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��
�� HNK-1 ��
������6�
������ ����	9/���
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Abstract

Objective :  The aim of this study is to compare the distribution patterns of HNK-1 between

the SD (Sprague- Dawley) embryos and the homozygous rat small eye (rSey) at the onset

of cranial crest cells migration.

Methodology:  Distribution patterns of HNK-1 in Day-10 wild type and homozygous rSey
were studied using immunohistochemical staining with HNK-1 antibody.  According to the

indistinguishable phenotype of the homozygous rSey at the stage we studied, the methods

to separate the homozygotes from their littermates was also performed.  The method was

detecting the Pax-6 protein by immunohistochemical staining with anti-Pax-6.

Results : The results show that in wild type embryos, HNK-1 distributed generally in the

mesenchyme along the pathway prior to the onset of cranial crest cell migration and

gradually disappeared peripherally whereas the migration progressed.  Moreover, the result

from homozygous rSey shows that HNK-1 distributed ectopically in the mesenchyme along

the migration pathway.

Discussion and Conclusions:  The distribution pattern of HNK-1 in Day-10 wild type is

spatiotemporally coincides with the migration of cranial crest cell.  HNK-1 also distributes

ectopically in the mesenchyme of the migration pathway in homozygous rSey.  Taken these

results together, it is likely that HNK-1 act as a barrier for migration of crest cells.  This

finding is supported by the in vitro study that HNK-1 has inhibitory effect on migration of

neural crest cell.

Further study:  The findings from this study that HNK-1 has inhibitory effects to neural

crest cell migration should be confirmed and the gene related to the ectopically expression

of HNK-1 in homozygous rSey should be investigated.  Unfortunately, the works had

already done and published as reported previously.  However, the colony of the mutant rat

small eye will be a source of valuable samples for studying other developmental

abnormalities such as tooth development.

Keywords: HNK-1, rat small eye, Pax-6, neural crest cell
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$)&#��*+�(������	
� ,�% ����
(��
&���$)&#�

����7�����%�6
�?3;�3'�"���#�
�$����� �:-� *��;"�-� �7���#"�- �*+�*B�"�	
��$����

*B�"�"�>���%�*�3:���,	
  %���/�����%��������#���
)���N>�*�3��� 1 ��/-%��&�	
����� 2,500

��  �%�����
)
���
��
����-� ��&�	
�������������	
��*+�:����'�:-��*�3�����A%��������N>�

������ �
%���/�����%������������7�����%�6
�?3;�3'�"���#�
�$����������-���&�	
�����'�:-��

����%A��'���������-���

���� ,���
���/�)���%�����/�-�  :-��	
�/��%-%�'����9��$���������6
�?3;�3

'�"�����)�/�����:-����A%���?�
�;�37{?9��� |>���*+�{�����	$���	
�������%���&��"�-��
)

���������������
 �:-� 
�}-�"��� 
�}-�;��� �����-�*�/�    ���"���"��
���/�~��	
��:A�%���

�-��*+����"/�	
�	$�'"�����*��;"�-� �7���#"�-��)� ���/�~��"�>��	
��-���'� �A% ��������������

*�/��%������������|��� (neural crest cell)  ��A�%�����|����
)�*+�%���*�3�%�"���'���������

branchial arch |>��/-%�����
�*+� facial primordia   �����)�;/-�3 facial primordia   �3���:A�%�

����*+�'�"���;�3�7���*��   ��A�%����:A�%�����%� facial primordia   �"�-��
),�-��������&	$�'"�

����*��;"�-� �7���#"�-�>)�

�����������|��� �*+����-��|���'�/��%-%�|>���
���?�3��7�3 �A% �
�������/������N

�*�
�
�;*��,*�*+��|���:���%A�� (differentiation) ,��"��
:��� �:-� �|���*�3��	%�/#���/� �|���

*�3��	�����������>� ��3���;�3��3���%-%��%�'�"���;�3�3#"��6
�?3���:�)� �*+�/��  ;�3

���?�3��7�3%
�%
-�� �A% �|����"�-��
)��A�%�����>)�;�������3/�%�%7
7 (migration) ,*
�����

"��
�-%�	
��3�*�
�
�;*��,*�*+��|���:���%A��    ��������������*�/��>)�������%7
7�%����

��������|���#�
��7�3���-�	
��3�����,*�*+��-���%�6
�?3;�3'�"�����)��
��
����-� �-%'"����

�������*�/�/-%���������%�'�"���;�36
�?3 	$�'"�������*�-�����?�3	
����*�/�,* �������*�/�

�
)�����>)�,��	�)�'����
	
������-������������*�/�	��7�������� �:-� Treacher Collins syndrome

;�3 Pierre Robin syndrome "�A%����������,��������	
��*+�%��/��
/-%/��%-%���3	
�%
�-'����9�

�:-� retinoic acid, alcohol |>��%���3���N>����,��������7�? �:-� 
�}-�;���'����
�%������

:����	
���-��N>�'�/%�/�����
   �����)��������'�N>���,����	$�����%���������;�3���%7
7

�%������������|��� %���3�$����,*��-��������'�����:�/��%���������������*�/��"�-���)� ;�3

%���$�,*N>����"�"�	��*�%������������������*�/��
),��

���6>�?��
)�*+����6>�?��-��"�>��	
�7
�
������N>���,����%7
7�%������������|���'�

��/��	��%� |>��'����6>�?��
)���':� "�� rat ��
7����� Sprague- Dawley ��A�%����"�,��'�*�3�	6

,	
 �%�����
)	
��$���� �A% '�"����
7������
)�
"�����
7�����/������:�/� (spontaneously

mutation) 	
���

�����-� rat small eye (rSey)   Homozygous rSey �
���?�3�%� facial cleft |>��

�*+��������*�/��"�A%�*��;"�-� ;�3�7���#"�-;/-�
�������;����-�   ���	�)��������*�/�

�%�'�"���%A��` �:-� ,�-�
/� ,�-�
���� 	$�'"� homozygote /�
	��	
��A�%��%�  ��3	
�

heterozygote ;������?�3/���&�%���*+�	
����%�:A�% rat small eye  ������6>�?��%����-��%�
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Professor Kazuhiro Eto 7��-� homozygotes �
�������*�/��%����%7
7�%������������|���

���-�	
�%7
7%%��������%��-������ ;�3�������*�/���)����������;����%�,�-�%A)%%$���
/-%

���%7
7�%��|��������-�������*�/�	
�/���|����%�  ���7����,��	$����6>�?���A)%�/�� #�
���

"�#������	
��-��3�*+����"/��%���������������*�/��%����%7
7�%������������|��� #�
�����

������6>�?������3��
/���%�#������/-��` ,��;�- fibronectin, laminin, chondroitin sulfate

proteoglycan ;�3 HNK-1 |>��#�������"�-��
)�*+�	
�	�������-��
��/-%���%7
7�%�����������

�|���  ;�3,��6>�?��*�

��	

�����3"�-��"��*�/�;�3"�����
7�����  7��-� �
����;/�/-���%�

�����3��
/���%� HNK-1 |>���*+�%��7������%��)$�/��:���"�>��   %
-��,��&/�������6>�?��
),�-

%��
A�
��,���-� HNK-1 �
������
�
���%�������%7
7�%������������|�����A�%�����3
3����

"�A% stage �%�/��%
-��	
�6>�?���)��*+��3
3	
����%7
7�%�����������,����)������;���  ;�3
��,�-

�
���	$����6>�?�N>������3��
/���%� HNK-1 ������6
�?3;�3'�"���'��3
3	
��
���%7
7�%�

�����������|������-�	
�%7
7�������%�

�%�����
)��������	$����	��%��$��-%�#�
����7�3��
)
��|��� (neural crest cell

culture) ������7�3��
)
�	
����A%����
 HNK-1 |>�����7����,��	$����6>�?���36>�?�%
�-	
� Tokyo

Medical and Dental University 7��-� HNK-1 �
;��#���'����
��
�)����%7
7�%�����������

�|������-�	
�%7
7%%��������%��-������ (midbrain) ;/-,�-�
��/-%�����������|������-�	
�

%7
7%%��������%��-��"��� (forebrain) ������*�3�����	�)�"��	
�,���$�����-���/�~���-�

HNK-1 �-��3�
�	��	'�������A�%�/���%������������|���#�
��7�3���-�	
����A�%��������%�

�-������  ;�3�������*�/��%����%7
7�%������������|���	
������>)����"�� rat small eye ��)�

%���3������A�%�������	
��
�����3��
�%� HNK-1 	
����*�/�,*

���6>�?��
)/�%����	
��3�����������/�~��	
�,�� �A% "�� HNK-1 ��
�
���%�������%7
7

�%������������|�������  '��3
3�-%����%7
7 ;�3�3"�-�����%7
7�%������������|����3/�%�

�
�����3��
/���%� HNK-1 %
�-'� pathway �%������������|��� ;�3��*;���%������3��
/��

(distribution pattern) ��)��3/�%����7����������%7
7�%������������|������-�	
�%7
7%%������

��%��-������   ;�3�����3��
/��'� homozygous rSey |>���
�������*�/��%����%7
7�%�

�����������|�����)�����3/�%��*�
�
�;*��,*   ��A�%�����3
3�-%����%7
7 ;�3�3"�-�����

%7
7�%������������|�����)�  �A% �3
3/�)�;/- presomite N>��3
3 11-12 somite �*+��3
3|>��

homozygous rSey 
��,�-�
;����������*�/�	����*�-�� (morphology)  ����>�/�%�"����
;
�

homozygote %%���� littermate |>������3,�� homozygote �3,��*�3��� 1 '� 4 ���������

�3"�-�� heterozygotes  �����)��7A�%'"��������/N�*�3����"���	
���-�����>�/�%��
����$��������/��

�$������)�/%� ���/-%,*�
)
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��/N�*�3����	
� 1

�7A�%����� colony �%�"�� rat small eye (rSey) ��A�%���� rSey �*+� mutate rat |>�����

7�#�
"�%���
)
���/��	��%��%����?�	 Yamanouchi Pharmaceutical *�3�	6�
�*�=� ;�3,�-

�����N"�,��'�*�3�	6,	
  ;�3/��%
-��	
�/�%����6>�?��
"��
�3
3 ;�3/�%�':��$�������

��3	
� homozygote �3/�
	��	
9�
"�����%�  �����)�����3,�� homozygote ��6>�?���)��
���


��

� �A% /�%�	$��������3"�-�� heterozygote ;�3/����7������������3,�� homozygote

�7

�*�3��� 1 '� 4 �	-���)�   |>��	���������
7
���
)
��-��������?�	 Yamanouchi Pharmaceutical

,���%�7-%7�����;�-7�����  heterozygous rSey '"�������� colony

��/N�*�3����	
� 2

�7A�%"����
���;
� homozygote %%���� littermate /�)�;/-�3
3 presomite 	
��
����

�	
�
�/�����  ;�3��)��*�A%���%
	
����

��/N�*�3����	
� 3

�7A�%6>�?���*;�������3��
 (distribution pattern) �%� HNK-1 '� pathway of

migration �%������������|������-�	
�%7
7%%��������%��-������ '��3
3/�)�;/-�-%�;�3

�3"�-�����%7
7�%������������|���'�"�� wild type  �7A�%;����-�'�9��3*�/� �
�����3��
/��

�%� HNK-1 '���*;��	
��-��3��
�
���%�������%7
7�%������������|���

 ��/N�*�3����	
� 4

              �7A�%6>�?���*;�������3��
 (distribution pattern) �%� HNK-1 '� pathway of

migration �%������������|������-�	
�%7
7%%��������%��-������ '��3
3/�)�;/-�-%�;�3

�3"�-�����%7
7�%������������|���'�"�� homozygous rSey �-��
����;/�/-�����"��*�/�

%
-��,�
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��.*����/��� 0�����/��� ,�% ����	����

I.  ���
�3�� colony ���#�� rat small eye (rSey)

��.*����/���

':����
����
�
7�����;�� inbred colony  #�
,��������%������3"�7-%7����� ;�3;�-7�����

%�
� 6 ��*��"� ������?�	 Yamanouchi Pharmaceutical *�3�	6�
�*�=� �$���� 12 /�� �*+��76���

;�3��

%
-���3 6 /�� #�
��/��	��/��,��������/����%�;�3,�����"����A%����%��-��*+�

pathogenic free �-%�	
��3�-���
��*�3�	6,	
 ��A�%��/��	��%���N>�*�3�	6,	
���,���$��������

�-��6������9�
'������)�  ;�3,���$�����
)
�'�"�%���
)
���/���%���3	��/;7	
6��/�� ��!���

�����"���	
���
	��	
 #�
��
)
�;
��76 ����3 2 /�� #�
���	
���
)
��
 2 :��� �A%

- �����/����	>����� 27.5 cm.x 43.5 cm.x16.5 cm. �������*+�/3;���*���
	
��&%�

��������  9�
'�'�-������%��%��*+��
)��A�%
|>���-�����}-��:A)% (����|A)%����$������/��	��%�;"-�

:�/�) (��*	
� 1)

- ���	
��*+�/3;����"�&��
N���%�%
�-����'/� ���� 35 cm.x 40 cm. x 25 cm.   ���

:����
)�3':���7�3��A�%�3	$���� mating �	-���)�  #�
�3,�-':�������%��%��7A�%'"������N/����%�

plug ,��

����3	$�����*�
�
����7��%�������%��%� ;�3����)$���*��"��3 2 ���)� %�"��	
�':���
)
�

�*+�%�"����&��$�"���"�� (����|A)%����$������/��	��%�;"-�:�/�) �$���;�-��*+�"-%��&�` *�3���

"-%�3 0.5 ��#�����;�3':��)$� distilled water 	�)�%�"��;�3�)$��3N���$���	$���� sterile ���
���

autoclave �-%��3'"�;�-"�� '��������
�
),�-,����*B���
9�
�%��>�,�-�
���������*�����%�"��

;�3�)$�	
�'"�

�$�"���7-%7�����;�3;�-7�����	
��$������*�3�	6�
�*�=���)�  "��������
)
�,���*+��3
3����

*�3��� 3 ��*��"�  (%�
�*�3��� 9 ��*��"�) 7-%7�����;�3;�-7�����	�)�"���
����;�3�)$�"���/��

����>)�#�
���
�
�
�)$�"��� 218 ����  �����	$���� mating #�
�%�7-%7�����;�3;�-7�����%
-���3 1 /��

��%
�-'������

���� /����%�"� plug '�:-���:��;�3�-�
 #�
N���
��� mate �����>)��3�"&� plug

/�����	
�N���%� ��A�%7� plug  �3	$����;
�%%�������  ;�3�3"�-��	
�/�)����9��3;
���
)
�;�-

7���������3 1 /��  #�
*�/�"���3/�)����9� 21-22 ���  "��	
�����'"�-�3,����������
)
������;�-�*+�

���� 4-5 ��*��"�  �����)��3	$����"
-��� ;
��76 ;�3;
����?�3/�������%�/�  "��	
�,��

7���������*+� heterozygote �3�
����/���&���-�"��	
��
7���������*+� wild type (��*	
� 2)  ���"��

�76�����%
�3 90 ,�-�-��3�
���?�3%
-��,��3N���$���� #�
':����
��
�'"����;���/�����
���	$�

cervical dislocation  	
��"�A%��%
�3 5 	
��
/���&��3��
)
�,���*+�7-%7�����   �-���76��

	
��
���?�3

/���&��3N����
)
���#�
*�3�����%
�3 25 �*+�;�-7�����  ;�3��%
�3 75 ':��$�"�����&�/��%
-��
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��$�*+ 1 ��: "�%���
)
���/��	��%� ;�3 ����: 9�
'����
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0�����/���

���7-%7�����;�3;�-7����� heterzygous rSey %
-���3 6 /��  �����N����� colony �%�

rat small eye '��3
3����/�)�;/-�����	$�����
�
7�����"�� rat small eye (rSey) ��N>�*B������

�����N�
�
7�����,���*+����
  �����N��&�/��%
-��,��/���$����	
�/�%����  #�
 new born 	
�,��


�������?�3 phenotype /��	
�,���
��
����� ��-���A% ,�-�
/� ,�-�
���� ;�3�
 facial cleft (��*	
�

3) |>������������	
��-���%� maxillary process ,�-�:A�%���� frontonasal process #�
�:A�%�-��


���"/���������	
� midbrain neural crest cell ���-�"�>��N������,�-'"�%7
7����,*
�� frontonasal

process

��$�*+ 2  ���?�3/� !3�� : wild type adult   ��� : heterozygous adult

��$�*+ 3 A: ���?�3	������"����%� wild type newborn B: ����"����%� homozygote ;�3 C:
���������%� homozygous newborn |>��,�-�
	�)�/� ;�3 ���� ���	�)��
 bilateral facial cleft |>������

������,�- fuse ����%� maxillary processes ;�3 frontonasal prominence
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����	����

��A�%������3�
)�$���������3�����������
;"-�:�/�,�����/�)���3�������;"-�:�/��7A�%

7���������
)
�;�3':���/���7A�%�������
 ���	��%� ������/:
���/N� ;�3����%��>)�  |>��"�%���
)
�

��/��	��%��%���3	��/;7	
6��/�� ��!��������"���	
���
,��������/����

�
����	�)��$�;�3

�$������3/����

�
�  |>�����,��*���*���/���$�;�3�$��	-�	
��3	$�,�� ��A�%�����
��%�$���������%	
�

	$�'"�,�-�����N	$�/���$�;�3�$�,�� �:-� ��A�%��N��	
� ;�3 ��*�3���

�����
)
���/��	��%�	
��*+� colony 7��6?|>���*+� consanguineous strain �:-� rat small

eye �
) �
��%7��6?	
�/�%��$��>�N>�  �A% ��� mating |>�� consanguineous mating 	
�	$�����
	�)�"�� 3

���
 �A%

1. Parallel line system �A% mating ����3"�-��7
���%� '"��$����� generation /-%,*|>���3

	$���� mate �3"�-��7
���%�%
� ;�3'"��$����� generation /-%,*��A�%
`  ���
����
)����


7-%7�����;�3;�-7�����%
-����%
 5 ��-

2. Single-line system �A% mating ����3"�-��7
���%� '"��$����� generation /-%,* ;�3

��A%���������� mate ���7-% "�A% ;�- '"��$����� generation /-%,*��A�%
`

3. Mixed system �*+����
	
����':� ;�3�*+����
	
���
�':�������	
���� �A% mating ���	�)�9�


'� generation ��

���� ;�3���� generation  �����A%� male ;�3 female ':����
���

��-�

��A�% maintain colony ,*,���3
3"�>������
���/����%���
7�����  ���
	
�;�-�%�	
���� �A%

���/����%� sequence �%� mutate Pax-6 gene  ;/-���,�-,��':����
�
) ��A�%����,�-�
��*�3���

�>�':����/����%� phenotype �%� homozygous newborn ;�3 ;
��%� heterozygote |>���


���?�3 small eye ��-�:���	-���)��*+� 7-%7����� ;�3 ;�-7�����
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II.  ���,�� homozygous rSey ���	�� littermate �/�,��	�� genotype

��.*����/���

�3��

����
����
	
����%�A% ������� genomic DNA %%������ "�A%�-���%�/��%-%�	
�,�-':�

'����	��%�  ;����$� genomic DNA ��)���/����%� Pax-6 gene mutation #�
���


Polymerase chain reaction (PCR)  |>����)�/%�����$���������
/-%,*�
)

1. %%�;�� primer   #�
,���$��������%%�;�� ;�3����	$� primer 2 :�� �*+�:��	
��$��7�3

/-%�-��	
��
 mutation �%� Pax-6 gene :��"�>��  ;�3 primer 	
��$��7�3/-%�-����

����;/-,�-�


mutation %
�:��"�>��  #�
 sequence �%� primer 	
�%%�;�� �A%

:��	
� 1

CCG GCA GAA GAT CGT AGA GCT  �*+� sense primer

TCC CTG TCC TTC CTG TTG CTG �*+� antisense primer

:��	
� 2

CAT CTT TGC TTG  GGA AAT CCG �*+� sense primer

CTT GCG TGG GTT GCC CTG GTA �*+� antisense primer

#�
 primer :��;�� %
�-'�:-�� basepair 	
� 455 - 932 �%� Pax-6 gene ��A�%	$� PCR ;���

'"� PCR product  477 basepairs  #�
�-���%� mutation �%� rat small eye (rSey) �*+� single

base insertion %
�-	
�/$�;"�-�	
�  480   �-�� primer :��	
� 2 %
�-	
�/$�;"�-� 668 - 903  '"� PCR

product  235 basepairs  �*+�/$�;"�-�	
�,�-�
 mutation ;�3�
����
��7%�"��3	
��3	$�

sequencing �7A�%/����%�

2. "� optimal condition �$�"��� PCR  #�
':� genomic DNA 	
�	$����������� cell line

#�
���
��

�������
	
�����3	$�;�3,����������	��%�%A��;����-������N	$� PCR ,�����
�*+�/��

%
-��'����"� condition |>��,��	$���� vary concentration �%� PCR buffer, MgCl2 Solution ;�3

genomic DNA    |>�� condition 	
���A%�':� �A%

PCR mixture (/-% 1 reaction 50 μl) *�3�%����


10 x PCR buffer 5 μl

25 mM  MgCl2 Solution 5 μl

10 mM dNTP 4 μl

Primer up stream (10 pM/μl) 2 μl

Primer down stream (10 pM/μl) 2 μl

Taq polymerase enzyme         0.25 μl

genomicDNA (10 μg/ml) 1 μl

H2O to make 50 μl        30.75 μl
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#�
����-��*�3�%�%A��	�)�"��
����� genomic DNA 	
�����,���-%��*+� master mixture

;��� �>�;�-�;/-�3"�%�;�3�/�� genomic DNA /-%,*  �$�"��� primer ':�:��	
�1 |>���3,�� PCR

product 477 basepairs �����)��������A�%� thermocycler #�
/�)�%��"9���;�3��������
)

Pre-heat     95 ° c 10 min. 1  cycle

PCR-cycle 95 ° c 10 sec.

54.5 ° c 30 sec. 30  cycles

72 ° c 1 min.

Post-heat 72 ° c 10 min. 1  cycle

Stop 4 ° c

�����)��$� PCR product ��	$� electrophoresis �� 2% agarose gel �����)�
�%����


ethidium bromide ;�3�����
���A�%��$�����;��%��/���,�#%��&/

3. ���� genomic DNA �����;�3:�)��-���%�/��%-%�	
�	���;�-:���-� �
 genotype �*+�

wild type #�
':� /��%-%��%�"�� SD '��3
3��

����	
����/�%����	��%� �A% Day 10  ;�3 /��

%
-��	
��
 genotype �*+� homozygotes ':�/��%-%�	
�;������?�3���*�/�;����A% Day 15  |>���"&�

�������*�/�,��%
-����-�:��  �$��%�/��%-%��-��	
�,�-':����	�)��-��	
��*+��������� DNA ���


DNAzol /�����
���	
�;�3�$�#�
���?�	�����
  �$� DNA 	
�����,�����3��
'"�,������������� 10 μ

g/ml �����)��$���	$� Polymerase chain reaction �7A�%/���"� Pax-6 gene mutation  #�
':�

genomic DNA �*+� control �$�"����3��;�3 GAPDH (Glyceraldehyde 3-phosphate

dehydrogenase) |>���*+� enzyme 	
��
�3�����	
��*+� internal control  "����)�/%��
),�����
�>��3

��������� DNA ����� ;�3/��%-%�	
�,���������������3"�-��  heterozygous rSey '��3
3	
����

/�%����6>�?� (Day 10)  ;�3	$� Polymerase chain reaction �7A�%/���"� genotype

0�����/���

���"� optimal condition �$�"������	$� PCR

���"� optimal condition �$�"������	$� PCR �7A�%�*+����/����%��-�  primer 	
�%%�

;�����
)�
�����"��3��#�
��A�%':�/��%
-��	
��*+� genomic DNA 	
���������� cell line ;�3,��':�

'����	$� PCR ,�����
��;��� 7��-������N,�� PCR product 	
�/�%����,��#�
,��	�)� GAPDH

;�3 Pax-6 (lane 	
� 1 ;�3 7 '���*	
� 4)
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���/����%�/��%
-��#�
������� DNA ;�3 PCR

������� DNA �����;�3:�)��-���%�/��%-%�	
�	���;�-:���-� �
 genotype �*+� wild type

"�A%�*+� homozygotes #�
':� condition 	
�"�,�� ;�3':�,7�����%�� /-% GAPDH �*+�/��������

9�
'�  *�����-�,�������	��%����;���'���*	
� 4 (lane 	
� 2, 3, 4, 5, 8, 9, 10,11) 
��,�-

�����N,���� PCR ���/��%
-��	
����	$�������� DNA  ��3	
�/��%
-��	
��*+�/���������3��,��

��	�)� GAPDH  ;�3 Pax-6 '� lane 	
� 1 ;�3 7 /���$����  |>����������	��%��
);����-���)�

/%�	
�/�%�;��,� �A% ��)�/%��%�������� DNA

         1       2      3     4      5                          6      7       8      9    10   11

                   <------- GAPDH -------->             marker <-------  PAX-6 ----------->

Lane 1 Control DNA ��� cell line

Lane 2 - 5  DNA ������� sample 3 /��%
-��

Lane 6   marker

Lane 7 Control DNA ��� cell line

Lane 8 – 11 DNA ������� sample 3 /��%
-��

��$�*+ 4   electrophoresis �%� PCR product
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����	����

'����6>�?��
),�-*�3�����$���&�/����/N�*�3����	
�/�)�,��  �A% ,�-�����N"�����;/�/-��

�%� genotype #�
���
��� PCR ,��   |>�����6>�?��
),��7
�
�����;��;�3	$����6>�?�/����)�

/%����	
�,����
����� �A% "������%%�;�� primer ;��� ,��	$����	��%��-� primer �
)':�,����

����#�
':�/��%
-�� DNA 	
�����#�
���
��

������� cell line	
���
	$� PCR ,�����
��;����*+�/��

	��%�  7��%�	�)�
���*+����"� optimal condition ���
   %
-��,��&/����A�%	$�������� DNA 7�

�-������N����-� Optical Density (O.D.) #�
����
����A���$�"������ DNA ,��  ;/-��A�%�$���	$�

PCR ;�������,�-,����  #�
,��	$��������'"�- 3 ���)� ;�3 vary ������������%� DNA  7��-��&


����,�-,���� #�
	�����)�,��':� /��%
-�� DNA 	
�������� cell line �*+�/���������$�"����3��

�7A�%'"�;�-'�,�-�
�������7�����3	$�	��%� �:-� ��� PCR mixture ,�-N��/�%�  "�A%��������

���7���'���)�/%��%�����*�
�
�%��"9����%�;/-�3�%��%� PCR cycle   �����	
�;����>����*

�-�  �������7����-��3�������������� DNA

���6>�?��
),�-,��	$����	��%�'��-���
)/-% ��A�%�����-���
),�-,���*+���/N�*�3����"��� �*+�

�7

����6>�?��7A�%'"�,�����
	
��3;
� homozygotes %%���� littermates |>���%�������
�
)���
��,��

���%%
����
"�>�� �A% ���/���"� Pax-6 #*�/
�|>���3��-��'���
�3�%

�'��	/-%,*  #�
7��-����


���"�#*�/
��
)�*+����
	
��
*�3��	��9�7 �����&� ;�3*�3"
�� �>���A%�':����
��������-��'����;
�

homozygote ;�37�����6>�?�'��-���
)��A�%����������
����;7���� ;�3�
��*�3���,�-�7

�7%

	
��36>�?�/-%

%
-��,��&/��"���
��*�3���
����/�)�'�	
��3	$����6>�?�/-%'��-���
)  ��A�%����#�


�����*+�����;����-%������*+����
��'����	
��3 detect one-base insertion mutation %%����

gene *�/�,��#�
':����
 PCR  "�����
�
)�$���&� �3�*+�*�3#
:��%
-����� ��A�%���� mutation '�

rSey ��)�����'��3��� translation ,�-':-�3��� transcription 	$�'"����
��� detect mutation '��3���

mRNA �:-� in situ hybridization ,�-�����N	$�,��

;�����6>�?�'��-���
)/-% ������������*�
�
����
������� DNA #�
%��':� DNA

extraction kit  ;�3	$� PCR  ��,��;N��%� GAPDH ;�3 Pax-6 '�/��%
-��	
��*+� wild type ���

��)��-� sequencing �7A�%
A�
�����3���"�>���-%�  �����)��>�	$�'�/��%
-��	
����;�-:���-��*+�

homozygote ;�3 heterozygote   ��A�%,�����
;����>��-%
':�'����	��%�/��%
-��	
�,�-��� genotype

/-%,*
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III.  ���,�� homozygous rSey ���	�� littermate �/�������	#��$��*� Pax-6

�3��

����
	
����% �A%  ':����
 Immunohistochemical technique ;�3���
;���*������
�#�


':� �	���� Avidin-Biotin Complex ;�3 DAB reaction (Sigma) #�
':� polyclonal antibody /-%

Pax-6 #*�/
� (BAbCO) |>���*+� antibody 	
��$��7�3/-% Pax-6 #*�/
� ������ C terminus |>��

mutation �%� rat small eye 	$�'"�#*�/
��������
)���"�
,*��A�%���� mutation 	$�'"�����

abnormal stop codon  ;�3,�� Pax-6 #*�/
�	
�,�-�
�-�� C terminus 	$�'"������N;
�

homozygote %%���� littermate ,��

����$��������	
�	$�,*�A%,���$��������"� optimal condition #�
':����
���/�� reference

����
)

1. 	$������&�/��%
-��  ,��	$������&�/��%
-��"��
�3
3	�)�'� SD wild type |>���������

�$������/��	��%�;"-�:�/� ;�3 rat small eye �7A�%':��*+�/��%
-��/-����/N�*�3���� �A%

Day 10 embryos 	�)�"������������3"�-�� rSey �*+�/��%
-��	
�':�6>�?�

Day 12 SD wild type  ':��*+� positive control

Day 12 Homozygous rSey �*+� control ��A�%�����*+��3
3	
�;
� homozygote

,��#�
 morphology �*+�/��%
-��	
�':�'����"� optimal condition  ;�3�*+����
A�
��

specificity �%� antibody

2. �$�������)�/%�'�����/�

�/��%
-���$�"���/�� section  #�
,���$���������/�

�/��

%
-���$�"���	�)� paraffin section ;�3 cryo-section  ��A�%���� paraffin section '"����

9�7�%� section 	
��
��-�   ��3	
� cryo-section �3 preserve #*�/
�,���
��-���A�%����,�-

/�%��-��������%�

3. 	$����/�� section

4. �$�������)�/%�'���������%������	
� embeded section %%�

'���)�/%�	
� 2-4 �
���
���	
�;/�/-����� ���,��;���'�/����	
� 1

5. �$���� internal oxidation #�
���;:- section '� 0.3% H2O2 '� Methanol

 6.   Block non-specific reaction ���
 2% Horse serum in PBS

7.  Incubate primary antibody (anti Pax-6) 1:1,000  in 2% Horse serum in PBS  '�

moist chamber 	
�%��"9��� 4 %�6��|��|

� overnight

8. Incubate secondary antibody �A% biotinylated anti-rabbit IgG (1:200 ) 1 :���#��	
�

%��"9���"�%�

9. DAB reaction ;�3"
��*������
�'� PBS

10.  Counter stain ���
 Methyl green

11.  Mount slide ���
 cover glass
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������*+ 1 ��)�/%�'�����/�

� Paraffin section ;�3 Cryo-section 	
�	$�'��������
�
)

��)�/%�����$�������� �$�"��� Paraffin section �$�"��� Cryo-section

fixation  /�%�	$� %��	$�"�A%,�-	$�

:����%� fixative 4% paraformadehyde 4% paraformadehyde

�3
3����  fixation 2-6 :���#��;���;/-�����%�

/��%-%�

2-6 :���#��;���;/-�����%�

/��%-%�

Dehydration 	$�#�
':� series of

Ethanol

,�-	$� ':����;:-'� sucrose

10%, 20% ;�3 30% �7A�%

��������� ice crystal

Clearing ':�   Xylene Soak in OCT compound

Embedding materials Paraplast OCT compound

Sectioning /�����
 microtome 	
�����

"�� 7 ,���%�

/�����
 cryostat 	
�����

"�� 12-15 ,���%�

������� embedding

materials

':�   Xylene /�����


series of Ethanol ;�3

PBS

PBS

Boiling 	$�'����
	
�':� Pax-6

antibody

,�-	$�

0�����/���

��*�-�����?�3 (morphology)  �%�/��%-%� wild type �3
3 Day 12 �3�
����;/�/-��

%
-����-�:�����;���'���*	
� 5 /��%-%�'��3
3�
) ������
�������� lens, retina ;�3 olfactory

epithelium #�
�����������"��/���%� epithelium ������	
��3�����,*�*+�/�;�3���� ��

��-�

lens ;�3 nasal (olfactory) placode  ;�3�
��� invagination �%� neural tube ��

��-� optic

vesicle /-%�� lens placode ;�3 optic vesicle �37�����*+� lens ;�3 retina �-�� nasal placode

�3����� invaginate ;�3"��/���>)��*+� Olfactory epithelium (��*	
� 5A)  ��3	
� homozygous rSey

,�-�
�����	�)� lens, retina ;�3 olfactory epithelium  �%�����
)�-�� neural tube 
�����*+� optic

vesicle |>���
��*�-��	
����*�/� (��*	
� 5B)

 ������/���"� Pax-6 #*�/
�'� SD wild type �3
3 Day-12  /���7� Pax-6 #*�/
�,��

	
�/$�;"�-� neural tube ������	
�/����� retina,  lens, retina ;�3	
� olfactory epithelium (������	
�

/���
�$���*	
� 5A)  ��3	
����,�-�����N7� Pax-6 #*�/
�'� homozygous rSey ��
 (��*	
� 5B)
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��$�*+ 5  �����/���"� Pax-6 #*�/
�'�/��%-%��3
3 Day-12 A: wild type B: homozygous

rSey  (L= Lens; R = Retina; Olf = Olfactory epithelium; OV = Optic Vesicle)

'� SD wild type �3
3 Day 10  7��-� pax-6 #*�/
� *����%
�-	
� neural tube �-��	
�

�$�����3�����,*�*+� optic vesicle �:-����  '��-���%����	��%�/���"� #*�/
� Pax-6 �7A�%;
�

homozygous rSey %%���� littermate ��)��3��-��N>���
�3�%

�9�
"���'��	���6>�?����

��3��
/���%� HNK-1 '� day 10 homozygous rSey

����	����

���6>�?�'��-���
)�*+����6>�?��7A�%�3;
� homozygous rSey %%���� littermate  #�


���/���"� Pax-6 #*�/
�#�
':� antibody |>��/���"� C-terminal domain �%� Pax-6 #*�/
�

|>�� mutation 	
������>)���� rSey �A% �
 one base insertion '� Pax-6 gene |>�������N transcribe

,��  ;/-��3	
�������� translation ���� abnormal stop codon ���&�A% ,�� pax-6 #*�/
�	
�����-��

C-terminal ,*  |>����������	��%�'�/��%-%��3
3 Day-12 ;���'"��"&��-�':�'����;
��3"�-��

wild type ;�3 homozygote ,�����


%
-��,��&/�� ����3�3�� homozygous rSey �3
3 Day-10 %%���� littermate #�
����

���/���"� Pax-6 #*�/
�	
� negative ��)��*+���A�%�	
��3/�%��3���%
-�����,�-'"��
������� false

negative �>)�  �����)����%%�;�����	��%�'����/����%�/��%-%�	
������������������3"�-��

heterozygous rSey �3
3 Day-10 ;/-�3���)��>�/�%��
/��������"��
`/���7A�%,�-'"��������;*���

	
����7���
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IV.  �������������%	���
���� HNK-1 "� wild type

��.*����/���

�3��

����
	
����% �A%  ':����
 Immunohistochemical technique ;�3���
;���*������
�#�


':� �	���� Avidin-Biotin Complex ;�3 DAB reaction #�
':� CD57  (LeuTM-7 �%� Becton-

Dickinson) |>���*+� monoclonal antibody /-% HNK-1 carbohydrate epitope �*+� primary

antibody ;�3 Biotinylated antimouse IgM  �*+� secondary antibody

#�
���
���	$��*+�����
)

1. 	$������&�/��%
-��  ,��	$������&�/��%
-���3
3/-��`�%� Day 10 wild type

2. �$�������)�/%�'�����/�

�/��%
-���$�"���/��	�)�;�� paraffin ;�3 cryo-section #�


����$���������/�

�/��%
-���$�"��� paraffin section  ��A�%���� paraffin section '"�

���9�7�%� section 	
��
��-�

3. 	$����/�� section

4. �$�������)�/%�'���������%������	
� embeded section %%�

5. �$���� internal oxidation #�
���;:- section '� 0.3% H2O2 '� Methanol

6. Block non-specific reaction ���
 2% Horse serum in PBS (Phosphate buffer

saline)

7. Incubate HNK-1 antibody 1:50  in 2% Horse serum in PBS  '� moist chamber 	
�

%��"9��� 4 %�6��|��|

� overnight �������
 PBS �*+����� 5 ��	
 3 ���)�

8. Incubate secondary antibody 1:200 in 2% Horse serum in PBS  '� moist

chamber 1 :���#��	
� %��"9���"�%�  �������
 PBS 5 ��	
 3 ���)�

9. DAB reaction ;�3"
��*������
�'� PBS

10.  Counter stain ���
 Methyl green

11.  Mount slide ���
 coverglass

���6>�?��
)�
��/N�*�3����	
��3;���N>���*;�������3��
/���%� HNK-1 � :-������	
��


���%7
7�%� cranial neural crest cell #�
��7�3���-� midbrain ������6>�?�	
��-����7��-�

midbrain crest cell �3�����%7
7'��3
3	
�/��%-%��
 somite 5-6  ;�3��)�������%7
7'��3
3	
��


somite 11-12  |>��/��%-%��3':�����*�3��� 1.5 :���#��'����7���� 1 somite �����)� �>�/�%���&�

/��%
-��'��3
3����/-��`����7A�%'"�,��/��%
-��/�)�;/-�3
3�-%����%7
7/����&���%
 �A%�3
3�-%�

�
 somite ��&���%
 (presomite) ��N>� �3
3	
��
 somite 4 somite (���������6�|��������%7
7��A�%�


5 somite) |>������3	$����6>�?���*;�������3��
/���%� HNK-1 #�
;�-� stage �%�/��%-%�	
�

6>�?�#�
���/��%-%�	
��
��*�-��'�����

��������������
���  ;�3��

��3
3/-��`	
�6>�?����/-%,*�
)

�A%
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presomite "��
N>� /��%-%�	
��$�������������� somite "�A% �
 1 - 2 somite

so: 3-4 "��
N>� /��%-%�	
��
 3 - 4 somite

so: 5-6 "��
N>� /��%-%�	
��
 5 - 6 somite

so: 7-8 "��
N>� /��%-%�	
��
 7 - 8 somite

so: 9-10 "��
N>� /��%-%�	
��
 9 - 10 somite

so: 11-12 "��
N>� /��%-%�	
��
 11 -12 somite

0�����/���

�����	��%�7��-� ��������N/���7� HNK-1 ,��	�)�'� paraffin section ;�3 cryo-

section #�
��*	
� 6 ;������%����6>�?������3��
/���%� HNK-1 '� paraffin section (��)

;�3 cryo-section (�-��) |>�� section 	�)� 2 ;��'"��� positive 	
�������/�������%�

mesenchyme �%�/��%-%�  #�
	
� epithelium ;�3 mesenchyme ���������������*+� negative

�"�A%����   cryo-section ,��*������
�	
���-�:����-�  ;/-���9�7�%� section �%� cryo-section '�

;�-����� morphology �%�/��%-%���)���%
��-� paraffin section

��$�*+ 6   �*�

��	

������6>�?� HNK-1 '�/��%-%��3
3 somite 5-6 �� : paraffin section

(coronal section) ���� : cryo-section (horizontal section)
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��*;�������3��
/���%� HNK-1 '�/��%-%��3
3�-%����%7
7�%� midbrain crest cell

��������6>�?�/�)�;/-�3
3	
�/��%-%��$�������������� somite "�A%�
 somite 1-2  |>�����?�3�%�

/��%-%��3
3�
)�*+� early headfold   �-���%��3��*�3��	
���
���?�3�*+� neural fold �A%�
���

"��/���%� epithelium '�;������ �����%�/��%-%�'�;�� antero-posterior *�3��� 3-4

�������/� ������6>�?�7��-� HNK-1 ��3��
%
�-	���,*'� mesenchyme �%�/��%-%�/�)�;/-'/�/-%

epithelium ��N>�'�����|>������3��

��-� mesenchymal core (��*	
� 7A)

�3
3 somite 3-4 ��*�-���%�/��%-%�
�����*+� head fold �"�A%�'��3
3 presomite ;/-�


somite 3-4 ��- ;�3�
����'"�-�>)��*+� 4-5 �������/�  7��-������3��
/���%� HNK-1 ������

mesenchyme 	
�%
�-�������%�` �����"�
,* ���"�A%	
� mesenchymal core (��*	
� 7B  )

��*;�������3��
/���%� HNK-1 '�/��%-%��3
3	
����%7
7�%� midbrain crest cell

:-���
)���6>�?�#�
;
�/��%-%��*+� 4 �3
3 �A% /�)�;/-�3
3 somite 5-6 N>��3
3 somite

11-12 |>����*�-���%�/��%-%�;�3��*;�������3��
/���%� HNK-1 �*�
�
�;*��,* ����
)

�3
3 somite 5-6 �3��*�3��	�%�/��%-%��
���
�/���������>)� /��%-%��
 somite 5-6 ��-

;�3�
����'"�-�>)��*+� 7-8 �������/�  7��-������3��
/���%� HNK-1 ������ mesenchyme 	
�

%
�-�������%�` �����"�
,* ���"�A%	
� mesenchymal core (��*	
� 7C)

��$�*+ 7  �����3��
/���%� HNK-1 '�/��%-%� wild type �3
3/-��` A: presomite; B: somite 3-4;

C: somite 5-6; D: somite 7-8; E: somite 9-10; F: somite 11-12
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�3
3 somite 7-8 /��%-%��3�
 neural plate 
�����>)� *��
`�3
3������
������/��7��%�	
�

�3����/�� 7��-������3��
/���%� HNK-1 	
� ������ mesenchymal core �
�%���/;�������

/��%-%��3
3�-%� (��*	
� 7D)

�3
3 somite 9-10 /��%-%�%
�-'��3
3����/�� (�3�"&�/��%-%�����/������>)�%
-���"&�,��

:��)  �-�� neural tube ������
���"�$�/���7A�%7�����*+��-�� optic vesicle   7��-������3��
/��

"�
,* ���"�A%	
� mesenchymal core ��&���%
 (��*	
� 7E )

�3
3 somite 11-12  ������������ fusion �%� neural tube �"&� invagination �%� neural

tube %
-����-�:��   '��3
3�
)7��-������3��
/���%� HNK-1 "�
,*"�� (��*	
� 7F )

����	����

���6>�?��
)�*+����6>�?���*;�������3��
/���%� HNK-1 '�/��%-%��3
3/-��`|>���


������&���� ;�37����;/�/-������7

�*�3��� 1.5 - 3 :���#�� �������$���� somite '"�,��

N��/�%�;�-�
$���)��-%�����	$�,��
��;���-��3���9�
'/����%����	��6�� �����)��>��$��*+�/�%�����*�-��

�%�/��%-%�*�3�%���������� somite �7A�%'"�����$�"�� stage �	
�
�/���>)�  ;���-� cryo-section

�3;������%�*������
���-�:����-� paraffin section  ;/-���9�7�%� section '�;�-�����

morphology �%�/��%-%�|>���*+��-���$����'�����%� stage �%�/��%-%���)� cryo-section ��%
��-�

paraffin section ���  �����)�'����6>�?��
)�>��/�

� section �*+� paraffin section �*+��-��'"�-

�����	��%�;����-� HNK-1 �
��*;�������3��
'� mesenchyme 	
��%����%�������

%7
7�%������������|���  ��-���A% 7� HNK-1 *����%
�-	���,*'��3
3�-%�	
� neural crest cell

�3�����%7
7 ;�3'��3
3 somite 3-4 �-%�	
������������|��������%7
7��&���%
 HNK-1 �3�-%
`

�����"�
,*��� mesenchyme ������'/�/-% epithelium ;/-�3���"�A%*����%
�-'� mesenchymal

core ;�3 ��A�%�����������|��������%7
7��*3*�%
�-'� mesenchyme �������%�` 7��-� HNK-1

"�
,*��� mesenchyme ����>)�  ;�3"�
,*����>)���A�%
`��A�%/��%-%�7�����>)� ��N>��3
3

somite 11-12  ,�-*���� HNK-1 '� mesenchyme ��


�����*;�������3��
/���
) 	$�'"������N7���������/�~��	
�/�)�,��'��	�$�,�� �A% HNK-1

�
�����3��
/���%�%
�-'� pathway �%������������|��� ;�3��*;���%������3��
/����)����7����

������%7
7�%������������|������-�	
�%7
7%%��������%��-������ �����*;�������3��


/���
)	$�'"������N/�)�����/�~��N>��	��	�%� HNK-1 /-%�����������|���,�� 2 	�� �A%  ���/�

~��;��  HNK-1 *�����>)��7A�%�"�
�
��$�'"������������|����������%7
7  ;�3 ���/�~��	
��%�

�A% HNK-1 	$�"���	
��*+�/������������%7
7�%������������|���   |>����������	��%��7

�

�	-��
)���,�-�����N�3��,���-��*+�,*/�����/�~��'�  �>�	$�'"��������6>�?�'������3��
/���%�

HNK-1 '� homozygous rSey �>)�

������6>�?��%� Matsuo et al 7��-� anterior midbrain crest cell �%� homozygous

rSey ���-�	
������%7
7�-%� (�����%7
7/�)�;/- somite 5) ,�-�����N%7
7,*
�����"��
������
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frontonasal process ,��  ;�3��A�%,��	��%��%� midbrain crest cell ���/��%-%�*�/�,*�
�'"�

homozygous rSey �&
��,�-�����N,*N>����"��
,��  '���3	
�/��%-%�*�/�	
��*+� control ��A�%�
�

midbrain crest cell ���/��%-%�%A������,*  �����������|���	
��
�����,*��)������N%7
7,*
�����

"��
,��*�/�  ������	��%��
)	$�'"�,����%���*�-�  '� homozygous rSey �-��3�
*B���
���%
-��	
�

������������%7
7�%������������|���  ;�3*B���
	
������������)�%���3��
�
���%���� HNK-1

����>�,��	$����6>�?���*;�������3��
/���%� HNK-1 '� homozygous rSey ����3,����-��N>�'�

�	/-%,*
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V.  �������������%	���
���� HNK-1 "� day 10 homozygous rSey

��.*����/���

���6>�?������3��
/���%� HNK-1 '� homozygous rSey �"�A%����'� wild type 	��

*�3��� /-�����/����)�/%������&�/��%
-��|>��/�%�;�-���� section ��	$����/���"� Pax-6

#*�/
� #�
':����
 Immunohistochemical technique ;�3���
;���*������
�#�
':��	���� Avidin-

Biotin Complex ;�3 DAB reaction �:-����

�����&�/��%
-�� Day 10 homozygous rSey /�%�	$�#�
�����&�/��%
-�� embryos 	
�����

����������3"�-�� heterozygote 7��%�	�)� label embryos 	��/�� '��-���
)�����&�/��%
-��,��	�)�

"�� 66 samples ���;�-"�� 7 /�� #�
;/-�3/��%
-���3N�� label ���
"��
��� 3 "��� �A%

"���	
� 1 �
/�)�;/- 1 N>� 7 �*+�"��
���	
�����$�"��'"�;�-"��	
��$�����&�/��%
-��

"���	
� 2 ;�3 3 �*+�"��
���*�3�$�/���%�/��%-%�  ��A�%�����$�������"��'�"�>��	�%��


,�� 12-16 /�� �>�':���� 2 "���

�����)�  #402 "��
N>� /��%
-��	
� 2 ���;�-/��	
� 4 "�A% #612 "��
N>� /��%
-��	
� 12 ���

;�-/��	
� 6  �����)�����3	$����/�� sample 	��/��%
-���*+� section "��*�3��� 7 ,���%�'�

paraffin section ;�3�3��A%���&� section ���;/-�3/��%
-���� 3 sections ���/$�;"�-�	
�"-�����

��	$����
�%� Pax-6 #*�/
�'�;�-� glass slide ��

�����7A�%������9��3���
�%�'"��*+�9��3

��

����

���/���"� Pax-6 #*�/
�'�	��/��%
-���3	$�7��%���� /��	
�,�����%�����6>�?���;���

�-� homozygote �3;����� negative /-% pax-6 #*�/
� ��A�%���� antibody 	
����':�6>�?��/�

�

�>)���� Pax-6 #*�/
������� C terminus |>���*+��-��	
����"�
,*'� homozygote  �����)��7A�%'"�

;�-'��-��� negative 	
�,����)�,�-,���������������7����%����	��%�  �>�/�%�':�/��%
-����� wild

type �*+�/�������� (positive control) �%��"�A%��� negative control |>��':� 2% Horse serum in

PBS ;	� primary antibody  ;�3����3���*�-�/��%
-��'��*+� homozygote ��A�%	�)� 3 section ���

/��%
-����)�'"��� negative 	�)�"��;�3/����������)�/�%�,���� positive   

�����)��>��$� section ���/��%
-��	
� negative ��	$����6>�?������3��
/���%� HNK-1

#�
':� wild type stage ��

���� ;�3 '�������	��%��&	$����6>�?������3��
/���%� HNK-1

'�/��%
-��	
�/���7� Pax-6 #*�/
����
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0�����/���

������	��%�7��-� /��%
-����� Day10 	
�,���������������3"�-�� heterozygote 	�)�

"�� 66 %
-�� ���;�-"�� 7 /��  �
 14 /��%
-��	
�'"��� negative 	�)� 3 section  #�
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A mutant rat with small eyes, rSey
rSey inherits a dominant mutation in Pax-6 gene and this 
mutation leads to impaired migration of anterior midbrain 
neural crest cells resulting in lack of eyes, nose and 

facial cleft in the homozygote.

Facial morphology of new born rat

wild type homozygote (rSey/rSey)

MNP

MP MP

MNP



20% of homozygotes develop 

supernumerary incisor-like structures at E 20 

MI

ST

C

SI

ectopic

epithelial 

invagination

A B

D
A: wild type (WT)

B-D: homozygote (rSey/rSey)

MI: maxillary incisor

SI: supernumerary

incisor-like structure 

homozygote (rSey/rSey)wild type

C

SI



Histology of wild type and homozygote
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Gene expression pattern of developing 

wild type maxillary incisor at  E14 
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Gene expression pattern of developing 

wild type maxillary incisor at  E14 
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Gene expression pattern of developing 

wild type maxillary incisor at  E14 
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Gene expression pattern of developing 

wild type maxillary incisor at  E14 
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Histological observation of 

maxillary incisor development

L-PDL

M-PDL L-PDL

M-PDL
M-PDL

M-PDL

M-PDL

L-PDL

L-PDL

L-PDL

dental lamina early  bud stage

L-tooth bud 
M-tooth bud

PDL

MNP

MNP

MNP
MP

MP

MP

MNP

MNP

LNP

WT WT WT WT

rSey/rSeyrSey/rSeyrSey/rSeyrSey/rSey

E 13.0 E 13.5 E 14.0 E 15.0

MP



Labeling of MNP and MP epithelia to investigate their 

contribution to incisor formation

Sprague-Dawley rat

11.5 days of gestation

whole embryo 

culture 18hr

open yolk sac and 

DiI and DiO

labeling

whole embryo 

culture 30 hr

maxillary organ 

culture 18 hr

frontal sections 

and fluorescent 

microscope 

observation

explant

MNP epithelium

DiO labeling

MP epithelium 

DiI labeling
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DiO and DiI labeling of 

medial nasal process and maxillary process
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Conclusions

maxillary incisor 

development

L-PDL(MNP)M-PDL(MNP)

E13.5

M-PDL(MNP) L-PDL(MNP)+L-PDL(MP) dental lamina (DL)

E13.0

M-DL L-DL

MNP

LNP

MPwild type

rSey/rSey

E14.0

E13.5E13.0 E14.0

facial cleft

MP

MNP



This research is supported by the 

Thailand Research Fund and 

Grants-in-Aid for Scientific Research 

from  MEXT Japan.



INTRODUCTION

Sprague-Dawley rat

11.5 days of gestationwhole embryo culture 18hr

open yolk sac

for two procedures  

whole embryo culture 30 hr

maxillary organ culture 18 hr for 

dye labeling or 24hr for inhibition 

of  facial process fusion

frontal sections 

explant

MP DiI and MNP DiO labeling

inhibition of MNP-MP fusion by 

aluminium foil

maxillary organ culture

MNP

MNP

MP
MP

CONCLUSION
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MP
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L-PDP

DP

E15.0
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Animals: Fetuses of Sprague-Dawley (SD) rat and rSey which 

was found in the course of breeding SD rats were used. The day 

on which the vaginal plug was found was designated as 

embryonic day 0 (=E 0).

Histological analysis: The samples were fixed in Bouin’s

fixative and embedded in paraffin for hematoxylin and eosin 

staining.

Epithelial labeling of MNP and MP and inhibition of MNP-

MP fusion (see figure below): Whole rat fetuses of E11.5 were 

cultured followed by maxillary organ culture. During whole embryo 

culture, the fetus was taken out of the embryonic membrane and 

subjected to the operation, epithelial labeling with fluorescent

dyes or inhibition of MNP-MP fusion aluminium foil insertion. 

Rat maxillary incisor dental lamina contains the epithelial components, in 

MNP and MP, and they assemble to develop into one functional incisor. The 

dental placode assembly begins with the incorporation of MP epithelium to L-

PDP in MNP at the beginning of MNP-MP fusion. Subsequently M-PDP and L-

PDP approach to develop a single maxillary incisor during the process of 

MNP-MP fusion. Inhibition of facial process fusion resulting in separated PDP, 

which demonstrates the role of the fusion process in a single maxillary 

incisor tooth bud formation. These are supported by the study of the 

homozygous rSey which has a facial cleft between MNP and MP. In the mutant 

separated PDP are developed in each component, M-PDP is adequate to 

develop an incisor, where as improper L-PDP lacking MP component shows 

incomplete incisor development. 

Pitx2

DP

DP

MAXILLARY INCISOR DENTAL PLACODE IS COMPOSED OF PRIMARY DENTAL 

PLACODE (PDP) FUSION DURING THE PROCESS OF FACIAL PROCESS FUSION

ECTOPIC MAXILLARY INCISOR-LIKE STRUCTURES 

DEVELOP IN HOMOZYGOUS rSEY

PDP ARE KEPT SEPARATED IN HOMOZYGOUS rSEY

INHIBITION OF MNP-MP FUSION RESULTS IN SEPARATION OF PDP FORMATION

Contribution of maxillary process epithelium in rat maxillary incisor formation 
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MAXILLARY PROCESS  EPITHELIAL CONTRIBUTES TO LATERAL PART 

OF MAXILLARY INCISOR DENTAL PLACODE

MATERIALS AND METHODS

RESULTS

MP

Mammalian dental formula includes three incisors, one canine, 

four premolars, and three molars in each dental quadrant. Murid

evolution leads to reduction in the number of teeth. It comprises 

only one incisor separated from three molars by a toothless gap 

diastema. Classical data suggests that the maxillary incisor 

corresponds to the middle incisor, while the other two have been

lost during murid evolution.

During the early mouse maxillary incisor formation, the several 

embryonic maxillary incisor placode (epithelial thickening) are 

identified. Strassburg et al. interpreted that there are three 

maxillary incisor placodes, the middle one develops into functional 

maxillary incisor and the other two become regressed during early 

stage of development. However, Peterkova et al. described that 

maxillary incisor dental placode is formed by an assembly of five 

maxillary incisor dental placodes. Around this period, facial 

processes, maxillary process (MP), medial nasal process (MNP) 

and lateral nasal process (LNP) fuse to form the midface. Since 

maxillary incisor placodes develop in the area of facial process 

fusion it is suggested that the maxillary process epithelium might 

participate in the maxillary incisor formation.  

In order to get some insight into maxillary incisor formation and its 

epithelial origin, we carried out studies on fetuses of wild type SD 

rat and rat small eye mutant (rSey).

Fig. 1 Histological analysis of wild type maxillary incisor formation shows that 

at E13.5 MNP and MP have started fusion to make the midface.  The thickened 

primary dental placodes appear aligned around the boundary of MNP and MP, 

medial and lateral primary dental placodes (M-PDP and L-PDP).  They eventually 

approach each other and fuse to make a single dental placode at E14.0. The 

dental placode starts invagination at E15.0 indicating early bud stage. 

lateral part of the L-PDP. Sometimes we find the formation of a fused single 

dental placode at the end of culture and double labeling of MNP (DiO, green) and 

MP (DiI, red) clearly shows that MNP and MP epithelia comprise the dental 

placode (DP) together.

When we disturb the MNP-MP fusion by aluminium foil insertion we observe 

separated epithelial thickening in a distance in the MNP. We also find the 

appearance of the epithelial thickening in MP. We show that MP epithelium 

contributes to the lateral part of maxillary dental placode. Moreover, the defect in 

facial process fusion leads to develop separated PDP in MNP and MP. These 

observations suggest that the fusion of facial prominences is required to 

achieve a single maxillary incisor dental placode.

We carried out histological observation on maxillary incisor formation in a 

mutant rat which shows impaired facial process fusion.

Fig.4 Homozygous rSey shows facial cleft between MNP and MP (asterisk) 

due to the lack of LNP.  Histological observation on the E20 fetus 

demonstrates that the maxillary incisor of both wild type and rSey
homozygotes develops to late bell stage and exhibits amelogenesis and 

odontogenesis. 25% of homozygous rSey shows incisor-like structures 

(arrow) in addition to its original incisors (arrowhead).

We investigated the  maxillary incisor development in the rSey homozygotes.

Fig.5 Histological study shows that at E13.5 M-PDP and L-PDP develop in 

MNP. At E14.0 M-PDP and L-PDP are separated in a distance in MNP (compare 

to wild type in Fig. 1) and the epithelial thickening in MP is still present (arrow). 

At E15.0 dental placodes in MNP of homozygous rSey start invagination

separately. The epithelial thickening in MP does not invaginate.
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Epithelial labeling of MNP and MP and inhibition of MNP-MP fusion were carried out with 

whole embryo culture followed by maxillary organ culture.

We performed the labeling 

experiment to investigate the 

contribution of MP epithelium 

to maxillary incisor dental 

placode formation 

(see Materials and Methods).

Fig. 2 At the end of maxillary 

culture following whole 

embryo culture from E11.5, 

the formation of M-PDP and L-

PDP is observed.

Fluorescent dye labeling of 

MP (DiI, red) shows that MP 

epithelium contributes to the

We inhibited the 

fusion of MNP and 

MP of the wild type 

fetus by aluminium

foil insertion under 

the same culture 

system as Fig. 2. to 

evaluate the role of 

MP epithelium in 

maxillary dental 

placode formation.

Fig. 3 As shown 

above, a single 

dental placode is 

formed in the explant

at the end of culture.
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