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�� �&� %. �� 
�� 
�	�
� 
	�	�
�
�� ���

����

��
� &�
� 
�	� ��
�!�
���� �&� ��

�����
� 

������
���� ��������� >
� ��� ����� ;��U�� 
��
�

��&&	
	�
� �	���� 	+�
	��� ��&&	
	�
� 
	�	�
�
� �������
����� ���� ��U��

	��� �����������

���	���	�� 
��
� ���

���
	� 
�� 
�	� ��!	
��
�� �&� %. � ����������� 
	�����	�� M��	������

%	��
�����	
�����IPPLZ�8��	��T	�
����	
�����KRRON��1	��
�����%. F�� �
� �		���
�������

U	���
��%. 1S>>�����&�
���������������������	+����
�	��
	�	��	��&�)�
1S>��
�%. 1S>%��

)
���������	���%. F������������	�
�������
��)�
1S>>�����>>%�U�	��)�
1S>��%. 1S>)���
�>%�

�
	��
	�	�
�MG������
���
	��:��;	�	
�����IPPCN��>��
�	��
����%. 1S>>��)�
1S>�����)�
1S>>�

�
	��������	+�
	��	�������	�
����
�	�����

���	��&�%. F������������&�
�
�	�&�
��
����

������
����&���
�����&�
�	�,8-��

�

�

�

�

�

�

�

�

�

�

�

7�0$-#$�-	!	��9��	S>�
	�	�
�
��M)?T�����
�!���
	�	�
�
S��;	�;����	�N������&�!	�9��	S>>�%. �
	�	�
�
����!	�

�		����	�
�&�	���)���
	��&
���	������������&'��++F&�
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9�	�����������%. ����

��	�����
���
�U����
�

�����	�
�	��������
���
��	��
���	�9��	S>�

���� ��	� 9��	S>>� 
	�	�
�
��� 
�	�� 
�	� 9��	S>>� 
	�	�
�
� �������
���
	�� 
�	� 9��	S>�


	�	�
�
� �	������ 
�� 
�	� 
	�
��
���� �&� ��

��	�����
� -���� �
�
	����� 3��	� 
	�	�
�
�

��
�!�
	�S-����� M1S-����"� -����I�� C� ���� LN� �������
	� U�
�� 9��	� >� 
	�	�
�
�� 
�	��

���	
��� ��
	�
� �������
���
���� �
� 
�	�
� ,S
	
������ --H-� ��
�&�� 9�	�� 1S-����� �
	�


	�	��	��&
���
�	�
	�	�
�
�����
	�
��
�
�	���������	���
�
�-����M,�S-���"�-���ON�

&�
����� �� �����	+� 
��
����
�
	�� ��
�� 
�	� ����	��� ���� ��
�!�
	�� 
�	� 

����
��
���� �&�

��	��&���
�
�	
��	�	���1S-������
	��
	�	�
��
	�������
�����������	
�����
�	��
	����

�
�
	��?�������
�����
�����
���
	��1S-����� 
��&�
������S��
��	
	
�S������	
�� 
��
�

�
	� ������	�� �&� 1S-����� ����	� �
� 
��	
�	
� U�
�� ,�S-����� M8��	�� T	�
���� 	
� ����

KRRON�� >�� 
�	� ����	���� -���� �
�
	���� 	+	

� 

����
��
������ ��
�!�
�� 
�
����� ��
	�
�

�������� 
�� :8)� ��� U	��� ��� 
�
����� �������
���� U�
�� �
�	
� :8)S�������� �
�
	�����

)�
������%. ���
	� ;��U�� 
�� �����	����
��&� 
�	�
����
���	� &���
����� 
�
����� -����

��
�U������
	
��
�!	���
�U������
�!�
	�����%. ����!	��		��
	��

	���)��	+����	����


�	� %. S�	�	��	�
� ��
�!�
���� �&� ?>.� T����	� I�� �� ;	�� ��U��

	��� 	&&	�
�
� �&� 1���

*9 ��	�� 
��
� ���� 
	����
	� ����

��
� ,8-� �	�����
� �	��������� ����� ��� �	�
�
	�

��
�
�U
������������	�&�
��
����M?		S��	&������,�������	
�����KRRON���

�

%. � �	�	��	�
� -���S��
�U��� �������� �
	�������
	�� ��� �	�����
� ��

������ ������
�
��

���	���	��� 
�	� ������
�
�� -����� M>S-����N�� � >�� 
�	� ���	��	� �&� �������� >S-����� �
	�

����
	���
	�������
��� ���
�	�����	������
��&
	
���������
�����
�����
�	���
	�	+��

	��


������� ��
�� 
�	� ��
�������� >S-����� ���� ��
	
��
� ��
	�
��� U�
�� ��
�!�
	�� 9��	S>�


	�	�
�
���
	!	�
����
�	����	����&�1S-������>
�����������		���	����

�
	��
��
�
�	�>S

-���Q�����������
�%. �������������������	
����U�
��-���O�&�
��	
	
��	
��������	+�

&�
��
����U�
����
�!�
	��-���I�M=���JKN��

�

>�� ����
���� 
�� 
�	� 
����	S��	��&��� 	+�
	������ �&� %. �� ���� 
�	�
� 
	�	�
�
��� %. �

��������������������
	�����%. ���
������
���9�	�	�	+

���������	���	���������
	�
���
��

%. ���!�������
�	��������
�����	
U		��%. ������
�	�
�
	�	�
�
�� ���
�	�	+

��	�����
�

����	� M=���JKN�� 9�	� ���
� �&� �
�
	���� ������&�	�� ��� %. � ��
������
�� ��� ��
�	�� 9�	�	�

���	���	����!	����	�
	
�
����������	�
��	����������
	��	��

���	�	�
�
��
���
	�
��
�	�

&�
��
�����&�
�	����
��	S;��
��

��
�
	��U������	�	��������� �
�� ��'	�����U�������&�����
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%. ���
������
�� M)!����ST
	
���	
��������	��KRRON��8������ ����
���������	��&� 
�	�

���
� ;��U�� %. � ��
������
��� >
� ��� 	+�
	��	�� ��� 
�	� ��
����
��� ��
���� ����
	� ����

����	��������

����	��������
�	
��������
���
	�	��	����!�
���&�
�����

	�
���

	
������&�


�	� �	�
��� 
��	� ���� ����
	��� ��� U	��� ��� 
�� 
	����
	� 
�	� �
	�� �	��� ����	� ��
����

�	�
��	�	���� MG�����
�� KRRCN�� -��� �� ��

	�
� 
	����
���� �&� 
�	� ���
��S
	���
���

	+�
	������ �&� %. ��� 
�	�
� 
	�	�
��� ���� %. � ��
������
�� ��� !�
��� 
�� ���

������
���	�

�	!	����	�
���&���
�����	+	

	�����%. ���

�

�

�

�

�

�

�

�

�

�

�

�

7�0$-($� 9�	� ���������� -���S�	�	�	�
� ��
�U��� ��
�!�
	�� ��� %. ��� %. � �������� ����� 
�� %. 1>� ����

%. 1>>� 
	�	�
�
�� ��
�!�
���� -���� 

����
��
���� &��
�
���U����� 

�����
�!�
	� �� ��
�	� �����
� �&� �	�	���

%. � ������� �����	�����;	����� ��

��	�����
� ������
�
�� -����� 
��
� 
	�
	��� 
�	� 

����
��
������ ��
�����&�

��
�!�
�
� -������ U���	� 	+

��	�����
��� ����� ������
�
�� ���� �!���� 
�	� �������� �&� %. � �������� 
�� 
�	�


	�	�
�
��)���
	��&
���(
�������&'�*��>&�

�

�

-$($-$�

2��
7�	�4=���
��)�����2
4�����

�

%. F����&�
�
���	+�
	��	�����
�	���
����
�����
&��	�	�
��	
����������;�����	����	
��

M?������ ������ 	
� ���� IPPCN�� )
� ��
	
� �
��	��� %. F� 

����
��
�� �
	� �	
	�
	�� ��� �����

�	!	��������
������ ����������
�	�	�	��;���	����	�

���
������������	��.�
	�!	
��%. �


	�	�
�
��%. 1S>>��)�
1S>������)�
1S>>��
	��������	+�
	��	�����
�	��
����������
����
��
�

%. ������	+	

�����

��
�&���
���������	�
������
�����	!	����	�
��������
	�����	�
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�� �
���� �
������� M��	������ %	��
����� 	
� ���� IPPLZ� ����� ����.���	
� KRRON�� ��U	!	
��

�	&	�
�� ��� %. F���
��
� 	��
���� �
	� ��
�	��� 
	�

��
	�� 
�� 
�	� �	!	������� 	�	� ����

;���	�� M:���	��� ?����� 	
� ���� IPPCZ� ?���� ��&����� 	
� ���� IPPCZ�:���	�� ���� 1��	

����

IPPFZ� 0	����.�

��S-	���	���� 	
� ���� IPPFZ� *������ 9�;�	��� 	
� ���� IPPLN�� )�
������ 
�	�

����� �&� %. F� �		��� 
�� �	� 	��	�
���� ��
���� 	�
��� �	!	����	�
��� �
	��� �&� 
�	� 	�	� �
�

;���	��� 
�	� ���	��	� �&� %. F� �	���	�� �
��
	���!	��� ��
	� �	!	
	� U�
�� 
��	��

����	�
����
��
�%. F����
	���
	��&�
����
���	���
�����	�	������

�

3�	��������	�	+�����
����&�
�
�	����
����
	�

��
	���	&	�
������	�����%. F����
��
��
�	
�

%. � &������ �	��	
�� &���
�������� ����
�
�
	� %. F� ��� 
����	�� ���&&	�
	�� ��� ����� �&�

%. F� ������������ ,�����	
���	� ��
�� ����	�
� 
��
� �	!	
��� �	��	
�� �&� 
�	� %. �

���&����������	����!	
��������&���
��������
�!�
�	���:���	������1��	

�������U	��
��
�


�	��
�������
	���
��
���
������	+�
	���%. F�����
��
����	�
����&&	�
	������������

��
�
���� ��� %. F�� 	+�
	��� ��	� �
� ��
	� ����
������ %. � &������ �	��	
��� 3�� 
�	�

���

�
��� ��
�� 
�	� ;���	�� ���� 	�	�� U����� ���
���� �	��� ������
����� 
��
� 	+�����!	���

	+�
	��� %. F�� ���U� �
���
��� �	!	����	�
��� �	&	�
�� ��� 
�	� ���	��	� �&� 
����

��
����	��M:���	������1��	

����IPPFN��

�

%. � �	��	
�� ��� �������� �
	� 	+�
	��	�� ��� 
�	� �
�U���� �	
!���� ���
	�� U�	
	�

	�	
�	������
������
	����
�
���&���
��!	�

�����

	
������&�
�	��	�
���
��	���	�
����	���

&�
	��	
	
����
����������	����	�
�����U	������
	
�������	�
����	�����&&	
	�
��
�����:�
����

���

���
����� %. �� �
	� �	�
	
	�� ��� 	�
��	
���� �	���� ���� ��	��&�� 	���	
���� &�
	�

M4���	
�����:	�0	���S������
�	
�����IPPQN��?�
	
��
�	���
	��������
	�����
�	��	�������

�&�
�	�	��
�������	����
��&�
��
�	��	�
����������S�	�
���	�
��	
���9�	�,8-����
������

�	!	����� &
��� 
�	� ��
���	����� 
	����� �&� 
�	� 	��
������ 	�
��	
��� �� �
��	��� 
��
�


	���
	��
�	���
�!	�
	�
	�������&�%. ���������M?�������8��U���	
�KRRCN��9�	�&����U����

�
	�� �&� �	&������ 
�	� �	�
��� �
	�
� �	��� 
	����� ��� ����� 

���	
� ��� %. ��� %. �� ;		��

���

��������	�
��� �
	�
� �	���� �
���
�����	�
��� �
	�
� �	������
�
������	���
�����	�
���

�
	�
� ����
����� ��� 
�	� �����
����� ���� ��
	�
���� 
�	�	� �	���� 
�� ��&&	
	�
��
	� ��
��

�����
�	
��� �	�
���� M2�
�	��� .� �	
���� 	
� ���� IPPLZ� -	��S:��	�&	��� ���� T����	���

IPPPZ�-��
������*
�����KRRIN��

�
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9�	
	� ��� 	!��	��	� &
��� ������� ��
�� 	+�	
��	�
�� 
��
� %. F� �
����	�� ��� 
�	� ��
����

��
&��	� 	�
��	
�� ��
�� ��� ��
����'���� ������� ��������� 	+�
	������ �&� ��
���� �	�
���

��
;	
�� M?�	��� 9
	���� 	
� ���� IPPCN�� )�� 
�	� �	�
��� 
��	� ����	��� %. � �
�
	���� �
	�

�	�
	
	��&
���
�	�
��&����
	�����	US&�
�	��������������	�

	��
�
�	���
���S���
�
	�����

�&� 
�	� ,8-�� -���� �	�
	
	�� &
��� 
�	� !	�

��� &���
� ���
	�� 
��	
�	
�U�
�� %. �� �
	� 
�	�

���
�	���&���U	
&�����������������	���	��
��
���
	�
�
�	���

	
������&�
�	��	�
���
��	�

������ 
�	� ��
��!	�

��� �+���� 9�	� ��B�&&� %. � ����������� �
��	� ��������
��!	�

��� �+���

����U�����
������	+�
	��������

	
���&���&&	
	�
�

����
��
����&��
�
����������� �+��8;+��

.�
��� .���� ���� �	�
��	����� 
��
� ���

���� 
�	� ��&&	
	�
��
���� �&� ��
�
�	�
�����

*)%)	
���� �	�
���� ���� ��
	
��� ������	��
���
	��� ��� 
�	� �
��	
� 
	����� �&� 
�	� �������

��
��M?�	���0	��	���	
�����KRRRZ�4�����V����	
�����KRRRZ�?�������8��U���	
�KRRCN��

�

9�	� �	
	�	����� ��� ���
�	
� �
	�� �&� 
�	� ,8-� 
��
� ��� ���	
� %. � ������
���� ��
����

�	!	����	�
�� ,	
	�	���
� �
����	� �	�
���� �
	� �
������ &�
� 
�	� &���
���� �&� 
�	�

�	
	�	����� ���� 
�	�� �
��	� �	+
� 
�� 
�	� 
��&� ���
	�� �� ���
�	� �&� %. � ��������� 1	�	�
�

�
���	����������
	����
�
��
"�MIN�%. K����	+�
	��	�������
��	+
	
�����	
���������	
�����

��
	
���� �
�����
� ���	
� ��� 
�	� �	
	�	������ ���� MKN� %. � ����������� ��� 
	���
	�� &�
�

�	
	�	���
��
����	��	�
����	!	����	�
��
���
��	�
������� ��
	��	!	����	�
��� �
��	��

M.����� ��;��� 	
� ���� KRRKZ� )���	��� T���
� 	
� ���� KRRJZ� 1����� )�!�
	'S1��
���	'� 	
� ����

KRRON��

�

-�����
�
�����������
�������	
	�	������%. ����������������	�	���
��&�
��	!	����	�
��&�


�	���
���� &�
	�
����U�	
	��� 
�	��	!	����	�
��&� 
�	�!	�

��� &�
	�
���� ����	�	��	�
�

��� 
�	� ������
���� �&� %. � ������������ :�
���� ��
��	� �	!	����	�
�� %. F� ��� �������

	+�
	��	�� ��� �	����	�� ���� ���
���� ��	+��� ��!���� ����	� 
�� 
�	� ���������
�� 
��
� 
�	�

�
�
	��� ��� �	�
	
	�� ��
�� 
�	� ��

����� ��
	������� ���� ��
�� 
�	� �	
	�
�������� &�����


	��	�
�!	��� M�	��	
�� 3';����;� 	
� ���� IPPCZ� =�
�
���  ��
��� 	
� ���� IPPFZ� ,��
�
����;��

9
��&&�

�	
� ���� KRRRZ�:�

�

	����

��� 1��+�	
����� KRRIN�� =�

�	
��
	��	+�
	�������&�

%. K�����%. O�������	
!	����������

�����!	�

�����
�
	�������
�����	�
��	�	����M?���

,���U	���	
�����IPPLN��U�������;	��
�	�����
���	�&��
�
��&�
����

�������
�	��	�
���&�
	�

�&�!	�

�����
��������!	�

�����
��
��	��
�
���:	�	���������
�	�
��	��&��	!	����	�
��

%. �������
���
	�	�
�	
��	�
������
���

���������&&	
	�
��
�����&���

������
��	��
�
��
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M*
����� .	��	
� 	
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BDNF/MAPK/ERK--Induced BMP7 Expression in the Developing Cerebral Cortex Induces
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During development of the mammalian nervous system, a combination
of genetic and environmental factors governs the sequential
generation of neurons and glia and the initial establishment of the
neural circuitry. Here, we demonstrate that brain-derived neurotrophic
factor (BDNF), one of those local acting factors, induces Bone
Morphogenetic Protein 7 (BMP7) expression in embryonic neurons by
activating Mitogen-Activated Protein Kinase/Extracellular signal-
Regulated Kinase signaling and by the negative regulation of p53/
p73 function. We also show that intraventricular injection of BMP7 at
midgestation induces the early differentiation of radial glia into glial
precursors and astrocytes and the expression of mature glial markers
such as the antiadhesive protein SC1. As a result of this precocious
radial glia maturation, the laminar distribution of late-born pyramidal
neurons is altered, most likely by the termination of radial glia ability to
support neuronal migration and the early neuronal detachment from
the glial rail. We propose a mechanism for BDNF regulation of BMP7
in which local activity--driven BDNF-induced BMP7 expression at the
end of neurogenesis instructs competent precursors to generate
astrocytes. Such a mechanism might ensure synchronic neuronal and
glial maturation at the beginning of cortical activity.

Keywords: astrocytogenesis, cortical development, neurotrophins

Introduction

In the developing cerebral cortex, radial glial cells act both as

precursors of excitatory pyramidal glutamatergic neurons

(Gotz and Huttner 2005; Guillemot 2005) and as migratory

scaffolds for the radial migration of newly generated neurons

(Rakic 1990; Nadarajah and Parnavelas 2002). After the

completion of neurogenesis, radial glia transform into cortical

astrocytes (Hunter and Hatten 1995; Hartfuss et al. 2001).

c-aminobutyric acid (GABAergic) inhibitory interneurons

originate at ganglionic eminences and migrate tangentially to

the cortex (Anderson et al. 2001; Ang et al. 2003). In-

dependently of their origins, neurons generated at the same

time roughly converge in the same cortical layer, following an

inside-out sequence of positioning.

Genetic programs regulate the early steps of mammalian

cortical development, and, as development proceeds, sensory

experience and electrical activity are the driving forces that

match glial and neuronal numbers and finely tune the structural

and functional refinement of cortical circuits (Zhang and Poo

2001; Fox and Wong 2005; Spitzer 2006).

It is well established that transcription of brain-derived

neurotrophic factor (BDNF) mRNA is robustly induced by

neuronal activity in late stages of cortical development, and this

activity-regulated production of BDNF is needed for postnatal

neuronal survival and to balance excitatory and inhibitory

synapses in cortical networks (Lu 2003; Nagappan and Lu 2005;

Pattabiraman et al. 2005). BDNF and its receptor TrkB play

key roles in neural development and plasticity (Huang and

Reichardt 2001; Lu et al. 2005). BDNF expression is subjected to

fine temporal and spatial regulation, and some of its functions rely

on its ability to act as a sensor of activity. For instance, activity-

dependent regulation of BDNF is required for the development of

cortical inhibition but not for the survival or differentiation of

GABAergic neurons (Hong et al. 2008). Loss-of-function studies

on animal models have shown subtle BDNF requirements during

embryonic central nervous system (CNS) development that

increase postnatally (Alcántara et al. 1997; Gorski et al. 2003).

However, early embryonic exposure to increased BDNF alters cell

fate, neuronal migration, and synaptic function in the cerebral

cortex (Brunstrom et al. 1997; Ringstedt et al. 1998; Aguado et al.

2003; Alcántara et al. 2006). Therefore, altered BDNF expression

during critical developmental periods may result in cortical

malformations and excitatory/inhibitory imbalance and compro-

mise cognitive function in the adult. In support of this notion,

aberrant levels of BDNF are associated with neurodevelopmental

disorders (Tsai 2005; Chang et al. 2006; Lu and Martinowich

2008) and epilepsy (Scharfman 2005).

The mechanism of activity-dependent induction of BDNF has

been extensively investigated. However, less is known about

the genes that are targets of BDNF regulation during late

embryonic cortical development. In order to identify such

genes, we injected BDNF into the brain of mice at defined times

during embryonic development, and we monitored changes in

the expression level of a selected group of genes that were

represented in a customary DNA microarray. By using this

approach, we found that expression of bone morphogenetic

protein 7 (BMP7) was upregulated by BDNF.

Here, we demonstrate that BDNF induces neuronal BMP7

expression during embryonic development, both in vivo and in

vitro, through the Mitogen-Activated Protein Kinase/Extracel-

lular signal-Regulated Kinase (MAPK/ERK) pathway and that

this expression is partially mediated by blockage of the

transcriptional activity of the p53 family of transcription

factors. Exposure to increased BMP7 induced a premature

transformation of radial glia into astrocytes that altered

neuronal radial migration. Finally, we propose a physiological

role for BDNF regulation of BMP7 during corticogenesis.

Materials and Methods

Animals and Injection in Uterus
Experiments were design to minimize the number of animals used in the

procedure. All animal protocols were approved by the Institutional

Animal Care and Use Committee in accordance with Spanish and

European Union regulations.
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For the injection in murine brains in uterus, pregnant OF1 females

carrying embryonic day 14 (E14) embryos (with E0 being the day the

vaginal plug) were anesthetized with Ketamine/Valium (150 lg/g, 5 lg/
g, intraperitoneal), and the uterine horns were exposed. Twomicroliters

of recombinant human BMP7 (1 lg, R&D, Abingdon, UK), recombinant

human BDNF (1 lg, PeproTech, London, UK), vehicle, or DNA

expression vectors (6--10 lg) were delivered into the lateral ventricles

of the embryos via intrauterine injection, followed by electroporation in

the case of vectors. The uterus was returned to the abdominal cavity, and

the embryos were allowed to develop normally. Embryoswere sacrificed

at E15, E16, or E18 and used for protein or mRNA extraction, cell culture,

or Immunohistochemistry (IHC).

To collect tissue for IHC analysis, embryos were transcardially

perfused with 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.3,

and their brains were postfixed for 8--12 h, cryoprotected, and kept

frozen. Coronal sections of 40-lm thickness were collected in

a cryoprotective solution and stored at –30 �C for further use.

In Uterus Electroporation
Electroporation was performed in uterus as previously described

(Tabata and Nakajima 2001). pEF1-GFP vector or a mixture of pEF1-

BDNF (mBDNF cDNA inserted into pEF1 vector) and pEF1-GFP vectors

at a 4:1 ratio were injected in the lateral ventricle of E14 mouse

embryos. The head of the in uterus embryo was held by a tweezers-type

electrode (CUY650-5; Nepagene, Ichikawa, Japan), and electronic

pulses (34 V for 50 ms) were discharged 4 times at 950-ms intervals

with a CUY21E electroporator (Nepagene). The embryos returned to

the abdominal cavity to allow normal development.

5-Bromo-2-deoxyuridine Birthdating
Thymidine analog 5-bromo-2-deoxyuridine (BrdU; Sigma-Aldrich, St

Louis, MO) was injected intraperitoneally into pregnant females at E14

at a concentration of 50 mg/kg body weight, 3 h after BMP7 injection

to the embryos. At E18, embryos were perfused and processed as

described above. Incorporated BrdU was then detected by IHC.

mRNA Isolation, cDNA Synthesis, and Real-Time Polymerase
Chain Reaction
Dissected cerebral cortices of E18 mice were collected and individually

frozen in RNA later and stored at –80 �C until use. mRNA was purified

with the RNeasy Protect Mini Kit (Qiagen, Alameda, CA) and was

treated with DNase I to eliminate genomic DNA traces. The RNA

concentration and integrity were analyzed with the Agilent 2100

Bioanalyzer (Agilent Technologies, Palo Alto, CA). Synthesis of cDNA

was performed with the High-Capacity cDNA Archive Kit (Applied

Biosystems, Foster city, CA). For real-time polymerase chain reaction

(RT-PCR), TaqMan PCR assays (TaqMan Gene Expression Assay, Applied

Biosystems) for mouse BMP7 and glyceraldehyde-3-phosphate de-

hydrogenase (as the endogenous reference) were performed from the

cDNA obtained from 6 ng of RNA, in triplicate, on an ABI Prism 7700

Sequence Detection System (Applied Biosystems). Standards were

prepared using cDNA from control E18 mouse RNA. Finally, fluorescent

signal was captured using the Sequence Detector Software (SDS version

1:9; Applied Biosystems)

Cell Culture
Primary cultures were prepared from E15--E16 mice neocortex. Briefly,

embryonic cortices were dissected out and dissociated by trypsin--

ethylenediaminetetraacetic acid (Biological Industries, Kibbutz Beit

Haemek, Israel) and DNAse I (Sigma-Aldrich) treatment for 10 min,

followed by mechanical disruption. To obtain enriched neuronal

cultures, the dissociate was preplated in a 10-cm culture dish for 1 h

at 37 �C in Dulbecco’s Modified Eagle Medium (DMEM) supplemented

with 10% normal horse serum (NHS) (Gibco, Auckland, New Zealand).

Embryonic cortical cells were then recovered from the supernatant and

seeded on 6- and 24-well plates containing slides coated with poly-D-

lysine (Sigma-Aldrich) in serum-free Neurobasal medium (Gibco, Paisley,

UK) supplemented with B27 (Gibco, Paisley, UK). By using these

conditions, we obtained a neuron-enriched culture, in which few glial

cells were retained. To obtain primary glial cultures, we used a similar

protocol, in which P0--P1 cortical cell suspensions were plated directly

onto uncoated 6- and 24-well plates in DMEM with 10% NHS. Once the

cells reached confluence, they were dissociated and plated again in order

to eliminate remnant neurons. We only used passages 1--3. Three to 4

days after plating, serum-free neuronal cultures or glial cultures that

were serum starved for 24 h were treated with 75 ng/mL BMP7 (R&D)

or 10--200 ng/mL BDNF (PeproTech, London, UK) for the indicated time

periods (1 h--4 days).

Cortical organotypic cultures were performed using 300-lm thick

slices from E17 embryonic cortex exposed to agarose beads

preabsorbed with BMP7, BDNF, or bovine serum albumin (BSA) and

cultured for 2 days.

Pharmacological Treatments
In some experiments, E15--E16 primary neuronal cultures grown in

serum-free medium were treated after 4--5 days in vitro with pharmaco-

logical inhibitors of the BDNF--TrkB signaling pathway. We treated

neuronal cultures with the TrkB inhibitor K252a (0.6 lM Sigma-Aldrich),

the MAPK/ERK Kinase 1-2 (MEK1-2)-specific inhibitor UO126 (10 lM;

Calbiochem, San Diego, CA), or the PI3-kinase inhibitor wortmannin

(0.1 lM, Sigma-Aldrich). We also used the p53 transcriptional inhibitor

cyclic pifithrin-a (10 lM) and the activator nutlin-3 (10 lMCayman, Tallin,

Estonia), which inhibits the binding of the inhibitor MDM2 to p53.

All inhibitors were applied 1 h before applying 100 ng/mL BDNF

(PeproTech, London, UK) for 1 or 6 h. All experiments were carried out at

least 3 times and BMP7 mRNA levels were analyzed by RT-PCR.

Immunofluorescence of Culture Cells and Tissues and Western
Blot Analysis
For immunofluorescence of primary cultures or tissue sections,

sections that had been blocked for 1 h were incubated with primary

antibodies at 4 �C overnight and subsequently with secondary

antibodies conjugated to phluorophores: Alexa488, Alexa555, or

Alexa647 (1:500; Molecular Probes, Eugene, Oregon). In some cases,

sections were incubated with biotinylated secondary antibodies (1:200,

Vector, Burlingame, CA) and subsequently with a streptoavidin-

peroxidase complex (1:400, Amersham, Buckinghamshire, UK), and

the enzymatic reaction was developed with diaminobenzidine (DAB,

Sigma-Aldrich) and H2O2. TO-PRO-3 iodide (1:500, Molecular Probes,

Eugene, Oregon) was used to stain nuclei. Cells and sections were

coverslipped with Mowiol (Calbiochem).

For western blot analysis, protein extracts were obtained from

primary cultures or from cerebral cortex and proteins in total extracts

were separated by SDS-PAGE and electro-transferred to a nitrocellulose

membrane (Bio-Rad, Hercules, CA). Membranes were blocked and

incubated firstly with primary antibodies overnight at 4�C, and then

with their corresponding secondary HRP-conjugated antibodies

(1:3000; Santa Cruz Biotechnology, San Diego, CA). Protein signal was

detected using the ECL chemiluminescent system (Amersham, Buck-

inghamshire,UK). Densitometric analysis, standardized to actin as

a control for protein loading, was performed using ImageJ software.

Primary antibodies against the following proteins were used: actin

(1:2000, Santa Cruz Biotechnology), BLBP (1:3000; Chemicon, Hamp-

shire, UK), Brn1 (1:100, Santa Cruz Biotechnology), BrdU (1:200; GE

Healthcare, Buckinghamshire, UK), calbindin (1:3000; Swant, Bellin-

zona, Switzerland), glial--fibrilary acidic protein (GFAP) (1:3000; Dako,

Glostrup, Denmark), nestin (1:500; BD Pharmingen, Franklin Lakes, NJ),

Tuj1 (bIII tubulin, 1:3000; Covance, Berkeley, CA), SC1 (Secreted

Protein, Acidic and Rich in Cysteines-like 1 [SPARC-like 1], 1:100, Santa

Cruz Biotechnology), calretinin (1:2000 Swant), reelin (1: 400,

Chemicon), Ki-67 (1:400; Abcam, Cambridge, UK), phospho-AKT 308

(1:500; Cell Signalling, Danvers, MA), phospo-ERK 1/2 (1:1000, Sigma-

Aldrich), TBR2/eomes (1: 500, Abcam).

For BMP7, we used 3 different polyclonal antibodies: BMP7 N19 and

L19 antibodies (1:100; Santa Cruz Biotechnology) gave stronger ICC

staining, and BMP7 antibody from PeproTech, London (1:1000) gave

a clearer signal in western blots. F9 cell lysate (Santa Cruz Bio-

technology) and recombinant BMP7 protein were used as positive

controls, and blocking peptides were used for negative controls.
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Light and Confocal Microscopy
Micrographs were captured with a light microscope Nikon Eclipse 800

(Nikon, Tokyo, Japan) or with a spectral confocal microscope Leica TCS-

SL (Leica Microsystems, Mannheim, Germany). Images were assembled

in Adobe Photoshop (v. 7.0), with adjustments for contrast, brightness,

and color balance to obtain optimum visual reproduction of data.

Quantitative Analysis of Cell Position in the Cerebral Cortex
We used a general linear model that is similar to an analysis of variance

model to compare the position of labeled neurons in the cerebral

cortex. Fisher’s least significant difference (LSD) procedure was used to

discriminate between the means. Three to 8 mice were analyzed per

condition (untreated mice and injected with vehicle, BDNF, or BMP7).

The position of Calb+, BrdU+, Ki-67+, Tbr2 + Ki-67, and BRN1 + BrdU

double-labeled cells was analyzed at E18 in 3--4 coronal sections

(spaced by 200 lm) from the parietal cortex of each mouse. Images

from immunostained sections were captured and then imported into

Photoshop. A 1665-lm wide vertical strip along the radial axis of the

cerebral cortex was divided into 10 bins of equal size arranged in the

following orientation: bin 1 at the pial surface and bin 10 at the ventricle.

For representative purposes, bins were grouped into cortical plate (CP,

bins 1--3), corresponding to the marginal zone (MZ) and developing

layers II--IV, layers V--VI (bins 4--6), subplate/intermediate zone (SP-IZ,

bins 7--8) and ventricular/subventricular zone (VZ/SVZ, bins 9--10), or

VZ (bin 10) and cortical parenchyma (bins 1--9). The number of labeled

cells in each zone was determined as the average percentage of labeled

cells with respect to the total strip. Error bars reflect the standard

deviation of the means.

Results

BDNF Induces BMP7 Expression during Cerebral Cortex
Development in Vivo

To identify BDNF-regulated genes during cortical morphogen-

esis, we injected BDNF into the lateral ventricle of E14 mouse

embryos in uterus and collected cerebral cortex tissue at E18

for gene expression analysis. A low-density microarray was

designed containing 25 gene members of the transforming

growth factor (TGFb) signaling cascade. As a control for

selectivity in the BDNF injection assays, we also injected

Neurotrophin 4 (NT4), the second neurotrophin that prefer-

entially acts through TrkB receptor (Reichardt 2006), and

SDF1a, a chemoquine not related to TrkB signaling pathway. As

negative controls, we used noninjected animals and animals

injected with vehicle (sham). The microarray results revealed

that out of the 25 members of the TGFb family, only BMP7

expression was significantly increased at E18 in the cerebral

cortex of BDNF-injected mice (1.49-fold increase) as compared

with intact, sham and SDF1a-injected mice. BMP7 was also

increased in NT4-injected cortices although to a lesser extent

(1.22-fold increase) (Supplementary Fig. 1).

To corroborate this finding, we performed RT-PCR analysis

on a different group of E18 cerebral cortices obtained under

the same conditions. Consistent with our microarray data,

4 days after direct intraventricular injection, BDNF and NT4

elicited a significant increase in BMP7 mRNA in the cerebral

cortex compared with intact and sham operated animals

(Fig. 1A). To determine whether the rise in BMP7 mRNA was

correlated with increased protein levels, a third group of

embryos treated similarly with BDNF were harvested 24 or 48 h

after injection and analyzed by western blot. A significant

increase in the 17-kDa mature form of BMP7 protein was found

after 24 (not shown) and 48 h (Fig. 1B). Taken together, these

results indicate that TrkB activation mediated by BDNF or NT4

elicits long-lasting BMP7 mRNA and protein expression

changes in the embryonic cerebral cortex in vivo.
To further define the mechanism by which BDNF induces

BMP7 expression, we used amodel of focal BDNF overexpression.

E14 cortices were focally transfected with a murine BDNF

expression vector or a GFP control plasmid by electroporation

in uterus. As vector incorporation was restricted to one cerebral

hemisphere, we used the contralateral hemisphere as an

untransfected control. We analyzed the extent of BDNF over-

expression in the transfected cortices by IHC. GFP-transfected

and the GFP-untransfected hemispheres showed the normal

pattern of BDNF expression at E18, characterized by low intensity

in the VZ, lower CP (layers VI--V) and the upper CP, and weak

expression in IZ (Fig. 1C). BDNF expression was stronger in the

areas transfected with the BDNF vector (Fig. 1D). In transfected

areas, intensely labeled individual BDNF-positive cells were found

scattered throughout thecortex, particularly in theVZanddeeper

regions. In general, BDNF-transfected cells accounted for a small

percentage of the total cellular content of the affected area. We

next analyzed the expression of BMP7protein in adjacent sections

to those immunostained with BDNF. Control areas expressed low

levels of BMP7,mainly localized to themostmature cortical layers

and the MZ (Fig. 1E). In contrast, in the region transfected with

BDNF vector, BMP7 labeling increased dramatically in the upper

CP (Fig. 1F). BMP7 was not induced in the VZ or IZ despite

increased BDNF expression there. The overwhelming number of

BMP7-overexpressing cells in the CP compared with BDNF-

transfected cells indicates that BMP7 expression is induced in

a paracrine fashion in cortical postmigratory neurons.

BDNF Induce Neuronal but not Glial BMP7 Expression in
Vitro

To identify the cell type responsible for BDNF-dependent BMP7

expression, we cultured cerebral cortices from E15--E16 embry-

onic mice in serum-free medium. E15--E16 cortical cultures were

mainly composed of neurons, neural progenitors, and a few

mature glial cells (Supplementary Fig. 2). Primary cortical cultures

were harvested at different times after treatment with 100 ng/mL

of BDNF. Analysis of BMP7 mRNA expression by RT-PCR showed

an early rise in BMP7 mRNA levels 6 h after BDNF treatment

(Fig. 2A) that correlated with an increase in protein levels (Fig.

2B). Moreover, BMP7 induction by BDNF is dose dependent

(Supplementary Fig. 3), showing a linear relation at BDNF

concentrations up to 50 ng/mL and reaching a plateau at 50

ng/mL that is maintained up to 200 ng/mL. These data would be

consistent with a direct effect of BDNF/TrkB signaling on BMP7

transcription. The reduced glial content of E15--E16 cortical

cultures indicates that neuronswere themost likely source of this

increase in BMP7 mRNA in response to BDNF.

To examine whether BDNF also induced BMP7 expression in

glial cells, we performed pure glial cultures from newborn mice

and analyzed their BMP7 expression by RT-PCR. BMP7 mRNA

was expressed at similar levels in serum-starved glial cultures and

neuronal cortical cultures. However, BDNF treatment did not

induce an increase in BMP7mRNA in pure glial cultures (Fig. 2C).

BDNF Induces BMP7 Expression through the MAPK/ERK
Signaling Cascade and p53 Signaling

Neurons mainly express the full-length catalytic form of the

BDNF receptor TrkB. Thus, we investigate pharmacologically

whether BDNF-dependent BMP7 induction was mediated by

TrkB protein tyrosine kinase activity. Figure 3 shows the effect
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of pretreating serum-free cortical cultures with the selected

inhibitors for 1 h immediately preceding BDNF 1- or 6-h

incubation. BMP7 mRNA levels were determined by RT-PCR.

K252a compound is a potent protein kinase blocker that

prefers Trk receptors. Pretreatment with K252a completely

abolished BMP7 induction in cortical cultures treated with

BDNF (Fig. 3B). To further dissect the TrkB signaling cascade

involved in BDNF-dependent BMP7 expression, we focused on

the PI3K/AKT pathway, mainly related to neuronal survival, and

the MAPK/ERK pathway, which is involved in neuronal

differentiation and synaptic plasticity (Chao 2003; Reichardt

2006). In order to test the involvement of these pathways in

BDNF-mediated BMP7 upregulation, we used the specific

inhibitors wortmannin (inhibitor of PI3K) and U0126 (that

selectively inhibits MEK) in cortical primary cultures

(Fig. 3D,E). Each inhibitor, individually or in combination,

slightly reduced the basal levels of BMP7 mRNA in neuronal

cultures. However, while PI3K inhibitor did not significantly

affect BDNF-dependent BMP7 expression, MEK inhibitor

completely abolished BMP7 induction by BDNF (Fig. 3D).
These results indicate that BDNF-dependent BMP7 induction is

mediated by direct activation of TrkB and MAPK/ERK signaling.

A recent study identified the p53 family of transcription

factors (p53, p63, and p73) as transcriptional corepressors of

BMP7 (Laurikkala et al. 2006). Furthermore, neurotrophins and

ERK promote neuronal survival in part by decreasing p53

activation (Wade et al. 1999; Wu 2004; Miller and Kaplan 2007).

Thus, we examined whether BDNF-dependent BMP7 induction

involves a reduction in the transcriptional activity of p53. If so,

pharmacological blockage of p53/p73--dependent transcription

with pifithrin-a (Davidson et al. 2008) would induce BMP7

expression. Otherwise, pharmacological activation of p53/p63/

p73 with nutlin-3, which blocks their binding to MDM2

(Vassilev et al. 2004), would reduce BMP7 expression. Pre-

treatment with 10 lM cyclic pifithrin-a or 10 lM nutlin-3 did

not affect the basal levels of BMP7 mRNA, but, as expected,

they modulated BDNF-dependent BMP7 expression in opposite

ways (Fig. 3E,F). Pretreatment with pifithrin-a induced a 26%

increase, whereas nutlin-3 decreased BMP7 expression by 30%

after 6 h of BDNF treatment. These results indicate that the p53

family of transcription factors corepresses BMP7 transcription

and that BDNF activation of the ERK pathway induced BMP7

expression in part by releasing this repression (Fig. 8A).

BMP7 Affects Radial Neuronal Migration

We then explored the physiological consequences of the rise in

BMP7 levels. First, we analyzed the effect of BMP7 exposure on

the laminar organization of the cerebral cortex. E14 progenitors

Figure 1. BDNF induces BMP7 expression. (A) Quantification of BMP7 mRNA levels by RT-PCR in E18 cerebral cortices from intact animals (control) or injected at E14 with
vehicle (sham), BDNF, or NT4. (B) Representative western blot for BMP7 and actin as loading control in E16 cortical tissue from animals injected at E14 with vehicle (sham) or
BDNF. Molecular weight markers are indicated to the left. The graph represents the quantification of BMP7 protein from 3 animals at each condition. (C) BDNF immunostaining in
a coronal cortical section of a mouse electroporated with BDNF and GFP vectors (Ef1-BDNF þ GFP) showing the normal protein distribution in the contralateral control hemisphere
(Ef1-BDNF þ GFPcontra) with respect to the transfected hemisphere (Ef1-BDNF þ GFP) (D), where intense BDNF-expressing cells are seen through the cortical wall. (E, F) Double
immunostaining for BMP7 (red) and EGFP (green) was performed in an adjacent section to that showed in (C, D). Arrowheads indicate BDNF overexpression in the upper CP in D
and the area of strong BMP7 induction in (F). Error bars indicates the standard deviation. Scale bars, 200 lm. *Significant difference with respect to sham-operated animals
(*P\ 0.05, **P\ 0.01, LSD test). #Significant differences with respect to control (#P\ 0.05, ##P\ 0.01, LSD test). I, layer I/MZ; V/VI, layers V/VI; HP, hippocampus.
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were labeled by BrdU administration 3 h after the intraventric-

ular injection of BMP7 or vehicle. The number and position of

labeled cells were examined at E18. In vehicle-injected animals,

the greatest number of BrdU+ cells was found in the CP

corresponding to developing layers IV--II. In contrast, mice

injected with BMP7 showed altered distribution of labeled cells,

with a significant increase in the percentage of BrdU+ cells in

the IZ, together with a lower percentage of labeled cells in the

upper CP (Fig. 4A--C). Despite their altered laminar distribution,

the total number of BrdU+ cells was not significantly different in

BMP7-treated (130 ± 22 cells) and sham-operated animals (149 ±
26 cells per 1665-lm wide strip), indicating that neurogenesis

was not affected by BMP7 treatment.

Alterations in the radial distribution of birthdated neurons as

described here might be caused by a change in the laminar fate

of late-generated neurons or by a defect in the machinery of

neuronal migration. To investigate whether BMP7 affects the

laminar fate or the migratory machinery, we analyzed the

number and position of neurons double-labeled with BrdU and

BRN1, a protein specific to layer II--V glutamatergic neurons

(McEvilly et al. 2002). This colocalization experiment revealed

that at E18 substantial numbers of E14 labeled BrdU+ cells also

express BRN1 both in vehicle- and BMP7-treated cortices

(Fig. 4E--H). In vehicle-injected animals, most double-labeled

neurons were in the CP and in the VZ and SVZ. In contrast, in

BMP7-injected animals, double-labeled neurons accumulated

in the SP and IZ, with a marked reduction in the number of

double-labeled neurons in the CP (Fig. 4D--H). The laminar

distribution of BrdU-labeled neurons expressing BRN1 was

identical to that of single BrdU-labeled cells. No significant

differences in total number of double-labeled cells were found

between BMP7-treated (41 ± 12 cells) and vehicle-treated (46 ±
14 cells per 1665-lm wide strip) cortices or in the total

number of BRN1+ neurons (257 ± 40 in sham vs. 254 ± 43

BMP7) suggesting that the migratory machinery rather than the

laminar fate was altered by BMP7.

Cortical glutamatergic neurons migrate on radial glia fibers,

whereas GABAergic neurons use different substrates for

migration (Rakic 1990; Ang et al. 2003; Kriegstein and Noctor

2004). To address whether BMP7 also affects the laminar

position of GABAergic neurons, we used calbindin immunostain-

ing. The number and laminar distribution of calbindin-positive

GABAergic neurons in the cerebral cortex was analyzed at E18 in

animals injected at E14 with vehicle or BMP7. BDNF-injected

animals were used as a positive control for altered interneuron

migration (Fig. 5A--D). The number and laminar position of

GABAergic neurons remained unaltered after vehicle (74 ±
18 cells) or BMP7 injection (80 ± 10 cells per 1665-lm wide

strip). In contrast, the total number of calbindin-positive neurons

increased significantly in BDNF-treated cortices (92 ± 17 cells

per 1665-lm wide strip, 99% LSD test), and their laminar

position had shifted to the deeper layers V--VI. Furthermore,

BMP7 did not show any attractive or repulsive effect on

GABAergic neurons when agarose beads preabsorbed with

BMP7 were placed on E17 cortical organotypic cultures

(Fig. 5E--G). Taken together, these results indicate that early

overexposure to BMP7 impairs the radial migration of pyramidal

neurons but not that of GABAergic interneurons.

BMP7 Affects Radial Glia Organization

Radial migration in the cerebral cortex is dependent on the

integrity of radial glia and the expression of several cell surface

or extracellular factors that regulate neuron--glial adhesion. A

frequent cause of defective radial migration involves reelin, an

extracellular matrix protein secreted by Cajal--Retzius cells in

the MZ. The lack of reelin gives rise to the reeler phenotype of

inverted lamination (D’Arcangelo et al. 1995), in part by

affecting radial glia integrity (Hartfuss et al. 2003). Using

calretinin to identify Cajal--Retzius cells, we found that

they were similarly arranged in the MZ of vehicle- and BMP7-

injected mice (Fig. 6A,B). Reelin immunostaining in BMP7-

injected mice also showed normal distribution (Fig. 6C,D).
These results suggest that the impaired migration observed in

these mice cannot be explained by defects in the organization

of Cajal--Retzius cells or deficits of reelin.

A second possibility is that BMP7 directly affects radial glia

phenotype or integrity, as BMPs promote astrocytogenesis from

neural progenitors (Yanagisawa et al. 2001). We then analyzed

the expression of several markers of radial glia and astrocytic

maturation. Nestin is an intermediate filament expressed in

neural progenitors and radial glia (Hartfuss et al. 2001). At E18,

nestin staining was intense in the VZ lining the ventricle,

Figure 2. BDNF upregulates BMP7 in vitro. (A) Quantification of BMP7 mRNA levels by RT-PCR in primary neuronal E16 cortical cultures treated with BDNF (100 ng/mL) for 1 and
6 h. (B) Western blot for BMP7 and actin as loading control in neuronal cultures treated for 6 h with BNDF (100 ng/mL). F9 cells (embryonic carcinoma cells that overexpress
BMP7) were used as a positive control. The graph summarizing quantification of western blots demonstrates that neurons treated with BDNF for 6 h express higher BMP7 protein
levels. (C) BMP7 mRNA was quantified in pure neonatal glial cultures treated with BDNF (100 ng/mL) for 1 or 6 h. BMP7 mRNA levels increased after 6 h of BDNF treatment in
neuronal cultures (A) but not in glial cultures (C).
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where it strongly labels radial glia cell bodies and other

progenitors located in this area. In addition, nestin-positive

fibers spanning the cortical wall from the VZ to the pia lined

the entire radial glial palisade (Fig. 6E). Mice injected with

BMP7 showed reduced nestin immunoreactivity in the VZ,

where radial glia somas are located. Distorted positive fibers

and isolated nestin-positive cell bodies were also frequent in

the SVZ and IZ (Fig. 6F).
We next analyzed the expression of brain lipid-binding

protein (BLBP), also a marker for subsets of radial glia and

differentiating astrocytes (Feng et al. 1994; Feng and Heintz

1995; Hartfuss et al. 2001). In vehicle-injected cortices, BLBP

labeled radial glia with a pattern that closely resembled the

nestin distribution. In addition, a few ramified BLBP-positive cells

were found scattered throughout the cortical wall (Fig. 6G). As
occurs with nestin, BMP7 injection also reduced BLBP staining in

radial fibers in the IZ and deep cortical layers and increased the

number of BLBP-labeled cells scattered throughout the cortex

(Fig. 6H). The changes in nestin and BLBP distribution observed

in BMP7-injected cortices are consistent with an early trans-

formation of radial glia to the astrocytic lineage.

We used IHC to detect the expression of astrocytic maturity

markers as SPARC-like 1 (SC1) and GFAP. SC1 is an extracellular

protein that is involved in the final neuronal detachment from

radial glia at destination and is also expressed in mature

astrocytes (Mendis et al. 1996; Lively and Brown 2007). In

control animals, SC1 labeling was found in the entire CP

(Fig. 6I). In the animals treated with BMP7, SC1 immunoreac-

tivity was similarly distributed through the cortex but was

increased, especially in layers VI--V (Fig. 6J). Similarly, SC1

protein content increases in primary cortical cultures treated

with BMP7 (Supplementary Fig. 4). On the other hand, GFAP is

a final marker for astrocyte maturation that is weakly expressed

in the developing rodent cerebral cortex (Sancho-Tello et al.

1995). Agarose beads preabsorbed with BSA or BMP7 were

deposited on organotypic cultures from E17 cortices. After

Figure 3. BDNF induces BMP7 expression through TrkB receptor and MAP kinase/ERK pathway. (A) Western blots of E16 neuronal cultures exposed to the TrkB inhibitor K252a
(0.6 lM) or dimethyl sulfoxide (DMSO) as control, 1 h before BDNF treatment for 1h. (B) RT-PCR results showing K252a blockage of the BMP7 mRNA expression induced by 6-h
BDNF treatment. (C) Immunoblots showing the effect on BDNF-dependent phosphorylation of ERK1/2 and AKT, respectively, of MEK inhibitor UO126 (10 lM), PI3-kinase inhibitor
wortmaninn (0.1 lM), or DMSO as control on E16 neuronal cultures exposed to them 1 h before BDNF treatment for 1 h. (D) Histogram summarizing the effect of the different
inhibitors of TrkB downstream pathways on BMP7 mRNA expression analyzed by RT-PCR after 6 h of BDNF treatment. (E) Histogram summarizing the effect of p53 transcriptional
activity inhibitor pifithrin-a on BMP7 mRNA expression analyzed by RT-PCR. A 10 lM cyclic pifithrin-a or DMSO as control was administered 1-h before BDNF treatment for 6 h.
(F) Real-time results showing the effect of p53 activation through nutlin-3 (10 lM), which inhibits MDM-2, a p53 inhibitor. Error bars reflect the standard deviation. *Significant
differences with respect to controls, and #differences between BDNF and BDNF þ inhibitor treatments (#/*P\ 0.05, ##/**P\ 0.01, LSD test).

Cerebral Cortex September 2010, V 20 N 9 2137

 at U
niversitat D

e B
arcelona on S

eptem
ber 13, 2011

cercor.oxfordjournals.org
D

ow
nloaded from

 



2 days in culture, GFAP expression was not affected by BSA

beads, whereas BMP7 beads showed more intense GFAP

staining and the presence of ramified astroglia in their vicinity

(Fig. 6K,L). Similarly, the number of GFAP-positive cells

increased in primary cortical cultures treated with BMP7

(Supplementary Fig. 2).

Taken together, these results indicate that BMP7 induces

a precocious radial glia-to-astrocyte transformation and

increased expression of SC1 protein in the embryonic cerebral

cortex.

BMP7 Effects on VZ and SVZ Progenitors

SVZ progenitors constitute a second proliferating population

mostly derived from radial glia that appears at E13 and

increases at the end of neurogenesis (Malatesta et al. 2003;

Noctor et al. 2004). To determine if BMP7 alters the

distribution of progenitors in this secondary germinal region,

we determined the position of all progenitor cells at E18 using

antibodies against Ki-67 nuclear antigen, a protein that is

present during all active phases of the cell cycle but absent

from resting cells (Scholzen and Gerdes 2000). This is also

a good way to estimate the persistence of radial glia in the VZ,

as in rodents all radial glial cells are cycling and express Ki-67

(Hartfuss et al. 2001). The total number of proliferating cells

was similar in sham- and in BMP7-injected cortices (from 77 ±
15 to 116 ± 24 cells per 1665-lm wide strip). However, we

found significant differences in the laminar distribution of

cycling cells. In E18 sham-operated cortices, Ki-67-positive

cycling progenitors were mainly found in the VZ (58%), while

in BMP7-injected cortices, this percentage was reduced to 44%

(99% LSD test) (Fig. 7A--C).
To determine if BMP7 treatment affects progenitor subtypes,

we performed a double immunofluorescence with Ki-67 and

T-brain gene-2 (TBR2) that is specifically expressed interme-

diate (basal) progenitor cells (IPCs), a type of neurogenic

progenitors (Englund et al. 2005). We calculated the ratio of

IPCs respect to the total progenitor pool by dividing the

number of Ki-67 + TBR2 cells into the total number of Ki-67

cells. What we found was that in E18 sham-operated cortices

84 ± 15% of Ki-67 cells were double-labeled with TBR2 while in

BMP7-injected cortices the percentage of Ki-67 + TBR2 double-

labeled cells was significantly reduced (55 ± 9%, 99% LSD test).

Attending to their laminar distribution, Ki-67 + TBR2 progen-

itors were present in roughly normal proportions in the VZ

(bin 10) while reduced through the SVZ and cortical

parenchyma (bins 1--9) (Fig. 7D--F).
Taking together, our data suggest that BMP7 does not affect

the total number of cortical progenitors but accelerates the

transformation of radial glia into SVZ progenitors. Moreover,

Figure 4. BMP7 treatment in E14 embryos impairs radial migration. (A) Graph of the laminar distribution of BrdU-positive cells in E18 cerebral cortex of embryos injected with
vehicle (sham) (B) or BMP7 (C) at E14. BrdU was injected to the E14 pregnant females 3 h after BMP7 injection. The graph shows significant reduction in the percentage of
labeled cells in the upper CP and a parallel increase in the percentage of labeled cells in the SP and IZ in BMP7-treated mice. (D) Laminar distribution of double-labeled neurons for
BrdU (red) and Brn1 (green) at E18 in sham-operated (E) and BMP7-treated (F) animals. (G, H) Higher magnifications showing that ectopic BrdU-positive cells in the IZ of BMP7-
treated mice (H) expressed Brn1 and had stopped migrating. **Significant difference P\ 0.01, LSD test. Error bars reflect the standard deviation. Scale bar, 80 lm.
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the reduction of Ki-67 + TBR2 intermediate neurogenic

progenitors respect to the total progenitor pool is suggestive

of a bias from neurogenesis to gliogenesis. Although due the

complexity of this process, further work will be needed to

confirm this hypothesis.

Discussion

Our results in vivo and in vitro support 3 main conclusions.

First, in the developing cerebral cortex, TrkB ligands BDNF and

NT4 induce BMP7 expression in neurons through MAPK/ERK

signaling, probably involving blockage of repressor activity

from p53/p63/p73 transcription factors. Second, the rise in

BMP7 at midgestation induces radial glia to begin their

transformation into astrocytes. Third, as a result of this

precocious radial glia transformation, radial neuronal migration

is impaired, and cortical lamination is altered. Together, these

findings support a developmental mechanism by which, at the

end of corticogenesis, activity-driven rises in BDNF induce

BMP7 expression in cortical neurons that in turn locally

instructs competent precursors to generate astrocytes. Such

a mechanism might ensure simultaneous neuronal and glial

maturation at the beginning of cortical activity (Fig. 8B).
Our results indicate that neurons are the main factors

responsible for BDNF-dependent BMP7 expression in vitro.

Neuronal pattern of BMP7 expression was also observed in vivo

in the cerebral cortex after BDNF transfection at E14 or at

P0 (not shown). However, we cannot rule out the possibility

that in vivo some glial cells or other cell types such as capillary

endothelial cells, a recently identified source of BMP7 in the

cerebral cortex (Imura et al. 2008), might also account for their

upregulation, as cerebral endothelium also expresses and

responds to BDNF (Guo et al. 2008). The differences in the

induction of BMP7 by BDNF in neurons and glia might rely on

the distinct TrkB isoforms that they express. Differential

splicing of TrkB mRNA generates the full-length TrkB, which

is mainly expressed in neurons, and several truncated isoforms

(TrkB-t) predominant in glial cells (Cheng et al. 2007).

Signaling is also different and TrkB activates PI3K/AKT,

MAPK/ERK and PKC signaling pathways, whereas TrkB-t

isoforms that lack kinase activity do not (Chao 2003; Reichardt

2006). By analyzing the activation of TrkB signaling pathways,

we have shown that BDNF-dependent BMP7 expression

requires the activation of TrkB and MAPK/ERK pathway but

not that of PI3K/AKT, as the Trk inhibitor K252a and the

ERK1/2 and ERK5 inhibitor U0126 but not the PI3K inhibitor

wortmannin blocked BMP7 induction by BDNF.

Activated ERK phosphorylates a number of transcription

factors, including p53, which in turn induce or repress the

transcription of downstream genes (Chang et al. 2003; Wu

2004). A recent study has identified a p53-responsive element

in intron 1 of the BMP7 gene (Yan and Chen 2007). Mutations

in p53 that abrogate its DNA binding or N-terminally truncated

isoforms of p63 (Dp63) and p73 (Dp73) that fail to trans-

activate p53-dependent gene expression induce BMP7 expres-

sion in several systems (Laurikkala et al. 2006; Yan and Chen

2007). This indicates that full-length p53 family members

repress transcription of BMP7. In agreement with these

Figure 5. BMP7 do not affect the migration of GABAergic neurons identified by calbindin immunostaining at E18 in cortical coronal sections of mice injected at E14 with vehicle
(sham) (A), BDNF (B), or BMP7 (C). (D) Graph of the laminar distribution of calbindin-positive neurons in control and BDNF- and BMP7-injected animals showing increased
percentage of GABAergic neurons in layers V--VI of BDNF-treated animals and normal GABAergic cell distribution in BMP7- and vehicle-treated cortices. Calbindin-positive
GABAergic neurons in E17 cortical organotypic cultures exposed to agarose beads (*) preadsorbed with BSA as negative control (E), BDNF as positive control (F), or BMP7 (G) for
48 h. BDNF exerted a dramatic attractive response in GABAergic neurons, while BMP7 had no effect. **Significant difference (P\ 0.01, LSD test). Error bars reflect the standard
deviation. Scale bar in A--C, 100 lm; E--G, 40 lm.
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findings, our results showed that pharmacological blockage of

p53/73 transcriptional activity synergizes with BDNF in the

induction of BMP7 transcription, whereas pharmacological

activation of p53/73 partially reverted it. Our results also point

to a basal and a regulated mechanism for BMP7 transcription, as

basal BMP7 expression was not completely abolished by any of

our pharmacological manipulations. Additional transcriptional

activators may be required for regulation by BDNF, and

p53 family members might contribute to repression.

Trk-mediated MAPK/ERK activation contributes to neuronal

survival and differentiation by decreasing activation of the p53

pathway (Wade et al. 1999; McCubrey et al. 2007). Moreover,

Dp73 and Dp63 isoforms are induced in the developing nervous

system by Trk (Pozniak et al. 2000) and BMP7 (Laurikkala et al.

2006) signaling, respectively. This induction facilitates a regu-

latory loop between TrkB signaling and BMP7 transcriptional

regulation by blocking the activation of p53 family members

and by inducing the expression of their dominant negative

truncated forms.

Our findings indicate that increased BMP7 levels at

midgestation arrests the migration of glutamatergic neurons

destined for the upper cortical layers. BDNF alters the laminar

fate of glutamatergic neurons (Fukumitsu et al. 2006) and

impairs radial neuronal migration by reducing reelin expression

in Cajal--Retzius cells and cortical interneurons (Ringstedt et al.

1998; Alcántara et al. 2006). Our data indicate that BMP7 mainly

affects the machinery for gliophilic radial migration, as

E14-labeled ectopic neurons maintained the expression of

transcription factors characteristic of their birthdates, and the

laminar fate and tangential migration of cortical interneurons

was preserved, at least at the early ages we studied.

Defective radial migration is caused by alteration of radial

glia morphology or cell adhesion and adhesion-modulating

proteins. Reelin and SC1 are extracellular matrix proteins

controlling gliophilic migration. Although the mode of reelin

action in neuronal migration is still controversial, a ‘‘detach-

and-go’’ model in which reelin regulates detachment from

radial glia and somal translocation has recently been proposed

(Cooper 2008). In the present study, we found preserved

cellular organization of the MZ after the intraventricular

injection of BMP7, including reelin expression and distribution.

We also failed to detect a local effect of BMP7 on Cajal--Retzius

cells when applying BMP7-preabsorbed beads directly to the

MZ in organotypic cultures (not shown). Our results indicate

that alterations in Cajal--Retzius cell organization or in reelin

expression are not the principal responsible of the migration

Figure 6. BMP7 effects on radial glia organization in developing mouse cerebral cortex. Cajal--Retzius cells identified by antibodies for calretinin (A, B) and reelin (C, D) showing
their normal distribution in E18 cortical coronal sections from mice sham operated (A, C) or injected with BMP7 (B, D) at E14. (E, F) Staining for the progenitor marker nestin
showing less intensity and a marked decrease in the radiality of labeled structures in the VZ of BMP7-treated brains (F) with respect to sham-operated brains (E). (G, H) BLBP
protein staining showing reduced expression in deeper layers and more BLBP-positive cells in the CP of BMP7-treated animals (H) with respect to controls (G). (I, J) Staining for
the antiadhesive protein SC1 showing a marked increase in BMP7-treated cortex (J) with respect to controls (I). (K, L) Organotypic cortical cultures exposed for 48 h to agarose
beads preadsorbed with BSA as negative control (K) or BMP7 (L), showing increased GFAP expression and ramification in glial cells in the vicinity of BMP7 beads. V/VI, cortical
layers V and VI. Scale bar, 80 lm.
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arrest caused by BMP7, although we cannot completely rule

out their involvement. On the other hand, SC1 is an

antiadhesive protein of the SPARC-related family that regulates

the interaction of cells with the ECM and that has been

implicated in neuronal detachment at the end of migration

(Gongidi et al. 2004). BMP7-dependent increases of SC1

expression in the CP as shown here might induce the early

detachment of migrating neurons from the glial rail as they

approach the CP, resulting in ectopic accumulation in the IZ

similar to that observed in BMP7-treated cortices.

Figure 7. BMP7 effects in VZ and SVZ progenitors Ki-67 immunostaining showing the distribution of the cycling progenitor pool in sham-operated (A) and BMP7-injected animals
(B). (C) Histogram showing the displacement of Ki-67 progenitors from the VZ (bin 10) to more basal positions (bin 1--9). (D, E) Figures show the distribution of IPCs double-
stained with Ki-67 and TBR2 in sham-operated (D) and BMP7-injected (E) animals. (F) Histogram showing different distribution of IPCs between sham-operated and BMP7-
injected animals. **Significant difference P\ 0.01, LSD test. Error bars reflect the standard deviation. Scale bar, 80 lm.

Figure 8. Model of BMP7 activation by BDNF. (A) Pathway of activation. (B) Model of physiological role for BDNF-dependent BMP7 expression during development.
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In addition to serving as a radial scaffold for neuronal

migration, radial glia originate neurons, IPCs and glial restricted

progenitors of the SVZ, and postnatally evolve into astrocytes

with a precise although overlapping temporal sequence (Ihrie

and Alvarez-Buylla 2008; Malatesta et al. 2008), a dynamic

process regulated by crosstalk with embryonic neurons (Hatten

1985; Miller and Gauthier 2007). This process occurs in

2 sequential steps: First, notch ligands secreted by young

neurons induce the expression of nuclear factor I, which

promotes the demethylation of astrocyte-specific genes in

neural precursors (Namihira et al. 2009), and second, glyogenic

cytokines secreted by subsequent neuronal waves might then

act on these demethylated glial promoters, committing compe-

tent neural precursors to the astrocyte lineage (Barnabe-Heider

et al. 2005). Secreted BMPs induce astrocytogenesis and

astroglial maturation from competent neural progenitors

through the induction of inhibitory transcription factors of the

Inhibitor of DNA binding (ID) family. ID factors antagonize

proneural basic Helix-Loop-Helix protein function and induce

GFAP promoter in late embryos (Yanagisawa et al. 2001; Miller

and Gauthier 2007). Our data are consistent with a precocious

radial-glia-to-astrocyte transformation induced by BMP7. The loss

of radiality and reduction of nestin expression in radial glia,

together with the greater number of BLBP-positive cells in the

cortical parenchyma and the rise in SC1 expression, indicate that

glioblasts increase at expenses of radial glia after BMP7

treatment. In addition, GFAP and ID1 transcription factor

expression were also induced in E16 cortical cultures after

BMP7 treatment (Supplementary Fig. 4).

The total number of cycling progenitors at E18 is not

significantly altered by BMP7 treatment; however, progenitors

are displaced from the VZ to more basal positions. Double-

labeling experiments using TBR2, a specific marker for IPCs

(Englund et al. 2005), showed a reduction of TBR2 progenitors

in the SVZ respect to the total progenitor pool. IPCs are

considered neurogenic transit amplifying progenitors; thus, our

data are compatible with the notion of an early radial glia

transformation to progenitors of the glial linage induced by

BMP7. However, due to the complex dynamics of germinal

matrices during corticogenesis, further work and long-term

analysis of changes in neuronal and glial populations will be

needed to sustain this assumption.

Taken together, our results indicate that the migration arrest

observed in BMP7-treated animals is the result of precocious

transformation of radial glia to astrocyte and a change in the

extracellular matrix composition that promotes neuron--glia

detachment by increasing the expression of antiadhesive

factors such as SC1.

At the end of neurogenesis, sensory experience and

electrical activity shape the functional and structural architec-

ture of the CNS by regulating the transcription of a large set of

genes including BDNF and its receptor TrkB (Hughes et al.

1999; Nagappan and Lu 2005; Hong et al. 2008). Activity-driven

BDNF expression promotes neuritogenesis, the formation of

new synapses, and the development of cortical inhibition

(Bonhoeffer 1996; Aakalu et al. 2001; Kohara et al. 2007), and

by binding to TrkB-t isoforms, BDNF also directs cortical

progenitors to a glial cell fate (Cheng et al. 2007).

On the basis of our results, we propose a model in which

BDNF-dependent BMP7 expression constitutes a local regula-

tory system. At the end of corticogenesis, BMP7 induction by

BDNF through the TrkB and MAPK/ERK/p53 pathway might

synchronize neuronal survival and differentiation with asto-

cytic maturation on the arrival of incoming axons and the

beginning of cortical activity.
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Alcántara S, Frisen J, del Rio JA, Soriano E, Barbacid M, Silos-Santiago I.

1997. TrkB signaling is required for postnatal survival of CNS

neurons and protects hippocampal and motor neurons from

axotomy-induced cell death. J Neurosci. 17:3623--3633.
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ABSTRACT: Guidepost cells are essential struc-

tures for the establishment of major axonal tracts. How

these structures are specified and acquire their axon

guidance properties is still poorly understood. Here, we

show that in mouse embryos appropriate levels of Bone

Morphogenetic Protein 7 (Bmp7), a member of the

TGF-b superfamily of secreted proteins, are required
for the correct development of the glial wedge, the indu-

sium griseum, and the subcallosal sling, three groups of

cells that act as guidepost cells for growing callosal

axons. Bmp7 is expressed in the region occupied by these
structures and its genetic inactivation in mouse embryos

caused a marked reduction and disorganization of these

cell populations. On the contrary, infusion of recombi-

nant Bmp7 in the developing forebrain induced their
premature differentiation. In both cases, changes were

associated with the disruption of callosal axon growth

and, in most animals fibers did not cross the midline

forming typical Probst bundles. Addition of Bmp7 to
cortical explants did not modify the extent of their out-

growth nor their directionality, when explants were

exposed to a focalized source of the protein. Together,

these results indicate that Bmp7 is indirectly required

for corpus callosum formation by controlling the

timely differentiation of its guidepost cells. ' 2010 Wiley

Periodicals, Inc. Develop Neurobiol 71: 337–350, 2011

Keywords: morphogen; cerebral cortex; axon guidance;
glial cells; neuronal migration

INTRODUCTION

Long-distance axon outgrowth relies on multiple nav-

igational mechanisms. Seminal observations in the

grasshopper embryos suggested that pioneer axons

use cells strategically positioned along their trajecto-

ries as landmarks for pathfinding (Bate, 1976). Cells

with the same characteristics of these so called

\guidepost cells" (Bentley and Keshishian, 1982)

have been rarely found in other organisms. However,

a broader definition of the term can be easily applied

to many structures of invertebrate and vertebrate

organisms. Thus, guideposts are discrete groups of

glial or neuronal cells that provide discontinuous
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information in intermediate positions along the path

of growing axons (Palka et al., 1992). Guidepost cells

have also been defined as \intermediate targets"
when the information they provide determine sharp

changes in the axon trajectory or its sorting in differ-

ent directions (Bovolenta and Dodd, 1990). In this

context, good examples of guidepost structures in

vertebrates are the optic disc and chiasm for visual

axons (Bovolenta and Mason, 1987; Godement et al.,

1990; Stuermer and Bastmeyer, 2000; Morcillo et al.,

2006), the floor plate for commissural axons of the

spinal cord (Bovolenta and Dodd, 1990; Bovolenta

and Dodd, 1991) or the basal ganglia primordium for

thalamo-cortical projections (Garel et al., 2002;

Dufour et al., 2003; Seibt et al., 2003; Lopez-Bendito

et al., 2006). Guidepost cells secrete or express on

their surface guidance cues that confer their proper-

ties and their surgical or genetic removal causes

severe alterations in the associated axon trajectory

(Learte and Hidalgo, 2007). Therefore, establishing

how guidepost cells are specified is fundamental for

the complete understanding of brain wiring. This

question, however, is far from being fully resolved,

particularly in the case of the corpus callosum (CC),

a mayor axon tract that heavily relies on the integrity

of guidepost cells for its development (Paul et al.,

2007).

The CC is the largest commissural tract in the ver-

tebrate brain and is devoted to coordinate information

between the left and right brain. This commissure is

formed by the axons of a subtype of cortical pyrami-

dal neurons located in layers 2/3 and 5 (Yorke and

Caviness, 1975; Alcamo et al., 2008; Britanova et al.,

2008; Molyneaux et al., 2009). Callosal neurons

project their axons to the intermediate zone of the

cortex where axons turn toward the midline. After a

steep ventral growth, callosal fibers abruptly turn to

cross the midline at the cortico-septal boundary to

follow an inverse trajectory in the opposite hemi-

sphere of the brain [Fig. 1(a); Richards et al., 2004)].

The midline path of callosal axons is surrounded by

multiple cellular structures that act as guidepost cells.

These include the glial wedge (GW), indusium gri-

seum (IG), midline zipper glia (MZG), and subcal-

losal sling cells [SCS, Fig. 1(A)]. The IG, dorsal to

the CC, is formed by a group of neurons and astro-

cytes located underneath the pial membrane of the

dorsomedial pallium, whereas the bilateral GW is

composed of radial glial cells that reside ventral to

the CC at the cortico-septal boundary (Shu et al.,

2003). Both the structures express Slit2, a potent che-
morepellent that restricts the site of callosal axons

cross at the midline (Shu and Richards, 2001; Bagri

et al., 2002; Shu et al., 2003). The MZG, which might

be involved in telencephalic fusion, and the SCS

[Fig. 1(A)], an array of glial cells and neuronal that

migrate from the lateral ventricle, provide a substra-

tum over which CC pioneer axons extend (Silver

Figure 1 Bmp7 is expressed in cortical midline guidepost

cells. (A) Semi-schematic representation of the callosal path-

way and the associated midline guidepost populations. The

position of the GW (green circles), IG (purple dots), SCS

(red circles), and MZG (yellow oval) are indicated in a fron-

tal Hoestch-stained section at the level of the septum, where

pioneer callosal axons have been traced with a DiI crystal

placed in the cerebral cortex (black asterisk). The trajectory

of callosal axons has been highlighted in white. B–E) b-Gal
staining of coronal sections from Bmp7lacZ/+ embryos at

E12, E15 and E18. Reporter expression localized to the dor-

sal telencephalic midline and meninges (B, C, arrows in D),

in the choroid plexus (ChP), cortical hem (CH) and hippo-

campal primordium (HP) and in the GW, IG, and SCS

(arrows in E) surrounding the CC. F–G) Coronal sections

from wt embryos hybridizes with a Bmp7 specific probe. H–
I) Coronal sections from Bmp7lacZ/+ pups double labeled

with b-Gal staining and antibodies against GFAP.
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et al., 1982; Silver and Ogawa, 1983; Silver et al.,

1993; Shu et al., 2003; Shu et al., 2003). A recent

study has also demonstrated the existence of addi-

tional transient glutamatergic and GABAergic neuro-

nal populations, which intermingle with the nascent

callosal axons and contribute to their guidance by

expressing the chemoattractant Sema3C (Niquille

et al., 2009; Piper et al., 2009).

Agenesis of the CC is a developmental defect,

which can result from the disruption of multiple steps

of CC development. CC agenesis is often associated

with alterations of its midline guidepost cells (Paul et

al., 2007), but the precise mechanisms that control

their specification are only poorly defined. Genetic

inactivation of Nfia and Nfib, two transcription fac-

tors of the nuclear factor I (NFI) family, results in an

acallosal phenotype due to reduced formation of cort-

ical midline glia (das Neves et al., 1999; Shu et al.,

2003; Steele-Perkins et al., 2005). Similarly, disrup-

tion of Fgf signaling prevents CC formation because

Fgf receptor 1 is required to form the IG, whereas

other guidepost structures are normal (Smith et al.,

2006; Tole et al., 2006), suggesting that their devel-

opment requires other yet undefined signaling mecha-

nisms. Here we have investigated whether signaling

activated by Bone Morphogenetic Proteins (BMP),

members of the TGFb super-family of signaling fac-

tors (Chen et al., 2004), might be one of these mecha-

nisms. The choice of BMP and in particular of

BMP7-mediated signaling seemed particularly

adequate because these cytokines are well known

glial-inducing factors (Nakashima and Taga, 2002).

Furthermore, BMP7, acting ahead of Sonic hedge-

hog, promotes the specification of optic disc glial

cells, which guide visual axons out of the eye (Mor-

cillo et al., 2006). In line with this hypothesis, herein

we demonstrate that Bmp7 is required for CC forma-

tion because appropriate levels of this factor are nec-

essary for timely differentiation of its associated mid-

line glial and neuronal guidepost cells.

MATERIALS AND METHODS

Animals

Bmp7-deficient mice, generated and genotyped as described

(Godin et al., 1998), were kindly provided by Prof. E. Rob-

ertson (University of Oxford) and maintained in a C57/Bl6

genetic background by backcrossing (at least seven times).

Wild type (wt) embryos from C57BL/6J pregnant mice

were collected between E16.5 and E18.5 (E0.5 corresponds

to the day of the vaginal plug). All animals were used

according to the Spanish (RD 223/88) and European (86/

609/ECC) regulations.

In Utero Injection of BMP7 Protein

Pregnant dams at 14.5 were anesthetized with intraperitoneal

injection of Ketamine/Valium (150 lg/g; 5 lg/g). After

exposure of the uterine horns, 2 lL of vehicle or of human

recombinant BMP7 (0.5 lg/lL, R&D, Abingdon, UK) were

delivered into the lateral ventricles of the embryos by intrau-

terine injection as described (Ortega and Alcantara, 2010).

The uterus was returned to the abdominal cavity to allow

four additional days of development (E18.5). Embryos were

thereafter processed for immunohistochemistry.

BrdU Incorporation

Wt or Bmp7 null pregnant females at 14.5 or 15.5 days of

gestation were injected intraperitoneally with 5-bromo-2-

deoxyuridine (BrdU; 50 mg/kg body weight; Sigma-

Aldrich). In the case of vehicle or BMP7-injected animals,

BrdU was administered at E14.5 3h after BMP7 injection or

at E15.5. In all cases, embryos were sacrificed at E18.5 and

processed for immunohistochemistry.

In Situ Hybridisation and
Immunohistochemical Procedures

Mouse embryos were transcardially perfused with 4% para-

formaldehyde (PFA) in 0.1 M phosphate buffer pH 7.3 (PB).

Brains were dissected and postfixed for 8–12 h, cryopro-

tected in 30% sucrose solution in PB, and sectioned with a

cryostat (Leica). Coronal sections of 20–40-lm thickness

were collected and then processed for in situ hybridization

or histochemical procedures. Immunostaining of cryostat

sections or explant cultures were performed with standard

protocols using antibodies against the following antigens:

Glial Fibrillary Acidic Protein (GFAP; rabbit antiserum,

1:3000; Dako), tubulin-bIII (mAb, 1:1000 Promega;), Cux1

(1: 1000; Santa Cruz Biotechnology), anti-Tbr1 (1: 2000;

Chemicon), anti-TBR2 (mAb, 1:500; abcam), Beta 3 (mAb,

1:500; Santa Cruz Biotechnology), Ctip2 (mAb, 1:100;

abcam), L1 (mAb, 1:1000; Chemicon), Sox5 (rabbit antise-

rum 1:3000; a gift from A. Morales), Nestin (mAb, 1:500;

BD Pharmingen), BrdU (mAb, 1:200; GE Healthcare),

Brn1(1:100, Santa Cruz Biotechnology, San Diego), and 488

or 594-Alexa2-conjugated fluorescent secondary antibodies

(1:500; Molecular Probes). Sections were counterstained

with Hoechst 33258 (Molecular Probes). In situ hybridisa-

tions were performed with digoxigenin-labeled probes

designed against Clim1 (a gift from P. Arlotta) and Slit2,
using standard protocols. Bmp7 distribution was determined

by X-gal histochemistry, anti-bgal immunostaining in

Bmp7lacZ/+ embryos and in situ hybridisation with a Bmp7
digoxigenin-labeled specific probe.

DiI Labeling

The trajectory of callosal axons in E18.5 and P0 wt and

Bmp7 null animals was determined by unilateral antero-

Bmp7 and Corpus Callosum Formation 339

Developmental Neurobiology



grade labeling with a small DiI crystal (Molecular Probes)

placed onto the surface of the fixed cerebral cortex. Brains

were stored for 15 days at 378C in Phosphate Buffer Saline

(PBS)/PFA to allow dye diffusion and thereafter embedded

in agar/agarose (2%, 2%) solution and sectioned at 50-lm
thickness using a vibratome (Leica).

Cortical Explant Cultures

The brains of E16.5 and E18.5 embryos were removed and

embedded in 4% low-melting agarose and sectioned in the

coronal plane at 200-lm thickness using a vibratome. The

cerebral cortex was separated from the rest of the slice, di-

vided in cubes of about 200 lm, and embedded in collagen

gel matrix in the presence or absence of soluble or bead-

immobilised BMP7 (100 ng/lL; R&D) as described

(Trousse et al., 2001). After 48 h, explants were fixed in 4%

PFA and stained with antitubulin-bIII antibody. In each

case, 4–5 explants were cultured in quadruplicates. At least

26 experiments were performed for each condition.

Western Blot Analysis

The cortico-septal region of Wt, Bmp7 null, Sham-operated

and BMP7-injected neonatal animals was dissected and col-

lected in lysis buffer (150 mM NaCl, 1% TritonX-100,

50 mM Tris pH 8; 1mM PMSF, proteinase inhibitors).

Lysates were fractionated by ultracentrifugation, and the

pellets were resuspended in 53 loading buffer and sepa-

rated by 12% SDS-PAGE. After electrophoresis, proteins

were transferred to PDVF membranes (Hybond-P, Amer-

sham), checked by Ponceau Red staining, and probed with

mAb against GFAP (1:10.000, Dako); Nestin (1:5000,

Abnova Corporation), and a-tubulin (1:50.000). Primary

antibodies were detected with peroxidase-conjugated

secondary antibodies and detected with Enhanced chemilu-

minescence (ECL) Advanced Western Blotting Detection

Kit (Amersham). Densitometric analysis, standardized to a-
tubulin, was performed using ImageJ software (National

Institutes of Health).

Statistical Analysis

The data were collected using the ImageJ software (NIH)

and quantified with the GraphPad software. The extent of

neurite outgrowth in collagen gel experiments was deter-

mined subtracting the area occupied by the explants from

the total Tuj1-positive area, normalising for the explant

area. The quadrants proximal and distal to the position of

the soaked beads were analysed. Neurite length was deter-

mined by measuring the distance from the edge of the

explant to the tip of the longest immunopositive fibre. Data

are presented as means 6 SEM in pixels. The number of

Tbr2-positive cells presents in the subcallosal sling of wt,

Bmp7�/�, BMP7-injected or sham-operated embryos were

quantified with ImageJ software in confocal images (Leica

TCS LS). In each case, positive cells were counted in an

area of 450 lm2 in a number of sections (wt, 10; Bmp7�/�,
11; sham, 18; BMP7, 17) from different embryos (wt, 3;

Bmp7�/�, 3; sham, 8; BMP7, 5). Statistical significance

was calculated using unpaired Student’s t-test.

RESULTS

Bmp7 is Expressed in the Region
Occupied by CC Guidepost Cells

A number of BMPs, including Bmp7, are crucial for

early dorsal telencephalic development (Furuta et al.,

1997; Hebert et al., 2002; Hebert et al., 2003) but

their precise expression during CC development has

not been reported. We focused on Bmp7 and deter-

mined its expression using the activity of the LacZ
transgene of the mutated Bmp7lacZ/Neo allele (Dudley

et al., 1995). b-Gal staining of coronal sections from

E12.5, E13.5 and E15.5 Bmp7lacZ/+ embryos revealed

high expression of Bmp7 in the meninges, choroid

plexus, cortical hem, hippocampal primordial, and

cortico-septal boundary before pioneer CC axons

reach the midline [Fig. 1(B–D), not shown]. When

callosal axons begin to form a visible tract between

E16.5 and E18.5, Bmp7 expression was localized to

the regions occupied by the GW, IG and in scattered

cells of the SCS [Figs. 1(E) and 2(A,B,E,F)]. This

distribution was confirmed by in situ hybridization

analysis [Fig. 1(F,G)] Immnunocolocalization of b-
Gal and anti-GFAP signal confirmed the glial nature

of a proportion of the Bmp7-positive cells at the cor-

tico-septal boundary at E16.5, when the first commis-

sural axons begin to elongate [Fig. 2(A,B)]. GFAP-

positive cells were localized in the GW, IG, and SCS.

However, in the latter structure, many b-Gal-positive
cells did not express GFAP [Fig. 1(H,I)], suggesting

that Bmp7 positive cells could also be neuronal in na-

ture. To confirm this possibility, we analyzed the

expression of the transcription factors T-brain-2 and 1

(Tbr2, Tbr1), which are respectively expressed in the

intermediate (basal) progenitor cells and in postmi-

totic neurons of the developing cerebral cortex

(Englund et al., 2005). Many double-labeled Tbr2

and b�Gal positive cells were observed at the cor-

tico-septal boundary. From E16.5 onward, an increas-

ing number of Tbr2 positive cells appear to migrate

towards the developing callosal region [Figs. 2(E,F)

and 7(A)], delineating the SCS at E18 [Fig. 7(B,G)].

As reported (Niquille et al., 2009), Tbr1-positive neu-

rons were mostly observed within the developing CC

[Fig. 6(E)], where b�Gal and Bmp7 mRNA was

hardly detected [Figs. 1(E,G,C) and 2]. Together,

these results indicate that Bmp7 is expressed by most

glial and neuronal midline guidepost cells of the CC.
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Bmp7 is Required for Proper CC
Formation

If Bmp7 expression at the telencephalic midline is

directly or indirectly involved in CC formation, Bmp7
null mice should present callosal commissural defects.

Indeed, abnormal bundling of commissural axons at

the cortico-septal boundary was already observed in

Bmp7 null embryos at E16.5 [Fig. 2(C,G)]. These

abnormalities were clearly visualized when frontal

sections of wt and Bmp7 null embryonic or postnatal

brains were immunolabelled with antibodies against

L1 [Fig. 3(A,B)], a cell adhesion protein abundantly

expressed by callosal axons (Fujimori et al., 2000), or

traced with a crystal of DiI [Fig. 3(C,D)]. At E18.5, wt

callosal fibers crossed the cortical midline and grow

dorsally to the contralateral hemisphere [n ¼ 10;

Fig. 3(A,C)]. While heterozygous Bmp7+/� embryos

(n ¼ 6) were indistinguishable from wt littermates,

Bmp7�/� embryos presented an abnormal CC, albeit

with a variable penetrance. In half of the analyzed

homozygous embryos (n ¼ 13) callosal axons did not

cross the midline but remained in the ispilateral side

of the brain forming Probst-like bundles [Fig. 3(B)],

although hindlimb polydactyly, a landmark for Bmp7
null embryos (Dudley et al., 1995), was observed in

all homozygous embryos. Photo-converted DiI tracing

revealed that in less penetrant phenotypes, many

defasciculated cortical fibers reached the midline,

whereas the remaining axons formed bundles in the

ipsilateral side of the cortex [Fig. 3(D)].

Callosal axon guidance defects of Bmp7 null

embryos could result from abnormal pyramidal

neuron specification or alterations in layer formation.

To explore these possibilities, we analyzed the orga-

nization of the cerebral cortex using specific markers.

Immnohistochemical localization of Sox5 and Ctip2,

two transcription factors expressed by subcortical

projection neurons of layers V and VI, and Beta 3, a

marker for cortical plate and layer V neurons, showed

no significant differences between wt and Bmp7�/�

E18.5 cerebral cortex [Fig. 4(A–D,H–K)]. Similarly,

the mRNA of Clim1, a marker of layer V callosal

neurons, was distributed with a similar pattern in both

Figure 3 The CC does not form properly in Bmp7 null

embryos. A–B) Confocal images of coronal sections from

E18.5 wild-type (A) and Bmp7�/� (B) brains immuno-

stained for L1, a marker for the CC. C–D) Photo-converted

DiI tracing of cortical axons from P0 wt (C) and Bmp7�/�

brains. In wt many callosal axons have crossed the midline,

entering the contralateral hemisphere between E18 and P0

(A, C). In severely affected Bmp7�/� embryos, callosal

fibers do not cross the midline and stall at the cortical mid-

line, forming Probst-like bundles (PB, arrows in B). In less

penetrant phenotypes, a proportion of cortical fibers reaches

the midline but in a defasciculated manner, whereas the

remaining fibers form bundles in the ipsilateral side of the

cortex (arrows in D).

Figure 2 Bmp7 is expressed in glial and neuronal cells

surrounding the nascent CC. Confocal images of frontal

cryostat sections from E16.5 wt and Bmp7 null embryos at

the level of the CC immunostained with antibodies against

b-Gal (green) and GFAP (A–D) or Tbr2 (E–H). Note the

decrease of both b-Gal/GFAP and b-Gal/Tbr2 double

stained cells (arrows in C, E, G) in the mutants, where cal-

losal axons form incipient Probst-like bundles (fPB).

Bmp7 and Corpus Callosum Formation 341

Developmental Neurobiology



wt and Bmp7 null embryos [Fig. 4(G,N)]. In contrast,

the distribution of Brn1, a transcription factor

expressed by glutamatergic neurons of layers II-V

(McEvilly et al., 2002; Sugitani et al., 2002), and

Cux1, a marker for upper layer cortical neurons

(Cubelos et al., 2008), revealed a decrease in the

density of the upper layers and an increase in Cux1

and Brn1 positive cells in the lower layers of the

Bmp7 null cortex as compared with wt [Fig.

4(E,F,L,M)]. This decrease was further confirmed by

examining the generation of upper layer neurons in

embryos injected with BrdU at E14.5. When exam-

ined at E18.5 acallosal Bmp7 null embryos, many

BrdU and Brn1 double labeled neurons accumulated

in the IZ below the cortical plate, suggesting that a

proportion of late generated neurons, although nor-

mally specified, fail to migrate to their proper layers

[Fig. 4(F,M)].

Together these data indicate that, despite some

layering defects, cortical projection neurons are nor-

mally specified in absence of Bmp7, which, instead,
might be directly or indirectly required for callosal

axon pathfinding across the cortical midline.

BMP7 Does Not Act as a Guidance
Cue for Callosal Axons

BMP-mediated signaling controls axons’ movements

in different contexts (Bovolenta, 2005; Sanchez-

Camacho and Bovolenta, 2009) and regulates corti-

cal dendrite-genesis (Lee-Hoeflich et al., 2004).

Therefore, we tested the possibility that BMP7,

likely released by the GW, IG, and SCS could act as

an axon guidance cue for callosal axons as they cross

the midline. To address this hypothesis, E16.5-E18.5

cortical explants were grown in collagen gel for 48h

in the presence or absence of BMP7 (100 ng/lL)
provided either directly in the culture medium or in

soaked beads as a focal source. Cortical explants

extended numerous radially oriented neurites and

this pattern of outgrowth was not modified by the

presence of beads soaked in PBS [Fig. 5(A,B)]. In

none of the two experimental paradigms the addition

of BMP7 had any apparent effect [Fig. 5(C,D)].

There was no significant difference between control

and BMP7-treated explants when the total area of

outgrowth (26.4 6 0.95 vs. 30.41 6 2.98, respec-

Figure 4 Cortical neurons are normally specified but upper layer neuron migration is impaired in

Bmp7�/� embryos. Confocal images of coronal sections from E18.5 wt and Bmp7 null embryos

stained with Hoescht (A, H), immunostained with antibodies against Beta 3 (B, I), Ctip2 (C, J),

Sox5 (D, K), Cux1 (E, L), Brn1 and BrdU (F, M) or hybridized with a probe for Clim1 (G, N).

Note that upper layer neurons are normally specified but accumulates (dotted square in M) in the

IZ in the cortex of Bmp7 null embryos. Abbreviations: CP, cortical plate; IZ, intermediate zone;

MZ, marginal zone; VZ, ventricular zone, V, layer V; VI, layer VI.
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tively) and neurite length (8.01 6 0.71 vs. 8.82 6
0.42, respectively) was quantified. Similar neurite

density and length was also observed in the

distal and proximal quadrants when explants

were challenged with PBS or BMP7-soaked beads

[Fig. 5(E,F)].

The Development of the GW, IG, and SCS
is Impaired in Bmp7 Null Embryos

Because BMP7 did not appear to directly control the

outgrowth and directionality of callosal axons, we

finally tested whether Bmp7 expression in the sur-

roundings of the GW, IG, and SCS was actually

needed for their specification and/or differentiation.

In wt embryos, the first radially oriented glial cells

of the GW begin to differentiate at E16.5 and express

the astrocytic marker GFAP [Fig. 2(A,B)]. These

populations gradually increases at E18.5 when

GFAP-positive cells are observed in the GW as well

Figure 5 Bmp7 does not modify the outgrowth of cortical

axons. A–D) E17.5 cortical explants from wt cerebral corti-

ces were cultured in collagen gel in the presence of beads

soaked with PBS or BMP7 (100 ng/lL) and immunostained

with antitubulin-bIII antibody to visualise the extent of neu-
rite outgrowth. E–F) Quantification of the area covered by

cortical neurites (E) and the axonal length (F, in pixels) in

the proximal (P) or distal (D) quadrants of cortical explants

grown in the presence (n ¼ 26) or absence (n ¼ 30) of

BMP7-impregnated beads. No significant differences were

observed in the presence of BMP7 compared with the con-

trols.

Figure 6 Cortical midline glia is altered in Bmp7�/�

embryos but the levels of Slit2 expression are normal. A–D)

Coronal sections from E18.5 (A, B) and P0 (C, D) wt and

Bmp7�/� brains were immunolabeled with antibodies against

GFAP (A–D) or Tbr1 (G, H). GFAP-positive cells in the GW

and IG are strongly reduced while those intermingled with

the callosal axons in the Probst bundles (PB) are misoriented

in Bmp7 null animals when compared with wt brains. Less

Tbr1-positive cells are observed within the CC of Bmp7�/�

newborns (H). E, F) Coronal sections from P0 wt and

Bmp7�/� brains were hybridised with a Slit2 probe. The lev-

els of Slit2 expression in the GW and IG regions are roughly

similar in Bmp7�/� and wt brains. Note however the strong

reduction of the CC and IG size in the mutants. I) Western

blot analysis of GFAP and Nestin levels in the CC region in

wt, Bmp7 null newborns and Sham or BMP7 injected E18.5

embryos. aTubulin was used as load control. Note that GFAP

levels are decreased in the Bmp7 mutant while increased after

BMP7 addition as compared with their respective controls.
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Figure 7 Overexpression and loss of Bmp7 function disrupts the formation of the subcallosal

sling and correlates with abnormal callosal axon growth. A–L) Confocal images of coronal sections

from E17.5 (A–D) and E18.5 (F–Q) BrdU-treated wt, Bmp7�/�, sham or BMP7 (1lg) injected
brains immunostained with antibodies against BrdU, Tbr2 and L1. BrdU was injected at E15.5.

Tbr2- (A, B) and Tbr2 and BrdU-positive immature neurons accumulate in the subcallosal sling

of wt (G, H) and sham injected embryos (M, N). In Bmp7 null and in BMP7-injected embryos,

Tbr2- (C, D) and Tbr2 and BrdU-positive cells are reduced in the subcallosal sling (SCS) but seem

to accumulate (arrows in J, K) at the lateral ventricle in correspondence of the GW. This decrease

correlates with the formation of Probst-like bundles (PB in I, K, Q). E) Quantification of the num-

ber of Tbr2-positive cells within the subcallosal sling. Both gain- and loss-of Bmp7 function causes

a statistically significant reduction in the number of Tbr2-positive neurons. (**p < 0.01, ***p <
0.001; Student’s unpaired t-test). Scale bar, 200 lm.



as in the IG and MZG [Fig. 6(A); (Shu et al., 2003)].

In contrast, the number of GFAP-positive cells in the

GW Bmp7 null embryos was strongly reduced from

E16.5 onward [Figs. 2(C,D) and 6(B)]. At E18.5,

some GFAP-positive staining was detected at the

level of the IG and MZG but cells were disorganized

and abnormally positioned across the midline

[Fig. 6(B)]. These defects did not reflect a simple

developmental delay because in newborn animals the

number of GFAP-positive cells at the GW was still

reduced and staining at the midline was abnormal

[Fig. 6(C,D)]. Western blots analysis of the GFAP

and Nestin levels present in the septo-callosal region

of wt and Bmp7�/� newborn pups confirmed these

results [Fig. 6(I)]. Densitometric quantification

revealed a roughly fivefold decrease of GFP protein

levels in Bmp7 null tissue (wt; 1.1 arbitrary units,

a.u.; Bmp7�/�, 5.7 a.u normalized to a-tubulin) with
no significant variations of Nestin levels (wt; 1.0 a.u.;

Bmp7�/�, 1.3 a.u). Despite this difference, the

mRNA of Slit2, one of the guidance cues required for

callosal axon extension at the midline (Bagri et al.,

2002; Shu et al., 2003) was expressed in the lateral

ventricle and in the reduced IG of Bmp7�/� newborn

brains at levels similar to those observed in wt [Fig.

6(E,F)], suggesting that other factors may explain the

failure of axon growth across the midline.

Integrity of the SCS is among the factors required

for successful callosal axon growth through the mid-

line (Silver et al., 1982; Shu et al., 2003; Niquille

et al., 2009). In addition to glial cells, this structure

contains dividing immature neuronal cells (Shu et al.,

2003). Immunohistochemical analysis revealed that

fewer Tbr2-positive immature neurons were present

in the lateral ventricle at the septo-cortical boundary

of Bmp7 null embryos at E16.5 as compared with wt

littermates [Fig. 2(E–H)]. Similarly, fewer Tbr2-

positive cells than those observed in wt were present

in the developing SCS of Bmp7�/� embryos [Fig.

7(A–E,G,J)] and, at E18.5, positive cells appeared

to accumulate at the ventricle edges from where they

migrate [Fig. 7(G,J)]. This decrease was always

associated with evident CC defects [Fig. 7(C,I)].

Injections of BrdU into pregnant dams at E15.5, when

the SCS begins to form (Shu et al., 2003), confirmed

a decrease of the migrating BrdU-positive SCS neuro-

nal cells in Bmp7 null embryos whereas many BrdU-

positive cells seemed to accumulate at the edges of

the lateral ventricles [Fig. 7(H,K)], suggesting that

Bmp7 might be required for the proper migration of

Tbr2-positive cells. Notably, the number of transient

Tbr1-positive neurons intermingled with nascent cal-

losal axons (Niquille et al., 2009) was also diminished

in Bmp7�/� newborns as compared with controls,

even in cases of mild callosal reduction [Fig. 6(G,H)],

although these cells did not seem to express Bmp7.
Together these results support the idea that Bmp7

is needed for the differentiation of the glial cells that

compose the GW, IG, and SCS as well as for the

positioning of sufficient numbers of neurons that con-

tribute to SCS formation.

BMP7 Injections Accelerates Guidepost
Cell Development and Cause an Acallosal
Phenotype

Intraventricular injections of BMP7 induce a preco-

cious transformation of cerebral cortex radial glial

cells into astrocyte (Ortega and Alcantara, 2010). To

confirm that Bmp7 is involved in the differentiation

and migration of CC glial cells, we hypothesized that

addition of BMP7 could have a similar effect on the

GW and SCS. Indeed, intraventricular injection of

recombinant Bmp7 in embryos at E14.5, when the

GW and SCS are forming, resulted in a strong increase

in GFAP staining of these structures at E18.5 as com-

pared with sham injected littermates [Fig. 8(A,D,G)].

This increase was paralleled by an apparent down-

regulation of the radial progenitors’ marker Nestin in

the GW, IG, and MZ [Fig. 8(B,E,H)]. Western blots

Figure 8 Cortical midline glia is altered in BMP7

injected animals. A–D) GFAP, Nestin and L1 immunostain-

ing in coronal sections from E18.5 embryos injected in the

lateral ventricle at E14.5 with vehicle (A–C) or 1lg of

BMP7 (D–I). BMP7-treated embryos show an increase in

GFAP immunostaining and a mild decrease in that of

Nestin. These defects were associated to mild callosal axon

bundling (asterisk in F) or to a complete acallosal phenotype

with formation of Probst-like bundles (PB, asterisk in I).
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of the GFAP and Nestin levels [Fig. 6(I)] from the

septo-callosal region of E18.5 sham-operated and

BMP7-injected embryos confirmed a fourfold increase

of GFAP protein levels following Bmp7 addition

(sham; 0.45 arbitrary units, a.u.; +Bmp7, 1.9 a.u., nor-

malized to a-tubulin) but no significant variations in

Nestin levels could be appreciated (sham; 1.0 a.u.;

+Bmp7, 0.7 a.u). These results support that BMP7 con-

trols the differentiation of glial cells in the surrounding

of the CC. In notable contrast, BMP7 injections

strongly reduced the number of proliferating Tbr2-

positive neuronal cells in the SCS [Fig. 7(E,M,P)],

which did not populate the midline [Fig. 7(P)].

Notably, these changes in the callosal guidepost

cells were associated with variable defects in callosal

axons, which formed small tangles at the ipsilateral

side of the brain [Fig. 7(F)] or developed an acallosal

phenotype in 75% of the cases [n ¼ 9; Figs. 7(O)

and 8(I)] as compared with sham-operated littermates

[n ¼ 10; Figs. 7(L) and 8(C)].

Together these data suggest that appropriate

BMP7 levels are required for CC development.

DISCUSSION

BMPs signal through serine-threonine kinase receptors

composed of Type I and Type II receptor subunits.

Compound inactivation of the two BMP type I recep-

tor genes, Bmpr1a and Bmpr1b, impairs astroglial dif-

ferentiation although cells are normally generated

(See et al., 2007). Conversely transgenic overexpres-

sion of Bmp4 enhances the generation of astrocytes

and accelerates their differentiation from radial glial

cells (Gross et al., 1996; Kan et al., 2004), as also

observed in the cortex upon intraventricular injections

of BMP7 into the lateral ventricles (Ortega and

Alcantara, 2010). In line with these findings, we have

demonstrated that physiological levels of BMP7 are

required for the timely differentiation of the GW, IG,

and SCS that support CC formation. These structures

are mostly composed of glial cells although the SCS

contains also immature neurons. Notably, appropriate

levels of BMP7 are also required for the migration of

these neurons, indicating that Bmp7 has a dual role in

the development of the guidepost cells that support

CC formation.

Alterations in CC formation were frequently but

not always observed upon BMP7 injections and char-

acterized approximately half of the Bmp7�/�

embryos, whereas the remaining showed milder

defects. The reasons for the incomplete penetrance in

Bmp7 null embryos are unclear but they might be

simply linked to the genetic background of the mouse

line we used. Indeed, this strain has an incidence of

milder (microphthalmia) versus extreme (anoph-

thalmia) eye defects (Godin et al., 1998; Morcillo et

al., 2006), which are higher than those reported in

other genetic backgrounds (Dudley et al., 1995;

Wawersik et al., 1999). Alternately, there might be

functional redundancy of Bmp7 with other BMP fam-

ily members, such as, for example, Bmp4, which is

expressed in the subependymal zone (Peretto et al.,

2004). Mild or no defects have also been observed in

tissues other than the brain where Bmp7 colocalizes

with Bmp2, Bmp4, and Bmp5 during early embryonic

development (Dudley and Robertson, 1997; Solloway

and Robertson, 1999).

In the affected embryos, alteration in BMP7 levels

caused an axon guidance phenotype characterized by

midline defasciculation of callosal fibers and failure

of callosal axons to cross the midline with the forma-

tion of typical Probst bundles. Although we cannot

exclude that cell autonomous defects in cortical

neurons may contribute to this phenotype, we believe

that noncell autonomous causes might better explain

these defects. Indeed, the laminar organization of

deep projection neurons appeared largely preserved

in Bmp7 null embryos and genetic defects causing

migration-related cortical laminar disorganization, as

observed in the upper cortical layers of acallosal

Bmp7 null mice have been only rarely associated to

CC dysgenesis in mammals (Gressens, 2006; Kerjan

and Gleeson, 2007; Paul et al., 2007; Donahoo and

Richards, 2009). Furthermore, the dispersion of

Cux1- and Brn1-positive neurons was also observed

in Bmp7 null embryos with mild or no callosal

defects (not shown), suggesting no clear correlation

between neuronal migration defects and the acallosal

phenotype. Moreover, our studies did not favor a

direct effect of Bmp7 on callosal axon outgrowth,

although Bmp signaling has been shown to act as an

axon guidance cue in different context (Sanchez-

Camacho and Bovolenta, 2009). We did not find

significant differences in the pattern of neurite out-

growth from cortical explants grown in the presence

or absence of BMP7. In our assays, we could not

specifically distinguish the behavior of callosal axons

from that of other cortical neurites. Therefore, we

cannot totally exclude that BMP7 might have subtle

effects on callosal axons masked by the presence of

other nonresponding fibers or that concentrations

different from those we used might accentuate the

slight tendency of BMP7 to repress cortical out-

growth in the proximity of a focalized BMP7 source

[Fig. 5(E)]. Nonetheless, the marked defect in mid-

line glial cell organization and the reduced number

of migrating Tbr2 positive neurons found in the
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SCS of Bmp7 null embryos makes us favor the

hypothesis of the secondary nature of the callosal

axon defects.

Indeed, several studies have demonstrated the

importance of midline telencephalic glial cell integ-

rity for CC formation, in particular of the IG, GW,

and SCS (Richards et al., 2004), which are altered in

Bmp7�/� brains. More precisely, we show that timely

controlled BMP7 levels are necessary for the

proper generation and differentiation of telencephalic

GFAP-positive midline cells. When Bmp7 was

absent, midline cortical cells of the IG, GW, and SCS

were reduced in number with an aberrant morphology

and organization, whereas increased BMP7 levels

induced a premature astroglial differentiation. This

effect is also observed after BDNF-induced Bmp7
overexpression in the cortex, where a premature pres-

ence of differentiated astrocytes is associated with

impaired neuronal migration and cortical lamination

(Ortega and Alcantara, 2010). The simplest explana-

tion for these observations is that normally BMP7

contributes to both the generation and differentiation

of midline telencephalic astroglia, in line with the

abundant Bmp7 expression in the IG, GW, SCS and

MZG observed from embryonic to postnatal stages.

In Bmp7 null embryos, Bmp signaling activation is

reduced, although probably not absent owing to the

presence of other BMP ligands (Peretto et al., 2004),

and less glial cells are generated at the midline.

Because glial cells of the IG, GW, and SCS act as

guidepost cells, the molecular cues normally

expressed by these cells should also be diminished

impairing callosal axon outgrowth. On the contrary,

increased levels of BMP7 accelerated glial differen-

tiation, similarly interfering with the timely expres-

sion of guidance cues. Notably, the expression of

Slit2, a main callosal axon repellent (Shu and Rich-

ards, 2001; Bagri et al., 2002; Shu et al., 2003),

appeared normal in Bmp7�/� embryos. This result

was somewhat surprising because Slit2 is secreted by

the GW and IG (Shu and Richards, 2001; Shu et al.,

2003), making it the most appropriate candidate to

explain our overall observations. Although not tested,

the decreased expression of other factors (Paul et al.,

2007) might therefore explain the Bmp7 callosal

phenotype. Among these, Netrin1 Wnt5a or Draxin

might be particularly relevant. In fact, Netrin1 and

Draxin mutants are characterized by the formation of

Probst bundles (Ren et al., 2007; Islam et al., 2009).

Callosal axons of mice lacking Ryk, a receptor that

mediates the axon guidance activity of many Wnt

ligands (Bovolenta et al., 2006), cannot respond to

Wnt5a expressed in the surrounding of the CC

(Keeble et al., 2006). As a result, cortical axons grow

through the CC in a defasciculated manner and stall

at the controlateral side without reaching their targets

(Keeble et al., 2006), resembling some of our obser-

vations [Fig. 3(D)].

We have shown that immature neurons in the SCS

express Tbr2 and BMP7. In addition to impaired glial

cell differentiation, both loss and gain of Bmp7 func-

tion affected the migration of Tbr2-positive neurons,

which, together with glial cells, contributed to the

formation of the SCS (Shu et al., 2003; Ren et al.,

2006). Surgical removal of the SCS strongly interfere

with callosal axon midline crossing (Silver et al.,

1982) and Tbr2 silencing in humans leads to CC

agenesis (Baala et al., 2007). A reduced number of

these migrating cells might thus be an additional

cause of the acallosal phenotype observed upon

alterations of Bmp7 expression levels. Indeed, there is

increasing evidence that discrete populations of

migrating neurons have a fundamental role in axon

guidance in both vertebrates and invertebrates (Cho-

tard and Salecker, 2004; Lopez-Bendito et al., 2006;

Learte and Hidalgo, 2007), including a very recent

study which has identified two transient Tbr1-positive

neuronal populations fundamental for CC formation

(Niquille et al., 2009). These are GABAergic and cal-

retinin-positive glutamatergic neurons, which form a

complex meshwork that attract callosal axons, at least

in part by secreting Sema3C (Niquille et al., 2009).

Notably, this meshwork of Tbr1-positive cells

appeared reduced in number in Bmp7 null animals.

However, it is unclear whether this is a direct conse-

quence of Bmp7 inactivation since b-Gal signal was
almost undetectable within the CC. It is equally

unclear whether Tbr1 and Tbr2 recognize partially

overlapping neuronal populations. For example, the

population of Tbr2-positive neurons impaired by

altered Bmp7 levels may correspond to the ventral-

most calretinin-positive neurons described by

Niquille and coworkers (2009). Because Bmp7 is

expressed in the lateral ventricle from where these

neurons originates, it is tempting to speculate that

BMP7 might normally act as a repellent cue, which

forces Tbr2-neuron migration toward the midline.

This hypothesis would explain why these cells

appeared to accumulate in the lateral ventricle of

Bmp7 null mice and why increasing levels of Bmp7
in the ventricle prevent Tbr2-positive neurons to

reach the midline. To our knowledge, a role of Bmp7
in the regulation of neuronal migration has not been

reported before. However, BMP7-mediated chemo-

tactic and inhibitory functions in cell migration have

been reported in other systems, including melanomas,

osteoblasts and monocytic cell lines (Lee et al., 2006;

Na et al., 2009; Perron and Dodd, 2009).
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Early in development, the specification of the tel-

encephalic dorsal midline is regulated by two signal-

ling centres, the anterior neural ridge rostrally and the

cortical hem caudally. These two structures express

FGF and BMP ligands, respectively. BMPs and FGFs

regulate each others’ expression and an altered BMP/

FGF equilibrium in the rostro-caudal midline affects

the specification of the commissural plate (Shimogori

et al., 2004; Donahoo and Richards, 2009). Our data,

together with the observation that inactivation of FGF

signaling prevents the traslocation of the radial glia

cells into mature astrocytes of the IG (Smith et al.,

2006; Tole et al., 2006), suggest that Fgf and Bmp

signaling might also cooperate, albeit with independ-

ent mechanisms, to generate CC guidepost cells at

the appropriate time. Furthermore, the role of Bmp7
signaling in CC guidepost development establishes

an interesting parallel with the reported function of

Bmp7 in the formation of the optic disc. Similarly to

the GW, IG, and SCS, the optic disc is composed of a

specialized glial population indispensable for the

growth of retinal ganglion cell axons out of the eye.

In the absence of Bmp7, the optic disc does not form

causing the abnormal accumulation of retinal

ganglion cell axon in the subretinal space with a con-

sequent optic nerve aplasia (Morcillo et al., 2006).

Thus, together these studies suggest that Bmp7
signaling might be a key factor in the formation of

different CNS guidepost cells.
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