control) or the vehicle (6% DMSO0/40 mM Tris—HCI)
and 0.6 mM NADPH were added and incubated at
37°C for 30 min under dark condition. The rate of ROS
formation as a fluorescent product was measured by a
microplate reader (excitation 485 nm; emission 528 nm).
These reactions were repeated three times in duplicate.
The data was normalized to control values and the
control was assigned a value of 100%.

Statistical evaluation

Statistical _analyses were performed using statistical
software (JMP 4.0.57; SAS Iastitute, Inc., NC, USA).
The data obtained from in vivo experiments were com-
pared between two corresponding groups by using the
Student’s ¢ test after the one-way ANOVA. Addition-
ally, Dunnett’s test was used to isolate the group(s) that
differed significantly from the untreated group. The data
from the in vitro experiments were also compared using
Dunnett’s test. A P value of less than 0.05 was consid-
ered to be statistically significant.

Results

General observations and histopathological findings
in the liver

During the experimental period, neither death nor
treatment-related clinical signs were observed in any of
the groups. However, significant reduction in body
weight gain as well as a slight decrease in food con-
sumption was found in the DC and DMN+ DC + PH
groups. Macroscopically, all mice of these two groups
killed at weeks 13 and 26 showed discoloration of the
liver (data not shown).

On histopathological examinations, there were no
remarkable changes in the liver of the untreated and
DMN groups at weeks 13 and 26. On the other hand, all
mice of the DC and DMN + DC + PH groups at
weeks 13 and 26 had centrilobular hypertrophy of he-
patocytes. Slight and moderate deposition of lipofuscin
was observed in the DC and DMN + DC + PH
groups, respectively. Other findings included small ne-
crotic foci in both of these groups treated with DC
(Fig. 2).

On histochemical stainings for GGT, no GGT-posi-
tive reaction on hepatocytes was observed in the un-
treated group at weeks 13 and 26. In the DMN + PH
group, there was no formation of GGT-positive focus at
weeks 13 and 26. On the other hand, the DC group at
week 26 showed the formation of GGT-positive foci in
the liver, although such a reaction at week 13 was de-
tected at only single cell level. The number and area of
GGT-positive foci significantly increased only in the
DMN + DC + PH group in comparison with that in
the untreated or DMN + PH group at week 13. This
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group showed the highest value of them at week 26, but
the value was not significantly different (Fig. 3, Table 1).

mRNA expression in the liver

Findings of the mRNA expression levels of CYPIAL,
POR, TXNRDI, SODI1, and OGGI in the liver are
shown in Fig. 4. The expression levels of almost all these
mRNAs significantly increased in the DC and
DMN + DC + PH groups as compared to the un-
treated or DMN + PH group, and their highest levels
were observed in the DMN + DC + PH group.
However, the time-dependent increases of all these genes
were not evident in these two groups.

Formation of 8-OHAG in the liver DNA

The data of 8-OHAG are shown in Fig. 5. On HPLC
analysis, the levels of 8-OHAG of all groups at week 26
were approximately twice as high as those at week 13,
and the time-dependent increasing tendency was found.
In the DMN + DC + PH group, the level of 8-OHdG
significantly increased in comparison with that of the
DMN + PH group and indicated the highest level at
weeks 13 and 26. In addition to this group, the DC
group also showed significant increases in 8-OHAG as
compared to the untreated group at week 26.

Generation of ROS

As shown in Fig. 6, in the presence of H,O, as the po-
sitive control, significant increases were found at
0.1 mM of H,0,, and the maximum percentage of in-
crease (approximately 120%) was observed at 1 mM in
this condition. In the case of DC, a concentration-
dependent increase in ROS production was observed, a
significant increase being observed at 0.3 mM or greater
concentration of DC. At high concentrations of DC
(> 1 mM), the percentage of increase was higher than
that of H,O,. On the other hand, the. ROS production
was depressed to about 40% of the vehicle control
(0 mM) because of a high concentration of DMSO.

Discussion

Oxidative stress is believed to be a result of ROS gen-
eration occurring in cells due to exogenous factors or
cellular metabolism (Grishko et al. 2005). For example,
the active oxygen species can be generated by uncou-
pling of the microsomal monooxygenase reactions.
Superoxide anion and H,0, can be formed during P450
turnover. Superoxide can be produced during the
autooxidation of the oxycytochrome P450 complex
(Kuthan and Ullrich 1982; Sligar et al. 1974). In the



698

Fig. 2 H-E staining in the liver
of hepatectomized mice treated
with DC for 13 and 26 weeks
after DMN initiation. No
remarkable change is observed
in the untreated (a) and

DMN -+ PH (b) group at week
26. Slight centrilobular
hypertrophy and some necrotic
cells are observed in the DC
group at weeks 13 (¢) and 26
(d). Slight to moderate
centrilobular hypertrophy and
some necrotic cells are observed
in the DMN + DC + PH
group in weeks 13 (e) and 26 (f)

present study, the production of ROS in microsomes
significantly increased when DC was present at a con-
centration of 0.3 mM or more in vitro. Although we
have no toxicokinetic data such as accurate blood con-
centrations and systemic distributions of DC achieved
by dietary administration in mice, it was previously re-
ported that a single oral administration of 50 mg/kg bw
of DC in rats would result in a maximum concentration
of 0.1 mM DC (20 pg/ml) in plasma (WHO 2000). The
dose level of DC used in the present study is calculated
to be equivalent to approximately 150-200 mg/kg bw of
DC, and is 34 fold higher than that administered to rats
in the earlier study. Therefore, it can be expected that
since DC was administered to mice by mixing with the
diet, the mice are exposed to a limited amount of DC,
which is able to produce ROS in hepatocytes for an
extended period and approximately for the whole day.
Actually, the expressions of mRNAs of metabolism- or
oxidative stress-related genes, such as CYP1Al, POR,
TXNRDI1, and SODI, in both the DC-treated groups
were also significantly up-regulated. These data support
our speculation that the oxidative stress was probably
induced by ROS generated via the metabolic pathway of
DC. However, it is well known that other cellular
sources such as mitochondria and peroxisomes also have
a potential to generate ROS by various stimulation.

Therefore, although measurements of ROS production
of these organelles were not performed in our study, it
should be considered that the ROS generated in he-
patocytes of the DC-treated group are derived from
these organelles as well as the metabolic pathway of DC.

Reactive oxygen species can interact with multiple
macromolecules, including lipids, nucleic acids, and
proteins (Grishko et al. 2005). §-OHAG, a marker of
oxidative DNA damage, is potentially involved in the
carcinogenesis in various experimental models, and is
known as one of the causes for DNA point mutations
such as G-T transversion (Kasai 1997; Nakae et al.
1997; Shibutani et al. 1991). Significant induction and
steady elevation of §-OHAG are considered to play an
important role in chemically induced carcinogenesis
(Shibutani et al. 1991). In the present study, a significant
increase of 8-OHAG level was observed in the
DMN + DC + PH and DC alone groups, which
showed the formation of GGT-positive foci. These re-
sults suggest that the long-term treatment of DC at this
dose has the potential to cause oxidative DNA damage.
It has been reported that 8-OHdG DNA adducts are
repaired by an enzyme OGG]1, and the inactivation of
OGG1 mRNA in yeast and mice leads to an elevated
frequency of spontaneous mutation (Dybdahl et al.
2003; Shinmura and Yokota 2001). In fact, Kinoshita



Fig. 3 Histochemical staining
of GGT in the liver of
hepatectomized mice treated
with DC for 13 and 26 weeks
after DMN initiation. No
positive reaction is observed in
the untreated group at week 26
(a). GGT-positive reactions at a
single cell level (arrow head) are
detected in the DMN + PH at
week 26 (b) and the DC group
at week 13 (c). In addition to
GGT-positive cells, the
formation of GGT-positive foci
(arrow) is observed in the DC
group at week 26 (d). The
formation of GGT-positive foci
is evident in the

DMN + DC + PH group at
weeks 13 (e) and 26 (f)

et al. (2002) reported that the depression of a temporal
increase of 8-OHAG induced by a single administration
of phenobarbital was due to the reaction following the
increase in OGG1. The mRNA expression analyses of
the present study showed that the expressions of OGG1
mRNA significantly elevated in both of the groups
treated with DC, and the highest level of expression was
observed in the DMN + DC + PH group that showed
a significant elevation of 8-OHdG. However, a time-
dependent remarkable increase of the expression level of
OGG1 mRNA was not observed in this group. There-
fore, it can be considered that the formation of 8-OHAG

in our study was the outcome of the accumulation of
imbalance between the DNA repair and DNA damages
resulting from the excessive oxidative stress caused by
the prolonged DC treatment, although the response of
OGG1 mRNA expression was normal.

In many in vivo and in vitro reports on the elevations
of 8-OHdG level in mammalian cells exposed to geno-
toxic or nongenotoxic carcinogens, it is speculated that
the formation of 8-OHdG may be one of the causes of
point mutations that contribute to the activation of
oncogenes or the inactivation of suppressor genes
leading to tumorigenesis (Cheng et al. 1992; Kamiya

Table 1 Quantitative data of

GGT positive cells and foci in Group Number of animals GGT positive focus (> 0.05 mm)
the liver of hepatectomized mice
treatod with lg € for 13 weeks Number (No./em?) Total area (mm?/cm?)
after DMN initiation
13 weeks
Untreated 3 0* 0
DC 3 0 0
. ar s . DMN + PH 5 0 0
* Significantly different from DMN + DC + PH 5 13.89 £ 11.22% T 0.072£0.059%
the DMN + PH group at 26 weeks
P<0.05 (¢ test) Untreated 7 0 0
T Significantly different from the  pc 7 1.19+3.15 0.004+0.012
untreated group at P<0.05 DMN + PH 15 0 0
(Dunnett’s test) DMN + DC + PH 10 7.32+13.41 0.234 +0.640

*PData are mean + SD
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Fig. 4 mRNA expression in the

liver of hepatectomized mice

treated with DC for 13 and 70,
26 weeks after DMN initiation.
Columns represent the

mean * SD. * or ** represents
the significant difference from
the untreated group or

DMN + PH group at P<0.05
or 0.01, respectively (¢ test/
ANOVA). # or ## represents
the significant difference from
the untreated group at P<0.05
or 0.01, respectively (Dunnett’s
test)
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et al. 1992; Umemura et al. 1998). Klaunig et al. (1995,
1998) reported the possibility that subchronic exposure
of ROS resulted in the modulation of the expressions of
genes such as growth regulatory genes and cell com-
munication genes which are associated with the he-
patocarcinogenesis caused by oxidative stress in mice.
However, it is unclear whether the gene mutations and
modulations that are induced by the treatment with DC
or by DNA damages originating from the oxidative

20
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Fig. 5 Levels of 8-OHdG in the liver DNA of hepatectomized mice
treated with DC for 13 and 26 weeks after DMN initiation.
Columns represent mean = SD. *, ** represents a significant
difference from the each control (untreated or DMN + PH) group
at P<0.05 or 0.01 (¢ test). # represents a significant difference from
the untreated group at P<0.05 (Dunnett’s test)
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stress result in the formation of DC-induced hepatocel-
lular tumors. Recently, gpt delta transgenic mice and
rats in which it is possible to detect mutations, including
point mutations and long deletions of genes in in vivo,
have been developed, and many data on carcinogens
have been accumulated (Kanki et al. 2005; Masumura
et al. 1999; Nishikawa et al. 2001; Nohmi et al. 1996).
The study using gp? transgenic mice is useful to clarify
the location and the amount of mutations that occur
when the 8-OHAG formation is detected in the DNA of
the liver of DC-treated mice.

In the present study, during the stage that showed
formation of preneoplastic foci, remarkable deposition
of lipofuscin was histologically observed in the liver of
the DMN + DC + PH group. Lipofuscin is one of
the age-associated pigments that have been regarded as
cellular debris derived from lipid peroxides formed by
oxidative stress, including free radicals (Tsuchida et al.
1987). Therefore, it can be inferred that the increase in
the oxidative markers level was induced by oxidative
stress, suggesting the high possibility that treatment
with DC at 1,500 ppm induces oxidative stress. Fur-
thermore, the formation of GGT-positive foci was
observed in the DC alone group at week 26 as well as
the DMN + DC + PH group at weeks 13 and 26. In
our previous 7-week study with DC, GGT-positive
reaction was also observed as a single cell but not as a
focus in the DC alone group, while a significant in-
crease of such a focus was found in the liver of mice
treated with DC after initiation treatment of DMN
(Moto et al. 2005). These findings may suggest that
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Fig. 6 Effects of DC on hepatic-microsomal ROS production.
Microsomes were prepared from the liver of male mice and the
formation of DCF as a reactive marker of ROS was measured at
excitation 485 nm/emission 528 nm. Colummns represent the relative
value of fluorescent strength estimated at 100% in the absence of
DC (0 mM). Values are mean + SD of three times assays
performed in duplicate. * or ** represents significant differences
from the vehicle (0 mM) at P <0.05 or 0.01, respectively (Dunnett’s
test)

cellular altered foci, which are probably derived from
gene mutations induced by DNA damages attributable
to the oxidative stress, are developed by the treatment
of DC. However, the possibility that cellular altered
foci originating from spontaneous gene mutations are
grown up by the prolonged stimulation of cell prolif-
eration due to the tumor promoting effect of DC
cannot be ruled out. Further studies are needed to
clarify why such altered foci were induced in the DC
alone group by the prolonged treatment of DC for
more than 26 weeks.

In conclusion, our data in the present study indicate
that DC has potentials to generate ROS via its metabolic
pathway and to induce oxidative stress including oxi-
dative DNA damage. These results suggest the possi-
bility that DNA damage originating from the oxidative
stress induced by DC results in the induction of hepa-
tocellular tumors in mice, but a long-term treatment
with high doses of DC is necessary for the induction of
oxidative DNA damage via oxidative stress. In general,
it is well recognized that genotoxic carcinogens have
direct effects on DNA. or chromosomes and there is no
threshold on these effects. However, it has been reported
that genotoxicity of DC was negative in in vitro studies
in the presence and absence of §9 mix (WHO 2000) and
a single oral administration of DC did not induce any in
vivo DNA damage in the liver of mice (Moto et al.
2003). In addition, the enhancement of hepatocarcino-
genesis in a carcinogenicity study using mice was ob-
served in the high dose group (> 500 ppm DC in diet)
but not in middle and low dose groups (WHO 2000).
Therefore, it can be considered that DC is not a geno-
toxic carcinogen but a nongenotoxic carcinogen, be-
cause there is no evidence suggestive of a direct DNA
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damage of DC but DNA damage secondary to the
oxidative stress induced by DC. However, we have to
reconsider the appropriateness of the terminology that
such a carcinogen inducing secondary DNA damage is
categorized into one of the nongenotoxic carcinogens.
Further investigations are now in progress to clarify
whether the treatment with DC for a prolonged period
results in DNA damage via oxidative stresses and, fi-
nally, the induction of hepatocellular tumors in mice.
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ABSTRACT

Our previous studies showed the possibility that oxidative stress, including oxidative DNA damage, is involved in the mechanism of dicyclanil
(DC)-induced hepatocarcinogenesis at the preneoplastic stage in mice. In this study, the expression analyses of genes, including oxidative stress-related
genes, were performed on the tissues of hepatocellular tumors in a two-stage liver carcinogenesis model in mice. After partial hepatectomy, male ICR
mice were injected with N-diethylnitrosamine (DEN) and given a diet containing 0 or 1500 ppm of DC for 20 weeks. Histopathological examinations
revealed that the incidence of hepatocellular tumors (adenomas and carcinomas) significantly increased in the DEN 4 DC group. Gene expression
analysis on the microdissected liver tissues of the mice in the DEN + DC group showed the highest expression levels of oxidative stress-related
genes, such as Cyplal and Txnrd{, in the tumor areas. However, no remarkable up-regulation of Ogg/—an oxidative DNA damage repair gene—
was observed in the tumor areas, but the expression of Trail—an apoptosis-signaling ligand gene—was significantly down-regulated in the tumor
tissues. These results suggest the possibility that the inhibition of apoplosis and a failure in the ability to repair oxidative DNA damage oceur in the

hepatocellular DC-induced tumors in mice.

Keywords.

INTRODUCTION

Dicyclanil (DC)—4,6-diamino-2-cyclopropylamino-
pyrimidine-5-carbonitrile—is a pyrimidine-derived insect
growth regulator that inhibits the molting and development
of insects and is used in the field of veterinary medicine to
prevent myiasis (fly strike) in sheep. As a result, minimal
amounts of the parent drug and its metabolites are occa-
sionally detected as residues in the edible tissues of sheep,
such as the muscle, liver, and fat (WHO, 2000). It has been
reported that the incidence of hepatocellular carcinomas was
increased in mice that were fed a diet containing 1500 ppm
of DC for 18 months, but negative results were obtained
from the in vivo and in vitro genotoxicity studies of DC
(WHO, 2000). Based on these results, the 54th meeting of
the Joint Food and Agriculture Organization (FAO)/World
Health Organization (WHO) Expert Committee on Food
Additives (JECFA) concluded that DC is a nongenotoxic
rodent carcinogen (WHO, 2000).

Recently, to clarify the mechanism of DC-induced hep-
atocarcinogenesis, we performed 2 experiments—a 2-week
feeding study of DC in mice and a short-term study conducted
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using a 2-stage hepatocarcinogenesis model of mice with par-
tial hepatectomy that were administered DC for 7 weeks. The
results of the molecular pathological analysis on the livers of
the mice that were fed a diet containing 1500 ppm DC for 2
weeks showed an up-regulation of the expression of several
metabolism- and/or oxidative stress-related genes such as cy-
tochrome P450 1Al and 1A2 (Cyplal and Cypla2)aswell as
thioredoxin reductase 1 (Txnrdl). In addition to the genes be-
longing to the same category, fluctuations in the expression of
DNA damage/repair genes, such as 8-oxoguanine DNA gly-
cosylase (Oggl) and growth arrest/DNA-damage-inducible
alpha (Gadd45a), were observed in the liver of the 2-stage
hepatocarcinogenesis model of mice that were administered
DC at the same dose (1500 ppm) for 7 weeks after an ini-
tiation treatment with N-dimethylnitrosamine (Moto et al.,
2005).

In our second study, we used a two-stage hepa-
tocarcinogenesis model of mice that were fed a diet
containing DC for 13 and 26 weeks. In the liver of
these mice, significant increases in the number of al-
tered foci positive for y-glutamyltranspeptidase (GGT-
positive foci)—a predictive marker of preneoplastic foci in
mice livers (Carter et al.,, 1985)—and the content of liver
DNA 8-hydroxydeoxyguanosine (8-OHdG)—a representa-
tive marker of oxidative DNA damage (Kasai, 1997; Nakae
et al., 1997; Umemura et al., 1998; Yoshida et al., 1999;
Kinoshita et al., 2002; Dybdahl et al., 2003; Fortini et al.,
2003) were observed (Moto et al., 2006). Based on these
results, it was suggested that oxidative stress is probably in-
volved in the mechanism of DC-induced hepatocarcinogen-
esis in mice (Moto et al., 2006). However, these evidences
including the observed gene expressions were obtained by
examining whole liver tissues at a tumor promoting stage of



Vol. 34, No. 6, 2006

hepatocarcinogenesis, and it is unclear how these genes were
actually expressed in the hepatocellular tumor tissues.

The aim of this study is to investigate the expression of
genes including oxidative stress-related genes in the DC-
induced tumor areas in mice. Recently, the laser-capture mi-
crodissection (LCM) technique was developed; biochemical
or molecular biological analyses in small tissue areas can be
performed using this technique (Michael et al. 1996; Suarez-
Quianetal., 1999). This technique is a useful tool that enables
the collection of only target tissues (areas) under the micro-
scope and prevents contamination with non-target tissues.
In this study, by using the LCM technique, histopatholog-
ical examinations and gene expression analyses were per-
formed on the DC-induced liver tumors obtained from the
two-stage hepatocarcinogenesis model of mice with partial
hepatectomy.

MATERIALS AND METHODS
Animals and Chemicals

Four-week-old male ICR mice that were purchased from
Japan SLC, Inc. (Hamamatsu, Japan) were maintained on a
powdered basal diet (MF; Oriental Yeast, Co., Ltd., Tokyo,
Japan) and tap water until they were 5 weeks of age. The mice
were housed in polycarbonate cages with paper bedding and
were maintained under standard conditions {(room tempera-
ture, 22°C + 2°C; relative humidity, 55% =+ 5%; light/dark
cycle, 12 hr). Animal care and experiments were carried out
in accordance with the Guide for Animal Experimentation of
the Tokyo University of Agriculture and Technology.

DC (CAS No. 112636-83-6) was kindly provided by No-
vartis Animal Health Inc. (Basel, Switzerland) for the ex-
periment. N-diethylnitrosamine (DEN) was purchased from
Nacalai Tesque, Inc. (Kyoto, Japan).

Experimental Design

A two-stage liver carcinogenesis model of mice was em-
ployed using the modified protocol of Porta et al. (1987) and
Lee etal. (1989) (Figure 1). To initiate hepatocarcinogenesis,

<Group> ¢
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an ip injection of DEN at a dose of 30 mg/kg body weight
was administered to the animals (day 0). Twelve hours before
the DEN injection, a two-third partial hepatectomy was per-
formed on the mice to enhance the regeneration of the liver
with DNA damage. One week after the DEN injection, mice
were fed a powdered diet containing DC at a concentration
of 0 or 1500 ppm for 20 weeks. For liver sampling, after 20
weeks, the survivors were sacrificed by exsanguination from
the abdominal aorta under ether anesthesia.

At necropsy, tissue samples were collected from all the re-
maining lobes of the liver. In the mice with liver tumors, the
tissues including tumors were sampled. One-third of these
samples were fixed with natural-buffered formalin for the
histopathological examinations, and a second one-third was
embedded in the OCT compound (Tissue-Tek; Miles Inc.,
Elkhart, USA) to freeze them for the gene expression analysis
of the tumor areas and the staining of GGT. The remaining
liver samples were weighed, frozen in liquid nitrogen, and .
stored at —80°C until subsequent gene expression analyses
were performed by using two types of low density cDNA
microarrays and real-time reverse transcription (RT) poly-
merase chain reaction (PCR).

Histology

For light microscopy, formalin-fixed liver tissues were em-
bedded in paraffin, and 4-pum-thick tissue slices were sec-
tioned. Hematoxylin and eosin (H & E) staining for the sec-
tions was performed according to routine histopathological
methods. Histochemical staining of GGT was performed by
using frozen liver slices, as described previously (Moto et al.,
2005), in order to determine the presence of preneoplastic
foci, altered foci, and neoplasms in the frozen sections.

Preparation of RNA from the Liver

For gene selection in the liver tissues by using microarrays
and RT-PCR, total RNA was isolated from approximately
30 mg of the frozen liver tissues of all the animals by using
an RNeasy Mini Kit (QIAGEN Inc., CA, USA) according to

DEN alone

12 hr 1wk 20wk
f A Sacrifice

(n=8)

DEN + DC
(n=14) ' A

[] : Basal diet (powder)

Sacrifice

I : DC 1500 ppm

t : 2/3 partial hepatectomy A : diethylnitrosamine (DEN) 30 mg/kg, i.p.

FIGURE 1.—Experimental design.
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the manufacturer’s instructions. For gene expression analy-
sis in the tumor areas, total RNA was isolated from the livers
of three mice in the DEN (nontumor areas) and the DEN -+
DC groups (tumor and nontumor areas in the same animal),
respectively. The frozen tissues embedded in the OTC com-
pound were sliced as 1015 serial sections with a thickness
of 10 um. One of the frozen sections was used for the histo-
chemical staining of GGT to clarify the area of proliferative
lesions. Other sections were stained with 0.05% truidin blue,
and the tumor areas (2 carcinomas of 2 mice and 1 adenoma of
one mouse) and nontumor areas of 3 mice in the DEN + DC
group were collected using the laser microdissection system
(AS LMD, Leica Microsystems, Wetzlar, Germany) under
light microscopy. LMD samples of each mouse were dis-
sected from 9-14 serial sections and pooled (total >20 mm?
per each mouse) in RNAlater RNA Stabilization Reagent
(QIAGEN Inc., CA, USA). Nontumor areas in 3 mice of the
DEN group also collected similarly. The total RNA isolated
from the collected samples was treated with DNase and also
isolated by the same method described above.

Gene Expression Analyses

The relative expression of genes involved in stress, toxic-
ity, and signal transduction in cancer were analyzed using two
kinds of low-density and pathway-specific cDNA microrrays
(Stress & Toxicity PathwayFinder cDNA GEArray (MM-12)
and the Signal Transduction in Cancer cDNA GEArray (MM-
44); SuperArray Inc., Bethesda, MD) containing up to 192
c¢DNA (96 cDNA per array) fragments from genes associ-
ated with these specific biological pathway. Using total RNA
from frozen tissues of the 3 mice in which the altered- foci
and tumors were respectively observed in the DEN group
and the DEN + DC group, cDNA microarrays were per-
formed according to the manufacturer’s protocol. Total RNA
(3 ng) was reverse transcribed and double-stranded cDNA
probes were generated by biotin-16-dUTP incorporation us-
ing the AmpoLabeling-LPR Kit (SuperArray), according to
the manufacturer’s instructions.

Labeled ¢DNA probes were hybridized overnight.
Following repetitive washing, hybridized cDNA probes
were detected by chemiluminescence. Membranes were
blocked for non-specific binding with GEAblocking solu-
tion (SuperArray). Bound biotinylated cDNA probe was de-
tected with alkaline phosphatase-conjugated streptavidin and
CDP-Star chemiluminscent substrate (SuperArray). Images
of the membranes were recorded on X-ray film and digitally
recorded on Bio Imaging System (Lab Works 4.0: UVP Inc.,
CA, USA). Gene spots were converted into numerical data us-
ing ScanAlyze software <http://rana.lbl.gov/EisenSoftware.
htm>. Data were further processed with GEArray Analyzer
(www.superarray.com), correcting for background noise by
subtraction of the minimum value and normalizing to the
value of 2 housekeeping genes ($-actin and GAPDH) of each
individual array. Genes were considered present if the expres-
sion level was 2 times greater than that of the blank negative
control. Genes were considered to be differentially expressed
in the DEN + DC group if the mean of fold-changes was less
than 0.5 or greater than 2.0 and observed to be statistically
significant compared to the DEN group.

Real-time RT-PCR was carried out using the SuperScript
III First-Strand Synthesis System (Invitrogen Corp., Carls-
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bad, CA, USA), and the cDNA aliquots were used in the quan-
titative real-time RT-PCR with SYBR Green using an ABI
Prism 7000 Sequence Detection System (Applied Biosys-
tems, CA, USA). The RT-PCR primers for the genes of
Cyplal (accession No. NM.009992), heme oxygenase 1
(Hmol) (accession No. NM_010442), progesterone receptor
(Pgr) (accession No.; NM_008829), tumor necrosis factor
(TNF)-related apoptosis-inducing ligand 10 (Trail) (acces-
sion No. NM_009425), Txnrdl (accession No. NM_015762),
and Oggl (Accession No.; NM_010957) in this study were
prepared as reported previously (Moto et al., 2005). To obtain
the relative quantitative values for gene expression, f-actin
was used as an internal control. Each sample was replicated 3
times, and all reactions were independently repeated 2 times
in order to ensure the reproducibility of the results.

Statistical Evaluation

The quantitative data in the DEN and DEN+-DC groups
were represented as the means == SD. In gene expression
analysis of the liver tissues by real-time RT-PCR, the data
were represented as the mean (bar) with individual spots.
The significance of the difference in the data of body weight,
food consumption, and gene expression ratio between the
DEN alone and DEN 4+ DC groups were analyzed by Stu-
dent’s z-test. Data from histopathological examinations were
assessed by the Wilcoxon test. A p-value less than 0.05 was
considered to be statistically significant. Statistical analyses
were performed using a statistical software (JMP 4.0.5]; SAS
Institute, Inc., NC, USA).

RESULTS

General Observations and Histopathological Findings
in the Liver

During the experimental period, neither death nor remark-
able treatment-related clinical signs were observed in either
the DEN or the DEN + DC groups. However, a significant re-
duction in body weight gain was observed in the DEN 4 DC
group at week 3 and from weeks 16 to 20 (Figure 2, Table 1).
Macroscopically, the livers of all the mice in the DEN + DC
group showed discoloration, and nodules/masses were ob-
served on the surface of the liver in 3 of the 14 mice in this
group (Figure 3A).

On histopathological examination, altered hepatocellular
foci of the basophilic cell type were observed in both groups,

(@
§0r

50 |
40 * Kk ok ok kk
30F N
2} -+~ DEN alone
- DEN+DC
0
ol . " " ' (wk)
1 5 10 15 20

FIGURE 2.—Body weight changes after DC treatment.
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TABIE 1.—Body weights, food consumptions, and DC intake in mice treated and the incidence of these foci was 43% in the DEN + DC

with DC after DEN initiation. group and 38% in the DEN group. In the DEN + DC group,
- hepatocellular adenomas (29%) and carcinomas (14%) were

Terminal Food L0
Numberof  body weight consumption DC intake also observed, anfi Fhe‘total mc1der'1ce. of hepato.ceﬂul.ar tu-
Group mice tested 2) (ke BW/day)  (e/kgBWiday)  mors was 36%; this incidence was significantly higher in this
DEN alone 8 51.14+6.8 12214163 0 group as compared to the DEN group (p < 0.01). In the his-
DEN + DC 14 44.5%+3.0  1192£173 1789259 tochemical staining of GGT performed on frozen sections,

a) Mean £ SD. altered foci and tumors showed positive reactions (Figure 3,
**: Significantly different {rom the DEN group at p < 0.01 (Student £-test).

FIGURE 3.—Proliferative lesions in the livers of mice treated with DC after DEN initiation. (A) Macroscopic findings of the liver tumors in mice in the DEN + DC
group. (B) Hepatocellular altered focus of a basophilic cell type (enclosed by closed triangles). (C) Hepatocellular carcinoma. Low magnification. (D) Hepatocellular
carcinoma that is different from that shown in Figure 3C. Higher magnification. (E and F) Histochemical staining of GGT. GGT-positive reactions are observed in

an altered focus (E) and in hepatocellular carcinoma (F).
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TABIE 2.—Incidences (percentages) of proliferative lesions in the liver of
mice treated with DC after DEN initiation.

Number of Adenoma
Group mice tested  Altered foci  Adenom  Carcinom  + Carcinoma
DEN alone 8 39 (38) 0(0) 0(0) 0(0
DEN + DC 14 6 (43) 4(29) 2(14) 5 (36

4 Number of mice.
**: Significantly different from the DEN group at p < 0.01 (Wilcoxson test).

Table 2). Similar to other histopathological findings, cen-
trilobular hypertrophy and necrotic foci of the hepatocytes
were also observed in the DEN + DC group (data not shown).

Gene Expressions in Liver Tissues

The findings of the gene expressions by the 2 microar-
ray analyses are shown in Table 3. A level of up- or down-
regulation greater than 2-fold was observed in 11 genes
(up-regulation, 8 genes; down-regulation, 3 genes) of 192
genes in two microarrays. In the stress and toxicity pathway
array and the signal transduction array, significant or remark-
able up-regulations were observed in the oxidative stress- and
metabolism-related genes, such as Cyplal, Hmoxl, Cypla2,
and Pgr (sex hormone gene), in the DEN 4 DC group. On
the other hand, Trail was significantly down-regulated in both
arrays.

The validation of gene expression in all animals was per-
formed by real-time RT-PCR for the genes that showed sig-
nificant and remarkable fluctuations in expression in the mi-
croarray analyses (Figure 4). In addition to these genes, Oggl
and Txnrdl, which we focused on in our previous studies and
which are oxidative stress-related genes, were also examined.
A significant up-regulation in mean gene expression was ob-
served in Cyplal, Hmoxl, Oggl, and Txnrdl in the DEN +
DC group. In the same group, the mean expression of Trail
was significantly down-regulated. In the expression analysis
carried out on the individual mice in the DEN + DC group,
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Trail showed a tendency toward low levels of expression in
the mice with tumors. Ogg! also showed a tendency toward
low levels of expression in mice with tumors in the DEN +
DC group, although its mean expression was significantly up-
regulated as compared with its expression in the DEN group.
The expression of the other genes in the present examination
did not show any remarkable tendency toward either up- or
down-regulation in the mice with hepatocellular tumors in
the DEN + DC group.

Gene Expression Analysis in the Liver Tumor Areas

In the microarray and real-time RT-PCR analysis, Oggl
and Trail were selected. In addition to these 2 genes, Cyplal
and Txnrd] were also examined as marker genes of oxidative
stress. The results of the expressions analysis of these genes
in the microdissected tumor areas of the livers of the 3 mice
selected from each group are shown in Figure 5.

The mean expression of Cyplal and Txnrdl showed a
tendency toward up-regulation in the tumor areas, and a sig-
nificant up-regulation was observed in the nontumor areas in
the mice in the DEN + DC group as compared to the non-
tumor tissues in the mice in the DEN group. The expression
of Oggl was not remarkably up-regulated in the tumor areas,
although significant up-regulation was observed in the non-
tumor areas in the mice in the DEN + DC group. On the other
hand, a significant down-regulation of Trail was observed in
the tumor areas in the mice in the DEN + DC group, although
the expression of Trail in the nontumor areas in this group
was similar to that observed in the DEN group.

DiscussioN

The histopathological examinations conducted in the
present study demonstrated that DC enhanced the induction
of hepatocellular tumors in mice, and these data support our
previous reports that found that DC has hepatocarcinogenic
potential in mice. In the special staining of GGT, the altered
hepatocellular foci and tumors in the liver showed a positive

TABLE 3.—cDNA Microarray analysis of the gene expressions in the liver tissues of mice treated with DC after DEN initiation.

DEN alone DEN+DC
(r=3) (r=3)
Gen Bank
Accession No. Description Symbol Ratio  S.D. Ratio S.D. Classification®
Stress & Toxicity Pathway
Up
NM_030677  Glutathione peroxidase 2 Gpx2 1.00 031 2409 1594**  Oxidative and Metabolic stress
NM._009992  Cytochrome P450, family 1, subfamily a, polypeptide 1 Cyplal 1.00 048 16.97 5.48**  Oxidative and Metabolic stress
NM_010442 Heme oxygenase (decycling) 1 Hmox! 1.00  0.73 4.14 1.49*%*  QOxidative and Metabolic stress
NM_010231  Flavin containing monooxygenase 1 Fmol 1.00 036 2.85 1.51 Oxidative and Metabolic stress
NM.009993  Cytochrome P450, family 1, subfamily a, polypeptide 2 Cypla2 1.00 032 2.32 0.52* Oxidative and Metabolic stress
Down
NM_009425 Tumor necrosis factor (ligand) superfamily, member 10 Trail 1.00 094 0.04 0.13% Apoptosis signaling
NM_007836  Growth arrest and DNA (ligand) damage inducible 45 alpha  Gadd45a 1.00 0.24 048 033 Growth arrest and senescence
Signal Transduction in Cancer
Up
NM_007742  Procollagen, type I, alpha 1 Collal 1.00  0.34 3.14 1.49 MAP kinase pathway
NM_008829 Progesterone receptor Pgr 1.00 0.28 2.94 0.21**  Estrogen pathway
NM.010442 Heme oxygenase (decycling) 1 Hmox1 1.00 074 2.79 1.72 Hypoxia pathway
NM.009743 RIKEN cDNA A630035D09 gene Bcl2ll 1.00 035 2.16 1.11 STAT pathway
Down
NM.009425 Tumor necrosis factor (ligand) superfamily, member 10 Trail 1.00 028 0.41 0.03* PI3/AKT pathway
NM._021283 Interleukin 4 114 1.00 0.69 049 0.12 STAT pathway

“)Classification is based on the microarray instructions.

“* or **'represent significant differences from the DEN alone group at p < 0.05 or 0.01, respectively (-test).
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(open circles), and no proliferative lesions (squares). Bars represent the mean of each group. “* or**” represent the significant difference from the DEN group at

p < 0.05 or 0.01, respectively (¢-test).

reaction. These data provide supportive evidence indicating
that staining of GGT in the liver is a useful tool for the pre-
diction of hepatocellular tumors in mice.

In gene expression analyses carried out by using microar-
rays in the liver tissues at the tumor formation stage, sig-
nificant (or remarkable) fluctuations were observed in the
expression of certain genes in the DEN 4 DC group.
In addition to the expression of oxidative stress- and
metabolism-related genes, such as Cyplal, Homxl, and
Cypla2, significant fluctuations were observed in the expres-
sion of Pgrand Trail. Similar changes in the mean expression
of Cyplal, Homxl1, and Trail in the DEN + DC group were
also confirmed by real-time RT-PCR analysis. In our previous
study, DC also enhanced the production of reactive oxygen
species (ROS) in vitro and the expression of Cyplal and
CyplaZ in the livers of mice at the early stage of hepatocar-
cinogenesis (Moto etal., 2005, 2006). It has been reported that
CYP1A isoforms, such as CYP1A1 and CYP1A2, indirectly
result in the production of very large amounts of oxidative
stress-inducible substances, such as ROS, in comparison to
other CYPs (Puntarulo and Cederbaum, 1998; Canistro et al.,
2002). Hmoxl plays an effective role in counteracting oxida-
tive damage, and it is expected that the activation of this gene
has a potential of therapeutic tool for cancer (Fabiana et al.,
2004). In addition to these genes, the up-regulation of the
mean expression ofTxnrdl and Oggl, which were focused
on as oxidative stress-related genes in our previous studies,
were also observed in the DEN + DC group. TXNRDI1 plays
an important role in the redox regulation of multiple intra-
cellular processes, including DNA synthesis, transcriptional

regulation, cell growth, and resistance to cytotoxic agents in-
ducing oxidative stress (Becker et al., 2000; Nyuyen et al.,
2005). Based on these results, it can be considered that oxida-
tive stress occurs in the livers of the DC treated-mice at the
tumor formation stage, and it is possible that the persistence
of oxidative stress plays an important role in hepatocarcino-
genesis induced by DC.

In the present gene expression analysis in the liver tissues,
tendencies toward low levels of expression were observed for
Oggl and Trailin mice with hepatocellular tumors in the DEN
+ DC group. In fact, in the DEN group, the expression of
Oggl in the tumor areas was approximately equal to that in the
nontumor areas of the DEN alone group; however, the expres- -
sion level of this gene in the nontumor areas was significantly
up-regulated in the DEN + DC group. Oggl, a gene involved
in the repair of 8-OHdAG, is known as an indicator of oxidative
DNA damage and has been shown to be potentially involved
in the carcinogenesis in various experimental models (Nakae
etal., 1997; Yoshida et al., 1999; Shinmura and Yokota, 2001;
Kinoshitaet al., 2002, 2003). Our previous study reported that
the administration of DC for a period of 13 and 26 weeks in-
creased the formation of 8-OHdG in the liver DNA of mice at
the stage of preneoplastic foci formation (Moto et al., 2006).
Additionally, Cyplal and Txnrd], which were used as mark-
ers of oxidative stress genes in this study, were remarkably
up-regulated in the tumor areas in the livers of mice in the
DEN + DC group. Therefore, the present results suggest a
possibility that the ability of Oggl to repair the oxidative
DNA damage induced by DC failed in the hepatocellular tu-
mors in which high levels of oxidative stress occurred.
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FIGURE 5.—Gene expressions in the hepatocellular tumor areas of mice
treated with DC after DEN initiation. (A) Total RNA was purified from the
sections microdissected from the tumor areas (T) and non-tumor areas (NT) in
the frozen liver slices of the mice. (B) Gene expressions in each area. The tumor
areas (closed columns) and nontumor areas (dark columns) in the DEN + DC
group were collected from the liver of the same mouse. Columns represent the
mean = SD of the 3 mice. “*” represents significant difference from the DEN
group at p < 0.05 (z-test).

A significant down-regulation in the expression of Trail
was observed in the tumor areas in the livers of mice in the
DEN + DC group. TRAIL is a member of the TNF family
of cytokines that can induce apoptotic cell death in a variety
of tumor tissues, and preclinical studies in mice and non-
human primates have shown the potential utility of recom-
binant TRAIL for cancer therapy (Ashkenazi et al., 1999;
Walczak et al., 1999; Yagita et al., 2004). Therefore, the
down-regulation of Trail expression indicates the possibility
that apoptosis and the self-regulation of carcinogenesis are
inhibited in the tumors induced by DC. It is well recognized
that one possible mechanism of nongenotoxic carcinogens is
an alteration of apoptosis regulation because dysregulation of
apoptosis results in the decreasing ability of cells to undergo
apoptosis. For example, phenobarbital (PB) and WY-14643,
representative nongenotoxic carcinogens in mice and rats,
gradually increase anti-apoptosis proteins during the hepa-
tocarcinogenesis in mice (Christensten et al., 1999). Addi-
tionally, it has been reported that short-term treatments of PB
showed no increase of apoptosis in the liver of mice (Bursch
et al., 2002). In our previous study, the down-regulation of
Trail expression was not observed in our 2- and 7-week stud-
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ies of DC. Taking these data into account, it is speculated that
Trail plays an important role at the later stages of carcino-
genesis, such as in the stages of promotion or progression, in
the DC-induced hepatocarcinogenicity.

In conclusion, the present investigation on the gene expres-
sions in the hepatocellular tumors induced by DC in a 2-stage
hepatocarcinogenesis model of mice have demonstrated the
possibility that oxidative stress, failure of the ability to repair
oxidative DNA damage, and the inhibition of apoptosis oc-
cur in the tumor areas. In addition, the results of our previous
and present studies suggest that the continuous treatment of
DC induces oxidative stress in the liver and hepatocellular
tumors, and oxidative stress plays an important role in the
DC-induced hepatocarcinogenesis in mice.
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SUMMARY We have previously shown methacarn to be a versatile fixative for analysis of
proteins, DNA, and RNA in paraffin-embedded tissues (PETs). In this study we analyzed its
suitability for quantitative mRNA expression analysis of microdissected PET specimens us-
ing a real-time RT-PCR technique. Fidelity of expression in the methacarn-fixed PET sec-
tions, with reference to dose-dependent induction of cytochrome P450 2B1 in the phe-
nobarbital-treated rat liver, was high in comparison with the unfixed frozen tissue case,
even after hematoxylin staining. RNA yield from methacarn-fixed PET sections was equiva-
lent to that in unfixed cryosections and was also not significantly affected by hematoxylin
staining. Correlations between the expression levels of target genes and input amounts of
extracted RNA in the range of 1-1000 pg were very high (correlation coefficients >0.98),
the regression curves being similar to those with unfixed cryosections. Although cell num-
bers should be optimized for each target geneftissue, =200 cells were necessary for accu-
rate measurement in 10-pm-thick rat liver sections judging from the variation of measured
value in small microdissected areas. These results indicate high performance with metha-
carn, close to that of unfixed tissues, regarding quantitative expression analysis of mRNAs

KEY WORDS
methacarn
paraffin-embedded tissue
mMRNA expression
real-time RT-PCR
microdissection

in microdissected PET-specimens. (I Histochem Cytochem 52:903-913, 2004)

THE RECENT DEVELOPMENT of microdissection tech-
niques has enabled us to perform biochemical or mo-
lecular biological analyses of small tissue areas (Fm-
mert-Buck et al. 1996; Schiitze and Lahr 1998). For
this purpose, use of cryosections from unfixed frozen
tissues has become the gold standard because mole-
cules to be analyzed remain intact. However, prepara-
tion of cryosections from unfixed frozen tissue for
the purpose of microdissection may not be optimal for
routine samples because of the inconvenience in terms
of tissue storage and the skill required for preparation
and subsequent microdissection. Therefore, tissue em-
bedding after fixation is preferable for microdissected
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hematoxylin staining

tissue preparations if high yield and quality of mole-
cules can be guaranteed.

For histological assessment, tissue fixation and sub-
sequent paraffin embedding are routinely employed
because of the ease of handling tissues and subsequent
staining, as well as the good preservation of morphol-
ogy. Usually, formaldehyde-based fixatives, such as
buffered formalin, are used for this purpose. How-
ever, with such crosslinking agents there is limited per-
formance in terms of the yield and quality of extracted
RNA (reviewed by Srinivasan et al. 2002), protein
(Ikeda et al. 1998; Shibutani et al. 2000), and genomic
DNA (Srinivasan et al. 2002), with consequent diffi-
culty in the analysis of microdissected, histologically
defined tissue areas. Extraction efficiency and quality
of molecules are critical for analysis in microdissected
cells. Recently, we found that methacarn, a non-cross-
linking organic solvent fixative (Puchtler et al. 1970),
meets critical criteria for analysis of RNAs, proteins,

903



904 Takagi, Shibutani, Kato, Fujita, Lee, Takigami, Mitsumori, Hirose

and DNAs in microdissected defined areas of paraffin-
embedded tissue (PET) sections by simple extraction
protocols (Shibutani et al. 2000; Shibutani and Une-
yama 2002; Uneyama et al. 2002). With regard to
RNA expression analysis using RT-PCR, long RNA
fragments as well as rare RNA species can successfully
be amplified from methacarn-fixed PET sections (Shi-
butani et al. 2000).

For RNA expression analysis in microdissected tis-
sue samples, PCR-based techniques are suitable be-
cause of their sensitivity with samples having as few as
10 copies of a specific transcript. In this study we
examined the suitability of methacarn fixation for
measurement of mRNA expression levels in microdis-
sected PET specimens using real-time PCR (Higuchi et
al. 1992,1993). For this purpose, we assessed (a) fidel-
ity of mRNA expression in comparison with unfixed
frozen tissue, (b) abundance of amplifiable mRNAs in
comparison with unfixed cryosections, (c) linearity be-
tween the input amount of extracted total RNA and
the expression level, (d) effect of tissue staining with
hematoxylin, and (e} cell numbers required for practi-
cal measurement of mRNA expression in hematoxy-
lin-stained tissue.

Materials and Methods

Animals and Experimental Design

Sprague-Dawley rats from Charles River Japan (Kanagawa,
Japan) were used. They were maintained in an air-condi-
tioned animal room (temperature 24 * 1C; relative humid-
ity 55 = 5%) with a 12-hr light/dark cycle and allowed ad
libitum access to feed and tap water. All animals, including
pregnant rats, were housed individually in polycarbonate
cages with wood chip bedding.

To measure the dose-dependent induction of cytochrome
P450 (CYP) 2B1 mRNA in the liver by treatment with so-
dium phenobarbital (PB; Wako Pure Chemical Industries,
Osaka, Japan), female rats received daily IP injections of PB
at doses of O (vehicle saline), 1.25, 5, 20, or 80 mg/kg body
weight/day for 3 days and were sacrificed 24 hr after the last
injection. The highest dose was selected according to the PB-
specific enzyme induction protocol described by Kocarek et
al. (1998). For practical assessment in microdissected areas,
region-specific expression of mRNAs was measured in the
hypothalamic medial preoptic area (MPOA) in male and fe-
male pups at postnatal day 10, the time point for the late
stage of brain sexual differentiation in rats (Rhees et al.
1990a,b).

All animals used in the present study were sacrificed by
exsanguination from the abdominal aorta under ether anes-
thesia. The animal protocols were reviewed and approved
by the Animal Care and Use Committee of the National In-
stitute of Health Sciences, Japan.

Tissue Fixation

Methacarn solution consisting of 60% (v/v) absolute metha-
nol, 30% chloroform, and 10% glacial acetic acid was

freshly prepared before fixation and stored at 4C until use.
At autopsy, livers were removed and 3-mm-thick slices or
5 X 5 X 3 mm-sized tissue blocks were prepared from the
left lateral lobe and fixed in methacarn for 2 hr at 4C with
gentle agitation. Whole brains of rat pups were also removed
and subjected to methacarn fixation. For embedding, liver
slices/blocks and coronal brain slices, including the hypo-
thalamus, were dehydrated three times for 1 hr in fresh
99.5% ethanol at 4C, immersed in xylene for 1 hr and then
three times for 30 min at room temperature (RT), and im-
mersed in hot paraffin (60C) four times for 1 hr, for a total
of 4 hr. Embedded tissues were stored at 4C for up to 6
months until tissue sectioning. Unfixed liver tissue samples,
either 3 X 3 X 1 mmor 5 X § X 3 mm, were also prepared
from portions adjacent to the tissue samples for methacarn
fixation and immersed in RNAlater (Ambion; Austin, TX)
overnight at 4C, or embedded in Tissue-Tek 4583 OCT
compound (Sakura Finetek Japan; Tokyo, Japan) by quick
freezing on dry ice. They were stored at —80C until direct
extraction of RNA or sectioning before RNA extraction, re-
spectively. For immunohistochemical analysis of MPOA in
pups, brains were immersed in 10% neutral buffered forma-
lin (pH 7.4) overnight at RT with gentle agitation. Coronal
brain slices that included the hypothalamus were then rou-
tinely embedded in paraffin.

Preparation of Tissue Specimens and Microdissection

For assessment of dose-dependent induction of CYP2B1 in
the rat liver by PB treatment, methacarn-fixed PETs were
sectioned at 10 pm and mounted on 2.5-um PEN-foil film
(Leica Microsystems; Tokyo, Japan) overlaid on a glass slide
that had been treated with 3% H,O, for 10 min, rinsed with
absolute ethanol, and then dried in an incubator overnight
at 37C. The sections were deparaffinized by immersion in
xylene twice for 2 min, followed by 99.5% ethanol once for
30 sec. Sections were either unstained or stained with Tissue
Tek Hematoxylin 3G (Sakura Finetek Japan) for 10 sec,
rinsed briefly with water, and air-dried. For assessment of
linearity between the input amounts of total RNA and ex-
pression levels of target genes, as well as for estimation of
the relative abundance of amplifiable mRNAs, series of 20
10-pm-thick sections were prepared from 5 X 5 X 3-mm
unfixed frozen tissues and methacarn-fixed PETs and were
collected into 1.5-ml tubes. Integrity of extracted total RNA
was also examined in these preparations by judging the reso-
lution of rRNAs in agarose gel. In this experiment, effect of
fixation itself on the integrity was also examined with fresh-
frozen sections fixed with methacarn for 10 min at 4C. For
preparation of tissue sections and hematoxylin staining,
RNase-free ultrapure water, prefiltrated with a Gengard fil-
ter attached to an Elix 3 ultrapure water system (Millipore;
Billerica, MA) was employed. Whole tissue areas of metha-
carn-fixed PET sections were dissected together with PEN-
foil film and collected into 1.5-ml tubes for the dose-depen-
dent expression analysis. With microdissected small tissue
areas, hematoxylin-stained 10-wm-thick sections were used
and circles of 30-, 50-, and 100-pm radius were microdis-
sected from mid-zonal areas of hepatic lobules using PALM
Robot-MicroBeam equipment (Carl Zeiss; Tokyo, Japan). In
addition, for assessment of the relationship between the cell
number and the amount of extracted total RNA, square ar-
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eas of 250 X 250, 500 X 500, and 1000 X 1000 pm were
also microdissected.

For microdissection of MPOA, 6é-pm-thick sections between
pairs of 20-pm-thick sections were prepared from metha-
carn-fixed rat brain PETs. The 20-um sections were mounted
on PEN-foil film. As shown in Figure 1, localization of the
sexually dimorphic nucleus of the preoptic area (SDN-POA),
identified as an intensely stained cellular region, was deter-
mined under microscopic observation of 6-um-thick sec-
tions stained with hematoxylin and eosin, and the bilateral
portions of the MPOA (1000 X 600 pm) containing SDN-
POA were microdissected from the adjacent unstained 20-
um-thick sections. Because of sexual dimorphism in the vol-
ume of SDN-POA, six to ten sections in males and four to
six sections in females were used for microdissection.

RNA Extraction

Quantitative mRINA expression analysis of target genes was
performed with a real-time RT-PCR system. In cases of un-
fixed frozen liver tissue blocks (3 X 3 X 1 mm), whole tissue
sections of liver PETs, and microdissected MPOAs from the
brain PET sections, total RNA was extracted using RNA
STAT-60 (Tel-Test “B”; Friendswood, TX), precipitated
with isopropanol in the presence of 2 ug/ml glycogen as a
carrier, and reconstituted with 10 pl of ultrapure water
treated with diethylpyrocarbonate {Ambion). Unfixed frozen
tissue blocks were disintegrated in RNA STAT-60 solution
with a Mixer Mill MM300 (QIAGEN; Tokyo, Japan) before
extraction. For liver tissue sections of § X § mm from § X
5 X 3-mm unfixed frozen tissues and methacarn-fixed PETs,
total RNA was extracted with RNeasy Mini (QIAGEN) ac-
cording to the manufacturer’s protocol, and the final elution
volume was set at 30 pl. Contaminating genomic DNA was
digested with DNase I (Ambion) at the end of the extraction
according to the manufacturer’s protocol. One ul of isolated
RNA was labeled with a RiboGreen RNA Quantitation
kit (Molecular Probes; Eugene, Oregon) and concentrations
were estimated with a fluorescence spectrophotometer F2500
(Hitachi; Tokyo, Japan) in 1 ml of total volume with water.

Figure 1 The microdissected area for expression analysis in the
MPOA of rat pups at postnatal day 10. The intensely stained cellu-
lar regions near the center of each rectangle area are SDN-POAs.
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In cases of small tissue areas microdissected from liver
PET sections, RNAqueous-Micro (Ambion) was used for to-
tal RNA extraction and the final elution volume was set at
20 pl. Contaminating genomic DNA was digested with
DNase I included in the kit and the final volume was set to
be 25.3 pl.

Real-time RT-PCR

When two-step real-time RT-PCR was planned, RT was per-
formed using 1 wl (200 U) of SuperScript II RNase H™ Re-
verse Transcriptase with 2 pl of 50 pg/ml random hexamers,
1 pl of 10 mM dNTP mix, 2 ul of 10 X PCR buffer, 1.2 ul
of 50 mM MgCl, 2 ul of 0.1 M dithiothreitol, 1 ul of
RNase inhibitor, and 9.8 pl of RNA solution in a 20-ul total
reaction volume (all reagents were purchased from Invitro-
gen; Carlsbad, CA). After treatment with 1 pl of RNase H, 1
pl of RT product was subjected to real-time PCR in a 25 pl
of total reaction volume with the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems Japan; Tokyo, Japan)
using either QuantiTect SYBR Green PCR Kit (QIAGEN) or
TagMan Universal PCR Master Mix (Applied Biosystems
Japan). With this two-step RT-PCR, mRNA expression
levels of CYP2B1, estrogen receptor (ER)a, ERB, y-amino-
butyric acid transporter type 1 (GAT-1), and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were measured.
Primer Express software (Version 2.0; Applied Biosystems
Japan) was used for the design of primer sequences and
TagMan probes. For expression analysis of GAPDH, either
SYBR Green or TagMan probe system was applied. In the
latter case, TagMan Rodent GAPDH Control Reagents (Ap-
plied Biosystems Japan) were used. The sequences of primers
and probes are listed in Table 1.

With the SYBR Green detection system, mRNA levels of
CYP2B1, ERB, GAT-1, and GAPDH were measured (1 pl of
RT product, 12.5 pl of 2 X QuantiTect SYBR Green PCR
Master Mix, and 300 nM of primers in a 25-pl total reac-
tion volume). Cycle parameters in this system were as fol-
lows: initial activation at 95C for 15 min; 50 cycles of 15 sec
at 94C, 30 sec for annealing, and 30 sec at 72C. Annealing
temperatures for CYP2B1, ERB, GAT-1, and GAPDH were
53C, 54C, 54C, and 59C, respectively. With the TagMan
probe detection system, mRNA levels of ERe and GAPDH
were measured (1 pl of RT product, 12.5 pl of 2 X TagMan
Universal PCR Master Mix, 900 nM of primers, and 250 nM
of TagMan probe in a 25-pl total reaction volume). Cycle
parameters with this system for both genes were: single step
of 50C for 2 min, initial activation at 95C for 10 min; 50 cy-
cles of 15 sec at 95C and 60 sec at 60C.

When RT and following real-time PCR were intended to
be performed sequentially in one tube, one-step kits, such as
the QuantiTect SYBR Green RT-PCR Kit (QIAGEN; for
CYP2B1) and the QuantiTect Probe RT-PCR Kit (QIAGEN;
for GAPDH) were used with 5 pl of total RNA in a 50-ul
total reaction volume according to the manufacturer’s pro-
tocols. Cycle parameters for CYP2B1 were similar to the
above described two-step case, and a RT step at 50C for 30
min was preceded for the initial activation step at 95C for
10 min. In the case of GAPDH, cycle parameters were as fol-
lows: single step of 50C for 30 min; single step of 95C for
15 min; and 50 cycles of 94C for 15 sec followed by 60C for
60 sec.
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Table 1 Sequences of primers and probes used for real-time RT-PCR

Gene Accession No. Sequence Product size

CYP2B1 M37134 Sense 5-TTGGCTCCCAAGGACATTG-3' 72 bp
Antisense 5-GATCTGGTACGTTGGAGGTATTTTIC-3'

ERa Y00102 Sense 5'-GGGCTTCCCCAACACCAT-3/ 65 bp
Antisense 5'-CGTTTCAGGGATTCGCAGAA-3'
Probe 5'-TGAGAACTCCCAGGCTCCCCACAA-3

ERB Us57439 Sense 5 - TGCTGGATGGAGGTGCTAATG-3' 82 bp
Antisense 5'-CGAGGTCGGGAGCGAAA-3’

GAT-1 NM_024371 Sense 5'-CCTCTGAGATGTTTGGCAAGAA-3’ 82 bp
Antisense 5'-AATTGTACGACCCTTAACGTTGTG-3’

GAPDH? M17701 Sense 5'-GGCCGAGGGCCCACTA-3' 88 bp
Antisense 5'-TGTTGAAGTCACAGGAGACAACCT-3'

®For TagMan PCR, a commercially available TagMan Rodent GAPDH Control Reagents (Applied Biosystems) was used (sequence information is not available).

As a negative control for RT, reverse transcriptase (—)
mock RT samples were included in each PCR experiment.

Immunohistochemical Analysis

Because ERa mRNA is differentially expressed in the MPOA
depending on the gender, the corresponding protein expres-
sion was also examined immunohistochemically. A series of
five 3-pm-thick sections were prepared at 30-um intervals
through the MPOA and the first of each series was stained
with hematoxylin and eosin. These sections were examined
microscopically and one showing the maximum size of
SDN-POA was identified and selected for IHC with ERa in
each animal. Deparaffinized and hydrated sections were
treated with microwaving for 9 min in 0.01 M citrate buffer
(pH 6.0} and treated with 1% periodic acid solution for 10
min. After incubation with mouse anti-ERa monoclonal an-
tibody (Novocastra Laboratories, Newcastle upon Tyne,
UK; X 40 dilution), immunodetection was performed using
a VECTASTAIN Elite ABC KIT (Vector Laboratories; Bur-
lingame, CA) with a standard protocol using diaminobenzi-
dine as chromogen. The sections were then counterstained
with hematoxylin. Digital photomicrographs at a magnifica-
tion of X180 were taken with a Fujix Digital Camera system
(Fujifilm; Tokyo, Japan), and the numbers of immunostained
puclei within the MPOA (600 X 1000-mm areas) were
counted using MacSCOPE (version 2.65; Mitani, Fukui, Ja-

pan).

Statistical Analysis

Comparison of data of mRNA expression levels and ERa-
immunoreactive cell numbers in MPOA was performed with
the Student’s t-test after confirmation of equal variance of
values. Pearson’s correlation coefficients were calculated be-
tween the input amounts of RNA and the target gene ex-
pression levels in the validation studies in the liver and
MPOA. Variability was expressed as coefficient of variation
(CV).

Results
Integrity of Total RNA

Figure 2 shows the integrity of extracted total RNA
from methacarn-fixed PET sections. Judging from the

resolution of 18S and 28S rRNAs, integrity of total
RNA was well preserved in the methacarn-fixed fro-
zen sections (Figure 2, Lane 2) similar to that from un-
fixed frozen sections (Figure 2, Lane 1). In the metha-
carn-fixed PET sections (Figure 2, Lane 3), integrity of
both rRNA bands was largely retained, but slight re-
duction of the band intensity of 28S rRNA was also
observed as well as a slight increase of background
smearing at the position below the 28S band.

Fidelity of mRNA Expression

Figure 3 shows data for mRNA expression in unfixed
frozen tissue and methacarn-fixed PET sections, un-
stained or stained with hematoxylin. Dose-dependent
induction of CYP2B1 mRNA was evident in the livers
of rats treated with PB for 3 days. In the unfixed tis-
sue, a clear dose-dependent induction of CYP2B1 was
detected, and expression levels relative to that at 80
mg/kg PB were 27.5, 4.95, 1.10, and 0.33%, at 20, 5,
1.25, and 0 mg/kg, respectively. Similar dose-depen-
dent expression was observed in the methacarn-fixed

1 2 3

- 288
-18S

Figure 2 Integrity of total RNA extracted from methacarn-fixed
rat liver PET sections. One-p.g total RNA samples were resolved in a
1.0% agarose gel and visualized with ethidium bromide. Lane 1,
unfixed frozen sections; Lane 2, methacarn-fixed frozen sections;
Lane 3, methacarn-fixed PET sections.
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Figure 3 Comparison of gene expression pattern between the un-
fixed frozen tissue and stained or unstained methacarn-fixed PET
sections. For analysis of dose-dependent CYP2B1 expression in the
rat liver by PB, one animal was examined at each dose, and there-
fore the tissue source was set to be identical between preparations
at each dose level. In the unfixed frozen tissue, RT was performed
with 2 pg of total RNA. For methacarn-fixed PET sections, RT was
performed with 335 ng of total RNA. Real-time PCR was performed
in duplicate on each RT product. The upper and lower ends of the
bars on each column of the graph represent the expression levels
measured in duplicate from the same cDNA template.

PET sections irrespective of staining with hematoxylin,
although slight suppression was noted at doses of 1.25
and 0 mg/kg. With regard to variability, there was a
maximal 47% difference between the values in each RT
sample at 80 mg/kg PB (unstained sections). The relative
expression levels at 20, 5, 1.25, and 0 mg/kg PB were
38.6, 7.27, 0.21, and 0.06% in unstained sections and
18.1, 2.49, 0.01, and 0.02 in hematoxylin-stained sec-
tions, respectively. Reverse transcriptase (—) mock RT
samples did not show any amplification on the PCR.

Relative Abundance of Amplifiable mRNA Molecules

To examine the relative abundance of amplifiable mRNA
molecules in the methacarn-fixed PET sections, gene
expression levels were compared with those in unfixed
cryosections using liver of a rat treated with PB at 80
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mg/kg body weight/day for 3 days. RNA yields from
unfixed cryosections and methacarn-fixed PET sec-
tions were determined to be 35.4 = 11.3, and 42.1 *
6.0 ng/mm? area in 10-pm-thick sections, respectively
(n=5). With extracted total RNAs in the range of
1-1000 pg, relative expression of CYP2B1 and GAPDH
was determined (Table 2). Although expression sig-
nals for both genes could be detected with 1 pg total
RNA, values varied when input amount of total RNA
was decreased in both tissue section preparations.
With 100 and 1000 pg of total RNA, variability of ex-
pression data, as judged by the values of CV, was re-
duced in both unfixed and methacarn-fixed PET sec-
tions, with a small reduction of amplifiable mRNAs
for both genes in the latter compared with unfixed
cryosections (88.2~98.5% for CYP2B1 with statisti-
cal difference of p<<0.05 at 100 pg; 76.5~86.3% for
GAPDH with p<0.05 at 1000 pg).

Linearity Assessment of mRNA Expression with Input
Amount of Total RNA

Figure 4 shows comparisons of regression curves be-
tween cryosections and methacarn-fixed PET sections
from the liver of a PB-treated rat, based on the data
shown in Table 2. In the methacarn-fixed PET sec-
tions, the linearity between input amounts of total
RNA and expression levels was very high for both
CYP2B1 and GAPDH genes and the curves were al-
most identical with those for unfixed sections. The
correlation coefficients in the analysis of CYP2B1 and
GAPDH with unfixed frozen sections were 0.997 and
0.990, respectively. Similarly, correlation coefficients
in the methacarn-fixed PET sections were 0.991 and
0.982, respectively.

Variability of the mRNA expression data during
the processes of RT and after real-time PCR was as-
sessed for four genes with the same RNA sample de-

Table 2 Relative abundance of amplifiable mRNAs in methacarn-fixed PET sections?

Extracted total RNA (pg)

No. of samples 1000 100 10 1
CYP2B1
Unfixed cryosections 5 100.0 = 7.1° 8.08 = 0.41 0.61 = 0.10 0.12 £ 0.04
(7.1)¢ (5.1) (16.4) (33.3)
Methacarn-fixed PET sections 5 985+ 124 7.13 = 0.694 0.64 + 0.09 0.10 % 0.04
(12.6) 0.7 Co(a (40.0)
GAPDH
Unfixed cryosections 5 100.0 £ 13.3 8.54 + 0.46 0.79 £ 0.15 0.06 = 0.04
(13.3) (5.4) (19.0) (66.7)
Methacarn-fixed PET sections 5 76.5 = 13.69 7.37 = 1.10 0.83 +0.37 0.04 = 0.03
(17.8) (14.9) (44.6) (75.0)

aLiver of a rat treated with phenobarbital (80 mg/kg body weight/day IP, once daily for 3 days). One to 1000 pg of total RNA extracted from 10- um-thick sections
by RNeasy Mini was subjected to one-step RT-PCR of GAPDH with the TagMan probe detection system and CYP2B1 with the SYBR Green detection system.
bRelative expression (% of the level at 1000 pg of total RNA from unfixed cryosections). Values are expressed as mean = SD.

“Values in parentheses represent the CV.

dSignificantly different from the corresponding unfixed frozen section (p<0.05 by Student’s t-test).
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Figure 4 Linearity assessment of mRNA expression in the methacarn-fixed PET sections with the input amount of extracted total RNA in
the range of 1-1000 pg. Expression levels of CYP2B1 and GAPDH were analyzed with one-step real-time RT-PCR. Relative expression levels
were calculated when the values for the 1000 pg template RNA was accounted as 100% (mean * SD; n=5). Pearson’s correlation coeffi-
cients between the input amount of RNA and the expression of CYP2B1 or GAPDH were 0.997 and 0.990 in the unfixed frozen sections, and
0.991 and 0.982 in the methacarn-fixed PET sections.

rived from the MPOA of a male rat on postnatal day
10 (Figure 5). With the total RNA in the range of

5-45 ng, variability in

the expression for each gene

expressed as CV was mostly within 20%. In addition,

high correlation of the expression levels to the input
amount of total RNA was observed for all genes ex-

amined

(0.972, 0.985, 0.965 and 0.985, respectively,

for ERa, ERB, GAT-1, and GAPDH).
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Figure 5§ Variability of mRNA expression during the processes of RT and real-time PCR in the microdissected MPOA from methacarn-fixed,
paraffin-embedded rat brain tissue. Total RNA extracted from microdissected specimens of MPOA from one male pup was divided to make
triplicate samples for each of 5, 15, and 45 ng. RT was performed in a 20 i of total volume. With 1 ul of RT product in duplicate, real-time
PCR was performed for each gene utilizing the TagMan probe detection system (ERx) or SYBR Green detection system (ERB, GAT-1, and
GAPDH). Relative expression levels were calculated when the values of the 45 ng template RNA was accounted as 100% (n=3). The values in
the reverse transcriptase (—) mock RT product using 45 ng total RNA was used as those for zero template. Open circles represent expression
levels in each sample. Numerical values in the graphs represent the CV of three samples in duplicate. Pearson’s correlation coefficients be-
tween the input amount of total RNA and expression level of target gene were 0.972, 0.985, 0.965 and 0.985 for ERa, ERB, GAT-1 and
GAPDH, respectively.





