C) At 8 h after DEX treatment, A-FABP expression is shown in
a round pattern superimposed on entire profiles of cells (asterisks). The cell
nuclei co-stained by A-FABP and TUNEL are indicated by arrowheads. (D)
At 24 h after DEX treatment almost all cells are smaller and deformed in
shape, and they are positive for both A-FABP and TUNEL (arrow heads).
(E) When the cells are cultured in media containing neither IL-2 nor DEX for
24 h, A-FABP expression is not detected in any cells and about 50% of cells
are TUNEL posiiive {open arrows). (F) In cuiture media containing both
IL-2 and DEX for 8 h (shown in inset) and 24 h, occurrence of A-FABP is
confined to the cytosol without any nuclear localization. (A)—(F) Cell nuclei
are stained with DAPI (blue). Bars in A-F = 20 um.
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few cells showed the immunopositivity in forms of round pro-
files representing the entire cell bodies (Fig. 6B). At 8 h after
DEX(+)IL-2(—) treatment, many cells were immunoposi-
tive for A-FABP, although cells in a unit area in light mi-
croscopy were less numerous. Most of the immunopositive
cells appeared as round profiles of smaller sizes than those
at the previous stage although a few cells exhibiting the im-
munopositive rings were remained (Fig. 6C). The round cell
profiles immunopositive for A-FABP were also positive for
TUNEL reaction. At 24 h after DEX(+4)IL-2(—) treatment,
almost all cells were much smaller and some of them seemed
to be deformed more or less. They were positive for both
A-FABP and TUNEL. No immunopositive cells in forms of
the ring profile were found among them (Fig. 6D). On the
other hand, although numerous TUNEL-positive cells were
also seen 24 h after DEX(—)IL-2(—) treatment, they were
immunonegative for A-FABP (F i g. 6E). Furthermore, numer-
ous cells showed A-FABP-immunopositivity in forms of ring,
but not round, profiles at 8 and 24 h after DEX(+)IL-2(+)
treatment. However, most of them were TUNEL-negative
(Fig. 6F).

Discussion

The present study shows for the first time the appearance of
A-FABP in the cytoplasm of a limited population of splenic
lymphocytes at early stages of the DEX administration, and
its appearance in the nuclei as well as the cytoplasm of nu-
merous apoptotic lymphocytes at its later stage. This find-
ing suggests the enhanced appearance of A-FABP in splenic
lymphocytes under the apoptotic process induced by DEX in
vivo and the translocation of A-FABP into the nuclei as the
apoptosis proceeds. The ultrastructure of the immunopositive
cells and their enclosed/engulfed feature by immunonegative
dendritic cells in in vivo spleen may raise question whether
or not the positive immunoreaction represents the authentic
A-FABP and whether or not its enhancement is due to the
increase at the transcription level. In this regard, the expres-
sion of A-FABP mRNA examined by in situ hybridization
histochemistry was localized in the white pulp of the spleen
at 3 h postinjection of DEX in a pattern well correspond-
ing to the immunohistochemical results, which is in accord
with the time course expression of the mRNA by RT-PCR
analysis of the spleen. Furthermore, we found the apoptosis-
linked enhancement of expression of A-FABP at levels of
both mRNA and protein in the cultured murine lymphocytic
cell line, CTTL-2 and the relocation of A-FABP into the
nuclei. These findings thus confirm that the synthesis of A-
FABP is induced in the cells under DEX-induced apoptosis
regardless of being enclosed/engulfed by any phagocytos-
ing cells, and that A-FABP translocates into their nucleus in
association with the apoptosis.

There has been evidence that DEX induces the gene ex-
pression for A-FABP in both adipocytes and non-adipocytes
such as differentiated myogenic C2C12 cell line [23} and J744
macrophage cell line [24]. The induction has been shown to
occur in the presence of cyclohexamide, suggesting that DEX
does not require the synthesis of any intermediate proteins
{23]. In addition, the gene for A-FABP contains a glucocorti-
coid response element within the upstream regulatory region
[25]. Therefore, it is likely that DEX directly enhances A-
FABP expression in the present lymphocytes.

The present study also shows that, DEX treatment, in the
presence of IL-2 which is known to rescue CTLL-2 cells from
apoptosis {16], does not induce the nuclear translocation of
A-FABP in the lymphocytes, although its localization is dis-
cerned in the cytoplasm. The presence of ILL-2 in the culture
media has recently been shown to hinder the nuclear translo-
cation of glucocorticoids hormone receptor (GHR) which oc-
curs in the process of apoptosis induced by DEX in murine
T cell line [26]. Together with the absence of enhanced ap-
pearance of A-FABP under apoptosis induced solely by IL-2

. deprivation, the expression and subsequent translocation of

A-FABP into apoptotic cell nuclei is specific to the DEX-
induced apoptotic signaling pathway. It was shown recently
that GHR- and PPAR-dependent signaling have a possible
crosstalk in the hepatocytes [27], suggesting that A-FABP-
PPAR- and GHR-mediated signaling cascade might cooper-
atively be involved in the DEX-mediated apoptotic process
of lymphocytes.

With regard to the functional significance of enhanced pro-
tein synthesis and nuclear translocation of A-FABP under the
process of apoptosis, a recent finding on the enhancement of
PPARy activity by A-FABP in COS-7 fibroblast cells and
their ligand-dependent direct protein interaction [17] should
be noted. It is known that a natural PPARy ligand 15d-PGJ2,
which is also one of ligands of FABPs, induces the apopto-
sis through direct inhibition of NFxB [28], while IL-2 res-
cues DEX-induced apoptosis of Th1 cells through activation
of NFxB [16]. In addition, PPARy has been shown to be
primarily located in the cytoplasm in naive T lymphocytes
and translocates to the nucleus upon its activation {29]. Fur-
thermore, A-FABP has recently been shown to induce the
apoptosis of prostate cancer cells and to regulate the cell
proliferation via enhanced TNFo expression, suggesting the
involvement of A-FABP in the regulation of gene expression
in the apoptotic process [30]. It is thus possible that A-FABP
and/or its binding fatty acids are intimately involved in the
DEX-induced apoptotic process of lymphocytes in corpo-
ration with nuclear transcription factors such as PPARyvia
inhibition of NF«B, leading to changes in response of lym-
phocytes to various pathogens or microbes. Indeed, PPARy
ligands have been shown to reduce the systemic inflamma-
tion in polymicrobial sepsis in vivo [31], and thus A-FABP
can be a possible therapeutic target for the modulation of



inflammation. It would be necessary to perform the genetic

ablation of A-FABP in the lymphocytes, which should shed’

more light on a causal relationship between A-FABP and/or
its ligand fatty acids and apoptosis.
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The immune and nervous systems display considerable overlap in their molecular repertoire. Molecules
originally shown to be critical for immune responses also serve neuronal functions that include normal brain
development, neuronal differentiation, synaptic plasticity, and behavior. We show here that FcyRIIB, a
low-affinity immunoglobulin G Fc receptor, and CD3 are involved .in cerebellar functions. Although membra-
nous CD3 and FcyRIIB are crucial regulators on different cells in the immune system, both CD3¢ and FeyRIIB
are expressed on Purkinje cells in the cerebellum. Both CD3e-deficient mice and FcyRIIB-deficient mice
showed an impaired development of Purkinje neurons. In the adult, rotarod performance of these mutant mice
was impaired at high speed. In the two knockout mice, enhanced paired-pulse facilitation of parallel fiber-
Purkinje cell synapses was shared. These results indicate that diverse immune molecules play critical roles in

the functional establishment in the cerebellum.

Some molecules originally shown to be critical for immune
responses, such as the major histocompatibility complex
(MHC) class I molecules, CD3¢, and semaphorin 7A (3, §, 15,
23), also serve neuronal functions. Based on studies of mutant
mice, CD3( proved critical for the development of lateral
geniculate nucleus (LGN) and long- term synaptic plasticity in
the adult hippocampus (3, 8).

In the immune system, CD3 subunits are expressed on T
cells. The T-cell receptor (TCR)-CD3 complex recognizing
specific antigens bound to MHC present on antigen-presenting
cells (APCs) is composed of a TCR heterodimer and CD3
polypeptides organized as dimers. The cell-cell interaction be-
tween APCs and T cells is known as an immunological synapse
(5) in the mature immune system. In a3 T cells, when the TCR
interacts with the antigen/MHC complex, it transmits informa-
tion to a signal-transducing complex consisting of two CD3
subunit dimers, CD3e-CD3y and CD3e-CD38, and the CD3¢-
CD3¢ homodimer (10). Among CD3 subunits, CD3( is a cru-
cial subunit having three immunoreceptor tyrosine-based acti-
vation motifs (ITAMs), whereas the remaining subunits have
one ITAM (25). Tyrosine residues within these motifs are
phosphorylated by src family tyrosine kinases, and then Src
homology 2-containing proteins, including the tyrosine kinase
ZAP70, participate in signaling (13). The signaling in yd TCRs
is different from that in «f TCRs. Most y86 TCRs lack CD33,
and signal transduction by y8 TCR is superior to that by «f
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TCR, as measured by its ability to induce calcium mobilization,
extracellular signal-regulated kinase activation, and cellular
proliferation (6).

FcyRIIB is a low-affinity membrane receptor for immune
complexes broadly distributed on hematopoietic cells, such as
B cells, mast cells, basophils, macrophages, eosinophils, neu-
trophils, dendritic cells, and Langerhans cells. FcyRIIB nega-
tively regulates B-cell receptor-induced signaling in B cells via
the inhibitory immunoreceptor tyrosine-based inhibition motif
in its cytoplasmic domain (24, 30). Coengagement of the B-cell
receptor and FcyRIIB results in the tyrosine phosphorylation
of the immunoreceptor tyrosine-based inhibition motif and the
recruitment of SHIP. SHIP, by hydrolyzing PIP3, causes the
dissociation of Brutons tyrosine kinase from the membrane
and the inhibition of calcium influx into the cell (29). Although
the functional significance of FcyRIIB has been elucidated in
hematopoietic cells, the physiological roles of FcyRIIB have
not been explored in the nervous system.

The cerebellum is a key region operating motor learning and
motor coordination. Cerebellar functions are regulated by co-
ordinated neural networks. There are two major types of in-
puts to the cerebellum: climbing fibers (CFs) and mossy fibers.
CFs are the axons of neuronslocated in the inferior olive. They
enter the cerebellum and establish two branches, one to the
deep nuclei and one to the Purkinje cells (PCs) of the cere-
bellar cortex. Mossy fibers synapse with the claw-like dendrites
of the granule cells (GCs) in the cerebellar cortex. The GCs in
turn communicate with the PC dendrites via their long parallel
fiber (PF) axons. PC axons are the sole efferents from the
cerebellar cortex.

Here, we found an unexpected common functional signifi-
cance of CD3 and FcyRIIB in the cerebellum. Both CD3¢ and

800 ‘22 Ydrey uo ALISYIAINN NHOHOL 1e Bio'wse gow wol) papeojumog



Vou.. 27, 2007

A ; : ) . 4 ; o B .

FIG. 1. Distribution of CD3¢ and FcyRIIB in the cerebellum. Double i

CD3 AND FcyRIIB IN THE CEREBELLUM 5129
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mmunofluorescence images are shown for CD3e (green) or FcyRIIB

(green) with Car8 (red) (A and B) in the molecular layer (A) and internal granular layer (B), with VGLUTI (red) (C), or with GLAST (red) (D) in
the cerebellum at P21. Arrows and arrowheads indicate rod-like staining of the Bergmann glia and the GLAST-positive cell bodies, respectively.
Asterisks, Purkinje cell somata. Bars, 1 wm (A, lower panels) or 10 pm (A, upper panels, and B, C, and D).

FcyRIIB are located on Purkinje cells. CD3e-deficient mice
and FcyRIIB-deficient mice shared impaired development of
Purkinje neurons, enhanced paired-pulse facilitation (PPF) of
parallel fiber-Purkinje cell synapses, and poor rotarod perfor-
mance at high speed.

MATERIALS AND METHODS

Animals. CD3e knockout micc (16) with a C57BL/6 background were obtaincd
from The Europcan Mousc Mutant Archive. FeyRIIB knockout mice (30) with
a C57BL/6 background were obtained from T. Takai (Tohoku Univ.). Al ani-
mals were maintained according to the guidclines of Juniendo University.

RT-PCR. Reverse transcription-PCR (RT-PCR) was donc using total RNA
derived from the cerebellum and EL4 T-ccll line and the following primers:
CD3e forward, 5'-AAGTCGAGGACAGTGGCTACTAC-3', and reverse, 5'-C
ATCAGCAAGCCCAGAGTGATACA-3'; CD3y forward, 5'-ATGGAGCA
GAGGAAGGGTCTGGCT-3', and reverse, S'-CATTCTGTAATACACTTGC
AGGGG-3'; D38 forward, 5'-GGAACAAATGTTGCTTGTCTGG-3'. and
reverse, 5'-TCTTGGCAAACAGCAGTCGTA-3', CD3L forward, 5'-AAGATG
GCAGAAGCCTACAG-3', and reverse, 5-TTAATGACACAATGACCTTG
C-3'; CD3¢ forward S'-ACCCCAACCAGCTCTACAATGAG-3', and rcversc,
5'-AAGACGCTGGCACAGGATTGGCTA-3'. Primers for B-actin were pur-
chascd from Clontcech (Palo Alto, CA).

Immunofluorescence staining. Immunofluorescence staining of the mouse cer-
cbeilum at postnatal day 21 (P21) was donc cssentially as described previously
(20). The primary antibodics included anti-FeyR11B (22). anti-CD3¢ (145-2C11).
anti-carbonic anhydrasc 8 (Car8). anti-GLAST (26). anti-VGLUT!I (18), Alcxa
Fluor 488-labeled anticalbindin (Swant, Bellinzona, Switzerland), and Alcxa
Fluor 647-labcled anti-NcuN (Chemicon, Temeccula, CA) antibodics. Anti-Car8
antibody was produccd in the rabbit and guinca pig against 33 to 61 amino acid
residues of the mouse Car§ (BC010773), and the specificity will be published

clsewhere. Labeled scetions were visualized with a confocal microscope (Zciss

+ LSM510). Quantitation of the pixcl intcnsity of vGluT1 signals was carricd out

using Adobc PhotoShop and NIH Imagc.

Behavior. The performance on the rotarod (Ugo Basile, Comerio, Italy) was
measured with a maximal obscrvation time of 5 min. Animals were tested at a
constant 5, 8, 10, or 30 rpm or an accclerating speed for two consccutive days,
receiving four trials per day. The acceleration was started (2 rpm and the rod was
rotating at ~30 rpm aficr 300 s), and the latency to fall was recorded.

Ambulation counts were made in an open field for 3 min essentially as de-
scribed clsewhere (9). The behavioral tests were performed in a blind fashion.

Electrophysiology. Parasagittal ccrcbellar slices (200 pm) of the vermis were
prepared from wild-type, FeyRIIB-deficient, and CD3e-deficient mice (7). Slices
werc incubated at room temperature (25°C) for at Icast 1 h before recording.
Whole-cell voltage clamp recordings were made of Purkinje cells visually iden-
tified at room temperature. The preparation was continuously superfused with an
cxtracclular solution containing 124 mM NaCl, 25 mM KCl, 1.25 mM
NaH;PO,. 1.5 mM MgCl,, 2 mM CaCl,, 26 mM NaHCO, and 20 mM glucosc,
which was bubblcd continuously with a mixturc of 95% 0O; and 5% CO,. Paich
pipctics had a resistance of 310 4 MQ in the intracellular solution containing 135
mM Cs-p-gluconate, 15 mM CsCl, 1 mM MgCl,, 10 mM HEPES, and 5 mM
EGTA (pH 7.3). Picrotoxin (50 pM) was always prescnt in the saline to block
spontancous inhibitory postsynaptic currents. To cvoke PF or CF cxcitatory
postsynaptic currents (EPSCs) from voltage-clamped Purkinje cclls (—80 mV or
10 mV, respectively), square pulses (10 ps: 20 to 100 pA) were delivered cvery
10's through a glass pipctic with a tip 5 to 10 wm in diameter filled with 140 mM
NaCl and 10 mM HEPES. To monitor the access resistance, a hypcrpolarizing
pulsc (—10 mV; 50 ms) was applicd 400 ms beforc the extraccllular stimulation.
Signals were filtered at 2 kHz and digitized at 4 kHz (Digidata 1320).

Statistics. Statistical significance was assessed using Student’s ¢ test unless
otherwisc noted. Analysis of variance was uscd for further analysis, and if there
were significant differences, the Bonferroni test was uscd for post hoc analysis.
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