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To elucidate target molecules of white matter development responding to hypothyroidism, global gene
expression profiling of cerebral white matter from male rat offspring was performed after maternal expo-
sure to anti-thyroid agents, 6-propyl-2-thiouracil and methimazole, on postnatal day 20. Genes involved
in central nervous system development commonly up- or down-regulated among groups treated with
anti-thyroid agents. Immunohistochemical distributions of vimentin, Ret proto-oncogene (Ret), deleted
in colorectal cancer protein (DCC), and Claudin11 (Cld11) were examined based on the gene expression
profile. Immunoreactive cells for vimentin and Ret in the cingulum, and the immunoreactive intensity of
Cld11 and DCC in whole white matter were increased by treatment with anti-thyroid agents. Immunore-
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Vimentin active cells for vimentin and Ret were immature astrocytes and oligodendrocytes, respectively. Thus,
Ret immunoreactive cells for vimentin and Ret may be quantitatively measurable targets of developmental
Rat hypothyroidism in white matter.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Thyroid hormones are essential for normal fetal and neona-
tal brain development, control neuronal and glial proliferation in
definitive brain regions and regulate neuronal migration and dif-
ferentiation [1-3]. In humans, maternal hypothyroxinemia early
in pregnancy may adversely affect fetal brain development, and
importantly, even mild to moderate hypothyroxinemia may result
in suboptimal neurodevelopment [4], thereby increasing the

Abbreviations: CC, corpus callosum; Cld11, claudin 11; CNS, central nervous sys-
tem; DCC, deleted in colorectal cancer protein; GAPDH, glyceraldehyde 3-phosphate
dehydrogenase; GD, gestation day; GDNF, glial cell line-derived neurotrophic fac-
tor; GFAP, glial fibrillary acidic protein; MMI, methimazole; OSP, oligodendrocyte
specific protein; PCR, polymerase chain reaction; PND, postnatal day; PTU, 6-propyl-
2-thiouracil; Ret, Ret proto-oncogene; RT, reverse transcription; v-Maf, v-maf
musculoaponeurotic fibrosarcoma oncogene; Zfhx1b, zinc finger homeobox 1b.
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concern of impaired brain development induced by exposure to
thyroid hormone-disrupting chemicals in the environment.

Developmental hypothyroidism leads to growth retardation,
neurological defects and impaired performance in various behav-
ioral learning actions [5,6]. Rat offspring maternally exposed
to anti-thyroid agents, such as 6-propyl-2-thiouracil (PTU) and
methimazole (MMI), show impaired brain growth including white
matter hypoplasia with decreased axonal myelination and oligo-
dendrocytes, and impairment of neurogenesis, neuronal migration,
dendritic arborization and synapse formation [2,7-9]. These types
of impaired brain growth are permanent and accompanied by
apparent structural and functional abnormalities. However, the
molecular mechanism of impaired brain growth is still unclear.

Histological lesion-specific gene expression profiling pro-
vides valuable information on the mechanisms underlying lesion
development. In previous studies, we established molecular anal-
ysis methods for DNA, RNA and proteins in paraffin-embedded
small tissue specimens using the organic solvent-based fixative
methacarn, with high performance similar to that of unfixed frozen
tissue specimens [10-12]. These methods have been used to ana-
lyze global gene expression changes in microdissected lesions
[13-15].
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To evaluate in vivo developmental brain growth effects of
thyroid hormone-disrupting chemicals, we morphometrically ana-
lyzed neuronal migration and white matter development in a rat
developmental hypothyroidism model [16]. Molecules involved in
aberrant neurogenesis and neuronal mismigration were identi-
fied by global gene expression analysis of the hippocampal area
[15]. In the present study, to elucidate marker molecules in white
matter involved in developmental hypothyroidism, we performed
global gene expression profiling using microarrays. To obtain the
white matter-specific gene expression profile, a microdissection
technique was applied to the corpus callosum (CC) and bilateral
cerebral white matter. Based on expression profiles, cellular local-
ization of selected molecules was then immunohistochemically
examined in cerebral white matter after developmental exposure
to anti-thyroid agents.

2. Materials and methods
2.1. Chemicals and animals

6-propyl-2-thiouracil (PTU; CAS No. 51-52-9) and methimazole (MMI; CAS No.
60-56-0) were purchased from Sigma Chemical Co. (St. Louis, MO). Pregnant CD®
(SD) IGS rats at gestational day (GD) 3 (GD 0: the day vaginal plugs appeared)
were purchased from Charles River Japan Inc. (Yokohama, Japan). Animals were
individually housed in polycarbonate cages (SK-Clean, 41.5cm x 26cm x 17.5cm;
CLEA Japan Inc., Tokyo, Japan) with wood chip bedding (Sankyo Lab Service Corp.,
Tokyo, Japan) and maintained in a climate-controlled animal room (24 +1°C, rela~
tive humidity: 55 & 5%) with a 12 h light/dark cycle. A soy-free diet (Oriental Yeast
Co. Ltd., Tokyo, Japan) was chosen as the basal diet for maternal animals to elimi-
nate possible phytoestrogen effects [17]. Animals received food and water ad libitum
throughout experimentation including a 1 week acclimation period.

2.2, Experimental design

Animal experiments are described elsewhere [16]. Briefly, maternal animals
were randomly divided into four groups including an untreated control. Eight dams
per group were treated with 3 or 12 ppm PTU or 200 ppm MMI, which was added to
drinking water from GD 10 to postnatal day (PND) 20 (PND 0: the day of delivery).
On PND 2, four male and four female offspring per dam were randomly selected
and remaining litters were culled. On PND 20, 20 male and 20 female offspring (at
least one male and one female per dam) per group were subjected to prepuber-
tal necropsy [16,18]. All animals were weighed and sacrificed by exsanguination
from the abdominal aorta under deep anesthesia with ether. Animal protocols were
reviewed and approved by the Animal Care and Use Committee of the National
Institute of Health Sciences, Japan.

2.3. Preparation of tissue specimens and microdissection

For microarray and real-time reverse transcription (RT)-polymerase chain reac-
tion (PCR) analyses, the whole brain of male offspring was immediately removed at
prepubertal necropsy on PND 20 (n=4/group) and fixed with methacarn solution
for 2h at 4:C [10]. Coronal brain slices taken at —3.5 mm from the bregma were
dehydrated and embedded in paraffin. Embedded tissues were stored at 4 °C until
tissue sectioning for microdissection [19].

For microdissection, 4 and 20 wm-thick serial sections were prepared. The
4 pum-thick sections were stained with hematoxylin and eosin for confirmation
of anatomical orientation of the hippocampal substructure to aid microdissection
(Fig. 1). The 20 pm-thick sections were mounted onto PEN-foil film (Leica Microsys-
tems GmbH, Welzlar, Germany) overlaid on glass slides, dried in an incubator
overnight at 37 =C, and then stained using an LCM staining kit (Ambion, Inc., Austin,
TX). Regions of CC and bilateral cerebral white matter (external capsule) in sec-
tions, as shown in Fig. 1, were subjected to laser microbeam microdissection (Leica
Microsystems GmbH). Forty sections from each animal were used for microdissec~
tion, and microdissected samples were individually stored in 1.5 ml tubes at —80°C
until total RNA extraction.

2.4. RNA preparation, amplification and microarray analysis

Total RNA extraction from microdissected regions, quantitation of RNA yield,
and RNA amplification were performed using methods described elsewhere
[14,15,19].

For microarray analysis, second-round-amplified biotin-labeled antisense RNAs
were subjected to hybridization with a GeneChip® Rat Genome 230 2.0 Array
(Affymetrix, Inc., Santa Clara, CA).

Gene selection and normalization of expression data were performed using
GeneSpring® software 7.2 (Silicon Genetics, Redwood City, CA). Per chip normaliza-
tion was performed according to a method described elsewhere [14,15]. Genes with

Fig. 1. Overview of the cerebral hemisphere of a male rat at PND 20 stained with
hematoxylin and eosin. Magnification, 12.5x.

expression changes of at least 2-fold in magnitude compared with those of untreated
controls were selected. Common genes with altered expression in anti-thyroid agent
exposed groups were also selected.

2.5. Real-time RT-PCR

Quantitative real-time RT-PCR using an ABI Prism 7900HT (Applied Biosys-
tems Japan Ltd., Tokyo, Japan) was performed for confirmation of expression values
obtained from microarray analysis. Selected genes showed altered expression (>2-
fold, <0.5-fold) in any of the anti-thyroid agent-exposed animals as compared with
those of untreated controls. For example, vimentin, Ret, v-maf musculoaponeu-
rotic fibrosarcoma oncogene (v-Maf) and tektin 4 as up-regulated genes, and Cld11
and zinc finger homeobox 1b (Zfhx1b) as down-regulated ones. RT was performed
using first-round antisense RNAs prepared for microarray analysis. For real-time
PCR analysis, ABI Assays-on-Demand™ TagMan® probe and primer sets from
Applied Biosystems (n=4/group) were used. For quantification of expression data,
a standard curve method was applied. Expression values were normalized to glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) using TagMan® Rodent GAPDH
Control Reagents (Applied Biosystems Japan Ltd.).

2.6. Immunohistochemistry

To evaluate the immunohistochemical distribution of molecules identified by
microarray analysis, the brains of male pups obtained at PND 20 were fixed in Bouin’s
solution at room temperature overnight. Ten animals for each group were used
except for the untreated control group with six animals.

Antibodies against vimentin (mouse monoclonal antibody, 1:200; Millipore
Corporation, Billerica, MA), glial fibrillary acidic protein (GFAP, rabbit polyclonal
antibody, 1:500; Dako, Glostrup, Denmark), Ret (rabbit polyclonal antibody, 1:50;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), DCC (mouse monoclonal antibody,
1:40; Leica Microsystems GmbH), and oligodendrocyte specific protein (OSP, same
as Cld11, rabbit polyclonal antibody, 1:200; Novus Biologicals, Inc., Co., Littleton, CO)
were used for immunohistochemistry. For antigen retrieval, sections were heated in
10 mM citrate buffer in a microwave for 10 min before incubation with anti-vimentin
and -DCC antibodies. Immunodetection was carried out using a VECTASTAIN® Elite
ABCKit (Vector Laboratories Inc., Burlingame, CA) with 3,3’-diaminobenzidine/H, 0,
for the chromogen as described elsewhere [13,14]. Sections were then counter-
stained with hematoxylin and coverslipped for microscopic examination.
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Up-regulated (22-fold)

200 ppm MMI

12 ppm PTUJ

Down-regulated (<0.5-fold)
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Fig. 2. Venn diagram of genes with altered expression in microarray analysis in response to maternal exposure to anti-thyroid agents. (Left) Up-regulated genes (>2-fold).

(Right) Down-regulated genes (<0.5-fold).

2.7. Morphometry of immunolocalized cells

The number of immunoreactive cells was quantitatively measured by vimentin
and Ret expression in white matter at the cingulum of the bilateral sides using
two sections with an approximately 100 p.m interval (i.e. four images per animal;
Fig. 1), and values were normalized and expressed as those in the unit area (cm?).
GFAP-immunoreactive cells were similarly measured. For quantitative measure-
ment of each immunoreactive cellular component containing vimentin, Ret and
GFAP, digital photomicrographs at 100-fold magnification were taken using a BX51
microscope (Olympus Optical Co., Ltd., Tokyo, Japan) attached to a DP70 Digital Cam-
era System (Olympus Optical Co.), and quantitative measurements were performed
using WinROOF image analysis software 5.7 (Mitani Corp., Fukui, Japan). To evaluate
immunoreactivity of DCC and Cld11 in white matter, staining intensity was scored
as 0 (none), 1 (minimal), 2 (slight), 3 (moderate) and 4 (strong) by observation at
40-fold magnification.

2.8. Statistical analysis

Numerical data were assessed by one-way ‘analysis of variance or the
Kruskal-Wallis test following Bartlett’s test. Statistically significant differences were

analyzed by Dunnett’s multiple test for comparison with that of the untreated con-
trol group. For grading immunohistochemical findings, scores of DCC and Cld11
expression were analyzed with the Mann-Whitney's U-test between the untreated
control group and each anti-thyroid agent treated group.

3. Results
3.1. Global gene expression analysis

Fig. 2 shows the Venn diagram of genes with altered expression
in microdissected cerebral white matter in treated groups in
combination or individually in each treated group. Numerous
common genes were found to be up- or down-regulated in
two of the three treatment groups. The number of genes with
up- or down-regulation in response to 3ppm PTU was higher
compared with that of 12 ppm PTU. The number of genes with

Table 1
List of representative genes associated with brain development showing up- or down-regulation common to treatments with MMI and PTU at both 3 and 12 ppm (>2-fold,
<0.5-fold).
Accession no. Gene title Symbol MMI PTU, 3ppm PTU, 12 ppm
Up-regulated (20 genes)
NM.052803 ATPase, Cu++ transporting, alpha polypeptide AtpZa 5.02 11.39 11.09
NM.001108322 T-box 1 Thx1 4.20 4.34 231
NM.001191609 Laminin, alpha 5 Lama5 4.11 11.57 9.35
NM_031550 Cyclin-dependent kinase inhibitor 2A Cdkn2a 3.59 270 3.37
NM.001114330 Glutamate receptor, metabotropic 1 Grm1 3.45 2.92 5.89
(NM.001114330) (3.01) (2.85) (2.88)
NM.023091 gamma-Aminobutyric acid A receptor, epsilon Gabre 3.20 3.91 7.46
NM.001107692 Ephrin A4 Efna4 3.13 5.07 6.72
NM_001002805 Complement component 4a Cda 3.04 7.15 6.43
NM.019328 Nuclear receptor subfamily 4, group A, member 2 Nrda2 297 2.87 4.92
NM_.001110089 Ret proto-oncogene Ret 2.89 5.01 439
NM.053629 Follistatin-like 3 Fsti3 2.85 4.28 6.08
NM.053708 Gastrulation brain homeobox 2 Gbx2 2.82 4.73 4.09
NM.019236 Hairy and enhancer of split 2 Hes2 2.76 293 3.11
NM_001109223 Wingless-related MMTYV integration site 16 Wnt16 271 2.42 3.82
XM_001077495 Nuclear receptor co-repressor 1 Neor1 2.67 2.01 B 297
NM_001012220 Cation channel, sperm associated 2 Catsper2 2.54 6.69 4,56
NM._001024275 Ras association (RalGDS/AF-6) domain family 4 Rassf4 231 4.67 543
NM.138900 Complement component 1, s subcomponent Cls 2,12 3.31 3.88
NM.031140 Vimentin vim 2.11 6.01 4.27
NM.053555 Vesicle-associated membrane protein 5 Vamp5 2,04 2.62 341
Down-regulated (4 genes)
NM.013107 Bone morphogenetic protein 6 Bmp6 0.23 0.38 0.25
NM.053759 Sine oculis homeobox homolog 1 Six1 045 0.35 0.46
NM.019280 Gap junction membrane channel protein alpha 5 Gja5 0.46 0.16 0.28
NM.133293 GATA binding protein 3 Gata3 0.47 047 0.24

Abbreviations: MMI, 2-mercapto-1-methylimidazole; PTU, 6-propyl-2-thiouracil.
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Fig. 3. Validation of mRNA expression of genes selected from microarray data (n =4 in each group). *P<0.05, **P<0.01 vs. untreated controls.

up- or down-regulation in response to 200 ppm MMI was much
lower compared with those of both PTU groups. Four hundred and
eighty six common genes (428 up-regulated; 58 down-regulated)
were identified with altered expression between MMI and both
PTU groups (Fig. 2 and Supplementary data: Tables 1 and 2).
Among these genes, the genes associated with central nervous
system (CNS) development, cell differentiation and cell adhesion
were commonly up- or down-regulated in response to anti-
thyroid agents (Supplementary data: Tables 1 and 2). Twenty-four
genes (20 up-regulated; 4 down-regulated) were related to CNS
development involving glial cell differentiation, axon guidance,
myelination, and cellular migration (Table 1). Among them,
12 up-regulated genes and two down-regulated genes showed

PTU dose-dependent expression changes. For confirmation of
microarray data, four genes that were up-regulated and two genes
that were down-regulated in response to anti-thyroid agents were
selected for mRNA expression analysis by real-time RT-PCR. Results
are summarized in Fig. 3. All genes examined showed fluctuations
in transcript levels in any of anti-thyroid agent treatment groups,
which was similar to that of microarray data.

3.2. Immunolocalization of selected molecules in cerebral white
matter

Immunohistochemical localization of vimentin, Ret, DCC and
Cld11 was examined in the cerebral white matter. Within white
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Fig. 4. Immunohistochemical distributions of vimentin- and Ret-positive cells in the while matter tissue. (A) Vimentin-immunoreactive cells in the cingulum. Untreated
control animal (left) and MMI-treated animal (right). 200x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum
at 200x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Ret-immunoreactive cells in the cingulum. Untreated
control animal (left), MMI-treated animal (right). 200x magnification (inset: 400x magnification). Graph shows the mean number of positive cells within the cingulum at
100x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.05, **P<0.01 vs. untreated controls.

matter tissues, vimentin-immunoreactive cells were scarcely dis-
tributed in untreated control animals (Fig. 4A). After treatment with
anti-thyroid agents, the distribution of vimentin-positive cells were
mainly observed in the cingulum with a statistically significant
increase in number with MMI and 12 ppm PTU treatments (Fig. 4A).

Ret-immunoreactive cells were mainly observed in white mat-
ter tissues of untreated control animals (Fig. 4B). After treatment
with anti-thyroid agents, Ret-positive cells were mainly observed
in the cingulum with a statistically significant increase in number
with MMI and 12 ppm PTU treatments (Fig. 4B).

DCC showed diffuse immunoreactivity in white matter, indicat-
ing myelin sheaths with a statistically significant increase in the
intensity scores of animals treated with MMI and 12 ppm PTU as
compared with those of the untreated control (Fig. 5A).

Diffuse Cld11-immunoreactivity was observed in white matter,
indicating myelin sheaths (Fig. 5B). The immunoreactivity showed
a statistically significant increase in the intensity score of animals
treated with MMI as compared with that of the untreated control
(Fig. 5B).

3.3. Immunolocalization of GFAP

To investigate the cell type of vimentin-positive cells, cellular
distribution of GFAP immunoreactivity was analyzed as a marker
of astrocytes. Untreated control animals showed scattered distri-
bution of GFAP-immunoreactive cells in cerebral white matter, and
the number of GFAP-immunoreactive cells was higher compared
with that of vimentin-positive cells. GFAP-immunoreactive cells
showed a similar distribution to that of vimentin-immunoreactive
cells, with accumulated distribution in the cingulum (Fig. 6). After
treatment with anti-thyroid agents, the number of GFAP-positive

cells was significantly increased in animals treated with MMI and
12 ppm PTU.

4. Discussion

In our previous study [16], maternal exposure to MMI and PTU
induced typical hypothyroidism-related changes in the concentra-
tion of thyroid-related hormones, and variability in the distribution
of hippocampal CA1 pyramidal neurons due to neuronal mismi-
gration [16]. With regard to thyroid hormone-related changes
in functions or structures in glial cell populations, gene expres-
sion alternations have been reported in myelin-related protein
genes related to oligodendrocytes [20,21], as well as in enzymes
or cytoskeletal components related to astrocytes [22-24]. There-
fore, both oligodendrocytes and astrocytes could also be the target
of developmental hypothyroidism. We, in the above-mentioned
study [16], also observed changes in white matter structures
with hypoplasia due to impaired oligodendroglial development
as previously reported [2,9]. Using the same study samples, we,
in the present study, analyzed immunohistochemical distribu-
tion of molecules that showed fluctuations in gene expression
from microarray analysis of cerebral white matter tissue collected
using microdissection targeting oligodendrocytes and astrocytes.
This is the first report to use microarray analysis of gene expres-
sion changes induced by developmental hypothyroidism in white
matter, whereas there have been such approaches for the study
of cerebral cortex and hippocampal substructures [15,25,26]. We
found that anti-thyroid agents caused fluctuations in a number of
genes associated with CNS development involving glial cell dif-
ferentiation, axon guidance, myelination, and cellular migration
as listed in Table 1. Among them, vimentin, Ret, DCC and Cld11
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Fig. 5. Immunohistochemical distributions of DCC- and Cld11 in the while matter tissue. (A) DCC-immunoreactivity in the myelin sheath of the external capsule, internal
capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40x magnification. Graph shows the mean intensity score of immunore-
activity at 40x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls. (B) Cld11-immunoreactivity in the myelin sheath of
the external capsule, internal capsule, and fimbria of the hippocampus. Untreated control animal (left), MMI-treated animal (right). 40x magnification. Graph shows the
mean intensity score of immunoreactivity at 40x magnification (untreated controls: n=6; MMI and PTU groups: n=10). **P<0.01 vs. untreated controls.

showed immunohistochemical distribution changes in the cerebral
white matter of offspring after maternal exposure to PTU and MML

Cld11 is a four-transmembrane protein, which is primarily
expressed in oligodendrocytes of the CNS and is the third most
abundant CNS myelin protein [27-29]. Cld11 is involved in the
formation of intramembranous tight junctions within the myelin
sheath [30]. It is known that developmental hypothyroidism results
in continued reduction of oligodendrocytes in the CC region from
PND 10 [2]. In vitro study has shown that Cld11-overexpression
results in induction of oligodendrocyte proliferation [31]. This
result indicates that the overexpression of Cld11 at PND 20 is a
compensatory response to decrease numbers of oligodendrocytes.
However, mRNA levels were inconsistently decreased, suggesting

involvement of post-transcriptional events such as those regulating
mRNA stability and protein turnover.

DCC is a transmembrane receptor for netrin-1 via the fourth
fibronectin type Il domain [32]. Netrin-1 is a secreted pro-
tein, which elicits both attractive and repulsive responses in
axonal guidance, neuronal migration and oligodendroglial migra-
tion depending on the homomeric or heteromeric combination of
receptor dimers including DCC and Unc5 [33-35]. Netrin-1 signal-
ing via DCC mediates growth cone extension and myelin sheath
formation [36,37]. Therefore, increased expression of DCC in the
myelin sheath at PND 20 induced by developmental hypothy-
roidism in the present study suggests a compensatory increase in
response to suppression of myelin sheath formation [2]. However,

Cont 3 12

PTU (ppm)

Fig. 6. Immunohistochemical distributions of GFAP-positive cells in the cingulum. Untreated control animal (left), MMI-treated animal (right). 200x magnification. Graph
shows the mean number of positive cells within the cingulum at 200x magnification (untreated controls: n=6; MMI and PTU groups: n=10). *P<0.05, **P<0.01 vs. untreated

controls.
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DCC has an alternative function to drive cell death independent of
both mitochondria-dependent and death receptor/caspase-8 path-
ways [38,39]. Moreover, DCC induces cell death in the absence
of netrin-1 [40]. Because we did not find an increase in netrin-
1 transcript levels using microarray analysis, it is possible that
increased ligand-free DCC may lead to glial cell apoptosis. Progres-
sive decrease in the CC area and the number of oligodendrocytes in
this area during maturation after developmental hypothyroidism
suggests the involvement of apoptosis due to increased ligand-free
DCC [2,16].

Retis a receptor protein-tyrosine kinase of glial cell line-derived
neurotrophic factor (GDNF), a member of the transforming growth
factor-f3 family [41]. GDNF signals play a critical role in develop-
ment of the entire nervous system, kidney morphogenesis and
spermatogenesis. While the functional relevance of Ret in oligo-
dendrocytes has not been reported, this molecule is expressed
in progenitor and immature oligodendrocytes in vitro and medi-
ates cell proliferation induced by GDNF treatment [42]. Therefore,
increased expression of Ret on PND 20 proceeding developmental
hypothyroidism suggests a compensatory increase in response to
decreased numbers of oligodendrocytes [2]. However, Ret induces
cell death in the absence of its ligand similar to that of DCC [43].
Because we did not find an increase in GDNF transcript levels using
microarray analysis, a progressive decrease in the size of the CC
area and its oligodendrocyte density during maturation suggests
involvement of apoptosis due to the increase of ligand-free Ret
[2,16].

Vimentin is a member of the intermediate filament family of
proteins. In the brain, this molecule is expressed in immature astro-
cytes during development [44-46]. Reactive astrocytes that are
activated immature astrocytes during gliosis processes in response
to injuries of CNS tissue also express vimentin [47,48]. Reactive
astrocytes also express GFAP similar to that of mature astro-
cytes [47,48], suggesting that immature astrocytes can express
both of vimentin and GFAP. On the other hand, developmental
hypothyroidism leads to increase in vimentin expression in fetal
rat brains [23]. Increase of GFAP-expression was also reported after
developmental hypothyroidism in the CC region on PND 15 [49].
These results may suggest that developmental hypothyroidism
increases the immature population of astrocytes. In the present
study, vimentin-immunoreactive cells showed similar localiza-
tion to those positive for GFAP. Therefore, a larger population
of vimentin-positive cells in the cingulum induced by develop-
mental hypothyroidism was considered to consist of immature
astrocytes resembling reactive astrocytes. Interestingly, we previ-
ously reported frequent induction of subcortical band heterotopia
in the CC, manifested by the appearance of aberrant cortical tis-
sue in this anatomical area, in hypothyroid animals identical
to the present study [16]. Anatomical location of this hetero-
topic tissue was close to the cingulum accumulating immature
astrocytes, suggesting an etiological relation between the two.
Alternatively, the increased immature astrocytes may simply be
the reactive change in response to reduced oligodendrocytes due
to developmental hypothyroidism [2,16,49]. However, develop-
mental hypothyroidism may affect differentiation of neuronal
progenitor cells, thereby inhibiting differentiation into oligoden-
drocytes, and instead, facilitating astrocytic differentiation during
gliogenesis.

In conclusion, focusing on white matter development, we
found aberrant expression of molecules associated with brain
development after maternal exposure to anti-thyroid agents.
Immunohistochemically, we found increased expression of Cld11,
DCC, Ret and vimentin in white matter. Among them, vimentin and
Ret were expressed in immature astrocytes and oligodendrocytes,
respectively. Both positive cell populations were mainly distributed
in the cingulum with the largest area of white matter. Because

vimentin- and Ret-positive cells can be quantitatively evaluated,
these molecules may be useful markers of glial cells, which respond
to developmental exposure to thyroid hormone-disrupting chem-
icals.
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apsTract Cytological diagnosis is not generally conclusive enough to identify histopathological malignancy in canine mammary
tumors (CMTs). To establish cytological examination using fine needle biopsy (FNB) samples, gene expressions of hormonal recep-
tors, human-epidermal growth factor receptor 2 (HERZ2), and transcription regulators (Special AT-rich binding protein 1. SATB1
and Snail) were investigated in both tissue and FNB samples of CMTs. In tissue samples of malignant CMTs, especially invasive
ones, low expressions of hormonal receptors and high expressions of SATBI and Snail were detected. On discriminant analysis of
tissue samples, 73.2% of CMTs were correctly classified according to histopathological examinations. In FNB samples of malignant
CMTs, low expressions of hormonal receptors were detected. On discriminant analysis of FNB samples, 74.2% of CMTs were cor-
rectly classified according to histopathological examination. In conclusion, FNB gene expressions had a vtility for diagnosis of CMTs
malignancy in some degree. By researching more sensitive genes for malignant CMTs, the gene examination of FNB samples from
CMTs will become a useful diagnostic tool that can be performed easily without anesthesia and could predict tumor malignancy and

invasion prior to surgical removal.

kevworDs: canine, Fine Needle Biopsy, gene expression, mammary tumors.

doi: 10.1292/jwvms.11-0440;, J. Ver. Med. Sci. 74(6): 719-726, 2012

Canine mammary tumors (CMTs) are the most frequent
neoplasms in female dogs. Based on the histopathological
diagnosis, approximately half of CMTs is classified as ma-
lignant, and evaluation of tumor malignancy is clinically
essential to determine the type of surgery [9, 17]. Histo-
pathological diagnosis is the standard tool for determining
tumor malignancy. However, most patients undergo surgical
mammary gland removal without biopsy because general
orlocal anesthesia is necessary to obtain tissue samples. On
the other hand, fine needle biopsy (FNB) can be performed
easily without anesthesia and is widely used to diagnose
many types of tumors. However, cytological evaluation
of CMTs is generally thought to be not conclusive enough
to discriminate correctly between benign and malignant
tumors [2]. Therefore, new cytological diagnostic tools that
can be used for FNB samples are needed.

Recently, many proteins or gene expressions have been
investigated for detecting tumor malignancy of CMTs.
Lack of estrogen recepfors (ER) and progesterone recep-
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tors (PR), which normal mammary glands should express,
are well-known biomarkers associated with histologic
tumor malignancy, lymph nods involvement, and distant
metastasis [11, 14, 26]. Moreover, in a study of ER and
PR expression of 113 CMTs, lower PR expression was
significantly associated with shorter swrvival times after
surgical removal [11]. In recent years, human epidermal
growth factor receptor 2 (HERZ, c-erb-2) has been reported
to have an important role in tumor aggressiveness. Its over-
expression has been detected in 24-30% of human breast
cancers [3, 30, 32]. Anti-HERZ antibody is widely used for
HER2-oversxpressing breast cancers as an antibody drug
therapy. In the recent studies of HER2 expression of CMTs,
overexpression of this protein was detected in 17.6-35.4%
of malignant mammary tumors, and no ot faint expression
was seen in most benign mammary tumors [16, 20, 22, 25].
However, survival times and survival rates weare better in
dogs with HERZ-overexpressing malignant mammary tu-
mors than in dogs with tumors normally expressing HER2
[20].

These biomarkers, which are expected to be useful tools
not only to classify CMTs as benign or malignant tumors
but also to detect highly malignant, invasive tumors, were
mainly evaluated nsing immunohistochemical (IHC) stain-
ing techniques. To identify gene biomarkers in CMTs,
quantification of the mRNA levels of many genes, includ-
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ing hormonal receptors and HERZ, have been reportad [21,
23, 31, 34]. In these studies, mRNA was extracted from
mammary tumor tissue samples, but few reports assessed
the gene expressions of biomarkers in FNB samples.

Special AT-rich binding protein 1 (SATB1)is a matrix at-
tachment region {MAR)-binding protein and has emerged as
a key factor for gene transcription. By regulating many gene
expressions through remodeling chromatin architecture,
SATBI1 is thought to play an essential role in T cell differen-
tiation and activation [4, 24]. Furthermore, this nuclear pro-
tein has a cage-like distribution and tethers chromatin loops
to a distinct region as a genome organizer [10]. Recently,
SATB1 expression has been investigated in some tumors,
including human breast cancer [12, 18, 35]. Han et al re-
ported that high SATB1 expression level was correlated to a
high tumor malignancy and poor prognosis in human breast
cancer [18]. By reprogramming gene expression, SATBI
has been thought to make tumor cells more aggressive.
Snail, which is the zinc finger transcription factor and one of
the genes regulated by SATB1, has been described as a me-
diator of epithelial-mesenchymal transitions (EMTs) [6, 18].
EMTs are characterized by loss of cell adhesion molecules
and gain of mesenchymal markers [33]. In human breast
cancer, Snail was reported as an important key mediator of
tumor cell invasion and metastasis by induction of EMT [7,
29]. However, the roles of SATB1 and Snail in CMTs have
not been clear.

The aim of this study was to assess the utility of biomark-
ers for cytological examination to predict tumor malignancy
and invasiveness by comparison of mRNA levels of ER,
PR, HER2, S4TB1 and Snail between benign and malignant
CMTs and between non-invasive and invasive CMTs, and
to establish a new cytological gene examination vsing FNB
samples.

MATERIALS AND METHODS

Patients; Fifty-five dogs studied included 14 Miniature
Dachshunds, 6 Shih-Tzus, 4 Beagles, 3 each of Malteses,
Papillons, and Shetland Sheepdogs, 2 each of American
Cocker Spaniels, Miniature Schoauzers, Welsh Corgi Pen-
brakes, West Highland White Terriers, and Cavalier King
Charles Spaniels, 1 each of Great Pyrenees, Poodle, Chi-
huahua, Japanese Spitz, and Miniature Bull Terrier, and 7
mixed breeds. These dogs had not had any malignant tumors
before excisional biopsy except for the malignant mammary
tumors. In 15 dogs, ovariohysterectomy (OHE) had been
performed prior to the removal of CMTs. One dog with a
mammary tumor was male. The dogs’ mean age at the time
of tumor removal was 10.0 years (range, 4 to 16 years).

Samples: Fifty-six tissue samples were obtained by
excisional surgery from 55 dogs with mammary tumors.
The tissue samples under 0.03 grams were obtained from
the marginal tumor tissues of the specimens. The mean
size of the CMTs was 2.9 cm (range, 0.5 to 11 am). FNB
samples were obtained by inserting 22-G needles into the
tumors through the skin in 31 CMTs prior to tissue sample
collection. After these sampling, mammary tumors were

examined histopathologically by a veterinary pathologist
and classified according to the WHO classification [28].
Based on the histopathological examination, the CMTs were
categorized into benign or malignant, and non-invasive or
invasive. Invasive tumor was defined as fumor with infiltra-
tive growth into the surrounding normal tissues or lymph
and blood vessels. All tissue or cytological samples were
immersed with RN Alater (Applied Biosystems, Foster City,
CA, U.S.A.) overnight at 4°C or 30 min on ice, followed by
removal of the RNA Jater and storage at —80°C. '

RNA isolation and reverse transcription polymerase
chain reaction (RT-PCR). Total RNA was isolated from
mammary tumors using an RNeasy Mini kit (Qiagen,
Hilden, Germany). DNAse digestion was performed using
an RNase-Free DNase kit (Qiagen). ¢cDNA was synthesized
from 1 pg of tRNA with ReverTra Ace reverse transcriptase
{Toyobo, Osaka, Japan) and oligo dT primers (Toyobo) ac-
cording to the manufacturer’s instructions.

Quantitative RT-PCR (gRT-PCR) analysis: cDNA that
had been diluted for the amplification of the target genes
(ER, PR, HER2, SATB1, and Snail) was used for qRT-PCR
analysis. A standard curve for each gene was produced using
100- and 10-fold serial dilutions of the genes as a template
(108, 10°, 107, and 10° copies). The reaction was performed
using a Quantitect SYBR Green PCR kit (Qiagen) and an
1Q5/MyiQ Single-Color (Bio-Rad Laboratories, Hercules,
CA, U.S.A) following the manufacturer’s instructions, run
as triplicates of each sample. The copy number of each gene
expressed in CMTs was calculated from a standard curve
and normalized to that of ribosemal protein 19 (RP19).
Each primer sequence is shown in Table 1.

Statistical analysis: The Mann-Whitney U test was used
to analyze the differences in the mRNA expression levels
of target genes between benign and malignant CMTs, and
between non-invasive and invasive CMTs, with £<0.05 con-
sidered significant. The genes that had significantly different
expressions among these categories were selected for dis-
criminant analysis. Hach twmor sample was claszified into
these categories by discriminant analysis. The relationship
between tissue and FNB samples in gene expression was
analyzed by Spearman’s rank correlation coefficient. Data
analyses were carried out with Excel Toukei 2010 (SSRI,
Tokyo, Japan).

RESULTS

Histologic study. The 56 tissue samples consisted of 28
benign CMTs (2 simple adenomas, 18 complex adenormas,
8 mixed tumors) and 28 malignant CMTs (12 simple car-
cinomas, 13 complex carcinomas, 1 adenocarcinoma, 1
carcinosarcoma, 1 osteosarcoma), of the malignant CMTs,
16 showed tumor invasiveness to the swrrounding normal
tissues or lymph and blood vessels.

Gene expressions and discriminant analysis of tissue
samples: The expression level of R appeared significantly
higher in benign (median, 0.01; average, 0.03) CMTs than
in malignant {median, 0.002; average, 0.006) CMTs. The
difference in ER expression betweern non-invasive (median,





