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According to the current OECD test guidelines, developmental neurotoxicity studies are time
consuming and require large numbers of animals to evaluate the toxicity of one chemical. Thus, a novel
efficient screening system is necessary to be established. Neuron development consists of multistep
processes, including a self-renewal of stem cells, proliferation, migration and differentiation of progenitor
cells, and maturation involving neuritogenesis, synaptogenesis and myelinogenesis. Therefore, these
developmental processes may be vulnerable to various types of adult neurotoxicants. In addition, these
processes during neuronal development and those involved in neuronal survival and maintenance of mature
neuron share similar common molecular mechanisms. Therefore, adult-type neurotoxicants are likely to
induce developmental neurotoxicity. Of note, because neurogenesis in the subgranular zone (SGZ) of the
hippocampal dentate gyrus includes all stages of neuronal development, and continues throughout postnatal
life, adult-type neurotoxicants may target hippocampal neurogenesis at both developmental and adult stages.
Gene expression profiling using microarray analysis is effective method to obtain the molecular changes
associated with the mechanisms underlying toxicity development following chemical exposure. In the
present study, I focused on the myelinogenesis or myelin sheath maintenance of neurons as a target
mechanism to affect developing nervous system for the purpose to establish suitable evaluation parameters
of developmental neurotoxicity by means of immunohistochemical and gene expression analyses using rats.
Furthermore, I searched the possibility for detection of developmental neurotoxicity induced by myelin
toxicants in a framework of general toxicity study. For this purpose, I selected cuprizone (CPZ) as a
demyelinating agent in rodents, and examined the developmental exposure effect on neurogenesis in the
hippocampal dentate gyrus using rats. Then, I investigated the possibility whether affection of neurogenesis
can be detected in a framework of 28-day repeated dose toxicity study using postpubertal rats. Furthermore,
I identified target gene profile for neurotoxicity in relation with disruption of myelinogenesis or myelin
degeneration using comprehensive gene expression analysis in various brain regions, and examined
availability of obtained molecules by means of immunohistochemical analysis.

In chapter 1, I selected cuprizone (CPZ) as a demyelinating agent in rodents, and examined its
effect on developmental hippocampal neurogenesis in rat offspring using pregnant rats supplemented with 0
(controls), 0.1, or 0.4% CPZ in the diet from gestational day 6 to day 21 after delivery. As a result, 0.4%
CPZ-exposed dams showed slight white matter vacuolation in the cingulum and medial cerebellar nucleus of
the cerebellum. 0.4% CPZ-exposed dams also showed accumulation of Ibal® microglia and GFAP"
astrocytes in the hippocampal dentate hilus and medial cerebellar nucleus of the cerebellum. Although
offspring did not show white matter vacuolation in any brain region in any CPZ-exposed group on postnatal
day (PND) 21, male offspring had a decreased density of NG2" oligodendrocyte progenitor cells in the
dentate hilus and in the area of the cerebellar medulla in the presence of 0.4% CPZ on PND 21. With regard
to neurogenesis-related parameters, offspring had decreased TBR2" progenitor cells and increased TUNEL"



apoptotic cells, which was accompanied by upregulation of Caspl2 and Bc/2l1] in the SGZ and increased
reelin” interneurons in the dentate hilus at 0.4% CPZ on PND 21. In addition, 0.4% CPZ caused decrease of
p-TRKB interneurons in the dentate hilus, which was accompanied by downregulation of Bdnf'and Chrna7
in the dentate gyrus. Moreover, granule cell expressing gene products of immediate-early genes, i.e., Arc and
Fos, were decreased at this dose. All changes observed in CPZ-exposed offspring on PND 21 disappeared on
PND 77. These results suggest that developmental exposure to CPZ induces a decrease of cholinergic inputs
to granule cell lineages and interneurons in the dentate gyrus and decreases the number of type-2 progenitor
cells via endoplasmic reticulum-mediated apoptosis pathway in the SGZ. These changes might be due to
growth suppression of interneurons associated with reduction of BDNF secretion from granule cells.
Aberration of myelin function in interneurons due to insufficiency in the production of oligodendrocytes,
and subsequent impairment of nerve conduction may also be involved in the disruption of neurogenesis.
Increase in reelin-expressing interneurons may compensate against impaired granule cell migration and/or
correct positioning due to decreased immediate early gene-mediated neuronal plasticity.

In chapter 2, I investigated the possibility whether similar effect on neurogenesis in the SGZ can be
induced by CPZ exposure in a framework of 28-day toxicity study using postpubertal rats. CPZ was orally
administered to 5-week-old male rats at 0, 120 or 600 mg/kg in corn oil by gavage for 28 days. As a result,
in addition to the changes observed in the developmental exposure study of CPZ, decreases of DCX"
progenitor cells and PCNA" proliferating cells and increase SOX2" progenitor cells were observed in the
SGZ in a dose-dependent manner. In addition, 600 mg/kg CPZ increased the number of cleaved caspase-3"
apoptotic cells in the SGZ. Moreover, dose-dependent decreases of NeuN' postmitotic neurons and
CHRNAT7" neurons were observed in the dentate granule cell layer. On the other hand, CPZ-exposure did not
alter the reelin-expressing interneuron subpopulations in the dentate hilus. These results suggest detection of
aberrant hippocampal neurogenesis in a framework of repeated 28-day oral dose toxicity study of CPZ. The
effects of CPZ on neurogenesis were essentially similar to those observed with developmental exposure
study. Thus, it is suggest that developmental neurotoxicity by myelin toxicants can be detected in a
framework of general toxicity study.

In chapter 3, to capture the target gene profile for the evaluation of neurotoxicity and
developmental neurotoxicity, I performed region-specific global gene expression profiling at four brain
regions, i.e., hippocampal dentate gyrus, corpus callosum, cerebral cortex and cerebellar vermis, using rat
brain samples examined in chapter 1 and 2. Moreover, to obtain markers for developmental neurotoxicity or
adult-type neurotoxicity, immunohistochemical analysis of candidate molecules with regard to the
distribution changes in immunoreactive cell populations was performed by selection of genes based on the
obtained gene expression profiles. As a result, developmental exposure to CPZ induced expression
alterations of genes related to neurogenesis, axonogenesis, synaptic transmission and myelinogenesis in the
four brain regions. Especially, transcript downregulation of genes related to myelinogenesis were found in a
brain region-specific fashion in the cerebral cortex. On the other hand, a strong increased transcript level in
KI, which promotes oligodendrocyte progenitor cell maturation, was detected in the corpus callosum
Immunohistochemically, decreased density of CNPase™ oligodendrocytes in the cerebral cortex and
increased density of KLOTHO" oligodendrocytes in the corpus callosum were detected. These results
suggest that developmental CPZ exposure affects oligodendrocyte lineage maturation and the
Klotho-mediated protective response against CPZ toxicity is different between the cortex and medulla. In the
dentate gyrus, decreased number of GRIA1" and GRIN2A" hilar interneurons and COX2" granule cells were
detected, suggestive of suppression of the glutamatergic signals and neuronal plasticity by developmental
CPZ exposure. In the 28-day exposure study, CPZ induced expression alterations of genes related to
myelinogenesis, inflammatory reaction, immune response and apoptosis in the four brain regions.

Immunohistochemically, increases in the number of CD68" microglia and MT (I+1I)" microglia in the corpus



callosum and in the cerebellar vermis were detected. These microglial activation suggests that enhancement
of immune response associated with myelin injury by CPZ exposure. In contrast to the developmental
exposure study, 28-day exposure decreased the density of KLOTHO" oligodendrocytes in the corpus
callosum, suggestive of inhibition of KLOTHO-mediated oligodendrocyte maturation that may be
responsible mechanisms for induction of demyelination by postpubertal CPZ exposure in rats.

In conclusion, a series of studies conducted here have revealed that developmental CPZ exposure
to rats causes aberrations in neurogenesis of the hippocampal dentate gyrus, and thus adult-sensitive myelin
toxicants can exert developmental neurotoxicity. Similar to developmental exposure study, aberrations in
hippocampal neurogenesis by myelin toxicants could be detected in 28-day repeated dose toxicity study.
Moreover, target gene profiles were obtained in terms of developmental neurotoxicity and myelin toxicity
using global gene expression analysis. These results suggest that evaluation method of neurogenesis using
the hippocampal dentate gyrus in a framework of 28-day repeated dose toxicity study is effective for
detection of developmental neurotoxicity through the mechanism to inhibit myelination. It is considered that
use of target gene profiles obtained here are versatile for elucidating the mechanisms myelin toxicity and
developmental neurotoxicity mechanisms based on myelin toxicants. Furthermore, it is also judged that
obtained molecules can be used as suitable immunohistochemical markers for detection of developmental

neurotoxicity by myelin toxicants.



