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Various firing patterns of many cortical neurons represent 
information processing in the brain. The microarchitecture of 
synaptic connections control information processing in 
cortical circuits. The structure and location of synapses 
determine and modify the strength of this information 
processing. The aim of our laboratory is to reveal how 
information is formed, maintained, selected, and decoded in 
the brain at the levels of single cells and of single synapses. 
To do so, we mainly use two-photon microscopy that allows 
us to see fluorescence signals from deep within living tissue, 
developing novel photostimulation methods and animal 
behavioral tasks. �T�h�e� �g�o�a�l�s� �o�f� �o�u�r� �r�e�c�e�n�t� �s�t�u�d�i�e�s� �a�r�e� �t�o� �r�e�v�e�a�l� 
�h�o�w� �v�o�l�u�n�t�a�r�y� �m�o�v�e�m�e�n�t� �i�s� �m�e�m�o�r�i�z�e�d� �a�n�d� �r�e�p�r�e�s�e�n�t�e�d� �i�n� 
�c�o�r�t�i�c�a�l� �c�i�r�c�u�i�t�s�.� One of the most important problems in 
neuroscience is how a variety of spatio-temporally 
heterogeneous neural activity in the cortex emerges moment-
by-moment at multiple stages of a movement.

I.  Two distinct layer-specific dynamics of 
cortical ensembles during learning of a 
motor task.

�T�h�e� �p�r�i�m�a�r�y� �m�o�t�o�r� �c�o�r�t�e�x� �(�M�1�)� �p�o�s�s�e�s�s�e�s� �t�w�o� �i�n�t�e�r�m�e�d�i�a�t�e� 
�l�a�y�e�r�s� �u�p�s�t�r�e�a�m� �o�f� �t�h�e� �m�o�t�o�r�-�o�u�t�p�u�t� �l�a�y�e�r�� �L�a�y�e�r� �2��� �(�L�2���)� 
�a�n�d� �l�a�y�e�r� �5�a� �(�L�5�a�)�.� �A�l�t�h�o�u�g�h� �r�e�p�e�t�i�t�i�v�e� �t�r�a�i�n�i�n�g� �o�f�t�e�n� �i�m�p�r�o�v�e�s� 
�m�o�t�o�r� �p�e�r�f�o�r�m�a�n�c�e� �a�n�d� �m�o�v�e�m�e�n�t� �c�o�d�i�n�g� �b�y� �M�1� �n�e�u�r�o�n�a�l� 
�e�n�s�e�m�b�l�e�s�,� �i�t� �i�s� �u�n�c�l�e�a�r� �h�o�w� �n�e�u�r�o�n�a�l� �a�c�t�i�v�i�t�i�e�s� �i�n� �L�2��� �a�n�d� 
�L�5�a� �a�r�e� �r�e�o�r�g�a�n�i�z�e�d� �d�u�r�i�n�g� �m�o�t�o�r� �t�a�s�k� �l�e�a�r�n�i�n�g�.� �W�e� �c�o�n�d�u�c�t�e�d� 
�t�w�o�-�p�h�o�t�o�n� �c�a�l�c�i�u�m� �i�m�a�g�i�n�g� �i�n� �t�h�e� �m�o�u�s�e� �M�1� �d�u�r�i�n�g� �1�� 
�t�r�a�i�n�i�n�g� �s�e�s�s�i�o�n�s� �o�f� �a� �s�e�l�f�-�i�n�i�t�i�a�t�e�d� �l�e�v�e�r�-�p�u�l�l� �t�a�s�k� �(�F�i�g�u�r�e� �1�)�.� 

�M�i�c�e� �w�e�r�e� �t�r�a�i�n�e�d� �o�v�e�r� �1�� �s�e�s�s�i�o�n�s� �(�1� �h��d�)� �t�o� �u�s�e� �t�h�e�i�r� �r�i�g�h�t� 
�f�o�r�e�l�i�m�b� �t�o� �p�u�l�l� �a� �l�e�v�e�r� �o�v�e�r� �a� �d�i�s�t�a�n�c�e� �o�f� �5� �m�m� �f�o�r� ��0�0� �m�s� 
�t�o� �a�c�q�u�i�r�e� �a� �w�a�t�e�r� �r�e�w�a�r�d�.� �T�r�a�i�n�i�n�g� �w�a�s� �i�n�i�t�i�a�t�e�d� �2²�� �w�e�e�k�s� 
�a�f�t�e�r� �i�n�j�e�c�t�i�o�n� �o�f� �a�n� �a�d�e�n�o�-�a�s�s�o�c�i�a�t�e�d� �v�i�r�u�s� �(�A�A9�)� �2��1� 
�e�n�c�o�d�i�n�g� �G�C�a�M�P�� �i�n�t�o� �t�h�e� �l�e�f�t� �f�o�r�e�l�i�m�b� �M�1�.� �T�w�o�-�p�h�o�t�o�n� 
�c�a�l�c�i�u�m� �i�m�a�g�i�n�g� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �l�e�f�t� �f�o�r�e�l�i�m�b� �M�1� �o�f� �� 
�m�i�c�e� �w�i�t�h�o�u�t� �a�p�p�a�r�e�n�t� �d�e�t�e�r�i�o�r�a�t�i�o�n� �o�f� �t�h�e� �n�e�u�r�o�n�a�l� 
�r�e�s�p�o�n�s�i�v�e�n�e�s�s� �o�v�e�r� �r�e�p�e�a�t�e�d� �s�e�s�s�i�o�n�s� �i�n� �L�2��� �o�r� �L�5�a�.� 
�W�e� �a�s�s�e�s�s�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �r�e�p�e�t�i�t�i�v�e� �t�r�a�i�n�i�n�g� �o�n� �t�h�e� �n�e�u�r�o�n�a�l� 
�c�o�d�i�n�g� �o�f� �l�e�v�e�r� �m�o�v�e�m�e�n�t� �b�e�c�a�u�s�e� �t�h�e� �l�e�v�e�r� �m�o�v�e�m�e�n�t� 
�p�r�o�v�i�d�e�d� �a� �g�o�o�d� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �f�o�r�e�l�i�m�b� �m�o�v�e�m�e�n�t�.� �W�e� 
�d�e�t�e�r�m�i�n�e�d� �w�h�e�t�h�e�r� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �t�h�e� �l�e�v�e�r� �t�r�a�j�e�c�t�o�r�y� 
�p�r�e�d�i�c�t�e�d� �f�r�o�m� �n�e�u�r�o�n�a�l� �e�n�s�e�m�b�l�e� �a�c�t�i�v�i�t�y� �i�m�p�r�o�v�e�d� �w�i�t�h� 
�l�e�a�r�n�i�n�g�.� �T�o� �e�v�a�l�u�a�t�e� �t�h�e� �p�r�e�d�i�c�t�i�v�e� �i�n�f�o�r�m�a�t�i�o�n� �c�a�r�r�i�e�d� �b�y� 
�t�h�e� �n�e�u�r�o�n�s� �(I�e�n�s�e�m�b�l�e�)�,� �w�e� �c�a�l�c�u�l�a�t�e�d� �t�h�e� �m�u�t�u�a�l� �i�n�f�o�r�m�a�t�i�o�n� 
�b�e�t�w�e�e�n� �p�r�e�d�i�c�t�e�d� �a�n�d� �r�e�c�o�r�d�e�d� �l�e�v�e�r� �t�r�a�j�e�c�t�o�r�i�e�s�.� �I�n� �L�2���,� 
�t�h�e�r�e� �w�a�s� �n�o� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �i�n� I�e�n�s�e�m�b�l�e� �f�r�o�m� �e�a�r�l�y� �s�e�s�s�i�o�n�s� 
�(�s�e�s�s�i�o�n�s� �1�-��)� �t�o� �l�a�t�e� �s�e�s�s�i�o�n�s� �(�s�e�s�s�i�o�n�s� �1�1�-�1��� �F�i�g�u�r�e� �2�)�.� �B�y� 
�c�o�n�t�r�a�s�t�,� �i�n� �L�5�a�,� I�e�n�s�e�m�b�l�e� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �i�n� �t�h�e� �l�a�t�e� 
�s�e�s�s�i�o�n�s� �t�h�a�n� �i�n� �t�h�e� �e�a�r�l�y� �s�e�s�s�i�o�n�s� �(�F�i�g�u�r�e� �2�)�.� �N�o� �c�o�n�s�i�s�t�e�n�t� 
�c�h�a�n�g�e�s� �i�n� �L�2��� I�e�n�s�e�m�b�l�e� �w�e�r�e� �o�b�s�e�r�v�e�d� �a�s� �l�e�a�r�n�i�n�g� 
�p�r�o�g�r�e�s�s�e�d�,� �w�h�e�r�e�a�s� �i�n�c�r�e�a�s�e�s� �i�n� �L�5�a� I�e�n�s�e�m�b�l�e� �w�e�r�e� �a�s�s�o�c�i�a�t�e�d� 
�w�i�t�h� �i�m�p�r�o�v�e�d� �t�a�s�k� �p�e�r�f�o�r�m�a�n�c�e�.

�F�i�g�u�r�e� �2�.� I�e�n�s�e�m�b�l�e �a�v�e�r�a�g�e�d� �o�v�e�r� �e�a�r�l�y� �a�n�d� �l�a�t�e� �s�e�s�s�i�o�n�s� �f�o�r� �e�a�c�h� �f�i�e�l�d� �i�n� 
�L�2��� �(�l�e�f�t�� n ��)� �a�n�d� �L�5�a� �(�r�i�g�h�t� n ��)�.� �*P� �� �0�.�0�5�.� � 

�N�e�x�t�,� �t�o� �d�e�t�e�r�m�i�n�e� �h�o�w� �e�a�c�h� �n�e�u�r�o�n� �c�h�a�n�g�e�d� �i�t�s� �p�r�e�d�i�c�t�i�v�e� 
�i�n�f�o�r�m�a�t�i�o�n� �(I�s�i�n�g�l�e�)� �d�u�r�i�n�g� �l�e�a�r�n�i�n�g�,� �w�e� �a�n�a�l�y�z�e�d� I�s�i�n�g�l�e� �o�f� 
�n�e�u�r�o�n�s�.� �N�e�u�r�o�n�s� �t�h�a�t� �i�n�c�r�e�a�s�e�d� �o�r� �d�e�c�r�e�a�s�e�d� I�s�i�n�g�l�e� �a�c�r�o�s�s� 
�s�e�s�s�i�o�n�s� �w�e�r�e� �d�e�f�i�n�e�d� �a�s� �i�n�c�r�e�a�s�e�-� �o�r� �d�e�c�r�e�a�s�e�-�n�e�u�r�o�n�s�,� 
�r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �L�2���,� �t�h�e�r�e� �w�a�s� �a� �s�i�m�i�l�a�r� �p�r�o�p�o�r�t�i�o�n� �o�f� 
�i�n�c�r�e�a�s�e�-� �a�n�d� �d�e�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �(�F�i�g�u�r�e� ��)�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� 
�t�h�e� �o�v�e�r�a�l�l� �c�h�a�n�g�e� �i�n� �L�2��� I�s�i�n�g�l�e� �w�a�s� �b�a�l�a�n�c�e�d� �a�c�r�o�s�s� �a�l�l� 
�i�m�a�g�e�d� �f�i�e�l�d�s�.� �B�y� �c�o�n�t�r�a�s�t�,� �i�n� �L�5�a�,� �t�h�e�r�e� �w�a�s� �a� �h�i�g�h�e�r� 
�p�r�o�p�o�r�t�i�o�n� �o�f� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �t�h�a�n� �d�e�c�r�e�a�s�e�-�n�e�u�r�o�n�s� 
�(�F�i�g�u�r�e� ��)�.� �M�a�n�y� �L�5�a� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �d�i�s�p�l�a�y�e�d� �a�n� �i�n�c�r�e�a�s�e� 
�i�n� �a�c�t�i�v�i�t�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�e�v�e�r�-�p�u�l�l� �m�o�v�e�m�e�n�t�s� �d�u�r�i�n�g� 
�l�e�a�r�n�i�n�g�.� �I�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �w�e�r�e� �c�r�i�t�i�c�a�l� �f�o�r� �t�h�e� �c�o�r�r�e�l�a�t�i�o�n� 
�b�e�t�w�e�e�n� �L�5�a� I�e�n�s�e�m�b�l�e� �a�n�d� �t�a�s�k� �p�e�r�f�o�r�m�a�n�c�e�.� 
�E�a�c�h� �n�e�u�r�o�n� �w�i�t�h�i�n� �a� �f�i�e�l�d� �i�n� �a� �g�i�v�e�n� �s�e�s�s�i�o�n� �w�a�s� �r�a�n�k�e�d� 
�a�c�c�o�r�d�i�n�g� �t�o� I�s�i�n�g�l�e� �a�n�d� �t�h�e� �r�a�n�k� �w�a�s� �t�h�e�n� �n�o�r�m�a�l�i�z�e�d� �b�e�t�w�e�e�n� 
�1� �(�t�o�p�)� �a�n�d� �1�0�0� �(�b�o�t�t�o�m�)�.� �T�h�e� I�e�n�s�e�m�b�l�e� �o�f� �t�h�e� �t�o�p� �2�0�� �o�f� 
�r�a�n�k�e�d� �n�e�u�r�o�n�s� �w�a�s� �l�a�r�g�e�r� �t�h�a�n� �t�h�e� I�e�n�s�e�m�b�l�e� �o�f� �t�h�e� �b�o�t�t�o�m� �5�0�� 
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�F�i�g�u�r�e� �1�.� �S�c�h�e�m�a�t�i�c� �s�h�o�w�i�n�g� �t�h�e� 
�s�e�l�f�-�i�n�i�t�i�a�t�e�d� �l�e�v�e�r�-�p�u�l�l� �t�a�s�k� �f�o�r� �a� 
�h�e�a�d�-�r�e�s�t�r�a�i�n�e�d� �m�o�u�s�e�.� � 

�N�o�t�e�� �T�h�o�s�e� �m�e�m�b�e�r�s� �a�p�p�e�a�r�i�n�g� �i�n� �t�h�e� �a�b�o�v�e� �l�i�s�t� �t�w�i�c�e� �u�n�d�e�r� �d�i�f�f�e�r�e�n�t� �t�i�t�l�e�s� �a�r�e� �m�e�m�b�e�r�s� �w�h�o�s�e� �t�i�t�l�e� �c�h�a�n�g�e�d� �d�u�r�i�n�g� �2�0�1��.� �T�h�e� �f�o�r�m�e�r� �t�i�t�l�e� �i�s� 
�i�n�d�i�c�a�t�e�d� �b�y� �a�n� �a�s�t�e�r�i�s�k� �(�*�)�.
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�o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� !� ��5�� �o�f� �s�e�s�s�i�o�n�s� �i�n� �L�2��� �a�n�d� �L�5�a�.� 
�T�h�u�s�,� �t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �w�e�r�e� �c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� 
�h�i�g�h�l�y� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �t�h�a�t� �s�t�r�o�n�g�l�y� �c�o�n�t�r�i�b�u�t�e�d� �t�o� �t�h�e� 
�e�n�s�e�m�b�l�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�.� �L�2��� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �r�o�s�e� �t�h�r�o�u�g�h� 
�t�h�e� �r�a�n�k�s� �f�r�o�m� �t�h�e� �e�a�r�l�y� �s�e�s�s�i�o�n�s� �t�o� �o�c�c�u�p�y� ��1�� �o�f� �t�h�e� �t�o�p� 
�2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�.� �F�o�r�t�y�-�s�i�x� �p�e�r�c�e�n�t� 
�o�f� �t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �e�a�r�l�y� �s�e�s�s�i�o�n�s� �w�e�r�e� 
�a�l�s�o� �i�n� �t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�.� 
�W�e� �c�a�l�l� �t�h�e�s�e� �n�e�u�r�o�n�s� �s�t�a�b�l�e�,� �h�i�g�h�l�y� �r�a�n�k�e�d� �n�e�u�r�o�n�s�.� �T�h�e� 
�m�e�a�n� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �s�t�a�b�l�e�,� �h�i�g�h�l�y� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �L�2��� 
�d�u�r�i�n�g� �s�u�c�c�e�s�s�f�u�l� �l�e�v�e�r�-�p�u�l�l� �m�o�v�e�m�e�n�t�s� �d�i�d� �n�o�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�c�h�a�n�g�e� �f�r�o�m� �t�h�e� �e�a�r�l�y� �t�o� �l�a�t�e� �s�e�s�s�i�o�n�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� 
�t�h�a�t� �L�2��� I�e�n�s�e�m�b�l�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �b�y� �b�a�l�a�n�c�e�d� �a�c�t�i�v�i�t�y� �o�f� 
�i�n�c�r�e�a�s�e�-� �a�n�d� �d�e�c�r�e�a�s�e�-�n�e�u�r�o�n�s�,� �a�n�d� �b�y� �a�c�t�i�v�i�t�y� �o�f� �s�t�a�b�l�e�,� 
�h�i�g�h�l�y� �r�a�n�k�e�d� �n�e�u�r�o�n�s�.� �I�n� �c�o�n�t�r�a�s�t� �t�o� �L�2���,� �t�h�e� �r�a�n�k� �o�f� �L�5�a� 
�i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �g�r�a�d�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �t�h�e� �m�i�d�d�l�e� �t�o� 
�t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�,� �a�n�d� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �a�c�c�o�u�n�t�e�d� �f�o�r� ���� �o�f� 
�t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�.� �I�n� �L�5�a�,� 
�o�n�l�y� �2��� �o�f� �t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �e�a�r�l�y� 
�s�e�s�s�i�o�n�s� �w�e�r�e� �i�n� �t�h�e� �t�o�p� �2�0�� �o�f� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �i�n� �t�h�e� �l�a�t�e� 
�s�e�s�s�i�o�n�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �L�5�a� 
I�e�n�s�e�m�b�l�e� �w�a�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� 
�i�n�t�o� �h�i�g�h�l�y� �r�a�n�k�e�d� �n�e�u�r�o�n�s� �d�u�r�i�n�g� �t�h�e� �m�i�d�d�l�e� �t�o� �l�a�t�e� �s�e�s�s�i�o�n�s�.� 
�W�e� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� ��1�� �o�f� �t�h�e� �e�x�a�m�i�n�e�d� �L�5�a� �c�r�o�s�s�e�d� 
�c�o�r�t�i�c�o�s�t�r�i�a�t�a�l� �(�C�C�S�)� �n�e�u�r�o�n�s� �w�e�r�e� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �a�n�d� ��� 
�w�e�r�e� �d�e�c�r�e�a�s�e�-�n�e�u�r�o�n�s�.� �O�f� �t�h�e� �t�o�p� �2�0�� �o�f� �t�h�e� �r�a�n�k�e�d� �C�C�S� 
�n�e�u�r�o�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �e�a�r�l�y� �s�e�s�s�i�o�n�s�,� �o�n�l�y� �1��� �w�e�r�e� �i�n� �t�h�e� 
�t�o�p� �2�0�� �o�f� �t�h�e� �C�C�S� �n�e�u�r�o�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�.� 
�T�w�e�n�t�y�-�s�i�x� �p�e�r�c�e�n�t� �o�f� �e�x�a�m�i�n�e�d� �L�5�a� �c�o�r�t�i�c�o�s�p�i�n�a�l� �(�C�S�p�)� 
�n�e�u�r�o�n�s� �w�e�r�e� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �a�n�d� �5�� �w�e�r�e� �d�e�c�r�e�a�s�e�-
�n�e�u�r�o�n�s�.� �O�f� �t�h�e� �t�o�p� �2�0�� �o�f� �t�h�e� �r�a�n�k�e�d� �C�S�p� �n�e�u�r�o�n�s� �o�b�s�e�r�v�e�d� 
�i�n� �t�h�e� �e�a�r�l�y� �s�e�s�s�i�o�n�s�,� �1�0�0�� �w�e�r�e� �i�n� �t�h�e� �t�o�p� �2�0�� �o�f� �t�h�e� �C�S�p� 
�n�e�u�r�o�n�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �l�a�t�e� �s�e�s�s�i�o�n�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� 
�t�h�a�t� �i�n�c�r�e�a�s�e�-�n�e�u�r�o�n�s� �w�e�r�e� �m�o�r�e� �p�r�e�v�a�l�e�n�t� �t�h�a�n� �d�e�c�r�e�a�s�e�-
�n�e�u�r�o�n�s� �f�o�r� �b�o�t�h� �L�5�a� �C�C�S� �a�n�d� �C�S�p� �n�e�u�r�o�n�s� �a�n�d� �t�h�a�t� �a� �s�u�b�s�e�t� 
�o�f� �L�5�a� �C�C�S� �n�e�u�r�o�n�s� �w�a�s� �l�i�k�e�l�y� �r�e�c�r�u�i�t�e�d� �i�n�t�o� �t�h�e� �n�e�w�l�y� 
�f�o�r�m�e�d� �e�n�s�e�m�b�l�e� �t�h�a�t� �r�e�p�r�e�s�e�n�t�e�d� �t�h�e� �l�e�v�e�r�-�p�u�l�l� �m�o�v�e�m�e�n�t�.
�T�h�e� �b�a�l�a�n�c�e�d� �c�h�a�n�g�e�s� �i�n� �L�2��� �n�e�u�r�o�n�s� �c�o�u�l�d� �r�e�f�l�e�c�t� �t�h�e� �f�a�c�t� 
�t�h�a�t� �L�2��� �n�e�u�r�o�n�s� �w�i�t�h� �h�i�g�h�l�y� �p�l�a�s�t�i�c� �a�c�t�i�v�i�t�y� �p�r�o�c�e�s�s� �a� 
�v�a�r�i�e�t�y� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �f�r�o�m� �o�t�h�e�r� �a�r�e�a�s� �o�f� �t�h�e� �b�r�a�i�n� �t�o� 
�m�a�i�n�t�a�i�n� �a� �c�o�n�s�t�a�n�t� �o�v�e�r�a�l�l� �l�e�v�e�l� �o�f� �n�e�t�w�o�r�k� �a�c�t�i�v�i�t�y� �f�o�r� 
�h�o�m�e�o�s�t�a�s�i�s�.� �L�2��� �n�e�u�r�o�n�s� �m�a�y� �p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� 
�r�a�p�i�d� �a�c�q�u�i�s�i�t�i�o�n� �o�f� �n�o�v�e�l� �m�o�v�e�m�e�n�t�s� �o�r� �r�a�p�i�d� �a�d�a�p�t�a�t�i�o�n� �t�o� 
�s�o�m�e� �d�i�s�t�u�r�b�a�n�c�e� �b�y� �c�o�m�b�i�n�i�n�g� �s�e�n�s�o�r�y� �f�e�e�d�b�a�c�k� �a�n�d� �m�o�t�o�r� 
�p�r�i�m�i�t�i�v�e�s�.� �A�s� �s�u�c�h�,� �L�2��� �m�a�y� �w�o�r�k� �a�s� �a� �d�r�i�v�e�r� �f�o�r� �m�o�t�o�r� 
�o�u�t�p�u�t� �t�h�r�o�u�g�h�o�u�t� �l�e�a�r�n�i�n�g�.� �L�5�a� I�e�n�s�e�m�b�l�e� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� 
�l�e�a�r�n�i�n�g�,� �a�n�d� �t�h�i�s� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �b�y� �a� �g�r�a�d�u�a�l� �i�n�c�r�e�m�e�n�t� �i�n� 
I�s�i�n�g�l�e� �r�a�n�k�s� �o�f� �a� �s�u�b�s�e�t� �o�f� �L�5�a� �n�e�u�r�o�n�s�.� �T�h�e�s�e� �n�e�u�r�o�n�s� �w�e�r�e� 
�d�i�r�e�c�t�l�y� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �l�e�v�e�r�-�p�u�l�l� �m�o�v�e�m�e�n�t� �a�n�d� �p�r�e�s�u�m�a�b�l�y� 
�w�o�r�k�e�d� �a�s� �a� �p�o�t�e�n�t� �d�r�i�v�e�r� �f�o�r� �m�o�t�o�r� �o�u�t�p�u�t� �i�n� �t�h�e� �l�a�t�e� 
�s�e�s�s�i�o�n�s�.� �C�h�a�n�g�e�s� �i�n� �L�5�a� �n�e�u�r�o�n�s� �i�n� �M�1� �m�a�y� �r�e�p�r�e�s�e�n�t� �t�h�e� 

�f�o�r�m�a�t�i�o�n� �o�f� �m�o�t�o�r� �m�e�m�o�r�y� �t�h�a�t� �a�c�c�o�m�p�a�n�i�e�s� �m�e�m�o�r�y� 
�t�r�a�n�s�f�e�r� �f�r�o�m� �t�h�e� �p�r�e�f�r�o�n�t�a�l� �a�r�e�a� �t�o� �M�1� �a�n�d� �t�h�e� �b�a�s�a�l� �g�a�n�g�l�i�a�.� 
�S�t�a�b�l�e�,� �h�i�g�h�l�y� �r�a�n�k�e�d� �C�S�p� �n�e�u�r�o�n�s� �m�a�y� �b�e� �d�i�r�e�c�t�l�y� 
�a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �m�u�s�c�l�e� �m�o�v�e�m�e�n�t�s� �o�r� �m�o�t�o�r� �p�r�i�m�i�t�i�v�e�s�.� �T�h�e� 
�d�i�s�t�i�n�c�t� �d�y�n�a�m�i�c� �n�e�t�w�o�r�k�s� �i�n� �L�2��� �a�n�d� �L�5�a�,� �t�h�e� �t�w�o� 
�i�n�t�e�r�m�e�d�i�a�t�e� �l�a�y�e�r�s� �o�f� �M�1�,� �a�r�e� �c�l�e�a�r�l�y� �c�o�r�e� �e�l�e�m�e�n�t�s� �t�h�a�t� 
�d�r�i�v�e� �t�h�e� �L�5�b� �m�o�t�o�r� �o�u�t�p�u�t� �f�o�r� �w�e�l�l�-�l�e�a�r�n�e�d� �m�o�v�e�m�e�n�t�s�.

II.  Reward-timing-dependent bidirectional 
modulation of cortical microcircuits during 
optical single neuron operant conditioning

� �A�n�i�m�a�l�s� �r�a�p�i�d�l�y� �a�d�a�p�t� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�n�g�e�.� �T�o� �r�e�v�e�a�l� 
�h�o�w� �c�o�r�t�i�c�a�l� �m�i�c�r�o�c�i�r�c�u�i�t�s� �a�r�e� �r�a�p�i�d�l�y� �r�e�o�r�g�a�n�i�z�e�d� �w�h�e�n� �a�n� 
�a�n�i�m�a�l� �r�e�c�o�g�n�i�z�e�s� �n�o�v�e�l� �r�e�w�a�r�d� �c�o�n�t�i�n�g�e�n�c�y�,� �w�e� �c�o�n�d�u�c�t�e�d� 
�t�w�o�-�p�h�o�t�o�n� �c�a�l�c�i�u�m� �i�m�a�g�i�n�g� �o�f� �l�a�y�e�r� �2��� �m�o�t�o�r� �c�o�r�t�e�x� 
�n�e�u�r�o�n�s� �i�n� �m�i�c�e� �a�n�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �r�e�i�n�f�o�r�c�e�d� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� 
�a� �s�i�n�g�l�e� �c�o�r�t�i�c�a�l� �n�e�u�r�o�n� �w�i�t�h� �w�a�t�e�r� �d�e�l�i�v�e�r�y�.� 
+�e�a�d�-�r�e�s�t�r�a�i�n�e�d� �m�i�c�e� �w�e�r�e� �t�r�a�i�n�e�d� �t�o� �p�e�r�f�o�r�m� �a� �s�e�l�f�-
�i�n�i�t�i�a�t�e�d� �l�e�v�e�r�-�p�u�l�l� �t�a�s�k� �u�s�i�n�g� �t�h�e� �r�i�g�h�t� �f�o�r�e�l�i�m�b� �b�e�f�o�r�e� 
�s�i�n�g�l�e�-�n�e�u�r�o�n� �o�p�e�r�a�n�t� �c�o�n�d�i�t�i�o�n�i�n�g� �b�y� �t�w�o�-�p�h�o�t�o�n� �c�a�l�c�i�u�m� 
�i�m�a�g�i�n�g� �(�2�p�S�N�O�C�)�.� �A�f�t�e�r� �5²�1�� �l�e�v�e�r�-�p�u�l�l� �t�a�s�k� �t�r�a�i�n�i�n�g� 
�s�e�s�s�i�o�n�s�,� �t�w�o�-�p�h�o�t�o�n� �c�a�l�c�i�u�m� �i�m�a�g�i�n�g� �o�f� �L�2��� �m�o�t�o�r� �c�o�r�t�i�c�a�l� 
�n�e�u�r�o�n�s� �w�a�s� �p�e�r�f�o�r�m�e�d� �d�u�r�i�n�g� �S�N�O�C�.� �E�a�c�h� �2�p�S�N�O�C� 
�s�e�s�s�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �t�h�r�e�e� �p�e�r�i�o�d�s�� �a� �p�r�e�-�c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� 
�(�1�0� �m�i�n�)�,� �a� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �(�1�5� �m�i�n�)�,� �a�n�d� �a� �p�o�s�t�-
�c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �(�1�0� �m�i�n�)�.� �2�p�S�N�O�C� �w�a�s� �p�e�r�f�o�r�m�e�d� 
�d�u�r�i�n�g� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d�.� �A�c�t�i�v�e� �n�e�u�r�o�n�s� �d�u�r�i�n�g� �t�h�e� 
�p�r�e�-�c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �w�e�r�e� �r�e�c�o�n�s�t�r�u�c�t�e�d� �a�n�d� �c�l�a�s�s�i�f�i�e�d� 
�i�n�t�o� �t�w�o� �g�r�o�u�p�s�� �n�e�u�r�o�n�s� �w�i�t�h� �h�i�g�h� �a�c�t�i�v�i�t�y� �d�u�r�i�n�g� �l�e�v�e�r�-
�r�e�l�a�t�e�d� �p�e�r�i�o�d�s�,� �a�n�d� �o�t�h�e�r� �n�e�u�r�o�n�s� �(´�l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� 
�n�e�u�r�o�n�sµ�)�.� �O�n�e� �n�e�u�r�o�n� �w�a�s� �t�a�r�g�e�t�e�d� �i�n� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� 
�p�e�r�i�o�d�.� �D�u�r�i�n�g� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d�,� �t�h�e� �m�o�u�s�e� �p�e�r�f�o�r�m�e�d� 
�a� �2�p�S�N�O�C� �t�a�s�k�.� �D�u�r�i�n�g� �t�h�e� �2�p�S�N�O�C� �t�a�s�k�,� �w�a�t�e�r� �d�r�o�p�s� �w�e�r�e� 
�s�u�c�c�e�s�s�f�u�l�l�y� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �m�o�u�s�e� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� 

F�F� �o�f� �a� �s�i�n�g�l�e� �t�a�r�g�e�t� �n�e�u�r�o�n� �i�n�c�r�e�a�s�e�d� �a�b�o�v�e� �a� �t�h�r�e�s�h�o�l�d� 
�(�F�i�g�u�r�e� ��)�.� 
�D�u�r�i�n�g� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d�,� �f�o�r� �l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� �t�a�r�g�e�t� 
�n�e�u�r�o�n�s�,� �a�c�t�i�v�i�t�y� �i�n�c�r�e�a�s�e�d� �b�y� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0��,� �w�h�e�r�e�a�s�,� 
�f�o�r� �l�e�v�e�r�-�r�e�l�a�t�e�d� �t�a�r�g�e�t� �n�e�u�r�o�n�s�,� �a�c�t�i�v�i�t�y� �d�i�d� �n�o�t� �c�h�a�n�g�e� 
�(�F�i�g�u�r�e� �5�)�.� �T�h�e� �r�e�w�a�r�d� �f�r�e�q�u�e�n�c�y� �i�n�c�r�e�a�s�e�d� �b�y� 
�a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0�� �w�h�e�n� �l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� �n�e�u�r�o�n�s� �w�e�r�e� 
�t�a�r�g�e�t�e�d�,� �a�n�d� �d�i�d� �n�o�t� �c�h�a�n�g�e� �w�h�e�n� �l�e�v�e�r�-�r�e�l�a�t�e�d� �n�e�u�r�o�n�s� 
�w�e�r�e� �t�a�r�g�e�t�e�d�.� �T�h�e� �r�a�p�i�d� �o�p�e�r�a�n�t� �c�o�n�d�i�t�i�o�n�i�n�g� �o�f� �s�i�n�g�l�e� 
�l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� �n�e�u�r�o�n�s� �w�a�s� �s�u�c�c�e�s�s�f�u�l� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� 
�a�c�t�i�v�i�t�y� �o�f� �n�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� �s�l�i�g�h�t�l�y� �c�h�a�n�g�e�d�.� �W�h�e�n� 
�l�e�v�e�r�-�r�e�l�a�t�e�d� �n�e�u�r�o�n�s� �w�e�r�e� �t�a�r�g�e�t�e�d�,� �t�h�e� �m�o�u�s�e� �p�e�r�f�o�r�m�e�d� 
�g�o�a�l�-�d�i�r�e�c�t�e�d� �l�e�v�e�r�-�p�u�l�l� �m�o�v�e�m�e�n�t�s� �f�r�o�m� �t�h�e� �o�n�s�e�t� �o�f� �t�h�e� 
�c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �w�i�t�h�o�u�t� �r�e�c�o�g�n�i�t�i�o�n� �o�f� �S�N�O�C�.� �T�h�i�s� 

�F�i�g�u�r�e� ��.� �L�e�f�t�� �A� �t�i�m�e�-�a�v�e�r�a�g�e�d� �i�m�a�g�e� �o�f� �a� �L�2��� �f�i�e�l�d� �d�u�r�i�n�g� �2�p�S�N�O�C�.� 
�R�e�d� �a�r�r�o�w�h�e�a�d�,� �a� �t�a�r�g�e�t� �n�e�u�r�o�n�.� �S�c�a�l�e� �b�a�r�,� �1�0�0� �m�.� �M�i�d�d�l�e�� �E�x�p�a�n�d�e�d� 
�i�m�a�g�e� �o�f� �t�h�e� �r�e�c�t�a�n�g�l�e� �i�n� �l�e�f�t�.� �S�c�a�l�e� �b�a�r�,� �1�0� �m�.� �R�i�g�h�t�� F�F� �o�f� �t�h�e� �t�a�r�g�e�t� 
�(�T�)� �a�n�d� �t�h�e� �t�h�r�e�e� �n�e�i�g�h�b�o�r�i�n�g� �(�N�1�,� �N�2�,� �a�n�d� �N��)� �n�e�u�r�o�n�s�.� �C�y�a�n� �b�a�r�s�,� 
�r�e�w�a�r�d� �d�e�l�i�v�e�r�y�.

�F�i�g�u�r�e� ��.� �P�r�o�p�o�r�t�i�o�n� �o�f� �i�n�c�r�e�a�s�e�-�,� �d�e�c�r�e�a�s�e�-�,� �a�n�d� �o�t�h�e�r�-�n�e�u�r�o�n�s� �a�c�r�o�s�s� �a�l�l� 
�f�i�e�l�d�s� �i�n� �L�2��� �(�l�e�f�t�)� �a�n�d� �L�5�a� �(�r�i�g�h�t�)�.
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�m�a�y� �e�x�p�l�a�i�n� �w�h�y� �t�h�e� �a�c�t�i�v�i�t�y� �g�a�i�n� �(�t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �m�e�a�n� 
�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �l�a�s�t� �5� �m�i�n� �o�f� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �t�o� �t�h�e� 
�m�e�a�n� �a�c�t�i�v�i�t�y� �i�n� �t�h�e� �f�i�r�s�t� �5� �m�i�n� �o�f� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� 
�m�i�n�u�s� �1�)� �f�o�r� �l�e�v�e�r�-�r�e�l�a�t�e�d� �t�a�r�g�e�t� �n�e�u�r�o�n�s� �w�a�s� �n�o�t� 
�s�i�g�n�i�f�i�c�a�n�t�l�y� �p�o�s�i�t�i�v�e�.� �I�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �a�n�a�l�y�s�e�s�,� �o�n�l�y� �d�a�t�a� 
�f�r�o�m� �s�e�s�s�i�o�n�s� �w�i�t�h� �a� �l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� �t�a�r�g�e�t� �n�e�u�r�o�n� �w�e�r�e� 
�u�s�e�d�.
�N�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� �w�h�o�s�e� �a�c�t�i�v�i�t�y� �w�a�s� �t�e�m�p�o�r�a�l�l�y�,� �b�u�t� �n�o�t� 
�s�p�a�t�i�a�l�l�y�,� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �t�a�r�g�e�t� �n�e�u�r�o�n� �i�n�c�r�e�a�s�e�d� �t�h�e�i�r� 
�a�c�t�i�v�i�t�y�.� �N�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� �s�h�o�u�l�d� �h�a�v�e� �b�e�e�n� �a�f�f�e�c�t�e�d� �b�y� �t�h�e� 
�w�a�t�e�r� �d�e�l�i�v�e�r�y� �b�e�c�a�u�s�e� �i�t� �w�a�s� �t�h�e� �r�e�i�n�f�o�r�c�e�r�.� �F�o�r� �e�a�c�h� �n�o�n�-
�t�a�r�g�e�t� �n�e�u�r�o�n�,� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� �s�u�m� �o�f� �t�h�e� �a�c�t�i�v�i�t�y� �i�n� �a� �0�.���-�s� 
�t�i�m�e� �b�i�n� t� �s� �a�f�t�e�r� �r�e�w�a�r�d� �d�e�l�i�v�e�r�y� �t�o� �t�h�e� �s�u�m� �o�f� �t�h�e� �r�e�m�a�i�n�i�n�g� 
�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �s�a�m�e� �b�i�n� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �r�e�w�a�r�d� 
�s�y�n�c�h�r�o�n�i�z�a�t�i�o�n� �i�n�d�e�x� �(t�)� �(�R�S�I�(t�)�)�.� �F�o�r� �e�a�c�h� �t�i�m�e� �b�i�n�,� �a�c�t�i�v�i�t�y� 
�g�a�i�n� �w�a�s� �a�v�e�r�a�g�e�d� �a�c�r�o�s�s� �t�h�e� �n�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� �w�i�t�h� �R�S�I� 
�v�a�l�u�e�s� �i�n� �t�h�e� �t�o�p� �5��.� �T�h�e� �a�c�t�i�v�i�t�y� �g�a�i�n� �o�f� �n�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� 
�w�i�t�h� �R�S�I� �i�n� �t�h�e� �t�o�p� �5�� �w�a�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�a�r�g�e�r� �t�h�a�n� �z�e�r�o� 
�w�h�e�n� t �r�a�n�g�e�d� �f�r�o�m� ï�0�.��� �s� �t�o� �0�.��� �s�,� �a�n�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� 
�s�m�a�l�l�e�r� �t�h�a�n� �z�e�r�o� �w�h�e�n� t� �w�a�s� �2�.��,� ��,� �a�n�d� �� �s�.� �W�e� �r�e�f�e�r� �t�o� �t�h�i�s� 
�p�h�e�n�o�m�e�n�o�n� �a�s� �r�e�w�a�r�d�-�t�i�m�i�n�g�-�d�e�p�e�n�d�e�n�t� �b�i�d�i�r�e�c�t�i�o�n�a�l� 
�m�o�d�u�l�a�t�i�o�n� �(�R�T�B�M�)�,� �a�n�d� �r�e�f�e�r� �t�o� �n�e�u�r�o�n�s� �t�h�a�t� �h�a�d� �R�S�I� 
�(ï�0�.��� �s� �t�o� �0�.��� �s�)� �i�n� �t�h�e� �t�o�p� �5�� �a�s� �S�R� �n�e�u�r�o�n�s� �a�n�d� �n�e�u�r�o�n�s� 
�t�h�a�t� �h�a�d� �R�S�I� �(�2� �s� �t�o� �� �s�)� �i�n� �t�h�e� �t�o�p� �5�� �a�s� �A�R� �n�e�u�r�o�n�s�.� �T�h�e� 
�a�c�t�i�v�i�t�y� �g�a�i�n� �o�f� �S�R� �a�n�d� �A�R� �n�e�u�r�o�n�s� �w�a�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� 
�p�o�s�i�t�i�v�e� �a�n�d� �n�e�g�a�t�i�v�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �l�e�v�e�r�-
�r�e�l�a�t�e�d� �a�n�d� �l�e�v�e�r�-�u�n�r�e�l�a�t�e�d� �n�e�u�r�o�n�s� �w�a�s� �s�i�m�i�l�a�r� �b�e�t�w�e�e�n� �S�R� 
�a�n�d� �A�R� �n�e�u�r�o�n�s�.� �T�h�e� �d�i�s�t�a�n�c�e� �o�f� �S�R� �a�n�d� �A�R� �n�e�u�r�o�n�s� �f�r�o�m� 
�t�h�e� �t�a�r�g�e�t� �n�e�u�r�o�n� �w�a�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �d�i�s�t�a�n�c�e� �o�f� �o�t�h�e�r� �n�e�u�r�o�n�s� 
�f�r�o�m� �t�h�e� �t�a�r�g�e�t� �n�e�u�r�o�n�.� �T�h�e� �p�a�i�r�w�i�s�e� �c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� �t�h�e� 
�t�a�r�g�e�t� �n�e�u�r�o�n� �w�a�s� �h�i�g�h�e�r� �f�o�r� �S�R� �n�e�u�r�o�n�s� �t�h�a�n� �f�o�r� �A�R� �n�e�u�r�o�n�s� 
�a�n�d� �o�t�h�e�r� �n�e�u�r�o�n�s� �d�u�r�i�n�g� �b�o�t�h� �t�h�e� �c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �a�n�d� 
�p�r�e�-�c�o�n�d�i�t�i�o�n�i�n�g� �p�e�r�i�o�d� �w�i�t�h�o�u�t� �w�a�t�e�r� �d�e�l�i�v�e�r�y�.� �T�h�i�s� 
�i�n�d�i�c�a�t�e�s� �t�h�a�t� �S�R� �n�e�u�r�o�n�s� �w�e�r�e� �f�r�e�q�u�e�n�t�l�y� �a�c�t�i�v�e� �t�o�g�e�t�h�e�r� 
�w�i�t�h� �t�h�e� �t�a�r�g�e�t� �n�e�u�r�o�n�.� �B�y� �c�o�n�t�r�a�s�t�,� �A�R� �n�e�u�r�o�n�s� �d�i�d� �n�o�t� 
�a�p�p�e�a�r� �d�i�f�f�e�r�e�n�t� �f�r�o�m� �o�t�h�e�r� �n�o�n�-�t�a�r�g�e�t� �n�e�u�r�o�n�s� �i�n� �t�e�r�m�s� �o�f� 
�t�h�e�i�r� �a�s�s�o�c�i�a�t�i�o�n�s� �w�i�t�h� �t�h�e� �t�a�r�g�e�t� �n�e�u�r�o�n�.� �N�e�i�t�h�e�r� �S�R� �n�o�r� �A�R� 
�n�e�u�r�o�n�s� �w�e�r�e� �s�p�e�c�i�f�i�c�a�l�l�y� �r�e�l�a�t�e�d� �t�o� �l�i�c�k�i�n�g�.� �L�i�k�e�w�i�s�e�,� 
�n�e�i�t�h�e�r� �S�R� �n�o�r� �A�R� �n�e�u�r�o�n�s� �w�e�r�e� �s�p�e�c�i�f�i�c�a�l�l�y� �r�e�l�a�t�e�d� �t�o� �l�e�v�e�r�-
�p�u�l�l� �i�n� �r�e�s�p�o�n�s�e� �t�o� �t�h�e� �r�e�w�a�r�d� �d�e�l�i�v�e�r�y�.� 
�T�o� �v�a�l�i�d�a�t�e� �w�h�e�t�h�e�r� �t�h�e� �a�c�t�i�v�i�t�y� �t�i�m�i�n�g� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� 
�r�e�w�a�r�d� �d�e�l�i�v�e�r�y� �i�s� �s�u�f�f�i�c�i�e�n�t� �t�o� �i�n�d�u�c�e� �t�h�e� �n�e�u�r�o�n�a�l� �a�c�t�i�v�i�t�y� 
�c�h�a�n�g�e�s�,� �w�e� �p�e�r�f�o�r�m�e�d� �r�e�p�e�t�i�t�i�v�e� �p�a�i�r�i�n�g� �o�f� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �a� 
�r�a�n�d�o�m� �s�e�t� �o�f� �n�e�u�r�o�n�s� �a�n�d� �r�e�w�a�r�d� �d�e�l�i�v�e�r�y� �w�i�t�h� �d�i�f�f�e�r�e�n�t� 
�t�i�m�e� �i�n�t�e�r�v�a�l�s�.� �I�n� �e�a�c�h� �p�h�o�t�o�s�t�i�m�u�l�a�t�i�o�n� �s�e�s�s�i�o�n�,� ��0� 
�p�h�o�t�o�s�t�i�m�u�l�i� �w�e�r�e� �d�e�l�i�v�e�r�e�d� �d�u�r�i�n�g� �a� �1�5� �m�i�n� �p�e�r�i�o�d� �t�o� �i�n�d�u�c�e� 

�f�i�r�i�n�g� �i�n� �c�h�a�n�n�e�l�r�h�o�d�o�p�s�i�n�-�2�-�e�x�p�r�e�s�s�i�n�g� �n�e�u�r�o�n�s� �i�n� �t�h�e� �f�i�e�l�d� 
�o�f� �v�i�e�w� �a�n�d� �a� �r�e�w�a�r�d� �w�a�s� �g�i�v�e�n� �0�.�2�5� �s� �a�f�t�e�r� �o�r� �2�.�5� �s� �b�e�f�o�r�e� 
�e�a�c�h� �p�h�o�t�o�s�t�i�m�u�l�a�t�i�o�n� �(�p�o�t�e�n�t�i�a�t�i�o�n� �p�r�o�t�o�c�o�l� �a�n�d� �d�e�p�r�e�s�s�i�o�n� 
�p�r�o�t�o�c�o�l�,� �r�e�s�p�e�c�t�i�v�e�l�y�)�.� �T�h�e� �p�h�o�t�o�s�t�i�m�u�l�i�-�i�n�d�u�c�e�d� �a�c�t�i�v�i�t�y� �o�f� 
�p�h�o�t�o�s�t�i�m�u�l�i�-�r�e�s�p�o�n�s�i�v�e� �n�e�u�r�o�n�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� �a�n�d� 
�d�e�c�r�e�a�s�e�d� �i�n� �t�h�e� �p�o�t�e�n�t�i�a�t�i�o�n� �a�n�d� �d�e�p�r�e�s�s�i�o�n� �p�r�o�t�o�c�o�l�s�,� 
�r�e�s�p�e�c�t�i�v�e�l�y� �(�F�i�g�u�r�e� ��)�.� �T�h�e� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �o�t�h�e�r� �n�e�u�r�o�n�s� �d�i�d� 
�n�o�t� �c�h�a�n�g�e� �i�n� �e�i�t�h�e�r� �p�r�o�t�o�c�o�l�.� �T�h�u�s�,� �r�e�p�e�t�i�t�i�v�e� �p�a�i�r�i�n�g� �o�f� 
�n�e�u�r�o�n�a�l� �a�c�t�i�v�i�t�y� �w�i�t�h� �r�e�w�a�r�d� �d�e�l�i�v�e�r�y� �a�t� �d�i�f�f�e�r�e�n�t� �t�i�m�e� 
�i�n�t�e�r�v�a�l�s� �w�a�s� �s�u�f�f�i�c�i�e�n�t� �t�o� �r�e�c�r�e�a�t�e� �R�T�B�M�.
�O�u�r� �r�e�s�u�l�t�s� �s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �m�i�c�r�o�c�i�r�c�u�i�t� �h�a�s� �t�h�e� �c�a�p�a�b�i�l�i�t�y� 
�t�o� �s�t�r�e�n�g�t�h�e�n� �t�h�e� �a�c�t�i�v�i�t�y� �o�f� �n�e�u�r�o�n�s� �t�h�a�t� �w�e�r�e� �p�r�e�v�i�o�u�s�l�y� 
�i�n�c�l�u�d�e�d� �i�n� �t�h�e� �s�a�m�e� �e�n�s�e�m�b�l�e� �w�i�t�h�o�u�t� �s�t�r�o�n�g� �s�p�a�t�i�a�l� 
�c�o�n�s�t�r�a�i�n�s�.� �R�T�B�M� �m�a�y� �b�e� �o�n�e� �o�f� �p�o�s�s�i�b�l�y� �m�a�n�y� �p�r�o�c�e�s�s�e�s� 
�t�h�a�t� �u�n�d�e�r�l�i�e� �r�a�p�i�d� �r�e�o�r�g�a�n�i�z�a�t�i�o�n� �o�f� �t�h�e� �L�2��� �c�o�r�t�i�c�a�l� 
�m�i�c�r�o�c�i�r�c�u�i�t� �d�u�r�i�n�g� �f�a�s�t� �a�d�a�p�t�a�t�i�o�n� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�n�g�e�s�,� 
�w�h�i�c�h� �o�c�c�u�r�s� �d�u�r�i�n�g� �B�M�I��B�C�I� �l�e�a�r�n�i�n�g�,� �m�o�t�o�r� �a�d�a�p�t�a�t�i�o�n�,� 
�a�n�d� �s�k�i�l�l� �l�e�a�r�n�i�n�g�.
� 

�F�i�g�u�r�e� ��.� �T�i�m�e� �c�o�u�r�s�e� �o�f� 
�t �h �e � �m �e �a �n � ƋF �F � �o �f� 
�p�h�o�t�o�s�t�i�m�u�l�i�-�r�e�s�p�o�n�s�i�v�e� 
�n�e�u�r�o�n�s� �i�n� �t�h�e� �p�o�t�e�n�t�i�a�t�i�o�n� 
�(�g�r�e�e�n�,� n ��� �n�e�u�r�o�n�s�)� �a�n�d� 
�d�e�p�r�e�s�s�i�o�n� �(�o�r�a�n�g�e�,� n ��0� 
�n�e�u�r�o�n�s�)� �p�r�o�t�o�c�o�l�s�.� �T�h�i�c�k� 
�l�i�n�e�s� �a�n�d� �s�h�a�d�i�n�g� �i�n�d�i�c�a�t�e� 
�t�h�e� �m�e�a�n� �� �s�.�e�.�m�.
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