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TABLE 1.—Body weights, food consumptions, and DC intake in mice treated
with DC after DEN initiation.

Terminal Food
Number of body weight consumption DC intake
Group mice tested g) (g/kg BW/day) (g/kg BW/day)
DEN alone 8 51.1+6.8 1221163 0
DEN + DC 14 44.5**£3.0 11924173 1789+ 259

a) Mean % SD.
**: Significandy dilferent from the DEN group at p < 0.01 (Student r-test).
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and the incidence of these foci was 43% in the DEN + DC
group and 38% in the DEN group. In the DEN + DC group,
hepatocellular adenomas (29%) and carcinomas (14%) were
also observed, and the total incidence of hepatocellular tu-
mors was 36%; this incidence was significantly higher in this
group as compared to the DEN group (p < 0.01). In the his-
tochemical staining of GGT performed on frozen sections,
altered foci and tumors showed positive reactions (Figure 3,

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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TABI R 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

“ 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 + 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. OggJ 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 Txnrdl 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 4 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 1697 5.48**  Oxidative and Metabolic stress
NM.010442 Heme oxygenase (decycling) 1 Hmoxl 1.00 073 4.14 1.49**  Oxidative 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  Gadd45z 1.00 0.24 0.48 0.33 Growth arrest and senescence
Signal Transduction in Cancer
Up
NM.007742  Procollagen, type I, alpha 1 Collal 1.00 034 3.14 1.49 MARP kinase pathway
NM_008829  Progesterone receptor Pgr 1.00 0.28 2.94 0.21#%*  Estrogen pathway
NM.010442 Heme oxygenase (decycling) 1 Hmoxl .00 074 2.79 172 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 0.28 0.41 0.03* PI3/AKT pathway
NM_021283 Interleukin 4 T4 1.00  0.69 0.49 0.12 STAT pathway

“YClassification is based on the microarray instructions.

** or ¥*'represent significant differences from the DEN alone group at p < 0.05 or 0.01, respectively (2-test).
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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 + 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 Pgr and Trail. Similar changes in the mean expression
of Cyplal, Homxl, 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
Cypla2 in the livers of mice at the early stage of hepatocar-
cinogenesis (Moto et al., 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). Hmox! 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. TXNRD1 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 Trailinmice with hepatocellular tamors in the DEN
+ DC group. In fact, in the DEN group, the expression of
Oggl in the tumor areas was approximately equal to thatin 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-OHdG, 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;
Kinoshitaetal., 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, Cyp/al and Txnrdl, 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 4 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 gene/tissue, =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
in microdissected PET-specimens. (J Histochem Cytochem 52:903-913, 2004)

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

THE RECENT DEVELOPMENT of microdissection tech-
niques has enabled us to perform biochemical or mo-
lecular biological analyses of small tissue areas (Em-
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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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
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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 0 (vehicle saline), 1.25, §, 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 I mmor 5 X 5 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-pm 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 § 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-um-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-



Methacarn for Real-time RT-PCR Analysis in PET

eas of 250 X 250, 500 X 500, and 1000 X 1000 pum were
also microdissected.

For microdissection of MPOA, 6-pm-thick sections between
‘pairs of 20-wm-thick sections were prepared from metha-
carn-fixed rat brain PETSs. The 20-pm 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-pm-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-
pm-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 mRNA 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 pg/ml glycogen as a
carrier, and reconstituted with 10 ul 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.

905

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 pl (200 U) of SuperScript Il RNase H™ Re-
verse Transcriptase with 2 pl of 50 pwg/ml random hexamers,
1 wlof 10 mM dNTP mix, 2 ul of 10 X PCR buffer, 1.2 pl
of 50 mM MgCl,, 2 pl of 0.1 M dithiothreitol, 1 ul of
RNase inhibitor, and 9.8 .l of RNA solution in a 20-pl total
reaction volume (all reagents were purchased from Invitro-
gen; Carlsbad, CA). After treatment with 1 ul 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 ERa 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-ul 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 ul 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'-GATCTGGTACGTTGGAGGTATTTTTC-3

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

ERB U57439 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 ERe 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-wm-thick sections were prepared at 30-pm 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 ERe 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
nuclei within the MPOA (600 X 1000-wm 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 z-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 285 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

Figure 2 Integrity of total RNA extracted from methacarn-fixed
rat liver PET sections. One-ug 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;
tane 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 ng 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=S5). 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 = 7.1b 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) 9.7) (14.1) (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.

dsSignificantly 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 mo

stly 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 pl of total volume. With 1 pl of RT product in duplicate, real-time
PCR was performed for each gene utilizing the TagMan probe detection system (ERa) 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.
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Relative Abundance of mRNAs in the
Hematoxylin-stained Sections

Table 3 shows the relative abundance of mRNA mole-
cules retained in the hematoxylin-stained, methacarn-
fixed PET sections in comparison with the unstained
sections. RNA yields of unstained or hematoxylin-
stained sections (ng/section, 10 wm in thickness) were
873 * 276 (n=6), and 1136 = 354 (n=3), respec-
tively. Expression levels of CYP2B1 and GAPDH were
examined with 1 or 10 ng of template total RNA. Af-
ter hematoxylin staining, 0-20% reduction was
observed in the relative abundance of amplifiable
mRNAs for the genes, with statistical difference in
CYP2B1 (p<<0.05). The 1/10 reduction of the input
amount of RNA (from 10 to 1 ng) reduced the expres-
sion levels of both CYP2B1 and GAPDH proportion-
ally to ~1/10, irrespective of the tissue staining.

Gene Expression Analysis in the Microdissected
MPOA of Rat Pups

Because sexual dimorphism in the expression of ER«
in the developing rat MPOA has been demonstrated
by IHC (Yokosuka et al. 1997), expression level of ERa
mRNA was examined in the microdissected MPOA of
rat pups at postnatal day 10 (Figure 6), along with the
ERB mRNA expression level, for which no substantial
sexual dimorphism in the MPOA was found both by
ITHC and in situ hybridization (Orikasa et al. 2002).
Expression of ERe mRNA in females was higher than
that in males (Figure 6), even when the expression
level was normalized to the GAPDH value. The ERB
mRNA exp ession level, on the other hand, did not
differ between males and females. IHC of ER« in the
brains at the same age demonstrated intense nuclear
staining 11 the hypothalamic brain region (Figure 7A).
Numbers of ERa-immunoreactive nuclei counted in

Table 3 Relative abundance of mRNAs in unstained and
hematoxylin-stained, methacarn-fixed PET sections?

No. of
samples Extracted total RNA (ng)
10 1
CYP2B1
Unstained 6 100.0 + 14.8° 100.0 = 18.3 (9.0)°
Hematoxylin-stained 5 77.6 = 5.1d 79.3 £ 6.59(9.2)
GAPDH
Unstained 6 100.0 = 17.4 100.0 = 18.1 (10.5)
Hematoxylin-stained 5 100.3 = 17.1 85.0 + 16.7 (8.9)

3Liver of a rat treated with phenobarbital (80 mg/kg body weight/day IP,
once daily for 3 days). A 1- or 10-ng aliquot of total RNA extracted from 10-
wm-thick sections by RNeasy Mini was subjected to one-step RT-PCR of
GAPDH with TagMan probe detection system and CYP2B1 with SYBR Green
detection system.

bExpression level (%) relative to corresponding unstained sections. Values are
mean x SD.

“Values in parentheses represent (%) expression levels of corresponding tis-
sue section with 10 ng input amount of RNA.

dSignificantly different from the corresponding unstained section (p<0.05 by
Student’s t-test).
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the MPOA corresponding to the area used for mRNA
expression analysis (600 X 1000 wm) were higher in
tfemales than in males (Figures 7A and 7B).

Cell Numbers Required for mRNA Expression

To determine the cell numbers required for quantita-
tive measurement of mRNA expression in methacarn-
fixed PET sections, hematoxylin-stained 10-pm-thick
liver sections of a rat treated with 80 mg/kg PB were
used and tissue areas up to 100 pm in radius were
randomly microdissected from the mid-zonal areas of
liver lobules. One-step real-time RT-PCR for CYP2B1
and GAPDH was performed. Table 4 shows the differ-
ence in the threshold cycle (Cr: fractional cycle num-
ber at which the fluorescent signal passes the fixed
threshold) between the microdissected samples and
standard samples, showing the lower limit within the
dynamic range of amplification in each gene. For
CYP2B1 expression, one or more circle tissues of 100
pm in radius, corresponding to >52 = 3 liver cells
(n=10), showed a Ct within the dynamic range of am-
plification. For GAPDH expression, most tissue-
samples of more than 50 pm in radius showed a Cy
within the dynamic range of amplification. Data vari-
ability between samples of identical tissue size was ex-
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Figure 6 Measurement of mRNA expression levels of ERx and ERB
in the MPOA of male and female rat pups at postnatal day 10 using
methacarn-fixed PET specimens. Numbers of animals examined
were 5 for males and & for females. RT was performed with 24 ng
of total RNA in a 20-ul total volume. With 1 ul of RT product, real-
time PCR of each gene was performed. The values of ERa and ERB
were normalized for the amount of total RNA (left panels) or the
expression level of GAPDH (right panels), and expressed as mean +
SD. **, *: Significantly different from the male expression levels
(*p<0.05, ** p<0.01 by Student’s t-test).
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Figure 7 Sex difference of the ERa-immunoreactive cell popula-
tion in the MPOA of rat pups at postnatal day 10. (A) Number of
immunoreactive nuclei was counted in one MPOA (1000 X 600 pm)
of one section in each animal. Left, male; right, female. (B) Mean
numbers of immunoreactive cells in the MPOA (mean + SD; n=3
for both males and females). **: Significantly different from the
male value (p<0.01 by Student’s t-test).

pressed as CV for the “difference in Ct.” With both
genes, variability of data was decreased with an in-
crease in the area of microdissected tissue, and less
variable data were obtained with samples correspond-
ing to the 208 cell/area. Variability between samples
was greater with CYP2B1 compared with GAPDH.

Total RNA Yields in the Microdissected Tissue Areas

Table § shows RNA yields for microdissected unit ar-
eas of hematoxylin-stained rat liver PET sections.
With increase in tissue size, RNA vyield was pro-
portionally increased. Because 1 ng/ml is the lower de-
tection limit of RNA quantitation with RiboGreen flu-
orescent dye (manufacturer’s instructions), in the rat
liver a 250 X 250-pm area (corresponding to 104
cells) was the detection limit of RNA quantitation.

Discussion

Methacarn is an organic solvent fixative and therefore
would not be expected to modify nucleotides or poly-

peptides as reported for crosslinking fixatives, such
as formaldehyde (reviewed by Srinivasan et al. 2002).
Previously, we have found that methacarn fixation
followed by paraffin embedding does not affect the in-
tegrity of extracted total RNA, but results in halving
of the RNA yield from unfixed frozen samples (Shibu-
tani et al. 2000). However, we could here extract total
RNA from methacarn-fixed rat liver sections with an
efficiency equivalent to that with unfixed cryosections.
Although we could not identify the reason for the ob-
served difference between the previous and present
studies, the tissue condition (tissue blocks in the previ-
ous study vs sectioned tissues in the present study),
normalization of RNA yield (wet weight vs unit area),
or extraction tool (RNASTAT-60 utilizing isopro-
panol precipitation for RNA isolation vs RNeasy Mini
utilizing selective binding properties of silica gel-based
membrane for RNA isolation) might have exerted an
influence. We also observed only a small reduction in
the relative abundance of amplifiable mRNAs retained
in the methacarn-fixed PET sections compared with
unfixed cryosections. Slight reduction of the integrity
of extracted total RNA in the methacarn-fixed PET
sections may be parallel to the results of the relative
abundance of amplifiable mRNAs. On the other hand,
methacarn itself does not appear to affect the quality
of RNA molecules because fixation of fresh frozen
sections for 10 min with this solution well preserved
the integrity of total RNA in the present study. Con-
sidering the advantages in tissue handling during
sectioning and after microdissection steps with PET
specimens, as well as the disadvantages with unfixed
frozen tissue in terms of tissue handling and instability
of RNA molecules in sectioned specimens, methacarn
fixation in combination with paraffin embedding has
clear benefits for mRNA expression analysis of micro-
dissected specimens.

Generally speaking, tissue staining with hematoxy-
lin appears to affect both extraction efficiency and
PCR amplification of genomic DNA (Murase et al.
2000; Serth et al. 2000), although in the present study
the influence of brief staining with hematoxylin was
marginal. Polynucleotides in tissue sections fixed with
organic solvent fixatives, such as Carnoy’s solution or
methacarn, may be released into solution during IHC
or ISH (Urieli-Shoval et al. 1992; Uneyama et al. 2002).
However, methacarn-fixed PET sections could quickly
be stained with hematoxylin in a period of 1-10 sec
(Uneyama et al. 2002), and this might have contrib-
uted to the limited loss of extractable RNA after he-
matoxylin staining in the present study. We also ob-
served only slight reduction (0-20%) in the relative
abundance of amplifiable mRNAs after hematoxylin
staining. We previously noted that staining with he-
matoxylin and eosin affected PCR of genomic DNA in
methacarn-fixed PET sections, despite no deteriora-
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Table 4 Difference in the Cy of real-time amplification in the microdissected samples from those of the lower limit

of amplification in the standard samples?

Tissue area (um in radius) Corresponding cell numbers? No. of samples Difference in G¢ v
Gene
CYP2B1 100 X 4 pieces 208 6 3.9 x1.3d 333
100 X 2 pieces 104 9 2.8+20 71.4
100 X 1 piece 52 8 1.6+ 15 93.8
50 X 1 piece 13 16 ~1.7 £1.7 Not available
30 X 1 piece 5 6 -21x25 Not available
GAPDH 100 X 4 pieces 208 5 7904 5.1
100 X 2 pieces 104 10 53x15 28.3
100 X 1 piece 52 g 1921 110.5
50 X 1 piece 13 14 1519 126.7
30 X 1 piece 5 5 -24+13 Not available

2Liver tissue of a rat treated with PB at 80 mg/kg body weight/day for 3 days was used for both standard and microdissected samples. Unfixed frozen tissue was
used for standard and hematoxylin-stained 10-um-thick sections were subjected to analysis. With 5 pl of total RNA extracted by RNAqueous Micro, one-step RT-
PCR was performed on GAPDH with the TagMan probe detection system and CYP2B1 with the SYBR Green detection system.

bCell numbers in each sample were calculated from the mean liver cell numbers in the circle area of 100 wm radius {52 *+ 3; n=10).

“Values were calculated by subtracting the Cr of each sample from the C; of the standard sample showing the lower limit of amplification. Expressed as

mean = SD.

dAmount of total RNA and its Cr (mean =+ SD) of the standard sample at the lower limit of amplification within the dynamic range was respectively 0.4 pg and
32.4 + 1.3 cycles for CYP2B1 (n=3), and 0.4 pg and 38.1 = 0.9 cycles for GAPDH (n=4).

tion of the integrity and yield of extracted DNA (Une-
yama et al. 2002). Hematoxylin has been reported to
influence divalent cations (Mg2?*) that are important
for maintaining Taq DNA polymerase activity (Chen
et al. 1996), and this was reported to be apparent
when manually dissected large tissue samples are sub-
jected to PCR analysis (Burton et al. 1998; Murase et
al. 2000). However, such an inhibitory effect might be
negligible when microdissected small tissue specimens
are analyzed (Ehrig et al. 2001). In line with the present
study results, hematoxylin staining did not affect
RT-PCR when microdissected small tissue specimens
were analyzed in a previous study (Imamichi et al.
2001).

The cell number required for mRNA expression
analysis in microdissected tissue specimens is primar-
ily dependent on the expression level of the target
genes of interest. In the case of cyclin D1 in primary
tumor tissues, Specht et al. (2002) reported that tran-
scripts could be measured in 2 minimum of 20 micro-
dissected tumor cells from formalin-fixed PET speci-
mens with an improved extraction protocol and the
TagMan PCR method in combination, but they also
found 2000 cells to be suitable to obtain reproducible
real-time PCR results. Although the expression values
did not greatly vary (CV <20) from 100 pg of total
RNA in the present experiment examining relative
abundance of amplifiable mRNAs (Table 2), ~200
cells (corresponding to 2 ng based on the RNA vyield
data in Table 5) can be considered as a minimum for
the practical expression analysis of mRNA species,
judging from the very small variation of difference in
Cr values of GAPDH gene with the corresponding tis-
sue size (100 wm in radius X 4 pieces) reflecting ho-
mogeneity in the expression between samples as well

as very small technical variation (Table 4). Expression
levels of CYP2B1 varied between samples, even with a
tissue area of 208 cells. With PB treatment, graded ex-
pression of CYP2B1 in the liver lobule occurs in the
rat, with pronounced induction in the periportal
region (Biihler et al. 1992). In the present study, mid-
zonal areas of hepatic lobules were subjected to analy-
sis, and therefore the variability of CYP2B1 expres-
sion in each sample might rather reflect a local event
due to the graded expression profile of the transcript
within this area.

In the present study, the concentration of total RNA
was measured by RiboGreen fluorescent dye, with 1
ng as the lower detection limit in a 1-ml assay volume,
and we could obtain ~1 ng of total RNA from 100
microdissected liver cells. If normalization of mRNA
expression level to the input amount of total RNA is
intended, a total of 3 ng or more (corresponding to
>300 cells in a 10-pm-thick section of the rat liver)

Table 5 Total RNA yields in microdissected unit areas
of methacarn-fixed rat liver PET sections?

Microdissected area®

1000 X 1000 um

No. of samples RNA yield (ng/tissue)

(1669 cells)c 5 34.1 = 5.81
500 X 500 wm
(417 cells) 4 5.8+ 289
250 X 250 um
(104 cells) 5 1.3 +0.16

2Liver of a rat treated with PB at 80 mg/kg body weight/day for 3 days. Total
RNA (20 pl) extracted with RNAqueous-Micro was subjected to determination
of RNA vyield by RiboGreen RNA Quantitation kit.

bTissue sections 10 wm thick were stained with hematoxylin before microdis-
section.

‘Numbers of cells contained in each area were calculated from the mean cell
numbers in the circle area of 100 wm radius as estimated in Table 4.
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would be necessary for measurement of RNA concen-
tration (1 ng) and after real-time RT-PCR of several
genes (2 ng) under the present experimental condi-
tions. If a fluorescence microplate reader is available,
the total volume for assay of total RNA concentra-
tion could be minimized. As another normalization
method, the expression level of a reference gene can be
used. Housekeeping genes, such as GAPDH in the
present study, are usually selected for this purpose.
However, disadvantages with a single housekeeping
gene were recently reported (Lee et al. 2002; Tricarico
et al. 2002), and sexual dimorphism exists in GAPDH
expression in several brain regions of developing rats
(Perrot-Sinal et al. 2001). Sexual dimorphism of ERa
expression in MPOA was apparent here, irrespective
of the normalization method.

In conclusion, we have now demonstrated that
methacarn-fixed PET allows practical mRNA expres-
sion analysis in microdissected areas with real-time
RT-PCR after hematoxylin staining. Although recent
studies have also demonstrated good performance of
mRNA expression measurement with microdissected
formalin-fixed PETs {Specht et al. 2001,2002), form-
aldehyde causes modification of nucleotides and there-
fore a high frequency of non-reproducible sequence al-
teration and amplification of only short fragments
{reviewed by Srinivasan et al. 2002), suggesting lim-
ited utility for molecular analysis. Considering the
availability for both DNAs and proteins in PET sec-
tions (Shibutani et al. 2000; Shibutani and Uneyama
2002; Uneyama et al. 2002), methacarn should prove
to be a versatile tool for multipurpose analysis of tar-
get genes in specific cell populations. We are now ap-
plying methacarn for global gene expression analysis
using a microarray technique with microdissected PET
specimens. The question of how long molecules are re-
tained intact in methacarn-fixed PET should now be
addressed. Although we do not have data for archival
tissues stored for several years/decades, mRINA levels
could be measured with methacarn-fixed PET that
had been prepared 6 months previously in the present
study.
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Abstract

In this study, we examined suitable conditions for tissue fixation with methacarn and ethanol dehydration and storage of paraffin-
embedded tissues (PETs) on gene expression analysis. With fixation and dehydration of rat liver tissues for up to 16 h (overnight) and 1
week, respectively, at 4 °C, integrity of extracted total RNAs and polypeptides did not vary, the former integrity being constantly lower
than that with unfixed frozen tissue, while protein yield was slightly reduced with increasing dehydration. Retained expression levels of
mRNAs and proteins were mostly unaffected by the period of fixation but slightly fluctuated with the length of dehydration. When PETs
were stored for up to 12 months, integrity of both total RNAs and polypeptides was retained at 4 °C but reduced at room temperature.
Reduced expression levels of mRNAs and proteins were also noted by storage at room temperature after 12 and 3 months, respectively.

However, neither tissue processing nor storage affected variability in either mRNA or protein levels among samples. Thus, the results sug-
gest that, for gene expression analysis, tissues can be fixed with methacarn and dehydrated for at least 1 day and 1 week, respectively, and
PETs can be stored for at least 12 months, but a temperature of 4°C is preferable.

© 2006 Elsevier Inc. All rights reserved.

Keywords: Methacarn; Molecular integrity; Paraffin-embedded tissue; Expression analysis

Molecular analysis of pathological specimens has pro-
vided insights into mechanisms underlying disease, facilitat-
ing development of diagnostic/therapeutic agents. To
elucidate pathological processes in target cells involving
alterations in cellular functions, application of microdissec-
tion techniques allows high performance even with a com-
plex tissue architecture [1--3]. For molecular analysis, tissue
samples should preferably be kept biochemically unmodi-
fied, and therefore unfixed frozen tissue (UFT)? has become
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the gold standard for analysis by microdissection and
microbiochemical techniques. However, as compared with
paraffin-embedded tissues (PETs), UFTs are inconvenient
with regard to storage and skills required for preparation
and subsequent microdissection itself. Therefore tissue
embedding after fixation is preferable if extraction of mole-
cules with high quality and yield can be guaranteed.

We have recently found that methacarn, an organic-sol-
vent-based noncross-linking fixative [4], retains advantages
for analysis of expression levels of mRNAs and proteins
and for analysis of mutations of target genes in microdis-
sected tissue samples from PETs, with performance close to
that possible with UFTs [5-10]. Another group confirmed
the suitability of methacarn among a series of fixatives for
differential mRNA  expression analysis using microdis-
sected PET specimens [11]. For these earlier studies, tissue
fixation with methacarn and ethanol dehydration was per-
formed at 4°C, default time settings for each step were
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empirically determined by selecting the minimal time
period for each step (1 or 2 h for fixation and three times 1 h
for dehydration under gentle agitation), and analyses of
molecules were performed usually within 1 month after
paraffin embedding. However, we did not examine the
effects of fixation and following dehydration periods or the
storage time and temperature after paraffin embedding.

Determination of a suitable range for lengths of fixation/
dehydration steps is very important for practical molecular
analysis using methacarn if large numbers of tissue samples
are to be analyzed, such as in the case of animal experi-
ments requiring time-consuming autopsy. Furthermore,
conditions for long-term storage of PETs for effective
molecular analysis need to be optimized. The present study
was therefore performed using methacarn-fixed and par-
affin-embedded rat liver tissues from one animal with differ-
ing periods of processing and storage, focusing on the
integrity of extracted molecules and the relative expression
levels in sections.

Materials and methods
Chemicals and experimental animals

Sodium phenobarbital (PB) was purchased from Wako
Pure Chemical Industries (Osaka, Japan). A 5-week-old CD
(SD)IGS male rat from Charles River Japan Inc. (Atsugi,
Japan) was maintained in an air-conditioned animal room
(temperature 24 +1°C, relative humidity 554 5%) with a
12-h light/dark cycle and allowed ad libitum access to tap
water and feed, CRF-1 (Oriental Yeast Co. Ltd., Tokyo,
Japan). After 1-week acclimation, the rat was intraperitone-
ally injected with PB at 80mg/kg body weight, once daily
for 3 days. One day (24 h) after the last injection, the animal
was killed by exsanguination from the abdominal aorta
under deep anesthesia, and then the liver was removed for
tissue processing. The dose was selected according to the
PB-specific enzyme induction protocol described by
Kocarek et al. [12], and the animal protocol was reviewed
and approved by the Animal Care and Use Committee of
the National Institute of Health Sciences, Japan.

Tissue preparation and storage

From the center portion of the left lobe, tissue blocks
sized 5x 5x3mm were excised and subjected either to
embedding in Tissue-Tek 4583 OCT compound (Sakura
Finetek Japan, Tokyo, Japan) or to immersing in metha-
carn for tissue fixation. Methacarn solution consisting of
60% (vol/vol) absolute methanol, 30% chloroform, and 10%
glacial acetic acid was freshly prepared and stored at 4°C
before fixation [5,7,9]. UFTs were quickly frozen in ethanol/
dry ice and stored at —80°C until sectioning on the next
day after embedding. To examine the effects of length of
time of tissue processing (Experiment 1), fixation with
methacarn and subsequent dehydration with 99.5% ethanol
were performed for 2 and 16h (overnight), 5 and 16h, 16

and 16h, or 2h and 1 week at 4°C in a refrigerator. Tissue
blocks were dehydrated twice in fresh ethanol solution for
1'h and then for 16h (overnight) or 1 week. They were then
paraffin embedded as described previously [9], and tissue
sectioning was performed within 1 week after paraffin
embedding. To examine PET storage conditions (Experi-
ment 2), 2h-fixed overnight-dehydrated tissues were stored
for 1 month at 4°C or 3 or 12 months either at 4°C in a
refrigerator or at room temperature in a laboratory. Both
UFTs and PETs were sectioned at 10 um and a total of 20
sections per block were collected in 1.5-m] microtubes for
storage at —80 °C until extraction of molecules.

RNA analysis

Methacarn-fixed PET sections stored at —80°C were
subjected to deparaffinization with xylene three times for
5min, immersed in 100% ethanol three times for 5min, and
immediately processed for RNA extraction using an R Ne-
asy Mini kit (Qiagen GmbH, Hilden, Germany) according
to the manufacturer’s protocol. For UFT sections stored at
—80°C, total RNAs were immediately extracted after
removal from the deep freezer. The final elution volume
was set at 30l and contaminating genomic DNA was
digested with DNase I (Ambion, Austin, TX) according to
the manufacturer’s protocol. For quantitation of RNA
yield, 1 pl of isolated RNA was labeled with a RiboGreen
RNA Quantitation kit (Molecular Probes, Eugene, OR)
and concentrations were estimated with a fluorescence
spectrophotometer F2500 (Hitachi Co. Ltd., Tokyo, Japan)
in 1 ml of total volume with water [5]. To examine the integ-
rity of 18S and 28S ribosomal RNAs in the extracted total
RNAs, 1 g from each sample was loaded onto a 1.0% aga-
rose gel and visualized with ethidium bromide. The integ-
rity was also examined by measuring the 28S/18S ribosomal
RNA ratio with an RNA 6000 Nano LabChip kit (Agilent
Technologies, Mountain View, CA) and RNA ladders
(Ambion) in an Agilent 2100 bioanalyzer according to the
manufacturer’s directions.

For measurement of relative mRNA expression levels, the
following four mRNA species were selected: cytochrome
P450 (CYP) 2B1 (GenBank/EMBL Data Bank, Accession
No. M37134), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; Accession No. M17701), solute carrier family
34A2 (slc34a2; Accession No. NM_053380.1), and syntaxin
6 (stx6; Accession No. NM_031665.1). CYP2B1 is a gene
that is known to show strong induction in the liver by PB
treatment of rats [9], and GAPDH is a representative
housekeeping gene. Slc34a2 and stx6 were found to show
specific expression changes by microarray analysis at the
tumor promotion stage in the experimental hepatocarcino-
genesis study previously performed in our laboratory using
rats, and their expression levels relative to that of GAPDH
were found to be rather minor by real-time RT-PCR analy-
sis (data not shown). For measurement of GAPDH and
CYP2B1 mRNA levels, one-step real-time RT-PCR with
the SYBR Green detection system was performed using the
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ABI PRISM 7000 Sequence Detection System (Applied
Biosystems Japan, Tokyo, Japan) in a 50-pl total reaction
volume including 50 ng of total RNA, 300 nM each forward
and reverse primers, 12.5 U Multiscribe Reverse Transcrip-
tase, 10 U RNase Inhibitor, and 25ul SYBR Green PCR
Master Mix, according to the manufacturer’s protocol (all
reagents were purchased from Applied Biosystems Japan).
Primer sets for both genes were identical with those used in
our previous study [9]. Cycle parameters in this system were
as follows: single step of 48°C for 30min, single step of
95°C for 10min, and 50 cycles of 95°C for 15s followed by
60°C for 1min. As for measurement of mRNA levels of
slc34a2 and stx6, two-step real-time RT-PCR with the Tag-
Man probe detection system was performed. Gene-specific
primers and the corresponding TagMan MGB probes (6-
FAM.-.dye-labeled) were derived from TagqMan Gene
Expression Assays (Applied Biosystems Japan Ltd.).
Reverse transcription was performed using 1ug of total
RNA with a High-capacity cDNA Archive Kit (Applied
Biosystems Japan Ltd.) in a 100-pl total reaction volume.
Real-time PCR was performed in a 50-pi reaction volume
using the TaqMan probe detection system with 25ul of
TagMan Universal PCR Master Mix (Applied Biosystems
Japan Ltd.) and 2.5 ul each of target primer mix and reverse
transcription product corresponding to 50ng total RNA.
Cycle parameters with this system were single step of 50°C
for 2min, and initial activation at 95°C for 10min, and 50
cycles of 15s at 95°C and 60s at 60°C. Among real-time
PCR methods, SYBR Green and TagMan assays are
known to produce comparable dynamic range and sensitiv-
ity [13]. For quantitation of expression data, a standard
curve method was applied using the total RNA from UFTs
as a standard sample.

Protein analysis

Deparaffinized sections were treated with 10% trichloro-
acetic acid in saline at 4 °C for 15min. After brief centrifu-
gation, pellets were washed once with ice-cold saline and
then sonicated and solubilized in 200 pl of 2x sodium dode-
cyl sulfate (SDS) gel-loading buffer excluding bromophenol
blue. Protein concentrations were estimated using a Nano-
Orange Protein Quantitation Kit (Molecular Probes) and a
fluorescence spectrophotometer [5]. After adjusting the pro-
tein concentration with 1x SDS gel-loading buffer includ-
ing bromophenol blue, samples were heat-denatured at
80°C for 30min in the presence of 10% (v/v) B-mercap-
toethanol and applied to 10% SDS polyacrylamide gel elec-
trophoresis. For analysis of protein integrity, 20 ug of each
protein extract was loaded, and resolved polypeptides were
visualized after staining with 2.5% Coomassie brilliant blue.
For Western blot analysis, resolved polypeptides were
transferred to a polyvinylidine difluoride membrane (Milli-
pore, Billerica, MA). Expression of three molecules with
different functions and subcellular localizations were exam-
ined. After blocking with 0.2% casein, blots were incubated
with either mouse monoclonal anti-B-actin (clone AC-15;

Sigma; 20,000 in dilution), proliferating cell nuclear anti-
gen (PCNA; clone PC10; Upstate, Charlottesville, VA;
1000x in dilution), or epidermal growth factor receptor
(EGFR; clone 6F1; Medical and Biological Laboratories
Co., Ltd,, Nagoya, Japan; 300x in dilution) antibodies.
Amounts of protein extract applied were 1 ug for B-actin,
5ug for PCNA, and 15pg for EGFR. As the secondary
antibody, horseradish peroxidase-conjugated goat anti-
mouse immunoglobulin (DakoCytomation Co., Ltd,,
Kyoto, Japan; 2000x in dilution) was used, and protein
signals were detected with the ECL Western Blotting
Detection System (Amersham Biosciences Corp., Piscata-
way, NJ). Relative protein levels of B-actin, PCNA, and
EGFR were estimated by analyzing the band intensities
using ONE-D/ZERO-Dscan Quantitative Gel and Blot
Analysis software (Scanalytics, Inc., Fairfax, VA).

Statistical analysis

Comparison of 285/18S ribosomal RNA ratios, yields of
total RNA and protein, and expression levels of mRNA
and protein retained in the tissues was performed with
Student’s ¢ test when the variance was indicated to be
homogeneous among groups using the test for equal vari-
ance. If a significant difference in the variance was
observed, Welch’s ¢ test was performed. Comparison was
first made between UFT and each PET preparation. In
Experiment 1, comparisons were further performed
between samples subjected to 2-h fixation/overnight dehy-
dration or other fixation/dehydration conditions. Similar
comparisons were also performed for Experiment 2. Vari-
ability was expressed as coefficient of variation (CV).
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Fig. 1. Integrity of total RNAs extracted from methacarn-fixed rat liver
PETs under different conditions of tissue processing or storage. One
microgram of total RNA was applied to a 1% agarose gel and visualized
with ethidium bromide. (A) Effects of period of tissue processing (Experi-
ment 1): UFT, unfixed frozen tissue; 2 hr-O/N, samples fixed for 2h fol-
lowed by overnight dehydration; 5hr-O/N, samples fixed for Sh and
dehydrated overnight; O/N-O/N, samples fixed overnight and then dehy-
drated overnight; 2hr-1 w, samples fixed for 2h and dehydrated for one
week. (B) Storage effects of PETs with regard to period and temperature
(Experiment 2): UFT, unfixed frozen tissue; 4 °C/1 mo., PETSs stored for 1
month at 4 °C; 4°C/3 mo,, PETs stored for 3 months at 4°C; r.t/3 mo.,
PETs stored for 3 months at room temperature; 4 °C/12 mo., PETs stored
for 12 months at 4 °C; r.t./12 mo., PETs stored for 12 months at room tem-
perature.
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Results
Integrity and yield of total RNAs

In Experiment 1, integrity of total RNAs as judged by
visual intensities for 18S and 28S ribosomal RNAs in aga-
rose gel was not appreciably changed by the period of fixa-
tion up to overnight and dehydration up to 1 week
(Fig. 1A). On measurement of the 28S/18S ribosomal RNA
ratio, the integrity of total RNA was significantly reduced
in methacarn-fixed PET sections compared with UFT sec-
tions (Table 1). The ribosomal RNA ratio remained
unchanged from that of the 2-h fixed/overnight dehydrated
case, although a tendency for reduction was observed in
cases fixed for Sh or overnight. Relative yields of total
RNA per unit area were similar for all cases (Fig. 2A).

Table 1
28S/188 rRNA ratio of extracted total RNA in methacarn-fixed PETs
under the different conditions for tissue processing or storage

Tissue condition No. of rRNA ratio
samples [285/18ST°
Unfixed frozen 9 1.70 + 0.45
Methacarn-fixed paraffin-embedded
Fixation/dehydration®
2 h/overnight 3 0.83+£0.07"
5 h/overnight 3 0.58 % 0.04™
Overnight/overnight 3 0.62+0.14™
2h/1 week 3 0.70 £ 0.07™"
Temperature/duration of storage®
4°C/1 month 6 0.75+0.06™
4°C/3 months 6 0.79 £ 0.09™
r.t/3 months 6 0.59+0.14™
4°C/12 months 6 0.66 & 0.05™
r.t./12 months 6 Unmeasurable

=**Giomificantly different from the unfixed frozen samples (*p <0.05,
**p < 0.01).

2 Examination of the effect of time length for tissue processing (Experi-
ment 1). Fixation and ethanol dehydration were performed at 4 °C. After
dehydration, tissue blocks were paraffin embedded as described under
Materials and methods. Already prepared PETs were stored at 4 °C until
all of the tissues were processed for embedding.

® Examination of the effect of tissue storage with regard to the period
and its temperature (Experiment 2). Fixation and ethanol dehydration
were performed at 4 °C for 2h and overnight, respectively. At the end of
storage, tissue sections were prepared and stored at —80 °C until analysis.

¢ Data are expressed as mean = SD.
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In Experiment 2, when the visual integrity was compared
among PET samples with different storage conditions,
apparent reduction of both 18S and 28S ribosomal RNA
bands was noted in samples stored for 12 months at room
temperature (Fig. 1B), and this reduction resulted in the
ribosomal RNA ratio being unmeasurable (Table 1).
Although a nonsignificant reduction in the ribosomal RNA
ratio was noted in PET samples stored for 3 months at
room temperature as compared with those stored for 1
month at 4°C, other PET storage conditions did not change
the integrity of total RNA extracted (Fig. 1B, Table 1). Rela-
tive yields of total RNA per unit area were similar between
the 1-month-stored case at 4 °C and each of the other cases
(Fig. 2B).

Levels of mRNAs retained in PETs

On measurement of mRNA levels in PETs, mean thresh-
old cycle (Cy: fractional cycle number at which the fluores-
cent signal passes the fixed threshold) of each gene was
measured under the same input amount of total RNA using
representative PET samples, ie., 2-h-fixed/overnight-dehy-
drated samples in Experiment ! and 1-month-stored sam-
ples at 4°C in Experiment 2 (Table 2). As expected, Cy
values of both GAPDH and PB-induced CYP2B1 were
much smaller than those of slc34a2 and stx6, with > 10-
cycle differences simply reflecting > 1000-fold expression
differences. Judging from C; values, relative quantity of
transcripts was estimated to be in the order of
CYP2B1 > GAPDH > sic34a2 > stx6.

In Experiment 1, the GAPDH mRNA level retained in
PETs was reduced in tissues dehydrated for 1 week to 62.2%
of the 2-h-fixed/overnight-dehydrated case, but period of
fixation did not affect the mRNA level (Fig. 3A). CYP2B1
mRNA levels were not apparently changed by the tissue-pro-
cessing conditions. With regard to slc34a2, slight reduction of
mRNA level was observed by 5-h fixation/overnight dehy-
dration and 2-h fixation/1-week dehydration. Stx6 mRNA
levels were not apparently changed irrespective of the fixa-
tion/dehydration conditions. With mRNA species examined,
CV values ranged mostly within 20%, except for that of
slc34a2 by overnight fixation being 40.0%.

In Experiment 2, retention of mRNAs in PETs was affected
by storage for 12 months at room temperature, with reduction
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Fig. 2. Relative yields of total RNA in methacarn-fixed PETs under the different conditions of tissue processing or storage. (A) Experiment 1 (=3 for
each condition). (B) Experiment 2 (n = 6 for each condition). Data are expressed as mean 3 SD. Sample conditions were as for Fig. 1.





