
 
 

 
 
 

 
 

 
 

 

OECD TG426 US EPA OPPTS 870.6300 , 
, 

SGZ
, , 

SGZ

, 
, 

6-propyl-2-thiouracil: PTU 28

 
1 6 21 PTU 0 1 3

10 ppm
SGZ 21

10 ppm glial fibrillary acidic protein GFAP type-1 3 ppm
paired box 6 PAX6 type-1 type-2 doublecortin DCX

type-2b γ-aminobutyric acid
GABA 10 ppm somatostatin SST 3 ppm

reelin RELN calbindin-D-29K CALB2 parvalbumin PVALB
PAX6 CALB2 SST

77 PTU SGZ
 

2
5 PTU 0 0.1 10 mg/kg 28

SGZ 10 mg/kg DCX 10 mg/kg
RELN 0.1 10 mg/kg SST



SGZ GABA

 
3

PTU 28
4

GABA

28

Eph family gene
Robo3 GABA Reln Pvalb Calb2
Mbp Plp1 Vim Gfap Ret 28

 
4 3

3 ppm
cyclooxygenase-2 Eph receptor A4 EPHA4 10 ppm

activity-regulated cytoskeleton-associated protein ARC
77 EPHA4 ARC EPHA4

21 77 3 ppm GABA
21 10 ppm RELN CALB2

3 ppm PVALB NPY
10 ppm RELN SST 3 ppm PVALB

77
21 3 ppm myelin 

basic protein 21
1 ppm vimentin 10 ppm GFAP

1 ppm oligodendrocyte transcription factor 2 28

GABA

GABA

 

SGZ GABA



GABA

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

 SHIRAKI, Ayako 
 

 Studies on the Development of Developmental Neurotoxicity Markers 
 in the Framework of General Toxicity Study Using Anti-thyroid  
Agents 

 
 

 
Developmental neurotoxicity testing is a field that is in need of a rapid screening system because 

testing one chemical with the current guidelines, i.e., OECD Test Guideline 426 and US EPA 
Health Effects Test Guidelines OPPTS 870.6300, is time consuming and requires hundreds of 
animals to conduct one study. Therefore, more efficient screening system is necessary to be 
established. In the subgranular zone (SGZ) of the hippocampal dentate gyrus, adult neurogenesis of 
granular cells starts postnatally and continues throughout life. The process of the hippocampal 
neurogenesis consists of self-renewal of stem cells and production of progenitor cells, proliferation 
and differentiation of progenitor cells, and maturation involving neuritogenesis and synaptogenesis 
of granule cell lineages. Therefore, hippocampal neurogenesis is a possible target of many 
neurotoxicants targeting these processes by both developmental and adult-stage exposure. On the 
other hand, gene expression profiling using microarrays provides global view of tissue-specific 
changes on the mechanisms underlying diseases or toxicity following chemical exposure and also 
offers opportunity to obtain new cellular markers applicable for toxicity testing. However, there 
have been only a few studies dealing with neurotoxic changes in the adult neurogenesis employing 
global gene expression profiling tool at both developmental and adult stages.  

Thyroid hormones are crucial for both normal brain development and adult brain function. In rat 
developmental hypothyroidism model, aberrant brain growth and impairment in brain structures 
and functions involving both neuronal and glial differentiation have been reported. The present 
study was undertaken to establish an efficient system to detect developmental neurotoxicity in the 
framework of a 28-day regular toxicity study using rat hypothyroidism models. To this end, I used 
propylthiouracil (PTU), an anti-thyroid agent, to induce hypothyroidism and compared the pattern 
in the aberration in neurogenesis in the hippocampal SGZ and the gene expression profiles in 
multiple brain regions including the dentate gyrus between the developmental and adult-stage 
hypothyroidism. 

In chapter 1, I investigated the effect of developmental hypothyroidism on the hippocampal 
neurogenesis at the weaning and adult stage. Pregnant rats were given drinking water containing 
PTU at 0 (control), 1, 3, and 10 ppm from gestational day 6 until weaning on postnatal day (PND) 
21. For examination of developmental neurotoxicity, I analyzed the distribution of granule cell 
lineages in the SGZ and γ-aminobutyric acid (GABA) ergic interneurons in the hilus of the 
hippocampal dentate gyrus in offspring on PND 21 and PND 77. On PND 21, there were fewer 
glial fibrillary acidic protein (GFAP)+ type-1 stem cells, paired box 6 (PAX6)+ type-1 to type-2 
progenitor cells, and doublecortin (DCX)+ type-2b to immature granule cells in the SGZ at ≥ 3 or 
10 ppm. Regarding GABAergic interneuron subpopulations, there were more reelin (RELN)+ cells 



and calbindin-D-29K (CALB2)+ cells at ≥ 3 ppm and somatostatin (SST)+ cells at 10 ppm, and 
fewer parvalbumin (PVALB)+ cells at ≥ 3 ppm in the dentate hilus of offspring. Decrease in number 
of PAX6+ cells in the SGZ and increase in number of CALB2+ and SST+ cells were sustained until 
PND 77. These results suggested that developmental exposure to PTU induces irreversible 
impairment in hippocampal neurogenesis from the early stage of granule cell lineage. 

In chapter 2, I investigated the effect of adult-stage hypothyroidism on the hippocampal 
neurogenesis in the framework of 28-day repeated oral dosing study. For this purpose, PTU was 
orally administrated to 5-week-old male rats at 0, 0.1 and 10 mg/kg by gavage for 28 days. The 
distribution of granule cell lineages in the SGZ and GABAergic interneurons in the hilus of the 
hippocampal dentate gyrus were analyzed. As a result, there were fewer DCX+ cells in the SGZ, but 
more RELN+ and SST+ cells in the dentate hilus at 10 mg/kg. These results suggested that 
hippocampal neurogenesis is sensitive to adult-onset hypothyroidism and may be useful for 
detection of developmental neurotoxicity in the framework of 28-day repeated dosing study. 

In chapter 3, brain region-specific global gene expression profiling was performed to obtain 
target gene profile related to pathological mechanisms of developmental neurotoxicity. Brain 
samples were those obtained in chapters 1 and 2, and four brain regions were selected to cover 
cerebral and cerebellar tissues, i.e., the parietal cortex (cerebral cortex), corpus callosum, 
hippocampal dentate gyrus and cerebellar vermis. As a result, developmental PTU exposure caused 
gene expression alterations related to neuronal development, cell migration, synaptic function and 
axonogenesis in all brain regions examined. Characteristically, gene expression profiles suggestive 
of affection of ephrin signaling and glutamate transmission were obtained in multiple brain regions. 
Gene clusters suggestive of suppression of myelination and glial development were specifically 
detected in the corpus callosum and cerebral cortex. On the other hand, adult-stage PTU exposure 
caused expression alterations in genes related to neural development in the cerebral cortex and 
hippocampal dentate gyrus, and in genes related to myelination in the hippocampal dentate gyrus. 
In the corpus callosum and cerebellar vermis, only a few gene populations in these gene clusters 
showed expression changes. From these results, genes related to neuronal development involving 
Eph family genes, Robo3 and GABAergic interneuron markers, glial cell differentiation involving 
Vim, Gfap and Ret, and myelination involving Mbp and Plp1, were obtained as possible targets of 
hypothyroidism-induced developmental neurotoxicity. In addition, in the framework of 28-day 
repeated dosing study, hippocampal dentate gyrus was suggested to show high sensitivity to detect 
developmental neurotoxicity. 

In chapter 4, I searched the sensitive immunohistochemical parameters of developmental 
neurotoxicity following developmental PTU-exposure, as well as those in the 28-day toxicity study 
of adult animals. Candidate target molecules were selected from gene expression profiles obtained 
in chapter 3. Regarding molecules related to synaptic plasticity, decrease in number of 
cyclooxygenase-2+ cells and Eph receptor A4 (EPHA4)+ cells at ≥ 3 ppm and activity-regulated 
cytoskeleton-associated protein (ARC)+ cells at 10 ppm were observed in the hippocampal dentate 
gyrus of offspring on PND 21. On PND 77, number of EPHA4+ cells and ARC+ cells were 
increased at ≥ 3 ppm and 10 ppm, respectively. Number of EPHA4+ cells was also decreased in the 
cerebral cortex of offspring on PND 21 and PND 77 at ≥ 3 ppm. Regarding GABAergic 
interneuron markers in developmental exposure study, increase in number of RELN+ cells and 
CALB2+ cells at 10 ppm and decrease in number of PVALB+ cells and NPY+ cells at ≥ 3 ppm were 
observed in the cerebral cortex of offspring on PND 21. Increase in number of RELN+ cells and 
SST+ cells at 10 ppm and decrease in number of PVALB+ cells at ≥ 3 ppm were also observed in 
the cerebellum. Most of these distribution changes of GABAergic interneuron subpopulations 



observed in the cerebral cortex and cerebellum were sustained on PND 77. Regarding molecules 
related to myelination, immunoreactive intensity of myelin basic protein was decreased in the 
corpus callosum and cerebral cortex of offspring on PND 21 at ≥ 3 ppm. Regarding molecules 
related to glial cell development, immature astrocytes immunoreactive for vimentin at ≥ 1 ppm and 
GFAP at 10 ppm were increased, and oligodendrocytes immunoreactive for oligodendrocyte 
lineage transcription factor 2 at ≥ 1 ppm were decreased in the corpus callosum of offspring on 
PND 21. On the other hand, distributions of these molecules were not changed in animals 
administrated PTU at adult-stage. In summary, sensitive immunohistochemical parameters 
suggestive of aberration in synaptic plasticity, GABAergic interneuron subpopulations, 
myelinations and glial cell development were obtained by developmental PTU exposure study, 
while these parameters were not sensitive for detecting developmental neurotoxicity in adult-stage 
exposure study, except for GABAergic interneuron subpopulations in association with hippocampal 
neurogenesis. 

In the present study, results of global gene expression profiling after adult-stage PTU exposure 
study suggested the hippocampal dentate gyrus to be the most sensitive region for evaluation of 
developmental neurotoxicity in the framework of general toxicity study. In addition, 
immunohistochemistry against granule cell lineage at the SGZ and GABAergic interneuron 
markers in the hilus of hippocampal dentate gyrus were useful for evaluation of effects of 
developmental neurotoxicants on hippocampal neurogenesis after adult-stage exposure. On the 
other hand, in the developmental PTU exposure study, global gene expression profiling revealed 
candidate target molecules, which reflect affection of synaptic plasticity, myelination and glial cell 
development. Immunohistochemistry of these molecules may contribute to improve sensitivity of 
current developmental neurotoxicity testing. In addition, immunohistochemical analysis of 
GABAergic interneuron markers was suggested to be sensitive to evaluate irreversible effect of 
developmental neurotoxicants in the multiple brain regions. 

 
 


