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������������ �*�$�%�$�$���U�H�F�H�S�W�R�U�V��

2.1.2.1 Structure 

��

�*�$�%�$�� �Q�H�X�U�R�Q�D�O�� �L�Q�K�L�E�L�W�L�R�Q�� �L�V�� �P�H�G�L�D�W�H�G�� �E�\�� �W�Z�R�� �G�L�I�I�H�U�H�Q�W�� �U�H�F�H�S�W�R�U�V���� �W�\�S�H�� �$�� �U�H�F�H�S�W�R�U�V��

���*�$�%�$�$���� �D�Q�G�� �W�\�S�H�� �%�� �U�H�F�H�S�W�R�U�V�� ���*�$�%�$�%���� ��FIGURE 2.2������ �*�$�%�$�%�� �U�H�F�H�S�W�R�U�V�� �D�U�H�� �F�R�X�S�O�H�G��

�L�Q�G�L�U�H�F�W�O�\���Y�L�D���*���S�U�R�W�H�L�Q�V���W�R���H�L�W�K�H�U���&�D�������R�U���.�����F�K�D�Q�Q�H�O�V���W�R���S�U�R�G�X�F�H���V�O�R�Z���D�Q�G���S�U�R�O�R�Q�J�H�G���L�Q�K�L�E�L�W�R�U�\��

�U�H�V�S�R�Q�V�H�V�� ���%�R�Z�H�U�\���� �������������� �$�� �W�K�L�U�G�� �F�O�D�V�V�� �G�H�V�L�J�Q�D�W�H�G�� �*�$�%�$�&�� �Z�D�V�� �I�L�U�V�W�� �L�G�H�Q�W�L�I�L�H�G�� �L�Q�� �W�K�H��

�Y�H�U�W�H�E�U�D�W�H�V�¶�� �U�H�W�L�Q�D�� ���&�K�H�E�L�E���� ������������ �/�X�N�D�V�L�H�Z�L�F�]���H�W�� �D�O���� �������������� �E�X�W�� �W�K�H�\�� �D�U�H�� �Q�R�Z�� �Y�L�H�Z�H�G�� �D�V�� �D��

�Y�D�U�L�D�Q�W�� �R�I�� �*�$�%�$�$�� �U�H�F�H�S�W�R�U�V�� �H�[�F�O�X�V�L�Y�H�O�\�� �F�R�P�S�R�V�H�G�� �R�I�� �!�� �V�X�E�X�Q�L�W�V�� ���V�H�H�� �E�H�O�R�Z������ �7�K�H��

�1�R�P�H�Q�F�O�D�W�X�U�H�� �&�R�P�P�L�W�W�H�H�� �R�I�� �W�K�H�� �,�Q�W�H�U�Q�D�W�L�R�Q�D�O�� �8�Q�L�R�Q�� �R�I�� �3�K�D�U�P�D�F�R�O�R�J�\�� �U�H�F�R�P�P�H�Q�G�V�� �W�R��

�G�H�V�L�J�Q�D�W�H���W�K�H�P���D�V���*�$�%�$�$���!���U�H�F�H�S�W�R�U�V�����2�O�V�H�Q���D�Q�G���6�L�H�J�K�D�U�W���������������� 

��
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�)�,�*�8�5�(�������� ���±���*�$�%�$�$���D�Q�G���*�$�%�$�%���U�H�F�H�S�W�R�U�V����

�*�$�%�$�$���U�H�F�H�S�W�R�U�V���D�U�H���F�K�D�Q�Q�H�O���U�H�F�H�S�W�R�U�V�����5�&���� �R�S�H�Q�L�Q�J���Z�L�W�K���W�K�H���I�L�[�D�W�L�R�Q���R�I��

�W�K�H�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�W�H�U�� ���1�7������ �Z�K�L�O�H�� �*�$�%�$�%���U�H�F�H�S�W�R�U�V�� ���5���� �D�U�H�� �*���S�U�R�W�H�L�Q�� ���*����

�F�R�X�S�O�H�G���W�R���D�Q���L�R�Q���F�K�D�Q�Q�H�O�����&�������%�D�F�R�Q���D�Q�G���9�L�H�Q�Q�R�W������������������

��

�*�$�%�$�$���U�H�F�H�S�W�R�U�V���D�U�H���K�H�W�H�U�R���R�O�L�J�R�P�H�U�V���F�R�P�S�R�V�H�G���R�I�������S�U�R�W�H�L�Q���V�X�E�X�Q�L�W�V���F�U�R�V�V�L�Q�J���W�K�H���F�H�O�O�X�O�D�U��

�P�H�P�E�U�D�Q�H���D�Q�G���I�R�U�P�L�Q�J���D���F�K�O�R�U�L�G�H�����&�O�±�����F�K�D�Q�Q�H�O����FIGURE 2.3�������2�O�V�H�Q���D�Q�G���7�R�E�L�Q�������������������%�L�Q�G�L�Q�J��

�R�I�� �*�$�%�$�� �R�Q�� �L�W�V�� �V�L�W�H�� �R�Q�� �W�K�H�� �U�H�F�H�S�W�R�U�� �R�S�H�Q�V�� �W�K�H�� �F�K�O�R�U�L�G�H�� �L�R�Q�� �F�K�D�Q�Q�H�O���� �O�H�D�G�L�Q�J�� �W�R�� �D�� �&�O�±�� �L�Q�I�O�X�[��

�D�F�F�R�U�G�L�Q�J�� �W�R�� �W�K�H�� �F�R�Q�F�H�Q�W�U�D�W�L�R�Q�� �J�U�D�G�L�H�Q�W���� �&�H�O�O�X�O�D�U�� �P�H�P�E�U�D�Q�H�� �X�Q�G�H�U�J�R�H�V�� �W�K�H�Q�� �D�Q��

�K�\�S�H�U�S�R�O�D�U�L�V�D�W�L�R�Q���D�Q�G���W�K�X�V���D���G�H�F�U�H�D�V�H�G���H�[�F�L�W�D�E�L�O�L�W�\���R�I���W�K�H���Q�H�X�U�R�Q�����6�L�H�J�H�O���H�W���D�O�������������������6�W�D�E�L�O�L�V�L�Q�J��

�W�K�H�� �P�H�P�E�U�D�Q�H�� �S�R�W�H�Q�W�L�D�O���� �*�$�%�$�� �D�O�O�R�Z�V�� �D�Q�� �X�S�N�H�H�S�� �R�I�� �&�1�6�� �I�X�Q�F�W�L�R�Q�V���� �F�R�X�Q�W�H�U�E�D�O�D�Q�F�L�Q�J�� �W�K�H��

�H�I�I�H�F�W�V���R�I���R�W�K�H�U���H�[�F�L�W�D�W�R�U�\�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�W�H�U�V�����H���J���� �J�O�X�W�D�P�D�W�H������ �%�L�F�X�F�X�O�O�L�Q�H���L�V���W�K�H���P�D�L�Q���*�$�%�$��

�V�L�W�H�� �D�Q�W�D�J�R�Q�L�V�W�� �R�I�� �W�K�H�� �*�$�%�$�$�� �U�H�F�H�S�W�R�U�V���� �E�X�W�� �V�W�X�G�L�H�V�� �S�R�L�Q�W�H�G�� �R�X�W�� �W�K�D�W�� �L�W�� �F�R�X�O�G�� �D�O�V�R�� �D�F�W�� �D�V�� �D�Q��

�D�O�O�R�V�W�H�U�L�F���L�Q�K�L�E�L�W�R�U���E�\���E�L�Q�G�L�Q�J���W�R���R�W�K�H�U���V�L�W�H�V���R�I���I�L�[�D�W�L�R�Q���W�K�D�W���*�$�%�$���F�R�X�O�G���Q�R�W���U�H�D�F�K�����-�R�K�Q�V�W�R�Q����

�������������8�H�Q�R���H�W���D�O������������������

��

�7�K�H���U�H�F�H�S�W�R�U���V�X�E�X�Q�L�W�V���F�D�Q���E�H���J�U�R�X�S�H�G���L�Q���V�H�Y�H�Q���I�D�P�L�O�L�H�V�����G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H�L�U���V�H�T�X�H�Q�F�H�V�����6�R�P�H��

�V�X�E�X�Q�L�W�V���D�U�H���H�Y�H�Q���F�R�P�S�R�V�H�G���R�I���G�L�I�I�H�U�H�Q�W���Y�D�U�L�D�Q�W�V�����G�L�I�I�H�U�L�Q�J���I�U�R�P���R�Q�H���D�Q�R�W�K�H�U���L�Q���D���I�H�Z���Q�X�P�E�H�U��

�R�I���U�H�V�L�G�X�H�V�����6�L�H�J�K�D�U�W���D�Q�G���6�S�H�U�N������������������ �7�K�X�V���� �*�$�%�$�$�� �U�H�F�H�S�W�R�U�V���D�U�H���F�R�P�S�R�V�H�G���R�I������ �V�X�E�X�Q�L�W�V��

�D�P�R�Q�J�V�W�� ������ ���.���±�.������ �����±�������� �����±�������� �/���� �0���� �Œ���� ������ �D�Q�G�� �!���±�!�������� �7�K�H�� �P�D�M�R�U�L�W�\�� �R�I�� �W�K�H�V�H�� �U�H�F�H�S�W�R�U�V�� �D�U�H��

�D�V�V�H�P�E�O�H�G�� �Z�L�W�K�� �W�K�H�� �V�D�P�H�� �E�D�V�H�� �P�R�G�H�O���� �W�Z�R�� �.���V�X�E�X�Q�L�W�V���� �W�Z�R�� �����V�X�E�X�Q�L�W�� �D�Q�G�� �R�Q�H�� �����V�X�E�X�Q�L�W��
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���:�K�L�W�L�Q�J�������������������7�K�L�V���F�R�P�E�L�Q�D�W�L�R�Q���L�V���U�H�T�X�L�U�H�G���I�R�U���D���I�X�O�O�\���I�X�Q�F�W�L�R�Q�D�O���*�$�%�$�$���U�H�F�H�S�W�R�U�����$�Q�J�H�O�R�W�W�L��

�D�Q�G���0�D�F�G�R�Q�D�O�G�������������������*�$�%�$�$���U�H�F�H�S�W�R�U�V���Z�L�W�K���W�K�H���.�������������S�D�W�W�H�U�Q���W�K�X�V���D�F�F�R�X�Q�W���I�R�U�����������R�I���W�K�H�V�H��

�U�H�F�H�S�W�R�U�V���L�Q���W�K�H���P�D�P�P�D�O�L�D�Q���E�U�D�L�Q�����0�F�.�H�U�Q�D�Q���D�Q�G���:�K�L�W�L�Q�J�����������������6�L�H�J�K�D�U�W���D�Q�G���6�S�H�U�N������������������

�7�K�H���.���V�X�E�X�Q�L�W�V���D�U�H���W�K�H���P�R�V�W���L�Q�W�H�U�H�V�W�L�Q�J�����D�V���W�K�H�\���D�U�H���E�R�W�K���L�P�S�R�U�W�D�Q�W���I�R�U���*�$�%�$�����E�H�W�Z�H�H�Q���.�����D�Q�G��

�����V�X�E�X�Q�L�W�V�����D�Q�G���E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V�����E�H�W�Z�H�H�Q���.�����D�Q�G�������V�X�E�X�Q�L�W�V�����I�L�[�D�W�L�R�Q���R�Q���W�K�H�L�U���U�H�V�S�H�F�W�L�Y�H���V�L�W�H�V��

�R�Q���W�K�H���U�H�F�H�S�W�R�U����FIGURE 2.3������

��

��

��

�)�,�*�8�5�(�������� ���±���6�F�K�H�P�D�W�L�F���U�H�S�U�H�V�H�Q�W�D�W�L�R�Q���R�I���*�$�%�$�$���U�H�F�H�S�W�R�U�V����

�$���(���� �S�H�S�W�L�G�H�V�� �O�R�R�S�V���� �%�=���� �E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�� �V�L�W�H�����2�O�V�H�Q�� �D�Q�G�� �7�R�E�L�Q����

�������������6�L�H�J�H�O���H�W���D�O������������������
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2.1.2.2 Brain location 
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�:�K�L�O�H���*�$�%�$���V�\�Q�D�S�V�H�V���V�H�H�P���W�R���E�H���R�P�Q�L�S�U�H�V�H�Q�W���L�Q���W�K�H���P�D�P�P�D�O�L�D�Q���E�U�D�L�Q�����D�V���W�K�H�\���D�F�F�R�X�Q�W���I�R�U��

�X�S���W�R�������������������R�I���W�K�H���&�1�6���V�\�Q�D�S�V�H�V�����V�R�P�H���E�U�D�L�Q���U�H�J�L�R�Q�V���F�R�Q�F�H�Q�W�U�D�W�H���P�R�V�W���R�I���W�K�H�P�����*�$�%�$�H�U�J�L�F��

�Q�H�X�U�R�Q�V���D�U�H���W�K�X�V���P�R�V�W�O�\���O�R�F�D�W�H�G���L�Q���W�K�H���F�H�U�H�E�H�O�O�D�U���3�X�U�N�L�Q�M�H���F�H�O�O�V���D�Q�G���W�K�H���K�L�S�S�R�F�D�P�S�D�O���I�R�U�P�D�W�L�R�Q��

�R�I���U�D�W���E�U�D�L�Q�����5�D�G�L�D�Q���H�W���D�O�������������������*�$�%�$�$���U�H�F�H�S�W�R�U�V���D�U�H���I�D�L�U�O�\���Z�L�G�H�V�S�U�H�D�G���L�Q���W�K�H���E�U�D�L�Q���E�X�W���W�K�H��

�G�H�Q�V�L�W�L�H�V�� �D�U�H�� �S�D�U�W�L�F�X�O�D�U�O�\�� �K�L�J�K�� �L�Q�� �W�K�H�� �F�H�U�H�E�H�O�O�X�P���� �W�K�H�� �R�O�I�D�F�W�R�U�\�� �E�X�O�E���� �W�K�H�� �W�K�D�O�D�P�X�V���� �W�K�H��
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�K�L�S�S�R�F�D�P�S�D�O���I�R�U�P�D�W�L�R�Q���D�Q�G���W�K�H���F�H�U�H�E�U�D�O���F�R�U�W�H�[���L�Q���U�D�W���E�U�D�L�Q����FIGURE 2.4�������G�H���%�O�D�V���H�W���D�O����������������

�%�R�Z�H�U�\���H�W���D�O�����������������3�D�O�D�F�L�R�V���H�W���D�O�����������������<�R�X�Q�J���D�Q�G���&�K�X�������������������7�K�H���K�L�S�S�R�F�D�P�S�D�O���I�R�U�P�D�W�L�R�Q��

�D�Q�G�� �F�H�U�H�E�U�D�O�� �F�R�U�W�H�[�� �U�H�J�L�R�Q�V�� �D�U�H�� �K�L�J�K�O�\�� �O�L�Q�N�H�G�� �W�R�� �D�Q�[�L�H�W�\�� �U�H�J�X�O�D�W�L�R�Q�� ���F�I����3.2.1.3�� �D�Q�G��3.2.2.1����

�U�H�V�S�H�F�W�L�Y�H�O�\��������

��

��
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�)�,�*�8�5�(�������� ���±���/�R�F�D�O�L�V�D�W�L�R�Q���R�I���*�$�%�$�$���U�H�F�H�S�W�R�U�V���L�Q���W�K�H���U�D�W���E�U�D�L�Q����

�/�H�I�W���� �D�Q�W�L���*�$�%�$�� �U�H�F�H�S�W�R�U�� �D�Q�W�L�E�R�G�\���� �U�L�J�K�W���� �>���+�@�*�$�%�$�� �D�X�W�R�U�D�G�L�R�J�U�D�S�K�\���� �&�2����

�F�H�U�H�E�U�D�O�� �F�R�U�W�H�[���� �&�(���� �F�H�U�H�E�H�O�O�X�P���� �+���� �K�L�S�S�R�F�D�P�S�D�O�� �I�R�U�P�D�W�L�R�Q���� �,�&�����L�Q�I�H�U�L�R�U��

�F�R�O�O�L�F�X�O�X�V�����6�����F�R�U�S�X�V���V�W�U�L�D�W�X�P�����6�1�����V�X�E�V�W�D�Q�W�L�D���Q�L�J�U�D�����7�����W�K�D�O�D�P�X�V�����G�H���%�O�D�V��et 

al�����������������<�R�X�Q�J���D�Q�G���&�K�X������������������

��

�,�W�� �K�D�V�� �V�L�Q�F�H�� �W�K�H�Q�� �E�H�H�Q�� �G�H�P�R�Q�V�W�U�D�W�H�G�� �W�K�D�W�� �V�S�H�F�L�I�L�F�� �*�$�%�$�$�� �U�H�F�H�S�W�R�U�V���� �G�H�S�H�Q�G�L�Q�J�� �R�Q�� �W�K�H�L�U��

�V�X�E�X�Q�L�W�V���F�R�P�S�R�V�L�W�L�R�Q���� �D�U�H���G�L�I�I�H�U�H�Q�W�O�\���H�[�S�U�H�V�V�H�G���L�Q���E�U�D�L�Q���U�H�J�L�R�Q�V�� ���)�U�L�W�V�F�K�\�� �D�Q�G���0�R�K�O�H�U����������������

�0�F�.�H�U�Q�D�Q�� �D�Q�G�� �:�K�L�W�L�Q�J���� ������������ �6�L�H�J�K�D�U�W�� �D�Q�G�� �6�S�H�U�N���� ��������������TABLE 2.1�� �V�X�P�V�� �X�S�� �W�K�H�� �G�L�I�I�H�U�H�Q�W��
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�W�K�H�� �G�H�Y�H�O�R�S�P�H�Q�W�� �R�I�� �W�K�H�� �F�R�Q�F�H�S�W�� �R�I�� �D�Q�[�L�H�W�\���� �V�W�D�U�W�L�Q�J�� �Z�L�W�K�� �W�K�H�� �S�V�\�F�K�R�O�R�J�L�F�D�O�� �D�Q�G�� �E�H�K�D�Y�L�R�X�U�D�O��
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�I�U�H�H�G�R�P�¶�����I�H�O�W���E�\���D�Q���L�Q�G�L�Y�L�G�X�D�O���Z�K�H�Q���K�H���L�V���F�R�Q�I�U�R�Q�W�H�G���W�R���D�Q���L�Q�I�L�Q�L�W�\���R�I���S�R�V�V�L�E�L�O�L�W�L�H�V�����7�K�H���*�H�U�P�D�Q��

�S�K�L�O�R�V�R�S�K�H�U���0�D�U�W�L�Q���+�H�L�G�H�J�J�H�U���F�R�P�S�O�H�W�H�G���W�K�L�V���I�L�U�V�W���G�H�I�L�Q�L�W�L�R�Q���E�\���D�G�G�L�Q�J���W�K�H���L�G�H�D���W�K�D�W���µ�D�Q�[�L�H�W�\���L�V��
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�Z�K�L�F�K���J�H�Q�H�U�D�W�H�V���D�Q�[�L�H�W�\���L�Q���W�K�H���E�H�K�D�Y�L�R�X�U�D�O���L�Q�K�L�E�L�W�L�R�Q���V�\�V�W�H�P�����F�I�� 3.2.1.3��������
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�7�K�H���I�L�U�V�W���F�H�Q�W�U�D�O���F�L�U�F�X�L�W���R�I���H�P�R�W�L�R�Q�V���Z�D�V���F�R�L�Q�H�G���E�\���-�D�P�H�V���3�D�S�H�]���L�Q��������������FIGURE 3.2�������3�D�S�H�]����

�������������� �7�K�L�V�� �F�L�U�F�X�L�W�� �Z�D�V�� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �O�R�R�S�� �E�H�W�Z�H�H�Q�� �W�K�H�� �F�H�U�H�E�U�D�O�� �F�R�U�W�H�[���� �W�K�H�� �W�K�D�O�D�P�X�V���� �W�K�H��

�K�\�S�R�W�K�D�O�D�P�X�V�� �D�Q�G�� �W�K�H�� �K�L�S�S�R�F�D�P�S�X�V���� �7�K�H�� �F�R�U�W�H�[�� �D�Q�G�� �W�K�H�� �K�\�S�R�W�K�D�O�D�P�X�V�� �Z�H�U�H�� �U�H�V�S�H�F�W�L�Y�H�O�\��

�U�H�V�S�R�Q�V�L�E�O�H���I�R�U���W�K�H���J�H�Q�H�U�D�W�L�R�Q���R�I���I�H�H�O�L�Q�J�V���D�Q�G���E�R�G�L�O�\���U�H�V�S�R�Q�V�H�V�����'�H�V�S�L�W�H���P�H�Q�W�L�R�Q�L�Q�J���E�U�D�L�Q���D�U�H�D�V��

�W�K�D�W���D�U�H���V�W�L�O�O���G�H�V�F�U�L�E�H�G���L�Q���S�U�R�F�H�V�V�L�Q�J���H�P�R�W�L�R�Q�V�����W�K�L�V���F�L�U�F�X�L�W���Z�D�V���V�W�L�O�O���L�Q�F�R�P�S�O�H�W�H����
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�7�K�H�� �Q�H�[�W�� �S�U�R�S�R�V�L�W�L�R�Q�� �Z�D�V�� �W�K�H�Q�� �I�R�U�P�X�O�D�W�H�G�� �L�Q�� ���������� �E�\�� �3�D�X�O�� �0�D�F�/�H�D�Q�� �D�Q�G�� �K�L�V�� �W�U�L�X�Q�H��

�D�U�F�K�L�W�H�F�W�X�U�H���W�K�H�R�U�\�����0�D�F�/�H�D�Q�������������������������������$�F�F�R�U�G�L�Q�J���W�R���K�L�P�����W�K�H���E�U�D�L�Q���Z�D�V���D���F�R�Q�V�W�U�X�F�W�L�R�Q���R�I��

�W�K�U�H�H���G�L�I�I�H�U�H�Q�W���H�Q�W�L�W�L�H�V���D�V�V�H�P�E�O�L�Q�J���W�K�H�P�V�H�O�Y�H�V���D�V���5�X�V�V�L�D�Q���G�R�O�O�V�����W�K�H���P�R�V�W���L�Q�Q�H�U���R�Q�H���E�H�L�Q�J���W�K�H��

�O�H�D�V�W���H�Y�R�O�Y�H�G���D�Q�G���F�R�Q�Y�H�U�V�H�O�\����

�x�� �7�K�H���U�H�S�W�L�O�L�D�Q���F�R�P�S�O�H�[�����F�R�P�S�R�V�H�G���R�I���W�K�H���E�U�D�L�Q���V�W�H�P���Z�D�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���L�Q�V�W�L�Q�F�W�X�D�O��

�E�H�K�D�Y�L�R�X�U�V���V�X�F�K���D�V���D�J�J�U�H�V�V�L�R�Q�����G�R�P�L�Q�D�Q�F�H���R�U���U�H�S�U�R�G�X�F�W�L�R�Q����

�x�� �7�K�H���S�D�O�H�R�P�D�P�P�D�O�L�D�Q���F�R�P�S�O�H�[���R�U���O�L�P�E�L�F���V�\�V�W�H�P�����I�L�U�V�W���G�H�V�F�U�L�E�H�G���D�Q�D�W�R�P�L�F�D�O�O�\���E�\��

�3�D�X�O���%�U�R�F�D���L�Q���������������%�U�R�F�D�������������������Z�D�V���G�H�G�L�F�D�W�H�G���W�R���W�K�H���H�P�R�W�L�R�Q���J�H�Q�H�U�D�W�L�R�Q�����,�W���Z�D�V��

�F�R�P�S�R�V�H�G���R�I���D�O�O���W�K�H���V�W�U�X�F�W�X�U�H�V���R�I���W�K�H���3�D�S�H�]���F�L�U�F�X�L�W�����L�Q�F�O�X�G�L�Q�J���Q�H�Z���R�Q�H�V���V�X�F�K���D�V���W�K�H��

�D�P�\�J�G�D�O�D���D�Q�G���W�K�H���S�U�H�I�U�R�Q�W�D�O���F�R�U�W�H�[����

�x�� �7�K�H�� �Q�H�R�P�D�P�P�D�O�L�D�Q�� �F�R�P�S�O�H�[�� �L�V�� �F�R�P�S�R�V�H�G�� �R�I�� �W�K�H�� �Q�H�R�� �F�R�U�W�H�[�� �D�Q�G�� �S�U�R�F�H�V�V�� �K�L�J�K�H�U��

�F�R�J�Q�L�W�L�Y�H���I�X�Q�F�W�L�R�Q�V���V�X�F�K���D�V���O�D�Q�J�X�D�J�H�����D�E�V�W�U�D�F�W�L�R�Q���R�U���S�O�D�Q�L�I�L�F�D�W�L�R�Q����
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�7�K�L�V���P�R�G�H�O���K�R�Z�H�Y�H�U���V�X�I�I�H�U�V���I�U�R�P���G�L�I�I�H�U�H�Q�W���F�U�L�W�L�F�V�����,�W���K�D�V���H�[�W�H�Q�V�L�Y�H�O�\���E�H�H�Q���S�U�R�Y�H�Q���V�L�Q�F�H���W�K�H�Q��

�W�K�D�W���W�K�H���E�U�D�L�Q���Z�R�U�N�V���D�V���D���Z�K�R�O�H���D�Q�G���W�K�D�W���F�R�P�S�O�H�[���W�D�V�N�V���R�I�W�H�Q���Q�H�H�G�V���W�K�H���L�Q�W�H�U�Y�H�Q�W�L�R�Q���R�I���V�H�Y�H�U�D�O��

�E�U�D�L�Q�� �U�H�J�L�R�Q�V���� �U�H�J�D�U�G�O�H�V�V�� �R�I�� �W�K�H�L�U�� �W�U�L�X�Q�H�� �F�R�P�S�O�H�[�� �V�L�W�X�D�W�L�R�Q���� �7�K�L�V�� �S�R�V�W�X�O�D�W�H�� �D�O�V�R�� �Z�R�U�N�V�� �I�R�U��

�H�P�R�W�L�R�Q�V���D�V���L�W���K�D�V���E�H�H�Q���G�H�P�R�Q�V�W�U�D�W�H�G���W�K�D�W���R�Q�O�\���W�Z�R���E�U�D�L�Q���U�H�J�L�R�Q�V�����W�K�H���F�L�Q�J�X�O�D�W�H���F�R�U�W�H�[���D�Q�G���W�K�H��

�D�P�\�J�G�D�O�D�����Z�H�U�H���D�O�Z�D�\�V���U�H�O�D�W�H�G���W�R���H�P�R�W�L�R�Q�D�O���V�W�D�W�H�V���X�V�L�Q�J���I�0�5�,�����3�K�D�Q���H�W���D�O�������������������7�K�H�U�H���L�V���W�K�X�V��
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�)�,�*�8�5�(�������� ���±���7�K�H���H�Y�R�O�X�W�L�R�Q���R�I���W�K�H���H�P�R�W�L�R�Q�D�O���E�U�D�L�Q����

�7�R�S�����7�K�H���3�D�S�H�]���F�L�U�F�X�L�W�����(�P�R�W�L�R�Q�D�O���V�W�L�P�X�O�L���D�U�H���S�U�R�F�H�V�V�H�G���E�\���W�K�H���W�K�D�O�D�P�X�V����

�Z�K�L�F�K�� �V�H�Q�G�� �R�X�W�S�X�W�V�� �W�R�� �E�R�W�K�� �F�R�U�W�L�F�H�V�� �D�Q�G�� �K�\�S�R�W�K�D�O�D�P�X�V���� �&�L�Q�J�X�O�D�W�H�� �F�R�U�W�H�[��

�S�U�R�G�X�F�H�V���µ�I�H�H�O�L�Q�J�V�¶���Z�K�L�O�H���K�\�S�R�W�K�D�O�D�P�X�V���L�V���U�H�V�S�R�Q�V�L�E�O�H���I�R�U���E�R�G�L�O�\���U�H�V�S�R�Q�V�H�V����

�7�R�S���G�R�Z�Q���D�Q�G���E�R�W�W�R�P���X�S���O�R�R�S�V���D�U�H���P�D�G�H���Y�L�D���K�L�S�S�R�F�D�P�S�D�O���I�R�U�P�D�W�L�R�Q���D�Q�G��

�D�Q�W�H�U�L�R�U���W�K�D�O�D�P�X�V�����'�D�O�J�O�H�L�V�K������������������

�%�R�W�W�R�P���� �&�R�P�S�D�U�L�V�R�Q�� �R�I�� �W�K�H�� �O�L�P�E�L�F�� �V�\�V�W�H�P�� �L�Q�� �K�X�P�D�Q�V�� ���O�H�I�W���� �D�Q�G�� �U�R�G�H�Q�W�V��

���U�L�J�K�W�������$�F�F�X�P�E�H�Q�V���Q�X�F�O�H�X�V�����G�D�U�N���E�O�X�H�������D�P�\�J�G�D�O�D�����J�U�H�H�Q�������E�H�G���Q�X�F�O�H�X�V���R�I��

�W�K�H�� �V�W�U�L�D�� �W�H�U�P�L�Q�D�O�L�V�� ���%�1�6�7���� �O�L�J�K�W�� �E�O�X�H������ �K�L�S�S�R�F�D�P�S�D�O�� �I�R�U�P�D�W�L�R�Q�� ���S�L�Q�N������

�K�\�S�R�W�K�D�O�D�P�X�V�� ���\�H�O�O�R�Z������ �R�O�I�D�F�W�R�U�\�� �E�X�O�E�V�� ���S�X�U�S�O�H�� �D�Q�G�� �U�H�G������ �$�G�D�S�W�H�G�� �I�U�R�P��

���6�R�N�R�O�R�Z�V�N�L���D�Q�G���&�R�U�E�L�Q������������������
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�6�H�Y�H�U�D�O���P�R�G�H�O�V���K�D�Y�H���W�K�X�V���E�H�H�Q���S�U�R�S�R�V�H�G���W�R���P�R�G�H�O���F�H�Q�W�U�D�O���F�L�U�F�X�L�W�V���R�I���D�Q�[�L�H�W�\�����7�K�L�V���V�H�F�W�L�R�Q��

�Z�L�O�O���D�G�R�S�W���D���W�H�P�S�R�U�D�O���S�R�L�Q�W���R�I���Y�L�H�Z���X�V�L�Q�J���D���P�R�G�H�O���S�U�R�S�R�V�H�G���E�\���&�D�O�K�R�R�Q���D�Q�G���7�\�H����FIGURE 3.3����

���&�D�O�K�R�R�Q���D�Q�G���7�\�H�������������������R�Q�F�H���W�K�H���W�K�U�H�D�W���K�D�V���E�H�H�Q���G�H�W�H�F�W�H�G���E�\���W�K�H���R�U�J�D�Q�L�V�P���Y�L�D���W�K�H���V�H�Q�V�R�U�\��

�F�R�U�W�L�F�H�V���D�Q�G���W�K�H���W�K�D�O�D�P�X�V�����W�K�L�V���V�W�H�S���Z�L�O�O���Q�R�W���E�H���U�H�Y�L�H�Z�H�G���K�H�U�H�������D���I�L�U�V�W���V�H�W���R�I���U�H�J�L�R�Q�V���Z�L�O�O���L�Q�W�H�U�S�U�H�W��

�W�K�H���W�K�U�H�D�W�����F�I����3.2.1�������F�R�G�L�Q�J���W�K�H���W�K�U�H�D�W���Z�L�W�K���D�Q���H�P�R�W�L�R�Q�D�O���Y�D�O�X�H�����7�K�H���Q�H�[�W���V�W�H�S���Z�L�O�O���E�H���W�R���H�Y�D�O�X�D�W�H��

�W�K�H�� �W�K�U�H�D�W�� ���F�I����3.2.2���� �D�Q�G�� �W�R�� �W�D�N�H�� �D�� �G�H�F�L�V�L�R�Q�� �D�E�R�X�W�� �W�K�H�� �P�R�V�W�� �D�S�S�U�R�S�U�L�D�W�H�� �E�H�K�D�Y�L�R�X�U�� �W�R�� �D�G�R�S�W����

�(�Y�H�Q�W�X�D�O�O�\���� �V�S�H�F�L�I�L�F�� �U�H�J�L�R�Q�V�� �Z�L�O�O�� �W�U�L�J�J�H�U�V�� �W�K�H�� �S�K�\�V�L�R�O�R�J�L�F�D�O�� �D�Q�G�� �P�R�W�R�U�� �F�R�P�S�R�Q�H�Q�W�V�� �R�I�� �W�K�H��

�D�G�R�S�W�H�G���E�H�K�D�Y�L�R�X�U�����F�I����3.2.3��������
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�&�D�S�L�W�D�O�� �L�Q�I�R�U�P�D�W�L�R�Q�� �L�V�� �W�R�� �N�H�H�S�� �L�Q�� �P�L�Q�G�� �W�K�D�W�� �W�K�H�V�H�� �F�L�U�F�X�L�W�V�� �D�U�H�� �O�R�R�S�V�� �U�D�W�K�H�U�� �W�K�D�Q�� �R�Q�H���Z�D�\��

�V�W�U�H�D�P���R�I���L�Q�I�R�U�P�D�W�L�R�Q�����P�D�N�L�Q�J���L�W���K�D�U�G�H�U���W�R���I�X�O�O�\���X�Q�G�H�U�V�W�D�Q�G���W�K�H���I�O�R�Z�V���E�H�W�Z�H�H�Q���E�U�D�L�Q���U�H�J�L�R�Q�V����

�$�Q�[�L�H�W�\�����D�V���R�W�K�H�U���F�R�P�S�O�H�[���S�K�H�Q�R�P�H�Q�R�Q�����G�R���Q�R�W���U�H�O�\���R�Q���D���V�L�Q�J�O�H���E�U�D�L�Q���U�H�J�L�R�Q�����D�Q�G���L�V���U�D�W�K�H�U���W�K�H��

�U�H�V�X�O�W�� �R�I�� �D�Q�� �L�Q�W�H�U�D�F�W�L�R�Q�� �E�H�W�Z�H�H�Q�� �G�L�I�I�H�U�H�Q�W�� �U�H�J�L�R�Q�V�� ���6�W�H�L�Q�� �D�Q�G�� �6�W�H�F�N�O�H�U���� �������������� �0�R�U�H�R�Y�H�U���� �W�K�H��

�G�L�I�I�H�U�H�Q�F�H�� �E�H�W�Z�H�H�Q�� �S�U�H���F�O�L�Q�L�F�D�O�� �D�Q�G�� �F�O�L�Q�L�F�D�O�� �U�H�V�X�O�W�V�� �P�D�\�� �L�Q�W�H�Q�V�L�I�\�� �W�K�H�� �G�L�I�I�L�F�X�O�W�\�� �W�R�� �I�X�O�O�\��

�X�Q�G�H�U�V�W�D�Q�G���W�K�L�V���S�K�H�Q�R�P�H�Q�R�Q����
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������������ �,�Q�W�H�U�S�U�H�W�L�Q�J���W�K�H���W�K�U�H�D�W��

3.2.1.1 Amygdala 

��

�$�P�\�J�G�D�O�D�� �Z�D�V�� �Q�R�W�� �F�R�Q�V�L�G�H�U�H�G�� �D�V�� �D�� �S�D�U�W�� �R�I�� �W�K�H�� �O�L�P�E�L�F�� �V�\�V�W�H�P�� �D�W�� �W�K�H�� �E�H�J�L�Q�Q�L�Q�J�� �D�Q�G�� �Z�D�V��

�V�X�S�S�R�V�H�G�� �W�R�� �E�H�� �D�� �G�H�I�H�Q�V�L�Y�H�� �V�W�U�X�F�W�X�U�H�� �D�W�� �W�K�H�� �I�L�U�V�W�� �W�L�P�H���� �P�R�Q�L�W�R�U�L�Q�J�� �I�R�U�� �L�Q�V�W�D�Q�F�H�� �D�J�J�U�H�V�V�L�R�Q����
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�D�E�E�U�H�Y�L�D�W�L�R�Q�V���� �1�(���� �Q�R�U�H�S�L�Q�H�S�K�U�L�Q�H���� �'�$���� �G�R�S�D�P�L�Q�H���� �$�&�K����

�D�F�H�W�\�O�F�K�R�O�L�Q�H���� ���+�7���� �V�H�U�R�W�R�Q�L�Q������ �2�W�K�H�U�� �D�E�E�U�H�Y�L�D�W�L�R�Q�V���� �S�D�U�D�V�\�P�� �Q�V����

�S�D�U�D�V�\�P�S�D�W�K�H�W�L�F�� �Q�H�U�Y�R�X�V�� �V�\�V�W�H�P���� �V�\�P�S�� �Q�V���� �V�\�P�S�D�W�K�H�W�L�F�� �Q�H�U�Y�R�X�V��

�V�\�V�W�H�P�����/�H�'�R�X�[������������������

��

��



�%�(�+�$�9�,�2�8�5�$�/���$�1�'���1�(�8�5�$�/���%�$�6�(�6���2�)���$�1�;�,�(�7�<�� ������

��

��

��

�)�,�*�8�5�(�������� ���±���&�R�Q�Q�H�F�W�L�R�Q�V���R�I���W�K�H���F�H�Q�W�U�D�O���D�P�\�J�G�D�O�D���Q�X�F�O�H�X�V����

�6�F�K�H�P�D�W�L�F���G�L�D�J�U�D�P���V�K�R�Z�L�Q�J���G�L�U�H�F�W���F�R�Q�Q�H�F�W�L�R�Q���E�H�W�Z�H�H�Q���W�K�H���F�H�Q�W�U�D�O���Q�X�F�O�H�X�V��

�R�I���W�K�H���D�P�\�J�G�D�O�D���D�Q�G���D���Y�D�U�L�H�W�\���R�I���K�\�S�R�W�K�D�O�D�P�L�F���D�Q�G���E�U�D�L�Q�V�W�H�P���W�D�U�J�H�W���D�U�H�D�V��

�W�K�D�W���P�D�\���E�H���L�Q�Y�R�O�Y�H�G���L�Q���G�L�I�I�H�U�H�Q�W���D�Q�L�P�D�O���W�H�V�W�V���R�I���I�H�D�U���D�Q�G���D�Q�[�L�H�W�\�����Q�����Q�X�F�O�H�X�V����

�K�\�S�R�W�K�D�O�������K�\�S�R�W�K�D�O�D�P�X�V�����$�&�K�����D�F�H�W�\�O�F�K�R�O�L�Q�H���� �$�&�7�+�����D�G�U�H�Q�R�F�R�U�W�L�F�R�W�U�R�S�K�L�F��

�K�R�U�P�R�Q�H���� �(�(�*���� �H�O�H�F�W�U�R�H�Q�F�H�S�K�D�O�R�J�U�D�P���� �&�(�5���� �F�R�Q�G�L�W�L�R�Q�H�G�� �H�P�R�W�L�R�Q�D�O��

�U�H�V�S�R�Q�V�H�����'�D�Y�L�V��et al������������������
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�(�Y�H�Q�W�X�D�O�O�\���� �V�R�P�H�� �Q�X�F�O�H�L�� �G�L�V�S�O�D�\�� �K�L�J�K�� �G�H�Q�V�L�W�L�H�V�� �R�I�� �*�$�%�$�H�U�J�L�F�� �Q�H�X�U�R�Q�V�� ���%�L�D�Q���� ������������

�&�D�S�R�J�Q�D���� ������������ �E�X�W�� �P�R�V�W�� �R�I�� �W�K�H�P�� �D�U�H�� �J�D�W�K�H�U�H�G�� �D�V�� �L�Q�W�H�U�F�D�O�D�W�H�G�� �F�H�O�O�V�� �U�H�I�L�Q�L�Q�J�� �D�P�\�J�G�D�O�D��

�L�Q�I�R�U�P�D�W�L�R�Q�� �I�O�R�Z�V�� �D�V�� �L�Q�K�L�E�L�W�R�U�\�� �L�Q�W�H�U�Q�H�X�U�R�Q�V�� ���/�H�H���H�W�� �D�O���� �������������� �*�$�%�$�$�� �U�H�F�H�S�W�R�U�V�� �G�L�V�S�O�D�\�� �D��

�V�S�H�F�L�I�L�F���S�U�R�I�L�O�H���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���Q�X�F�O�H�L���� �W�K�H���F�H�Q�W�U�D�O���D�P�\�J�G�D�O�D���E�H�L�Q�J���P�R�U�H���F�R�Q�F�H�Q�W�U�D�W�H�G���Z�L�W�K��

�U�H�F�H�S�W�R�U�V�� �P�H�G�L�D�W�L�Q�J�� �W�K�H�� �D�Q�[�L�R�O�\�W�L�F�� �S�U�R�S�H�U�W�L�H�V�� �R�I�� �E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V�� ���F�I����2.2.3�������)�X�M�L�P�X�U�D���H�W�� �D�O����

�������������.�D�X�I�P�D�Q�Q���H�W���D�O�������������������2�S�L�R�L�G�V���U�H�F�H�S�W�R�U�V���D�U�H���D�O�V�R���I�R�X�Q�G���L�Q���W�K�L�V���U�H�J�L�R�Q�����D�O�V�R���P�H�G�L�D�W�L�Q�J��

�W�K�H�� �D�Q�[�L�R�O�\�W�L�F�� �H�I�I�H�F�W�V�� �R�I�� �E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V�� ���3�U�L�P�H�D�X�[���H�W�� �D�O���� ������������ �5�D�Q�G�D�O�O���7�K�R�P�S�V�R�Q���H�W�� �D�O����

�������������� �&�R�Q�Y�H�U�V�H�O�\���� �L�W�� �K�D�V�� �D�O�V�R�� �E�H�H�Q�� �V�K�R�Z�Q�� �W�K�D�W�� �V�R�P�H�� �E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V�� ���P�L�G�D�]�R�O�D�P����

�F�K�O�R�U�G�L�D�]�H�S�R�[�L�G�H���� �D�Q�G�� �G�L�D�]�H�S�D�P���� �K�D�G�� �D�Q�� �D�I�I�L�Q�L�W�\�� �I�R�U�� �E�R�W�K�������D�Q�G���/���U�H�F�H�S�W�R�U�V���� �E�X�W�� �Q�R�W�� �I�R�U��
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�7�R���V�X�P���X�S���W�K�H���U�R�O�H���R�I���W�K�H���D�P�\�J�G�D�O�D���L�Q���D�Q�[�L�H�W�\����FIGURE 3.7�������E�\���U�H�F�H�L�Y�L�Q�J���T�X�L�F�N���L�Q�I�R�U�P�D�W�L�R�Q��

�R�I���V�H�Q�V�R�U�\���F�X�H�V���Y�L�D���W�K�H���W�K�D�O�D�P�X�V�����D�P�\�J�G�D�O�D���F�D�Q���W�U�L�J�J�H�U���I�D�V�W���D�S�S�U�R�S�U�L�D�W�H���E�H�K�D�Y�L�R�X�U���E�\���D�V�V�R�F�L�D�W�L�Q�J��

�W�K�H���V�H�Q�V�R�U�\���F�X�H�V���Z�L�W�K���D�Q���H�P�R�W�L�R�Q�D�O���Y�D�O�X�H�����H���J�����W�K�H���Y�L�H�Z���R�I���D���F�D�W���D�V���W�K�U�H�D�W�H�Q�L�Q�J�������+�R�Z�H�Y�H�U�����W�K�L�V��
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�L�Q�W�H�U�S�U�H�W�D�W�L�R�Q����

�7�K�H���F�D�W���S�U�R�G�X�F�H�V���D���Y�L�V�X�D�O���V�W�L�P�X�O�X�V���Z�K�L�F�K���Z�L�O�O���E�H���U�H�F�H�L�Y�H�G���E�\���W�K�H���U�H�W�L�Q�D���D�Q�G��

�S�U�R�F�H�V�V�H�G�� �E�\�� �W�K�H�� �Y�L�V�X�D�O�� �W�K�D�O�D�P�X�V���� �7�K�H�� �W�K�D�O�D�P�X�V�� �W�K�H�Q�� �V�H�Q�G�V�� �D�� �V�N�H�W�F�K�\��

�L�Q�I�R�U�P�D�W�L�R�Q�����µ�T�X�L�F�N���D�Q�G���G�L�U�W�\�¶�� �L�Q�W�H�U�S�U�H�W�D�W�L�R�Q���� �W�R���W�K�H�� �D�P�\�J�G�D�O�D�� �Z�K�L�F�K���D�O�O�R�Z�V��
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�7�K�L�V���V�H�F�R�Q�G���L�Q�I�R�U�P�D�W�L�R�Q���H�L�W�K�H�U���F�R�P�S�O�H�W�H�V���W�K�H���H�V�F�D�S�H���U�H�V�S�R�Q�V�H�����R�U���F�D�Q�F�H�O�V��
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3.2.1.2 Extended amygdala: the Bed Nucleus of the Stria Terminalis (BNST) 
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�6�R�P�H���V�W�X�G�L�H�V���S�R�L�Q�W�H�G���R�X�W���W�K�H���I�D�F�W���W�K�D�W���O�H�V�L�R�Q�V���L�Q���W�K�H���D�P�\�J�G�D�O�D���G�R���Q�R�W���D�X�W�R�P�D�W�L�F�D�O�O�\���D�I�I�H�F�W��

�E�H�K�D�Y�L�R�X�U�D�O���W�H�V�W�V���D�V���W�K�H���H�O�H�Y�D�W�H�G���S�O�X�V���P�D�]�H���R�U���F�R�Q�G�L�W�L�R�Q�H�G���G�H�I�H�Q�V�L�Y�H���E�X�U�\�L�Q�J���Z�K�L�O�H���G�L�D�]�H�S�D�P��

�V�W�L�O�O���H�[�H�U�W�H�G���L�W���D�Q�[�L�R�O�\�W�L�F���H�I�I�H�F�W�V���L�Q���D���P�R�G�H�O���R�I���D�P�\�J�G�D�O�D���O�H�V�L�R�Q�H�G���D�Q�L�P�D�O�V�����6�W�H�L�P�H�U�������������������2�W�K�H�U��

�E�U�D�L�Q���V�W�U�X�F�W�X�U�H�V���P�X�V�W���W�K�H�Q���E�H���D�O�V�R���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H���U�H�J�X�O�D�W�L�R�Q���R�I���D�Q�[�L�H�W�\�����U�H�O�D�\�L�Q�J���L�Q�I�R�U�P�D�W�L�R�Q��

�W�K�D�W���Q�R�U�P�D�O�O�\���S�D�V�V�H�V���W�K�U�R�X�J�K���D�P�\�J�G�D�O�D�����7�K�H���E�H�G���Q�X�F�O�H�X�V���R�I���W�K�H���V�W�U�L�D���W�H�U�P�L�Q�D�O�L�V�����%�1�6�7�����L�V��
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3.2.2.1 Prefrontal cortex 
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3.2.2.2 Accumbens nucleus 

��

�0�R�W�L�Y�D�W�L�R�Q�D�O���H�I�I�H�F�W�V���R�I���H�P�R�W�L�R�Q�D�O�O�\���V�L�J�Q�L�I�L�F�D�Q�W���V�W�L�P�X�O�L���D�U�H���P�H�G�L�D�W�H�G���L�Q���S�D�U�W���E�\���W�K�H���D�F�F�X�P�E�H�Q�V��

�Q�X�F�O�H�X�V�����$�F�E�������Z�K�L�F�K���L�V���S�D�U�W���R�I���W�K�H���Y�H�Q�W�U�D�O���V�W�U�L�D�W�X�P���V�W�U�X�F�W�X�U�H�����$�V���$�F�E���L�V���D�Q�D�W�R�P�L�F�D�O�O�\���S�D�U�W���R�I��

�W�K�H���O�L�P�E�L�F���V�\�V�W�H�P�����E�X�W���U�H�F�H�L�Y�H�V���V�W�U�R�Q�J���G�R�S�D�P�L�Q�H�U�J�L�F���S�U�R�M�H�F�W�L�R�Q�V���I�U�R�P���W�K�H���E�U�D�L�Q�V�W�H�P�����L�W���K�D�V���R�I�W�H�Q��

�E�H�H�Q�� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �µ�O�L�P�E�L�F���P�R�W�R�U�� �L�Q�W�H�U�I�D�F�H�¶�� ���&�D�U�G�L�Q�D�O���H�W�� �D�O���� �������������� �7�K�L�V�� �U�H�J�L�R�Q�V�� �K�D�V�� �E�H�H�Q��

�H�[�W�H�Q�V�L�Y�H�O�\�� �V�W�X�G�L�H�G�� �I�R�U�� �L�W�V�� �U�R�O�H�� �L�Q�� �P�R�W�L�Y�D�W�L�R�Q�� �D�Q�G�� �U�H�Z�D�U�G���� �D�V�� �Z�H�O�O�� �D�V�� �D�Y�H�U�V�L�R�Q�� ���&�D�U�O�H�]�R�Q�� �D�Q�G��

�7�K�R�P�D�V�����������������,�N�H�P�R�W�R���D�Q�G���3�D�Q�N�V�H�S�S������������������

��

�7�K�H���G�U�L�Y�H���V�W�D�W�H���R�I���D�Q���L�Q�G�L�Y�L�G�X�D�O���Z�L�O�O���W�K�H�Q���D�O�V�R���K�D�Y�H���D�Q���L�P�S�D�F�W���R�Q���K�L�V���E�H�K�D�Y�L�R�X�U�����&�D�O�K�R�R�Q���D�Q�G��

�7�\�H���� �������������� �,�Q�G�H�H�G���� �L�Q�� �U�R�G�H�Q�W�V���� �P�R�V�W�� �W�H�V�W�V�� �D�U�H�� �E�D�V�H�G�� �R�Q�� �D�Q�� �D�S�S�U�R�D�F�K���D�Y�R�L�G�D�Q�F�H�� �F�R�Q�I�O�L�F�W�� ���F�I����

4.1.1������ �Z�K�H�U�H�� �W�K�H�� �D�Q�L�P�D�O�� �K�D�V�� �W�R�� �F�K�R�R�V�H�� �E�H�W�Z�H�H�Q�� �D�� �S�R�W�H�Q�W�L�D�O�O�\�� �G�D�Q�J�H�U�R�X�V�� �E�X�W�� �D�O�V�R�� �S�R�W�H�Q�W�L�D�O�O�\��

�U�H�Z�D�U�G�L�Q�J���R�S�W�L�R�Q�����D�S�S�U�R�D�F�K�����R�U���W�R���V�W�D�\���L�Q���D���V�D�I�H�U���R�S�W�L�R�Q�����D�Y�R�L�G�D�Q�F�H�������7�K�H�V�H���W�\�S�H�V���R�I���E�H�K�D�Y�L�R�X�U�V��

�F�D�Q���D�O�V�R���E�H���R�E�V�H�U�Y�H�G���L�Q���W�K�H���Z�L�O�G�����H���J�����J�R�L�Q�J���W�R���W�K�H���W�K�U�H�D�W�H�Q�L�Q�J���Z�D�W�H�U���K�R�O�H���G�H�S�H�Q�G�L�Q�J���R�Q���W�K�H���W�K�L�U�V�W��

�O�H�Y�H�O�� �R�I�� �W�K�H�� �D�Q�L�P�D�O���� �D�Q�G�� �D�U�H�� �S�D�U�W�O�\�� �G�U�L�Y�H�Q�� �E�\�� �W�K�H�� �$�F�E���� �(�Y�H�Q�W�X�D�O�O�\���� �L�W�� �K�D�V�� �E�H�H�Q�� �S�U�R�Y�H�Q�� �W�K�D�W��

�E�H�K�D�Y�L�R�X�U�D�O���P�R�G�H�O�V���K�D�Y�H���D�Q���L�Q�I�O�X�H�Q�F�H���R�Q���W�K�H���S�O�D�V�W�L�F�L�W�\���R�I���F�R�Q�Q�H�F�W�L�R�Q�V���Z�L�W�K�L�Q���W�K�H���U�H�Z�D�U�G���V�\�V�W�H�P��

���&�D�U�Y�D�O�K�R���H�W���D�O���� ���������������7�K�H���U�R�O�H���R�I���W�K�L�V���V�W�U�X�F�W�X�U�H���K�D�V���D�O�V�R���E�H�H�Q���V�W�X�G�L�H�G���L�Q���W�K�H���F�R�Q�W�H�[�W���R�I���I�H�D�U��

�F�R�Q�G�L�W�L�R�Q�L�Q�J�����&�D�U�G�L�Q�D�O���H�W���D�O������������������

��

������������ �5�H�V�S�R�Q�V�H���L�Q�L�W�L�D�W�L�R�Q��

3.2.3.1 Hypothalamic-pituitary-adrenal axis 
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�H�Y�H�Q�� �R�I�W�H�Q�� �O�H�D�G�L�Q�J�� �W�R�� �M�R�E�� �T�X�L�W�� ���&�R�K�L�G�R�Q���� �������������� �2�W�K�H�U�� �F�R�P�R�U�E�L�G�L�W�L�H�V�� �R�U���S�V�\�F�K�L�D�W�U�L�F�� �G�L�V�R�U�G�H�U�V��
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�� �0�H�Q�� �:�R�P�H�Q��

�� �� �*�$�' �� �3�D�Q�L�F��
�$�J�R�U�D��
�S�K�R�E�L�D��

�6�R�F�L�D�O��
�S�K�R�E�L�D��

�$�W��
�O�H�D�V�W��
�����$�'��

�� �*�$�' �� �3�D�Q�L�F��
�$�J�R�U�D��
�S�K�R�E�L�D��

�6�R�F�L�D�O��
�S�K�R�E�L�D��

�$�W��
�O�H�D�V�W��
�����$�'��
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�G�L�V�R�U�G�H�U�V���� �G�H�V�F�U�L�E�H�G�� �I�R�U�� �L�Q�V�W�D�Q�F�H�� �E�\�� �W�K�H�� �'�6�0���9�� ���F�I����3.3.1������ �Z�L�W�K�R�X�W�� �D�I�I�H�F�W�L�Q�J�� �D�Q�\�� �R�W�K�H�U��
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�W�K�H�� �G�H�I�L�Q�L�W�L�R�Q���� �D�V�� �I�R�U�� �L�Q�V�W�D�Q�F�H�� �W�K�H�\�� �D�U�H�� �L�Q�H�I�I�L�F�L�H�Q�W�� �W�R�� �G�H�D�O�� �Z�L�W�K�� �V�F�K�L�]�R�S�K�U�H�Q�L�D�� �R�U�� �D�J�J�U�H�V�V�L�R�Q��
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�P�D�G�H�� �L�W�� �P�R�U�H�� �W�K�D�Q�� �F�O�L�Q�L�F�D�O�O�\�� �X�Q�D�W�W�U�D�F�W�L�Y�H���� �7�K�H�� �V�H�F�R�Q�G�� �D�Q�[�L�R�O�\�W�L�F�V�� �L�Q�W�U�R�G�X�F�H�G�� �Z�H�U�H�� �W�K�H��

�E�D�U�E�L�W�X�U�D�W�H�V�����Z�K�L�F�K���D�J�D�L�Q���L�Q�F�U�H�D�V�H�G���*�$�%�$���L�Q�K�L�E�L�W�R�U�\���H�I�I�H�F�W�V���L�Q���W�K�H���E�U�D�L�Q�����F�I����2.1.4�������,�W���L�V���P�R�V�W�O�\��

�X�V�H�G�� �W�R�G�D�\�� �D�V�� �D�� �V�H�G�D�W�L�Y�H�� �R�Q�O�\���� �,�Q�� �W�K�H�� ���������V���� �W�K�D�O�L�G�R�P�L�G�H�� �Z�D�V�� �L�Q�W�U�R�G�X�F�H�G�� �E�X�W�� �L�P�P�H�G�L�D�W�H�O�\��
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�I�D�W�H�� �L�Q�� ������������ �E�H�L�Q�J�� �D�V�� �X�Q�D�S�S�H�D�O�L�Q�J�� �D�V�� �D�O�F�R�K�R�O���� �7�K�H�� �I�R�X�U�W�K�� �J�H�Q�H�U�D�W�L�R�Q���� �W�K�H�� �%�=�'�� �I�D�P�L�O�\�� �R�U��

�µ�F�O�D�V�V�L�F�D�O�¶�� �D�Q�[�L�R�O�\�W�L�F�V���� �L�Q�W�U�R�G�X�F�H�G�� �L�Q�� �W�K�H�� ���������V���� �L�V�� �V�W�L�O�O�� �W�K�H�� �P�R�V�W�� �S�U�H�V�F�U�L�E�H�G�� �D�Q�[�L�R�O�\�W�L�F�� �G�U�X�J�V��

�W�R�G�D�\�����F�I����2.2�������1�H�Y�H�U�W�K�H�O�H�V�V�����W�K�H�V�H���G�U�X�J�V���D�U�H���Q�R�Z���E�H�L�Q�J���F�K�D�O�O�H�Q�J�H�G���E�\���D���Q�H�Z�H�U���J�H�Q�H�U�D�W�L�R�Q���R�I��

�D�Q�[�L�R�O�\�W�L�F�V�����F�R�P�S�R�V�H�G���R�I���E�X�V�S�L�U�R�Q�H���D�Q�G���R�I���D���Q�H�Z���X�V�H���R�I���D�Q�W�L�G�H�S�U�H�V�V�D�Q�W���G�U�X�J�V������

��

�$�V���I�D�U���D�V���%�=�'�V���D�U�H���F�R�Q�F�H�U�Q�H�G�����L�Q�������������������P�L�O�O�L�R�Q�V���R�I���)�U�H�Q�F�K���F�R�Q�V�X�P�H�G���D�W���O�H�D�V�W���R�Q�H���D�Q�[�L�R�O�\�W�L�F��

�%�=�'�����R�X�W���R�I���W�K�H�������������P�L�O�O�L�R�Q�V���Z�K�R���F�R�Q�V�X�P�H�G���D�W���O�H�D�V�W���R�Q�H���%�=�'�V�����Z�K�D�W�H�Y�H�U���W�K�H���W�K�H�U�D�S�H�X�W�L�F���H�I�I�H�F�W��

�L�V�����R�Y�H�U���W�K�H���\�H�D�U�������$�1�6�0�������������������0�R�V�W���F�R�Q�V�X�P�H�U�V�������������������D�U�H���Z�R�P�H�Q����TABLE 3.2�����D�Q�G���D���W�K�L�U�G��

�R�I���Z�R�P�H�Q���R�Y�H�U���������F�R�Q�V�X�P�H���D�W���O�H�D�V�W���R�Q�H���D�Q�[�L�R�O�\�W�L�F���%�=�'���G�D�L�O�\�����'�H�V�S�L�W�H���D���V�P�D�O�O���G�H�F�U�H�D�V�H���L�Q���%�=�'��

�F�R�Q�V�X�P�S�W�L�R�Q�������������P�L�O�O�L�R�Q���%�=�'�V�¶���S�D�F�N�D�J�H�V���V�R�O�G���L�Q�������������D�J�D�L�Q�V�W�����������P�L�O�O�L�R�Q���L�Q���������������W�K�H���R�Y�H�U�D�O�O��

�Q�X�P�E�H�U�� �R�I�� �F�R�Q�V�X�P�H�U�V�� �U�H�P�D�L�Q�L�Q�J�� �V�W�D�E�O�H�� �V�L�Q�F�H�� �������������� �)�U�D�Q�F�H�� �U�H�P�D�L�Q�V�� �W�K�H�� �V�H�F�R�Q�G�� �F�R�Q�V�X�P�L�Q�J��

�F�R�X�Q�W�U�\���L�Q���(�X�U�R�S�H�����E�H�K�L�Q�G���3�R�U�W�X�J�D�O�����*�H�Q�H�U�D�O���S�U�D�F�W�L�W�L�R�Q�H�U�V���S�U�H�V�F�U�L�E�H�����������R�I���W�K�H���%�=�'�V���D�Q�G���W�K�H��

�F�R�Q�V�X�P�S�W�L�R�Q�� �W�L�P�H�� �L�V�� �K�L�J�K�H�U�� �W�K�D�Q�� �W�K�H�� �U�H�F�R�P�P�H�Q�G�H�G�� �W�L�P�H�� ������ �P�R�Q�W�K�V�� �D�J�D�L�Q�V�W�� ������ �Z�H�H�N�V������

�2�Y�H�U�F�R�Q�V�X�P�S�W�L�R�Q���L�V���D�O�V�R���P�R�V�W�O�\���G�X�H���W�R���P�L�V�G�L�D�J�Q�R�V�L�V�����3�p�O�L�V�V�R�O�R���H�W���D�O������������������

��
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�(�W�K�D�Q�R�O��

��

�3�H�Q�W�R�E�D�U�E�L�W�D�O��

��

�7�K�D�O�L�G�R�P�L�G�H��

��

��

�0�H�S�U�R�E�D�P�D�W�H��

���������� ���������� ��

�7�K�U�H�H���R�I���W�K�H���P�R�V�W���F�R�P�P�H�U�F�L�D�O�L�V�H�G���D�Q�[�L�R�O�\�W�L�F���E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V��

���/�H�I�W�����D�O�S�U�D�]�R�O�D�P�����P�L�G�G�O�H�����E�R�U�P�D�]�H�S�D�P�����U�L�J�K�W�����R�[�D�]�H�S�D�P����

��

�%�X�V�S�L�U�R�Q�H��

��

������������������ ��

�7�U�L�F�\�F�O�L�F���D�Q�W�L�G�H�S�U�H�V�V�D�Q�W�V����

���/�H�I�W�����L�P�L�S�U�D�P�L�Q�H�����U�L�J�K�W�����F�O�R�P�L�S�U�D�P�L�Q�H����

��

�)�,�*�8�5�(���������� �� �±�� �2�Y�H�U�Y�L�H�Z�� �R�I�� �V�R�P�H�� �S�D�V�W�� �D�Q�G�� �F�X�U�U�H�Q�W�� �D�Q�[�L�R�O�\�W�L�F��

�P�R�O�H�F�X�O�H�V����

��
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��

�7�$�%�/�(�����������±���'�H�P�R�J�U�D�S�K�L�F���U�H�S�D�U�W�L�W�L�R�Q���R�I���D�Q�[�L�R�O�\�W�L�F���%�=�'���W�U�H�D�W�H�G���V�X�E�M�H�F�W�V���L�Q���)�U�D�Q�F�H���L�Q�������������D�Q�G��

�������� ����

�$�G�D�S�W�H�G���I�U�R�P�����$�1�6�0������������������

�� ������������n��� ������������������ ������������n��� ������������������

�0�H�D�Q���D�J�H�����\�H�D�U�V�����6�'���� ����������(������������ ������������������������

�0�H�G�L�D�Q���D�J�H�����\�H�D�U�V�����,�4�5���� �������������±�������� �������������±��������

�� �� ��

�$�J�H����������n���� �� ��

�����������\�H�D�U�V�� �������������������� ��������������������

���� ���W�R���������\�H�D�U�V�� �������������������������� ��������������������������

�������W�R���������\�H�D�U�V�� ���������������������������� ����������������������������

�������W�R���������\�H�D�U�V�� ���������������������������� ����������������������������

�������W�R���������\�H�D�U�V�� ���������������������������� ����������������������������

�!���������\�H�D�U�V�� ������������������������ ��������������������������

�� �� ��

�:�R�P�H�Q����������n���� ���������������������������� ����������������������������

��

�$�Q�[�L�H�W�\�� �G�L�V�R�U�G�H�U�V�� �D�U�H�� �W�K�H�Q�� �G�H�V�F�U�L�E�H�G�� �D�V�� �D�� �K�X�P�D�Q�� �S�K�H�Q�R�P�H�Q�R�Q���� �+�R�Z�H�Y�H�U���� �W�R�� �E�H�W�W�H�U��

�X�Q�G�H�U�V�W�D�Q�G�� �W�K�H�� �X�Q�G�H�U�O�\�L�Q�J�� �E�H�K�D�Y�L�R�X�U�D�O�� �D�Q�G�� �Q�H�X�U�D�O�� �P�H�F�K�D�Q�L�V�P�V���� �D�Q�L�P�D�O�� �P�R�G�H�O�V�� �K�D�Y�H�� �E�H�H�Q��

�G�H�Y�H�O�R�S�H�G���R�Y�H�U���W�K�H���S�D�V�W���G�H�F�D�G�H�V���W�R���P�L�P�L�F���W�K�H�V�H���G�L�V�R�U�G�H�U�V���D�Q�G���X�Q�G�H�U�V�W�D�Q�G���W�K�H���I�X�Q�F�W�L�R�Q�L�Q�J���R�I���W�K�H��

�&�1�6����

��
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�&�R�Q�W�H�Q�W�V��
��
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���������� �%�H�K�D�Y�L�R�X�U�D�O���P�R�G�H�O�V�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� 

���������� �7�U�D�L�W���P�R�G�H�O�V�������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������������� 

������ �$�Q���H�[�D�P�S�O�H���R�I���E�U�D�L�Q���D�F�W�L�Y�L�W�\���H�Y�D�O�X�D�W�L�R�Q���W�R�R�O�����W�K�H���F���)�R�V���S�U�R�W�H�L�Q�������������������������������������������� 
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�7�K�L�V�� �V�H�F�W�L�R�Q�� �Z�L�O�O�� �W�K�H�Q�� �I�L�U�V�W�� �D�L�P�� �W�R�� �S�U�H�V�H�Q�W�� �V�R�P�H�� �R�I�� �W�K�H�� �F�O�D�V�V�L�F�D�O�O�\�� �X�V�H�G�� �D�Q�L�P�D�O�� �P�R�G�H�O�V�� �W�R��

�U�H�S�U�R�G�X�F�H���K�X�P�D�Q���D�Q�[�L�H�W�\���G�L�V�R�U�G�H�U�V�����F�I����4.1�������7�K�H���V�H�F�R�Q�G���S�D�U�W���Z�L�O�O���I�R�F�X�V���R�Q���D���V�S�H�F�L�I�L�F���W�R�R�O���W�R��

�V�W�X�G�\���Q�H�X�U�R�Q�D�O���D�F�W�L�Y�L�W�\���L�Q���U�R�G�H�Q�W�V�����W�K�H���F���)�R�V���S�U�R�W�H�L�Q�����F�I����4.2������

��

�������� �$�Q�[�L�H�W�\���D�Q�G���D�Q�L�P�D�O�V��

��

�(�Y�H�Q�� �W�K�R�X�J�K�� �Z�H�� �K�D�Y�H�� �G�H�V�F�U�L�E�H�G�� �D�Q�[�L�H�W�\�� �P�R�V�W�O�\�� �L�Q�� �K�X�P�D�Q�V�� ���F�I����3.1���D�Q�G��3.3������ �W�K�H�� �T�X�H�V�W�L�R�Q��

�U�H�P�D�L�Q�V���W�R���X�Q�G�H�U�V�W�D�Q�G���Z�K�H�W�K�H�U���W�K�L�V���S�K�H�Q�R�P�H�Q�R�Q���K�D�V���D�Q���H�T�X�L�Y�D�O�H�Q�W���D�P�R�Q�J�V�W���R�W�K�H�U���D�Q�L�P�D�O�V�����D�Q�G��

�V�S�H�F�L�I�L�F�D�O�O�\�� �D�P�R�Q�J�V�W�� �P�D�P�P�D�O�V�� �D�Q�G�� �P�R�U�H�� �S�D�U�W�L�F�X�O�D�U�O�\�� �U�R�G�H�Q�W�V���� �6�R�P�H�� �Z�H�U�H�� �V�F�H�S�W�L�F�D�O�� �R�U��

�S�D�U�W�L�F�X�O�D�U�O�\���W�L�P�L�G���R�Q���W�K�H�L�U���D�Q�V�Z�H�U�V���W�R���W�K�D�W���T�X�H�V�W�L�R�Q����

��

�&�R�Q�V�H�T�X�H�Q�W�O�\�����&�D�V�V�D�Q�R���G�H�V�F�U�L�E�H�G���L�Q����������������

��

�I�H�D�U���L�V���D���S�U�L�P�L�W�L�Y�H���V�W�D�W�H���R�I���P�L�Q�G���I�R�X�Q�G���W�K�U�R�X�J�K�R�X�W���W�K�H���D�Q�L�P�D�O���N�L�Q�J�G�R�P�����Z�K�H�U�H�D�V���D�Q�[�L�H�W�\��

�L�V���S�D�U�W���R�I���F�R�Q�V�F�L�R�X�V���H�[�S�H�U�L�H�Q�F�H���D�Q�G���W�D�N�H�V���V�K�D�S�H���D�V���D���W�\�S�L�F�D�O�O�\���K�X�P�D�Q���I�X�Q�F�W�L�R�Q���R�U���D�W�W�L�W�X�G�H����

�7�K�X�V�����W�K�H���D�J�H���R�I���D�Q�[�L�H�W�\���F�R�X�O�G���E�H���V�D�L�G���W�R���E�H�J�L�Q���Z�L�W�K���W�K�H���H�P�H�U�J�H�Q�F�H���R�I���+�R�P�R���V�D�S�L�H�Q�V�����,�Q��

�D�Q�[�L�H�W�\�����X�Q�O�L�N�H���I�H�D�U�����W�K�H�U�H���P�D�\���E�H���Q�R���W�K�U�H�D�W�H�Q�L�Q�J���V�L�W�X�D�W�L�R�Q���D�W���D�O�O�����R�U���R�Q�O�\���D���Y�D�J�X�H���R�Q�H����

��

�2�Q�H���R�I���W�K�H���P�D�Q�\���D�U�J�X�P�H�Q�W�V���R�Q���W�K�D�W���P�D�W�W�H�U���R�I���W�K�H���Q�R�Q���E�H�O�L�H�Y�H�U�V���L�V���W�K�D�W���D�Q�[�L�H�W�\���L�V���E�D�V�H�G���R�Q��

�W�K�H���Q�R�W�L�R�Q���R�I���I�X�W�X�U�H�����D�V���V�H�H�Q���W�K�H���G�H�I�L�Q�L�W�L�R�Q�V���S�U�R�S�R�V�H�G���D�W���W�K�H���E�H�J�L�Q�Q�L�Q�J���R�I���W�K�L�V���V�H�F�W�L�R�Q�����F�I����3.1.1��

�D�Q�G��3.1.2�������Z�K�L�F�K���L�V���V�X�S�S�R�V�H�G���W�R���E�H���D���K�X�P�D�Q���F�R�Q�F�H�S�W�����/�L�N�H�Z�L�V�H�����/�R�U�G���5�X�V�V�H�O�O���%�U�D�L�Q�����\�H�W���E�H�L�Q�J��

�D���I�H�U�Y�H�Q�W���G�H�I�H�Q�G�H�U���R�I���W�K�H���H�[�L�V�W�H�Q�F�H���R�I���D���S�D�L�Q���F�R�Q�F�H�S�W���L�Q���W�K�H���D�Q�L�P�D�O���U�H�L�J�Q�����F�R�Q�V�L�G�H�U�H�G���L�Q������������

�W�K�D�W�� �W�K�H�� �Q�H�U�Y�R�X�V�� �V�\�V�W�H�P�� �R�I�� �W�K�H�V�H�� �O�D�W�W�H�U�� �Z�D�V�� �W�R�R�� �O�L�W�W�O�H�� �G�H�Y�H�O�R�S�H�G�� �I�R�U�� �H�[�S�H�U�L�H�Q�F�L�Q�J�� �F�R�P�S�O�H�[��

�H�P�R�W�L�R�Q�V���V�X�F�K���D�V���D�Q�[�L�H�W�\����

��
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�+�R�P�R�O�R�J�L�F�D�O��
�Y�D�O�L�G�L�W�\��

�6�S�H�F�L�H�V���Y�D�O�L�G�L�W�\�� �6�S�H�F�L�H�V��

�6�W�U�D�L�Q���Y�D�O�L�G�L�W�\�� �6�W�U�D�L�Q��

�3�D�W�K�R�J�H�Q�L�F��
�Y�D�O�L�G�L�W�\��

�2�Q�W�R�S�D�W�K�R�J�H�Q�L�F��
�Y�D�O�L�G�L�W�\��
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�U�H�O�D�W�L�R�Q��

�3�U�H�G�L�F�W�L�Y�H��
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�R�E�V�H�U�Y�D�E�O�H���H�I�I�H�F�W�V���R�I���W�K�H���G�L�V�H�D�V�H��

��
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�)�,�*�8�5�(�������� ���±���7�K�H���F�U�L�W�H�U�L�D���R�I���Y�D�O�L�G�L�W�\���I�R�U���D�Q�L�P�D�O���P�R�G�H�O�V����

�7�K�H���G�L�I�I�H�U�H�Q�W���F�U�L�W�H�U�L�D���O�L�Q�N�L�Q�J���D���K�X�P�D�Q���G�L�V�H�D�V�H�����D�W���W�K�H���E�R�W�W�R�P�����Z�L�W�K���D�Q���D�Q�L�P�D�O��

�P�R�G�H�O�����D�W���W�K�H���W�R�S�������(�Y�H�U�\���V�W�H�S���I�U�R�P���W�K�H���L�Q�L�W�L�D�O���K�H�D�O�W�K�\���R�U�J�D�Q�L�V�P�����R�Q���W�K�H���O�H�I�W����

�W�R���W�K�H���S�D�W�K�R�O�R�J�L�F�D�O���R�U�J�D�Q�L�V�P���D�Q�G���L�W�V���R�X�W�F�R�P�H�V�����R�Q���W�K�H���U�L�J�K�W�����F�D�Q���E�H���W�D�N�H�Q��

�L�Q�W�R���D�F�F�R�X�Q�W�����%�H�O�]�X�Q�J���D�Q�G���/�H�P�R�L�Q�H������������������

��

������������ �%�H�K�D�Y�L�R�X�U�D�O���P�R�G�H�O�V��

��

�$�V���L�W���L�V���Q�R�W���S�R�V�V�L�E�O�H���W�R���H�[�D�F�W�O�\���U�H�S�U�R�G�X�F�H���W�K�H���V�S�H�F�L�I�L�F���K�X�P�D�Q���D�Q�[�L�H�W�\���G�L�V�R�U�G�H�U�V���G�X�H���W�R���W�K�H�L�U��

�D�H�W�L�R�O�R�J�\�� ���F�I����3.3.1������ �E�H�K�D�Y�L�R�X�U�D�O�� �P�R�G�H�O�V�� �G�H�Y�H�O�R�S�H�G�� �L�Q�� �W�K�H�� �V�H�F�R�Q�G�� �K�D�O�I�� �R�I�� �W�K�H�� �����W�K�� �F�H�Q�W�X�U�\��

�U�H�S�U�R�G�X�F�H�G�� �V�L�W�X�D�W�L�R�Q�V�� �W�U�L�J�J�H�U�L�Q�J�� �K�L�J�K�� �D�Q�[�L�R�X�V�� �V�W�D�W�H�V�� �L�Q�� �F�R�Q�W�U�R�O�O�H�G�� �H�[�S�H�U�L�P�H�Q�W�D�O�� �V�L�W�X�D�W�L�R�Q�V��

���6�W�H�L�P�H�U�������������������7�K�H�V�H���P�R�G�H�O�V���D�U�H���W�K�H���F�O�R�V�H�V�W���W�R���W�K�H���G�H�I�L�Q�L�W�L�R�Q���R�I���V�W�D�W�H���D�Q�[�L�H�W�\�����W�K�H���D�Q�[�L�H�W�\���I�H�O�W��

�L�Q���D���J�L�Y�H�Q���V�L�W�X�D�W�L�R�Q�����F�I����3.1.3������

��

�� ��
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�$�V���V�H�H�Q���R�Y�H�U�K�H�D�G�����E�H�K�D�Y�L�R�X�U�D�O���P�R�G�H�O�V���K�D�Y�H���W�R���U�H�V�S�H�F�W���D���I�H�Z���F�U�L�W�H�U�L�D���W�R���D�V�V�H�V�V���W�K�H���Y�D�O�L�G�L�W�\���R�I��

�W�K�H�V�H���P�R�G�H�O�V���L�Q���U�H�J�D�U�G���W�R���K�X�P�D�Q���D�Q�[�L�R�O�\�W�L�F���G�L�V�R�U�G�H�U�V�����)�R�X�U���F�U�L�W�H�U�L�D���D�U�H���F�R�P�P�R�Q�O�\���G�H�I�L�Q�H�G���D�Q�G��

�U�H�W�D�L�Q�H�G���I�R�U���W�K�H�V�H���P�R�G�H�O�V�����%�H�O�]�X�Q�J���D�Q�G���*�U�L�H�E�H�O�����������������%�R�X�U�L�Q�����������������0�L�O�O�D�Q������������������

��

�x�� �)�D�F�H���Y�D�O�L�G�L�W�\�����L�V�R�P�R�U�S�K�L�V�P���P�R�G�H�O�������W�K�H���E�H�K�D�Y�L�R�X�U�D�O���D�Q�G���S�K�\�V�L�R�O�R�J�L�F�D�O���U�H�V�S�R�Q�V�H�V���R�I��

�W�K�H�� �D�Q�L�P�D�O�� �P�X�V�W�� �E�H�� �U�H�O�D�W�H�G�� �W�R�� �W�K�D�W�� �R�I�� �K�X�P�D�Q�V���� �'�H�V�S�L�W�H�� �V�R�P�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �L�Q�� �W�K�H��

�P�R�G�D�O�L�W�\���R�I���W�K�H���U�H�V�S�R�Q�V�H���W�R���W�K�H���W�K�U�H�D�W�H�Q�L�Q�J���V�W�L�P�X�O�X�V�����W�K�H���J�R�D�O���K�D�V���W�R���E�H���W�K�H���V�D�P�H�����H���J����

�U�X�Q�Q�L�Q�J�����I�O�\�L�Q�J�����R�U���V�Z�L�P�P�L�Q�J���D�Z�D�\���I�U�R�P���W�K�H���G�D�Q�J�H�U�������7�K�L�V���F�U�L�W�H�U�L�R�Q���P�L�J�K�W���E�H���W�U�L�F�N�\��

�W�R���H�Y�D�O�X�D�W�H�����G�X�H���W�R���W�K�H���D�E�V�H�Q�F�H���R�I���V�S�H�H�F�K���D�P�R�Q�J�V�W���D�Q�L�P�D�O�V����

�x�� �(�F�R�O�R�J�L�F�D�O�� �Y�D�O�L�G�L�W�\�����W�K�L�V�� �F�U�L�W�H�U�L�R�Q�� �L�V�� �D�� �F�R�Q�V�H�T�X�H�Q�F�H�� �R�I�� �W�K�H�� �S�U�H�Y�L�R�X�V�� �R�Q�H���� �7�K�H��

�S�H�U�W�L�Q�H�Q�F�H�� �R�I�� �W�K�H�� �W�K�U�H�D�W�H�Q�L�Q�J�� �V�W�L�P�X�O�X�V�� �D�Q�G�� �W�K�H�� �S�R�V�V�L�E�L�O�L�W�\�� �W�R�� �H�[�S�U�H�V�V���D�Q�� �D�G�D�S�W�H�G��

�E�H�K�D�Y�L�R�X�U�D�O���U�H�V�S�R�Q�V�H���K�D�Y�H���W�R���E�H���F�R�K�H�U�H�Q�W���Z�L�W�K���W�K�H���Q�D�W�X�U�D�O���H�Q�Y�L�U�R�Q�P�H�Q�W���R�I���W�K�H���V�W�X�G�L�H�G��

�D�Q�L�P�D�O�V����

�x�� �&�R�Q�V�W�U�X�F�W�� �Y�D�O�L�G�L�W�\�� ���K�R�P�R�O�R�J�R�X�V�� �P�R�G�H�O������ �Q�H�X�U�R�O�R�J�L�F�D�O�� �D�Q�G�� �S�V�\�F�K�R�O�R�J�L�F�D�O��

�P�H�F�K�D�Q�L�V�P�V���X�Q�G�H�U�O�\�L�Q�J���W�K�H���D�Q�[�L�H�W�\���U�H�O�D�W�H�G���E�H�K�D�Y�L�R�X�U�V���K�D�Y�H���W�R���E�H���W�K�H���V�D�P�H���E�H�W�Z�H�H�Q��

�K�X�P�D�Q�V���D�Q�G���D�Q�L�P�D�O�V�����,�Q�G�H�H�G���E�H�K�D�Y�L�R�X�U�V���D�U�H���H�Y�H�Q�W�V���D�Q�G���S�U�R�F�H�V�V�H�V���D�W���W�K�H���V�D�P�H���W�L�P�H����

�W�K�H���R�E�V�H�U�Y�H�G���E�H�K�D�Y�L�R�X�U���L�V���W�K�H���U�H�V�X�O�W���R�I���W�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���D�O�O���W�K�H���S�U�R�F�H�V�V�H�V�����Z�K�L�F�K���W�R�R�N��

�S�O�D�F�H�V���L�Q���R�U�J�D�Q�V���L�Q���L�Q�W�H�U�D�F�W�L�R�Q���Z�L�W�K���H�[�W�H�U�Q�D�O���V�R�F�L�R�O�R�J�L�F�D�O���D�Q�G���S�K�\�V�L�F�D�O���V�W�L�P�X�O�L�����7�K�L�V��

�F�U�L�W�H�U�L�R�Q���L�V���L�P�S�R�U�W�D�Q�W���I�R�U���W�K�H���X�Q�G�H�U�V�W�D�Q�G�L�Q�J���R�I���W�K�H���Q�H�X�U�R�E�L�R�O�R�J�\���R�I���D�Q�[�L�H�W�\�����F�I����3.2������

�x�� �3�U�H�G�L�F�W�L�R�Q�� �Y�D�O�L�G�L�W�\�� ���F�R�U�U�H�O�D�W�L�R�Q�D�O�� �P�R�G�H�O������ �F�O�L�Q�L�F�D�O�O�\�� �H�I�I�L�F�L�H�Q�W�� �D�Q�[�L�R�O�\�W�L�F�� �D�Q�G��

�D�Q�[�L�R�J�H�Q�L�F���G�U�X�J�V���F�D�Q���E�H���G�H�W�H�F�W�H�G���X�V�L�Q�J���W�K�H���P�R�G�H�O�����&�R�Q�V�H�T�X�H�Q�W�O�\�����P�R�O�H�F�X�O�H�V���W�K�D�W���G�R��

�Q�R�W���K�D�Y�H���D�Q�\���L�P�S�D�F�W���R�Q���K�X�P�D�Q���D�Q�[�L�H�W�\���V�K�R�X�O�G���Q�R�W���D�O�W�H�U���W�K�H���P�R�G�H�O�����7�K�L�V���F�U�L�W�H�U�L�R�Q���K�D�V��

�V�X�I�I�H�U�H�G�� �V�R�P�H�� �G�L�I�I�L�F�X�O�W�L�H�V�� �U�H�F�H�Q�W�O�\�� �D�V�� �P�R�V�W�� �R�I�� �W�K�H�� �P�R�G�H�O�V�� �Z�H�U�H�� �W�H�V�W�H�G�� �X�V�L�Q�J��

�E�H�Q�]�R�G�L�D�]�H�S�L�Q�H�V�� �D�Q�G�� �V�L�Q�F�H�� �W�K�H�Q�� �Q�H�Z�� �F�O�L�Q�L�F�D�O�O�\�� �H�I�I�L�F�L�H�Q�W�� �D�Q�[�L�R�O�\�W�L�F�V�� ���V�X�F�K�� �D�V��

�E�X�V�S�L�U�R�Q�H���D�Q�G���D�Q�W�L�G�H�S�U�H�V�V�D�Q�W�V�����Z�H�U�H���Q�R�W���G�H�W�H�F�W�H�G���V�X�L�Q�J���W�K�H���V�D�P�H���P�R�G�H�O�V����

��

�%�H�K�D�Y�L�R�X�U�D�O�� �W�H�V�W�V�� �D�U�H�� �W�U�D�G�L�W�L�R�Q�D�O�O�\�� �G�L�V�W�L�Q�J�X�L�V�K�H�G�� �E�H�W�Z�H�H�Q�� �X�Q�F�R�Q�G�L�W�L�R�Q�H�G�� �D�Q�G�� �F�R�Q�G�L�W�L�R�Q�H�G��

�W�H�V�W�V����TABLE 4.2�������%�H�O�]�X�Q�J���D�Q�G���*�U�L�H�E�H�O�����������������%�R�X�U�L�Q�����������������&�D�P�S�R�V���H�W���D�O�����������������0�L�O�O�D�Q����������������

�6�W�H�L�P�H�U�������������������8�Q�F�R�Q�G�L�W�L�R�Q�H�G���W�H�V�W�V���D�U�H���E�D�V�H�G���R�Q���W�K�H���H�[�S�O�R�U�D�W�L�R�Q���R�I���Q�R�Y�H�O���S�O�D�F�H�V���Z�L�W�K���V�S�H�F�L�I�L�F��

�F�K�D�U�D�F�W�H�U�L�V�W�L�F�V�����H���J�����H�O�H�Y�D�W�H�G�����E�U�L�J�K�W�O�\���O�L�W���R�U���H�Q�F�O�R�V�H�G�����Z�K�L�O�H���F�R�Q�G�L�W�L�R�Q�H�G���W�H�V�W�V���D�U�H���E�D�V�H�G���R�Q���D��

�Q�R�[�L�R�X�V���V�W�L�P�X�O�X�V�����Z�K�L�F�K���W�U�L�J�J�H�U���W�K�H���D�Q�[�L�H�W�\���E�H�K�D�Y�L�R�X�U�V�����6�R�P�H���S�D�U�D�P�H�W�H�U�V���V�W�X�G�L�H�G���L�Q���W�H�V�W�V���D�U�H��

�V�W�U�R�Q�J�O�\���U�H�O�L�D�Q�W���R�Q���W�K�H���O�R�F�R�P�R�W�L�R�Q���R�I���D�Q�L�P�D�O�V���E�X�W���Q�R�W���W�K�H�L�U���D�Q�[�L�H�W�\���O�H�Y�H�O�V�����%�H�O�]�X�Q�J���D�Q�G���/�H���3�D�S�H����

������������ �D�Q�G�� �V�R�P�H�� �W�H�V�W�V�� �X�V�H�G�� �L�Q�� �D�Q�[�L�H�W�\�� �H�Y�D�O�X�D�W�L�R�Q�� �D�U�H�� �D�O�V�R�� �X�V�H�G�� �W�R�� �H�Y�D�O�X�D�W�H�� �W�K�H�� �O�R�F�R�P�R�W�L�R�Q�� �R�I��
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��

�D�Q�L�P�D�O�V���W�R���G�H�W�H�F�W���V�H�G�D�W�L�Y�H���S�U�R�S�H�U�W�L�H�V���R�I���P�R�O�H�F�X�O�H�V���I�R�U���L�Q�V�W�D�Q�F�H�����H���J�����R�S�H�Q���I�L�H�O�G���W�H�V�W�������6�H�V�W�D�N�R�Y�D��

�H�W���D�O������������������

��

�$�V���D�Q���H�[�D�P�S�O�H�����W�K�H���O�L�J�K�W���G�D�U�N���E�R�[���L�V���R�Q�H���R�I���W�K�H���I�L�U�V�W���H�W�K�R�O�R�J�L�F�D�O���W�H�V�W�V���W�R���E�H���L�Q�W�U�R�G�X�F�H�G���W�R��

�V�W�X�G�\�� �D�Q�[�L�H�W�\�� �L�Q�� �U�R�G�H�Q�W�V�� ���&�U�D�Z�O�H�\�� �D�Q�G�� �*�R�R�G�Z�L�Q���� �������������� �,�W�� �F�R�Q�V�L�V�W�V�� �R�I�� �W�Z�R�� �V�H�S�D�U�D�W�H�G��

�F�R�P�S�D�U�W�P�H�Q�W�V�����R�Q�H���L�V���E�U�L�J�K�W�O�\���O�L�W���Z�K�L�O�H���W�K�H���R�W�K�H�U���L�V���G�D�U�N�H�Q�H�G�����W�K�D�W���D�Q�L�P�D�O�V���F�D�Q���I�U�H�H�O�\���H�[�S�O�R�U�H����

�)�D�F�H���Y�D�O�L�G�L�W�\���L�V���U�H�V�S�H�F�W�H�G���D�V���O�L�J�K�W���V�H�U�Y�H�V���K�H�U�H���D�V���D�Q���D�Q�[�L�R�J�H�Q�L�F���V�W�L�P�X�O�X�V���D�Q�G���W�K�H�U�H���L�V���D���F�R�Q�I�O�L�F�W��

�E�H�W�Z�H�H�Q�� �W�K�H�� �D�V�S�L�U�D�W�L�R�Q�� �W�R�� �H�[�S�O�R�U�H�� �D�Q�G�� �W�K�H�� �D�V�S�L�U�D�W�L�R�Q�� �W�R�� �G�R�G�J�H�� �W�K�H�� �E�U�L�J�K�W�O�\�� �O�L�W�� �F�R�P�S�D�U�W�P�H�Q�W��

���/�L�V�W�H�U�������������������'�L�I�I�H�U�H�Q�W���S�D�U�D�P�H�W�H�U�V���F�D�Q���E�H���V�F�R�U�H�G���G�X�U�L�Q�J�������P�L�Q���V�H�V�V�L�R�Q�V�����O�D�W�H�Q�F�\���W�R���H�Q�W�H�U���W�K�H��

�X�Q�N�Q�R�Z�Q�� �F�R�P�S�D�U�W�P�H�Q�W���� �W�U�D�Q�V�L�W�L�R�Q�V�� �E�H�W�Z�H�H�Q�� �W�K�H�� �W�Z�R�� �F�R�P�S�D�U�W�P�H�Q�W�V���� �W�L�P�H�� �V�S�H�Q�W�� �L�Q�� �W�K�H�� �O�L�W��
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Cortices 

Frontal cortex �����±�� �� �� �� �� ���� �� ���� �� ���� �� �����±�� �� �� ���� ���� �� �� ��

Cingulate cortex �����±�� ���� �� ���� �� ���� �� ������ �� ���� �� �� �� ���� �� ������ �� ���� �� �� ��

Orbital cortex ���� ������ �� �� �� �� �� ���� �� ���� �� ���� �� �� ���� �� �����±�� ��

Pyriform cortex ���� ������ �� ���� �� ������ �� ������ �� ���� �� �� �����±�� ���� �� ������ �� �� ��

 

Hippocampal 
formation ���� �� �� ���� �� �� �� �� �� �����±�� �� �� �� �����±�� ���� ��

 

Hypothalamus 

PVN parvocell �����±�� ���� �� ������ �� ���� �� ���� �� �����±�� �� �� ���� �� ���� �� ������ �� ���� ��

PVN magnocell ���� �� �� �����±�� �����±�� �� �� ���� �� �� �� ���� ��

Supraoptic ���� ���� �� �� �� �� �����±�� ���� ���� �� �� ���� ��

Dorsomedial ���� �� �� �� �� �� �� �� �� �� �� �� �����±�� �� �� �� �� ��

Ventromedial ���� �� �� �� �� ���� �� �����±�� �� �� �� �� ���� �����±�� ��

Amygdala 

Basolateral ���� �� �� �� �� ���� �� �� �� �� �� �� �� �����±�� �� �� ���� ��

Central ���� �����±�� �� �� �����±�� �����±�� �����±�� �� �� ���� �� ���� �� �� ��

Cortical ���� �� �� �� �� ���� �� ������ �� �� �� ���� ���� �� �� ���� ��

Medial �����±�� ���� �� �� �� ���� �� ������ �� �� �� ���� �� ���� �� �� �� �� �� �� ��

 

BNST �����±�� �� �� ���� �� �����±�� �� �� �� �� �� �� ������ �� ���� �� ���� �� �� ��

Lateral septum �����±�� ���� �� ���� �� �� �� ���� �� ���� �� ���� �� �����±�� ���� �� ������ �� �� ��

PAG �� �� �� �� �� �� ���� �� �� �� �� �� ���� �� �� �� �� �� �� �� ���� ��

Locus coeruleus ���� �� �� �� �� ���� �� ���� �� �� �� �� �� ���� �� �� �� �� �� ������ ��

NTS ���� ���� �� ���� �� ���� �� ���� �� �����±�� �� �� �� �� ���� �� ���� ��
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�P�R�V�W�O�\���D�O�O���S�D�U�D�P�H�W�H�U�V���I�R�O�O�R�Z�H�G���D���Q�R�U�P�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���Z�L�W�K���D�O�O���W�K�H���E�D�W�F�K�H�V���W�D�N�H�Q���W�R�J�H�W�K�H�U�����,�Q���W�K�L�V��

�Z�D�\�����Q�R���E�L�P�R�G�D�O���G�L�V�W�U�L�E�X�W�L�R�Q���Z�D�V���R�E�V�H�U�Y�H�G���I�R�U���W�K�H���V�W�X�G�L�H�G���S�D�U�D�P�H�W�H�U�V�����F�R�P�S�D�U�H�G���W�R���Z�K�D�W���F�D�Q��

�E�H���R�E�V�H�U�Y�H�G���L�Q���S�U�H�Y�L�R�X�V���S�D�S�H�U�V���G�L�V�F�U�L�P�L�Q�D�W�L�Q�J���D�Q�L�P�D�O�V���R�Q���W�K�H�L�U���W�U�D�L�W���D�Q�[�L�H�W�\���O�H�Y�H�O�V�����/�L�H�E�V�F�K���H�W��

�D�O�����������������6�D�O�R�P�p���H�W���D�O�����������������<�H�Q���H�W���D�O��������������������

��

�$���I�L�U�V�W���G�L�I�I�H�U�H�Q�F�H���W�R���E�H���Q�R�W�H�G���Z�D�V���W�K�D�W���D�Q�L�P�D�O�V���R�Q���W�K�H�V�H���V�W�X�G�L�H�V���Z�H�U�H���V�S�H�F�L�I�L�F�D�O�O�\���E�U�H�G���R�Y�H�U��

�J�H�Q�H�U�D�W�L�R�Q�V���W�R���R�Q�O�\���N�H�H�S���D�Q�L�P�D�O�V���Z�L�W�K���H�[�W�U�H�P�H���U�H�D�F�W�L�R�Q�V���L�Q���D�Q�[�L�H�W�\���H�Y�D�O�X�D�W�L�R�Q���W�H�V�W�V�����2�X�U�V���Z�H�U�H��

�G�L�U�H�F�W�O�\���F�R�P�L�Q�J���I�U�R�P���W�K�H���V�X�S�S�O�L�H�U���D�Q�G���Z�H�U�H���Q�R�W���V�S�H�F�L�I�L�F�D�O�O�\���V�H�O�H�F�W�H�G���R�Q���W�K�H�L�U���E�H�K�D�Y�L�R�X�U�D�O���U�H�V�X�O�W�V����

�0�R�U�H�R�Y�H�U�����H�Y�H�Q���L�I���W�K�L�V���W�\�S�H���R�I���V�H�O�H�F�W�L�R�Q���K�D�V���E�H�H�Q���X�V�H�G���L�Q���P�L�F�H�����L�W���L�V���P�R�U�H���Z�L�G�H�O�\���X�V�H�G���L�Q���U�D�W�V���L�Q��

�W�K�H���O�L�W�H�U�D�W�X�U�H�����7�K�H���F�K�R�L�F�H���R�I���W�K�H���V�W�U�D�L�Q���D�O�V�R���K�D�Y�H���D�Q���L�P�S�D�F�W���R�Q���W�K�H���E�D�V�D�O���D�Q�[�L�H�W�\���O�H�Y�H�O�V���R�I���D�Q�L�P�D�O�V��

�D�V���6�Z�L�V�V���P�L�F�H���K�D�Y�H���E�H�H�Q���F�K�D�U�D�F�W�H�U�L�V�H�G���D�V���E�H�L�Q�J���O�H�V�V���D�Q�[�L�R�X�V���D�V���R�W�K�H�U���V�W�U�D�L�Q�V���V�X�F�K���D�V���W�K�H���&�����%�O������

���Y�D�Q���%�R�J�D�H�U�W���H�W���D�O�������������������+�R�Z�H�Y�H�U�����W�K�H���X�V�H���R�I���R�X�W�E�U�H�G���V�W�U�D�L�Q�V�����V�X�F�K���D�V���6�Z�L�V�V���P�L�F�H�����F�D�Q���E�H���D��

�E�H�W�W�H�U���P�R�G�H�O���R�I���D���J�H�Q�H�W�L�F�D�O�O�\���G�L�Y�H�U�V�H���S�R�S�X�O�D�W�L�R�Q���W�R���W�H�V�W���Q�H�Z���K�H�D�O�W�K���L�P�S�D�F�W�L�Q�J���S�U�R�G�X�F�W�V����

��

�2�W�K�H�U���S�D�U�D�P�H�W�H�U�V���K�D�Y�H���E�H�H�Q���S�U�R�S�R�V�H�G���L�Q���W�K�H���O�L�W�H�U�D�W�X�U�H���W�R���H�Y�D�O�X�D�W�H���D�Q�[�L�H�W�\���L�Q���W�K�H���R�S�H�Q���I�L�H�O�G��

�W�H�V�W�����H���J�����W�K�H���U�D�W�L�R���µ�Q�X�P�E�H�U���R�I���W�U�D�Q�V�L�W�L�R�Q�V���L�Q���W�K�H���F�H�Q�W�U�H���Q�X�P�E�H�U���R�I���W�U�D�Q�V�L�W�L�R�Q�V���L�Q���W�K�H���S�H�U�L�S�K�H�U�\�¶���R�U��

�µ�W�L�P�H���V�S�H�Q�W���L�Q���W�K�H���F�H�Q�W�U�H���W�L�P�H���V�S�H�Q�W���L�Q���W�K�H���S�H�U�L�S�K�H�U�\�¶�����%�R�X�U�L�Q���H�W���D�O�������������������+�R�Z�H�Y�H�U�����W�K�H�\���D�U�H��

�K�L�J�K�O�\���F�R�U�U�H�O�D�W�H�G���Z�L�W�K���W�Z�R���R�I���W�K�H���S�D�U�D�P�H�W�H�U�V���V�F�R�U�H�G���L�Q���W�K�L�V���V�W�X�G�\����SUPPLEMENTARY DATA 2.2������

��

�$�V���W�K�H�V�H���U�H�V�X�O�W�V���G�L�G���Q�R�W���D�O�O�R�Z���X�V���W�R���V�H�O�H�F�W���D�Q�L�P�D�O�V���R�Q���W�K�H�L�U���E�D�V�D�O���D�Q�[�L�H�W�\���O�H�Y�H�O�V�����D�Q�R�W�K�H�U���Z�D�\��

�W�R�� �D�U�W�L�I�L�F�L�D�O�O�\�� �F�U�H�D�W�H�� �K�L�J�K���� �Y�H�U�V�X�V�� �O�R�Z���D�Q�[�L�H�W�\�� �D�Q�L�P�D�O�V�� �L�V�� �W�R�� �S�X�W�� �S�D�U�W�� �R�I�� �W�K�H�P�� �L�Q�� �D�Q�� �D�Q�[�L�H�W�\��

�L�Q�G�X�F�L�Q�J���V�L�W�X�D�W�L�R�Q���W�R���L�Q�F�U�H�D�V�H���W�K�H�L�U���V�W�D�W�H���D�Q�[�L�H�W�\����
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�7�R�S�����Q�X�P�E�H�U���R�I���H�Q�W�U�L�H�V���L�Q���W�K�H���F�H�Q�W�U�H��

�0�L�G�G�O�H�����W�L�P�H���V�S�H�Q�W���L�Q���W�K�H���F�H�Q�W�U�H���W�L�P�H���V�S�H�Q�W���L�Q���W�K�H���S�H�U�L�S�K�H�U�\��

�%�R�W�W�R�P�����W�R�W�D�O���Q�X�P�E�H�U���R�I���W�U�D�Q�V�L�W�L�R�Q�V��
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�7�K�H���R�E�M�H�F�W�L�Y�H���R�I���W�K�L�V���V�W�X�G�\���Z�D�V���W�R���H�Y�D�O�X�D�W�H���W�K�H���L�P�S�D�F�W���R�I���.���&�=�3���R�Q���E�U�D�L�Q���D�F�W�L�Y�L�W�\���L�Q���D���P�R�X�V�H��

�P�R�G�H�O���� �'�L�D�]�H�S�D�P�� �Z�D�V�� �X�V�H�G�� �D�V�� �D�� �S�R�V�L�W�L�Y�H�� �F�R�Q�W�U�R�O���� �Z�K�L�O�H�� �W�K�H�� �Y�H�K�L�F�O�H�� �X�V�H�G�� �W�R�� �G�L�V�V�R�O�Y�H�� �E�R�W�K��

�P�R�O�H�F�X�O�H�V���Z�D�V���X�V�H�G���D�V���D���Q�H�J�D�W�L�Y�H���F�R�Q�W�U�R�O����

��

�0�L�F�H���Z�H�U�H���S�X�W���L�Q�W�R���W�Z�R���G�L�I�I�H�U�H�Q�W���V�L�W�X�D�W�L�R�Q�V���D�I�W�H�U���D�G�P�L�Q�L�V�W�U�D�W�L�R�Q���R�I���R�Q�H���P�R�O�H�F�X�O�H���R�U���R�I���Y�H�K�L�F�O�H����

�D���F�R�Q�W�U�R�O���V�L�W�X�D�W�L�R�Q���� �Z�K�H�U�H���P�L�F�H���Z�H�U�H���O�H�I�W���X�Q�G�L�V�W�X�U�E�H�G���L�Q���W�K�H�L�U���K�R�X�V�L�Q�J���U�R�R�P���� �D�Q�G���D�Q���D�Q�[�L�H�W�\��

�L�Q�G�X�F�L�Q�J���V�L�W�X�D�W�L�R�Q�����Z�K�H�U�H���P�L�F�H���Z�H�U�H���S�X�W���L�Q���D���O�L�J�K�W���G�D�U�N���E�R�[�����0�L�F�H���Z�H�U�H���W�K�H�Q���D�Q�H�V�W�K�H�W�L�V�H�G���D�Q�G��

�S�H�U�I�X�V�H�G���L�Q���V�L�W�X���Z�L�W�K���I�R�U�P�R�O�����%�U�D�L�Q�V���Z�H�U�H���K�D�U�Y�H�V�W�H�G�����I�U�R�]�H�Q���D�Q�G���V�O�L�F�H�G���Z�L�W�K���D���F�U�\�R�V�W�D�W����

��

�7�K�H�� �X�V�H�� �R�I�� �V�D�J�L�W�W�D�O�� �V�H�F�W�L�R�Q�V�� �Z�D�V�� �S�U�L�Y�L�O�H�J�H�G�� �R�Y�H�U�� �F�R�U�R�Q�D�O�� �V�H�F�W�L�R�Q�V�� �D�V�� �L�W�� �D�O�O�R�Z�H�G�� �D�� �J�O�R�E�D�O��

�L�Q�Y�H�V�W�L�J�D�W�L�R�Q���R�I���W�K�H���E�U�D�L�Q���D�V���W�K�H���S�U�H�F�L�V�H���V�L�W�H���R�I���D�F�W�L�R�Q���R�I���.���&�=�3���Z�D�V���V�W�L�O�O���X�Q�N�Q�R�Z�Q�����7�K�H���X�V�H���R�I��

�F�R�U�R�Q�D�O���V�H�F�W�L�R�Q�V���F�R�X�O�G���E�H���X�V�H�G���O�D�W�H�U���W�R���S�U�H�F�L�V�H���W�K�H���D�F�W�L�R�Q���R�I���.���&�=�3���L�Q���V�S�H�F�L�I�L�F���U�H�J�L�R�Q�V����

��

�7�K�H���Q�X�F�O�H�D�U���S�U�R�W�H�L�Q���F���)�R�V���Z�D�V���X�V�H�G���D�V���D���P�D�U�N�H�U���R�I���Q�H�X�U�R�Q�D�O���D�F�W�L�Y�L�W�\�����L�W�V���H�[�S�U�H�V�V�L�R�Q���E�H�L�Q�J��

�H�Y�D�O�X�D�W�H�G���Z�L�W�K���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H�����7�K�H���G�H�Q�V�L�W�\���R�I���F���)�R�V���S�R�V�L�W�L�Y�H���Q�H�X�U�R�Q�V���L�Q���D���V�S�H�F�L�I�L�F���U�H�J�L�R�Q��

�Z�D�V���X�V�H�G���D�V���D���H�Y�D�O�X�D�W�L�R�Q���R�I���W�K�H���D�F�W�L�Y�L�W�\���R�I���W�K�L�V���D�U�H�D�����7�K�H���X�V�H���R�I���P�R�X�V�H���E�U�D�L�Q���D�W�O�D�V�����D�O�O�R�Z�H�G���W�K�H��

�L�G�H�Q�W�L�I�L�F�D�W�L�R�Q�V�� �R�I�� �V�H�Y�H�U�D�O�� �U�H�J�L�R�Q�V�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �D�Q�[�L�H�W�\�� �U�H�J�X�O�D�W�L�R�Q���� �D�P�\�J�G�D�O�D���� �%�1�6�7����

�K�L�S�S�R�F�D�P�S�D�O���I�R�U�P�D�W�L�R�Q�����K�\�S�R�W�K�D�O�D�P�X�V�����S�U�H�I�U�R�Q�W�D�O���F�R�U�W�H�[�����D�F�F�X�P�E�H�Q�V���Q�X�F�O�H�X�V����

��

�7�K�H���U�H�V�X�O�W�V���R�I���W�K�L�V���V�W�X�G�\���K�D�Y�H���E�H�H�Q���S�X�E�O�L�V�K�H�G���L�Q���-�R�X�U�Q�D�O���R�I���)�X�Q�F�W�L�R�Q�D�O���)�R�R�G�V����

�%�H�Q�R�L�W���� �6������ �&�K�D�X�P�R�Q�W�H�W���� �&������ �6�F�K�Z�D�U�]���� �-������ �&�D�N�L�U���.�L�H�I�H�U���� �&������ �7�R�P�p���� �'������ �0�L�F�O�R�� �/���� ������������

�0�D�S�S�L�Q�J���L�Q���P�L�F�H���W�K�H���E�U�D�L�Q���U�H�J�L�R�Q�V���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H���D�Q�[�L�R�O�\�W�L�F���O�L�N�H���S�U�R�S�H�U�W�L�H�V���R�I���.���F�D�V�R�]�H�S�L�Q�H�����D��
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a.-Casozepine, a bioactive peptide from mill< casein, displays an anxiolytic-like activi ty in many species. 
Si nee its mode of action is still not elucidated, a study was conducted in Swiss mice to investigate c-Fos 
expression, a marker of neuronal activity, in different brain areas. After an intraperitoneal injection of a.­
casozepine (1 mg/kg). animais were placed either in a non-stressful or in an anxiety-inducing situation 
triggered with a light/dark box. No effect of a-casozepine on c-Fos expression was observed in the 
non-stressful situation. ln the stressful situation, modulation of neuronal activity by a-casozepine was 
observed in different brain regions compared to thar of vehicle. However, while diazepam, a benzodi­
azepine, modulated neuronal activi ty the same way in hippocampus, accumbens nucleus and hypothala­
mus. differences were observed in c-Fos expression in amygdala and prefrontal cortex compared to 
a.-casozepine. These results strengthen the assumption that the anxiolytic mechanisms of Œ-casozepine differ 
partly of those of diazepam. 

1. Introduction 

Amongst food protein-derived bioactive peptides targeting 
physiological systems (Udenigwe & Aluko, 2012), a tryptic hydro­
lysate of bovine ct,1-casein (CH) exerts anticonvulsant and anxi­
olytic properties when injected by intraperitoneal (i.p.) way to 
rats (Mi clo et al., 2001) and displays anxiolytic-like profile when 
orally administered to rats (Violle et al., 2006), dogs (Beata, 
Beaumont-Graff, Diaz, et al., 2007; Palestrini et al., 2010), cats 
(Beata, Beaumont-Graff, Coll, et al., 2007), horses (McDonnell, 
Miller, & Vaala, 2014) and humans (Kim et al., 2007; Messaoudi, 
Lefranc-Millot , Desor, Demagny, & Bourdon, 2005). lt also demon-

Abbreviations: cx-CZP, a-casozepine: AIS, anxiety-inducing situation; BNST, bed 
nucleus of the stria terminalis; BZD, benzodiazepine; CH, tryptic hydrolysate of 
bovine :x,1-casein; CS, control situation; GABA. y-ami no butyric acid; i.p., intraperi­
toneal; LOB, light/dark box. 
* Corresponding author at: UR AFPA, Faculté des Sciences et Technologies, 

Université de Lorraine, B.P. 70239, 54506 Vandœuvre-lès-Nancy Cedex, France. 
E-mail address: simon.benoit@univ-lorraine.fr (S. Benoit). 

https://doi.org/1 0.1 016/j.j ff.2017.09.014 
1756-4646/© 2017 Elsevier Ltd. Ali rights reserved. 

© 2017 Elsevier Ltd. Ali rights reserved. 

strated sleep-modulating effects in rodents (Dela Pena et al., 2016; 
Guesdon et al., 2006). The industrially produced CH received health 
daims from national agencies (Australia, France, South Korea, Uni­
ted States) and is currently used in both human and veterinary 
medicines. ln this hydrolysa te, the decapeptide ct-casozepine (a ­
CZP, YLGYLEQLLR, residues 91-100 of the mature chain of bovine 
ct,1-casein) was identift ed as potential carrier of the anxiolytic­
li ke activity (Miclo et al., 2001 ). 

Diffe rent properties of ct-CZP lead to consider this peptide as a 
benzodiazepine (BZD)-I ike molecule, the most prescribed drug 
family to cure anxiety disorders: (i ) the distance between the cen­
tres of the two tyrosine aromatic rings of the peptide in a micellar 
medium was similar with that of the aromatic ri ngs of the BZD 
nitrazepam (Lecouvey et al., 1997); (i i) the peptide displayed an 
afftnity for the BZD site of the GABAA receptor (but 10,000 times 
lower than that of diazepam) (Miclo et al., 2001 ); (i ii) CH induced 
a GABAA receptors-mediated increase of o- influx in neuroblas­
toma cell culture (Dela Pefia et al., 2016). ln contrast, other results 
suggest a distinct mode of action between ct-CZP and diazepam: (i ) 
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compared to diazepam, CH induced neither habituation, depen­
dence, sedation, memory impairment nor toxicity (Dela Peiia 
et al., 2016; Messaoudi, Lalande, Schroeder, & Desor, 2009); (ii) 
CH may only exert its anxiolytic-like properties in stressed situa­
tion or amongst stressed populations as demonstrated by improve­
ment of either sleep after chronic mild stress in rats (Guesdon 
et al., 2006), stress-related symptoms in stressed women (Kim 
et al., 2007), or anxiety in anxious Beagle dogs (Palestrini et al., 
2010). 

Des pite these numerous studies, the mode of action of the pep­
tide is still not clarified. As sorne gathering evidences point out a 
central mode of action (Dela Peiia et al., 2016; Guesdon et al., 
2006), the goal of this study was to evaluate the impact of a single 
i.p. injection of a-CZP compared to diazepam on neuronal activity, 
by evaluating c-Fos expression. a neuronal activity marker (Chung, 
2015; Kovacs, 1998), bath in a control and an anxiety-inducting 
(via a light/dark box deviee) situations. 

2. Material and methods 

2.1. Drugs and molecules 

a-CZP (1 mg/kg, Genosphere Biotechnologies. France) and dia­
zepam (1 mg/kg. Valium. Roche, Switzerland) were respectively 
diluted or suspended in a 1% (v/v) glycerol, 0.2% (wfv) methylcellu­
lose aqueous solution (vehicle). The doses used for the two com­
pounds were evaluated in a preliminary study based on data 
from rodents (unpublished results). 

2.2. Animais 

Ali experiences were approved by the French «Ministère de 
l'Agriculture, de l'Agroalimentaire et de la Forêt>> on the recom­
mendation of the Comité d'Éthique en Expérimentation Animale 
of jouy-en-josas (N°02237.01 ). Male Swiss mice (n = 48) (Janvier 
Labs, France), aged of 9 weeks at arrivai, were housed individually 
and maintained on a 12 h inversed light/dark cycle (lights off at 
08:00a.m.) and controlled environment (temperature 22 ± 1 oc. 
humidity 60%). Water and food were available ad libitum. Mice 
were handled every day by the same experimenter and particular 
care was taken to limit any kinds of external stress (variations in 
light. noise or adour). Behavioural tests were performed during 
their active period. 

2.3. Lightjdarl< box (LDB) test 

The deviee was inspired by Crawley and Goodwin's previous 
work (Crawley & Goodwin, 1980). This homemade apparatus con­
sisted in two connected boxes (12 x 16 x 20 cm and 
24 x 16 x 20 cm). The smaller box was darkened. A light from a 
60 W (1 000 lux) desk lamp provided the only room illumination. 
The animais were individually tested in 5-min sessions. Mice were 
placed in the lit box facing the entrance to the dark box to start the 
test session. Behaviour was recorded using a camera (Logitech. 
Switzerland), while the experimenter was waiting outside of the 
room in arder to not disturb the behaviour of the mice. The latency 
to enter the dark, unknown box, the total number of transitions 
between the two compartments, the time spent in the lit box 
and the number of rears in the lit box were recorded under blinded 
conditions using The Observer XT 8.0 (Noldus, The Netherlands). 

To firstly assess the anxiolytic-like properties of a-CZP in the 
LOB mode!, animais (n = 8/group) were placed in the LOB, thirty 
minutes after an i.p. injection (5 mL/kg body weight) of either vehi­
cle, a-CZP (1 mg/kg corresponding to 0.8 )lffiOI/kg) or diazepam 
(1 mg/kg corresponding to 3.5 �~�t�m�o�l�f�k�g�)�.� Behaviours were recorded 

for five minutes and analysed before the beginning of the experi­
mental procedure described below. 

2.4. Experimental procedure: control and anxiety-inducing situations 

After a week of acclimation to the housing conditions. animais 
received a soy protein-based diet (standard AIN-93M diet contain­
ing 20% of total energy as soy protein, 10% as fat and 70% as 
carbohydrate) in order to exclude a potential endogenous casein­
derived formation of a-CZP (Fig. l A). Two weeks later, animais 
(n = 8/group) received an i.p. injection of 5 mL/kg body weight of 
either vehicle, a-CZP (1 mg/kg) or diazepam (1 mg/kg). Half of 
the animais in each treatment group (n = 4/subgroup) were 
injected and returned to their housing room after injection this 
approach was called "control situation" (CS; Fig. l B). The other half 
(n = 4/subgroup) was placed back to its housing room for 30 min 
and subsequently in the LOB apparatus for 5 min leading mice to 
an anxiety-inducing situation (AIS; Fig. 1 C). LOB was used as a 
stressor and not as an apparatus to evaluate anxiety. They were 
returned to their housing room after the 5-min session. The exper­
iments were performed during six days divided in two weeks, 
during morning sessions (the behavioural tests were executed 
between 8:30 and 11:00 a.m.). ln each session, six animais (one 
from each experimental group) were euthanized. Ali animal trans­
fers as weil as injections were performed in the dark or under a 
dim red light. Ali the animais have undergone exactly the same 
handlings with exception of the stressful situation. 

2.5. Brain collection and sectioning 

Protocol was inspired from past work (Schwarz et al.. 201 0). 
Two hours after the injection (Fig. l B and C), mice received ani. 
p. injection of sodium pentobarbital (100 mg/kg, Ceva Santé Ani­
male, France). They were subsequently transcardially perfused 
via a 21 G needle ( inner diameter: 0.514 mm) placed in the left car­
diac ventricle with 50 mL of Dulbecco's Phosphate-Buffered Saline 
(DPBS) supplemented with 0.05% (w fv) NaN02, followed by 100 mL 
of 4% (v/v) formaldehyde (Microm Microtech. France). Brains were 
afterwards harvested and post-fixed for 72 h in 4% (v/v) formalde­
hyde at 4 oc. Thereafter, for cryo-protection, brains were immersed 
for 24 h in 15% (wfv) sucrose (Alfa Aesar, Germany) solut ion at 4 oc 
and subsequently in 30% sucrose solution at 4 oc during 48 h. The 
brains were then snap-frozen at -80°C embedded in Tissue-Tek00 

(Sakura Finetek Europe, The Netherlands) and stored at - 20°C until 
sectioning. The sagittal 20 )lffi -thick sli ces were sampled every 
100 J.lffi, covering the en tire left hemisphere (approximately 25 
slices per animal), using a CM1520 cryostat (Leica, Germany). 

2.6. c-Fos immunofluorescence 

Slices were rehydrated three times in a Phosphate-Buffered Sal­
ine (PBS) solution du ring 10 min. They were th en incubated in the 
sa me PBS solution containing 0.5% (v/v) Triton X-1 00 and 2% (wfv) 
BSA during an hour at room temperature. Afterwards they were 
incubated in a new PBS/Triton X-1 00/BSA solution containing in 
addition 1.5% goat serum and rabbit anti-c-Fos antibody (primary 
an ti body, 1:5000, Ab-5, Calbiochem, France) during 48 h at 4 oc. 
Slices were next rinsed three times 10 min in PBS solution and then 
incubated in the PBS/Triton X-1 00/BSA solution containing Alexa­
Fluor 488 (secondary antibody, 1:200, Molecular Probes, France) 
for 2 h at room temperature. Eventually, slices were washed three 
times in PBS solution and mounted using a medium containing 4' 
,6-diamidino-2-phenylindole (DAPI, Vector Laboratories. France). 
Two c-Fos negative controls, obtained by omitting either the pri­
mary or the secondary antibody, were processed during each 
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Fig. 1. Schematic representation of the experimental design. (A) Common branch of the experiment: a ft er a week of acclimation to the housing conditions, mi ce were given a 
say protein dier ad libitum. Two weeks la ter. mice were randomised inra two different situations. (B) Control situation: after an i.p. injection (vehicle, Œ-CZP or diazepam), 
mice were placed back in their housing room for 120 min before in situ perfusion. (C) Anxiety-inducing situation: 30 min after an i.p. injection (vehicle, cx-CZP or diazepam), 
mice were placed in the light/dark box (LOB) deviee for 5 min; 90 min later mice, were perfused in situ. 

experiment to check for negative contrats. No staining was 
observed on these two contrats (data not shawn). 

2.7. Automatic c-Fos positive cel/ counting 

Sagittal slices were digitised at INSERM UMR S996 (Paris, 
France) using a Nanozoomer (Hamamatsu, japan) equipped w ith 
a x20 objective lens and epifluorescence. Different image optimi­
sation steps were thereafter performed on Imagej v1.49 
(Rasband, 1997) to facilitate the automated counting. First, the 
green channel was extracted and pictures were afterwards 
inversed. An automated counting was performed in a given region 

(A) 

(C) 
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using the Fi nd maxima function of Imagej. This method was repeat­
edly attested with manual counting control on a non-transformed 
image in the central amygdaloid nucleus (Fig. 2 ). The automated 
cell counting method we optimised showed a strong correlation 
with the manual counts (y = 1.09x- 1.7, R2 = 0.9809). As this 
method was confirmed in our protocol, it allowed us to have a 
more objective counting method. The number of c-Fos positive cell 
nuclei within each brain region was counted in minimum six sec­
tions per animal and the average of them was expressed as number 
of c-Fos neurons/0.04 mm2

• lnvestigated brain regions were 
upstream selected due to their implication in anxiety regulation 
(Calhoon & Tye, 2015; Noori, Spanagel, & Hansson, 2012). Ali 
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Fig. 2. Procedure used for the c-Fos positive neurons automated count. (A) Zoom on the amygdala region on a digitalised slice (position: lateral 2.52 mm). Extraction of the 
green canal. Scale bar: 500 �~ �m�.� (B) The same slice after colour inversion. Scale bar: 500 �~ �m�.� (C) Automated counting using the Find maxima function of Image] on the inversed 
image. Black dots correspond to the c-Fos positive neurons counted by the software. Scale bar: 500 �~�· �m�.� (D) Automated cell counts plotted against manual cell counts. Cell s 
were counted on 20 different slices in the central amygdaloid nucleus. The regression li ne (sol id li ne, y= 1.09x -1.7, R2 = 0.9809) was close to y= x (broken li ne). 
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Fig. 3. Effects of an i.p. inj ection of IJ(-CZP (1 mg/kg), and diazepam (1 mg/kg) in Swiss mice on the behavioural response in the light/dark box. Resul t s w ere analysed usi ng a 
one-way ANOVA to detect the effect of the treatment on the studied behavioural scores. Data are mean ± SEM (n = 7-8/group). 'p < 0.05, " p < 0.01 cornpared to the vehicle. 

regions were assessed using a stereotaxie atlas ((Paxinos & 
Franklin, 2001 ); Figs. 4 and 5 ). 

2.8. Statistics 

Data were evaluated with one-or two-way analysis of variance 
(ANOVA), after assessing the normal distribution of the residuals. 
Multiple comparison analysis was performed with Bonferroni post 
hoc tests using R (R Core Team, 2013). Ali data are reported as 
mean ± SEM. Differences were considered to be significant at the 
p < 0.05 leve!. 

3. Results 

3.1. Anxiolytic-like properties of rx-CZP in mice in the LOB 

The impact of i.p. injection of a-CZP on the behaviour of mice 
in an anxiogenic situation was evaluated using the LOB (Fig. 3). 
A-CZP compared to the vehicle increased the time spent in the 
lit box (x2.3, Fr2.1s)=8.0112, p=0.0043) as weil as the number 
of rears in the lit box ( x 2.6, Fr2.1sJ = 5.608, p = 0.0170). a-CZP 
had no effect on the latency to enter the unknown dark 
compartment and on total transitions. Diazepam only increased 
the ti me spent in t he lit box corn pa red to the vehicle ( x2.3, 
Fr2.1s) = 8.0112, p = 0.0196 ). 

3.2. c-Fos expression in the neural circuits of anxiety in vehic/e-treated 
animais facing CS or AIS 

c-Fos expression was measured in animais belonging to the 
vehicle-treated group and compared between CS and AIS (Table 1 ). 
Ali regions studied in the animais facing CS displayed a scarce dis­
tribution of c-Fos positive neurons (min: 0.85 cell s/0.04 mm2 in the 
caudate putamen - max: 4.32 cell s/0.04 mm2 in the dorsomedial 
nucleus of the hypothalamus). compared to those of animais facing 
AIS (min: 1.49 cell s/0.04 mm2 in the central nucleus of the amyg­
dala - max: 18.75 cells/0.04 mm2 in the ventromedial nucleus of 
the hypothalamus). 

3.2.1. Prefrontal cortex 
The AIS had an overall effect on c-Fos positive neurons in the 

prefrontal cortex, significantly increasing the number of these neu­
rons corn pa red to what was observed with the CS ( x3.6, 
F(1.1sJ = 109.0087, p < 0.0001 ). 

3.2.2. Hippocampal formation 
The AIS had a global influence on c-Fos positive neurons in the 

hippocampal formation, significantly increasing the number of 
these neurons campa red ta what was counted w ith the CS ( x5.4, 
F(1.1SJ = 111.287, p < 0.0001 ). 

3.2.3. Accumbens nucleus 
The AI S had an over-all effect on c-Fos positive neurons in the 

accumbens nucleus, significantly increasing the number of these 
neurons corn pa red ta wh at was observed with the CS (x 2.1, 
Fr1.1sJ = 17.9776, p = 0.0003), but this increase was only signifi cant 
in the core ( x2.6, Feus)= 36.8749, p < 0.0001 ). 

3.2.4. Hypothalamus 
The AIS compared to the CS had no effect on c-Fos positive neu­

rons in the overall hypothalamic structure. However, the number 
of c-Fos positive neurons was signifi cantly increased in sorne 
nuclei i.e. the dorsa medial ( x3.8, Fe1.1s) = 52.997, p < 0.0001 ), the 
paraventri cular ( x4.4, Feus)= 476.173, p < 0.0001) and the ventro­
medial ( x5.2, Fr us)= 57.615, p < 0.0001 ). 

3.2.5. Amygdala 
Compared to the CS, the AIS had no influence on c-Fos positive 

neurons in the overall amygdala, nor in the different sub-regions. 

3.2.6. Other regions 
The AIS increased the number of c-Fos posit ive neurons com­

pared to what was noticed with the CS in the septum ( x3.7, 
Frus) = 31.4659, p = 0.0398) and the BNST ( x5.4, 
Fr 1.1s) = 129.5467, p < 0.0001 ), but no effect was observed in the 
caudate putamen compared to the CS. 



�������� �3�$�5�7���,�,���±���3�(�5�6�2�1�$�/���:�2�5�.��

��

�� ��468 S. Benoit er a/. j j oumal of Functional Foods 38 (201 7) 464- 473 

Vehicle a-casozepine 

D 

cE BD Amygdala 

DD 
3 D 

DDo 

1. Anterior 
cortical nucleus 

2. Amygdalo­
Hippocampal nucleus 

3. Basomedial 
nucleus 

4. Central 
nucleus 

5. Posterolateral 
cortical nucleus 

6. Posteromedial 
cortical nucleus 

·. ·. 

.· 
·. 

t ....... 

Fig. 4. Photomicrographs ill ustrating c-Fos immunoreactivity in the amygdala (l ateral 2.52 mm) of mi ce administrated with vehicle (left ). 1)( CZP (1 mg/kg i.p.; middle). and 
diazepam (1 mg/kg i.p.; right) before facing an anxiety-inducing situation. The green channel was extracted and the images were inversed. Contrast was increased to 40% in 
the images from li ne 2 to li ne 7. Global amygdala in first li ne, scale bar: 500 pm. Regions of amygdala in the following lin es. scale bar: 100 pm. 

3.3. c-Fos expression in the neural circuits of anxiety in a.-CZP and 
diazepam-treated animais facing CS or AIS 

c-Fos expression was measured in animais belonging to the cr­
CZP and diazepam-treated group facing CS or AIS (Table 1 ). ln 

the CS, compared ta an injection of vehicle. no effect of an i.p. 
injection of cr-CZP was observed in the regions li sted above on 
c-Fos positive neurons. The i.p. injection of diazepam, on the other 
hand, decreased the number of c-Fos positive neurons globally in 
the accumbens nucleus ( x0.4, F<2.18l �~� 35.6236, p �~� 0.0395) and 
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Fig. 5. Photomicrographs illustrating the effect of the vehicle, C<-CZP (1 mg/kg. i.p.). and diazepam (1 mg/kg. i.p.) on anxiety-induced c-Fos immunoreactivity in the prefrontal 
cortex (lateral 0.12 mm), hippocampal formation (lateral 0.48 mm), accumbens nucleus (lateral 0.84 mm), hypothalamus (lateral 0.12 mm) and amygdala (lateral 2.52 mm). 
Images foll owed the procedure as described in Fig. 2: green channel was extracted and images were inversed; black dots correspond to the c-Fos positive neUJ·ons extracted 
by Image]. using the Find Maxima function. Scale bar: 500 �~ �t�m�.� Cg: cingulate cortex: PrL: preli mbic cortex: Orb: orbital cortex: CAl: field CAl of hippocampus: CA2: field CA2 
ofhippocampus: CA3: field CA3 ofhi ppocampus: DG: dentate gyrus; AcbC: accumbens nucleus, core: AcbSh: accumbens nucleus, shell; aci: anterior commissure, intrabulbar: 
acp: anterior commissure, posterior; AH: anterior hypothalamic nucleus; DMH: dorsomedial hypothalamic nucleus; PVN: paraventricular hypothalamic nucleus; VM H: 
ventromedial hypothalamus nucleus: Aco: anterior cortical amygdaloid nucleus: AHi: amygdalohippocampal area; BMA: basomedial amygdaloid nucleus: CeA: central 
amygdaloid nucleus; PLCo: postlateral cortical amygdaloid nucleus: PMCo: posteromedial cortical amygdaloid nucleus. 

specifically in the shell ( x 0.3, Fc2.18l = 29.2793, p = 0.0146) as weil 
as in the paraventricular nucleus of the hypothalamus ( x0.3, 
Fcz.IsJ = 43.780, p = 0.0318) compared to the vehicle. 

ln contrast. effects of an i.p. injection of ct-CZP and diazepam 
could be observed in sorne regions in the AIS (Table 1 and Figs. 4 
and 5). 

3.3.1. Prefrontal cortex 
No effect of ct-CZP was observed in the prefrontal cortex glob­

ally on the number of c-Fos positive neurons compared to what 
was noted with the vehicle. Nevertheless, a signifi cant decrease 
of this number was observed in the frontal association cortex 
( x0.4, Fc2.18l = 19.468, p = 0.0146). On the other hand, diazepam 
decreased the number of c-Fos positive neurons in ail the regions 
of the prefrontal cortex globally corn pa red to the vehicle. The only 

difference between effects of ct-CZP and diazepam was observed in 
the cingulate cortex (Fcz.18l = 21.3798, p = 0.0001 ). 

3.3.2. Hippocampal formation 
ct-CZP decreased the number of c-Fos positive neurons globall y 

in the hippocampal formation ( x0.6, Fc2.18l = 23.884, p = 0.0066) 
corn pa red to the vehicle, and more specifically in the CA2 ( x0.4, 
Fc2,, 8J = 25.123, p = 0.0002) and in the den tate gyrus (x O.S. 
Fc2.18l = 25.433, p = 0.0002). On the other hand, diazepam 
decreased the number of c-Fos positive neurons in the hippocam­
pal formation globally ( x0.3, Fc2,,8J = 23.884, p < 0.0001) compared 
to the vehicle. A difference between effects of ct-CZP and diazepam 
was observed globally in the hippocampal formation 
(Fc2., 8 l = 23.884, p = 0.0092) and more specifically in the CA 1 
(Fcz.IsJ = 21.485, p < o.ooo1 ). 
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Table 1 
The effects of an i.p. injection of :x-CZP (1 mgjkg) or diazepam (1 mgjkg) on the anxiety-induced c-Fos immunoreactivity (positive cells/0.04 mm2

) in different areas of mice brains (n = 4/group). Data are mean± SEM. Results were 
analysed using a two-way ANOVA (lightfdark box x treatment) to detect the effects of an anxiety-inducing situation (A) and treatment (T) and the interaction (A • T) of these factors ( p < 0.05, ' 'p < 0.01, '" p < 0.001 ). Subsequently, a 
Bonferroni post hoc test was performed to compare the effect of the anxiety-inducing situation and the effect of (X-CZP and diazepam compared to vehicle w ithin each situation: a, significantly different from the Vehicle/CS group; b, 
significantly different from the Vehicle/AIS group; c, significantly different between (X-CZP/AIS and DZP/AIS groups ( p < 0.05, " p < 0.01, "' p < 0.001 ). 

Brain region Control Situation (CS) Anxiety-lnducing Situation (AIS) ANOVA 

Vehicle (X -CZP Diazepam Vehicle (X-CZP Diazepam A T A * T --
F(l.l S) p F(2.18l p F(2.18l p 

Prefronta/ cortices 
Global 2.11 ± 0.40 1.72 ± 0.24 0.72 ± 0.26 7.67 ± 0.42, a 

... 
5.73 ± 0.86 3.89 ± 0.53, b" ' 109.0087 ... 13.5196 ... 2.9927 ns 

Cingulate cortex 2.50 ± 0.40 1.93 ± 0.23 0.90 ± 0.34 9.92 ± 0.39, a 
... 

9.81 ± 1.26, c 
... 

3.57 ± 0.82, b ... 118.3641 . .. 21.3798 . .. 9.1502 
Frontal association cortex 2.44 ± 0.19 2.02 ± 0.39 1.05 ± 0.49 11.28± 1.41, a 

... 
4.25 ± 0.83, b' ' ' 3.99 ± 0.55, b"' 57.703 ... 19.468 . .. 11.663 

Prelimbic cortex 1.86 ± 0.40 1.62 ± 0.40 0.61 ± 0.31 6.75 ± 0.96, a 
... 

4.60 ± 0.50 3.16±0.76, b" 50.2738 . .. 8.1627 .. 2.1766 ns 
Orbital cortex 2.13 ± 0.48 1.65 ± 0.22 0.68 ± 0.22 7.33 ± 0.59, a 

... 
5.31 ± 0.91 4.23 ± 0.59, b' 83.4489 ... 8.4173 .. 1.3760 ns 

Hippocampal formation 
Global 1.14 ± 0.18 1.04 ± 0.13 0.45 ± 0.08 6.16 ± 0.64, a 

... 
3.96 ± 0.50, b" , c' " 1.85 ± 0.27, b'" 111.287 ... 23.884 ... 12.684 . .. 

CAl 0.89 ± 0.22 0.77 ± 0.20 0.40±0.10 4.05 ± 0.33, a 
... 

4.14 ± 0.60, c 0.91 ± 0.18, b''' 81 .377 ... 21.485 . .. 12.628 ... 
CA2 1.51 ± 0.27 1.81 ± 0.26 0.70±0.11 5.84 ± 0.72, a 

... 
2.63 ± 0.35, b"' 1.25 ± 0.28, b'" 37.193 ... 25.123 ... 15.372 . .. 

CA3 1.29 ± 0.16 1.05 ± 0.19 0.45 ± 0.11 
... 

5.90 ± 1.1 0, a 4.04±0.76 2.06 ± 0.27, b" 44.0876 ... 8.5467 .. 3.5008 ns 
Dentate gyrus 1.47±0.36 1.27 ± 0.16 0.46 ± 0.09 8.32 ± 0.80, a 

... 
4.29 ± 0.69, b'" 2.50 ± 0.35, b ... 101.229 . .. 25.433 *** 13.836 ... 

Accumbens nucleus 
Global 2.22±0.16 2.09 ± 0.40 0.80 ± 0.13, a 4.58 ± 0.37, a 

... 
2.39 ± 0.37, b'" 1.13 ± 0.17, b'" 17.9776 ... 35.6236 *** 8.3374 

... 
Core 2.05±0.18 2.13 ± 0.39 0.77±0.19 5.42 ± 0.41, a 

... 
3.19 ± 0.52, b .. 1.54 ± 0.26, b'" 36.8749 ... 27.5811 ... 8.2868 . . 

Shell 2.58 ± 0.17 2.31 ± 0.54 0.88 ± 0.16, a 3.82 ± 0.34 1.70±0.29, b' 0.85 ± 0.10, b ••• 0.6746 IlS 29.2793 . .. 4.8089 . .. 
Hypothalamus 
Global 2.56 ± 0.13 2.43±0.36 1.97 ± 0.20 4.85 ± 0.43 5.58 ± 1.05 3.24 ± 0.58 24.8310 ... 3.5982 * 1.4455 ns 
Anterior area 2.09 ± 0.18 2.12 ± 0.49 2.67 ± 0.29 5.12±0.46 5.14 ± 1.37 3.75 ± 0.63 17.9134 ... 0.2351 ns 1.3269 ns 
Dorsomedial nucleus 4.32 ± 0.67 3.21 ± 0.38 1.27±0.16 16.62 ± 1.56, a 

... 4.82 ± 1.63, b ... 5.96 ± 0.90, b'" 52.997 ... 27.226 . .. 13.910 . .. 
Lateral area 2.87 ± 0.34 2.50 ± 0.26 1.74 ± 0.34 3.46 ± 0.34 2.38 ± 0.64 1.93 ± 0.46 0.4148 IlS 5.1283 * 0.3682 IlS 

Paraventricular nucleus 4.17 ± 0.54 3.95 ± 0.27 1.25 ± 0.17, a 18.41±0.48, a 
...... 

10.89 ± 0.15, b"' 10.93 ± 1.16, b'" 476.173 ... 43.780 . .. 20.376 . .. 
Ventromedial nucleus 3.61 ± 0.42 3.38 ± 0.23 1.20 ± 0.14 18.75 ± 1.85, a 

... 5.41 ± 1.57, b ••• 6.69 ± 1.67, b"' 57.615 ... 22.149 . .. 15.534 . .. 
Amygda/a 
Global 1.24 ± 0.13 1.16 ± 0.07 1.22 ± 0.09 2.80 ± 0.63 7.95 ± 1.23, b···. c'" 4.33 ± 0.90 47.9560 ... 7.4363 .. 7.8751 .. 
Anterior cortical nucleus 1.27 ± 0.13 1.53 ± 0.24 1.50±0.31 3.29 ± 0.85 5.51 ± 0.79, c 2.66 ± 0.49 29.3636 *** 4.1712 . 3.5805 
Amygdalohippocampal nucleus 1.28±0.13 1.27 ± 0.19 1.16 ± 0.25 2.29 ± 0.34 8.40 ± 0.94, b"' . c" ' 2.80 ± 0.73 57.727 ... 21.134 ... 20.616 
Basolateral nucleus 1.26±0.19 0.94 ± 0.18 0.88 ± 0.22 1.78 ± 0.25 7.85 ± 0.77, b .... c'" 4.03 ± 0.94 67.587 ... 15.519 ... 18.662 
Basomedial nucleus 0.97 ± 0.21 1.23 ± 0.24 1.15 ± 0.36 3.43 ± 0.89 5.39 ± 0.94 2.73 ± 0.54 30.5536 ... 2.8715 ns 2.3217 IlS 

Central nucleus 1.45 ± 0.23 1.21 ± 0.19 1.19 ± 0.25 1.68 ± 0.47 3.68 ± 0.51 3.98 ± 1.16 15.1802 .. 1.8538 ns 2.9585 ns 
Medial nucleus 1.47 ±0.19 1.60 ± 0.37 1.43 ± 0.24 2.33 ± 0.55 13.53 ± 2.87, b'" . c'" 7.55 ± 1.27 34.5245 *** 9.2979 ... 8.8684 
Posterolateral cortical nucleus 1.20 ± 0.18 1.42 ± 0.18 1.36 ± 0.34 4.75 ± 1.92 5.22 ± 0.86 1.96 ± 0.50 13.0093 .. 1.8918 ns 1.9710 ns 
Posteromedial cortical nucleus 1.27 ±0.14 1.34 ± 0.16 1.23 ± 0.26 3.70 ± 0.70 9.41 ± 1.20, b'", c'" 3.32 ± 0.59 66.564 ... 15.136 . .. 14.206 

Other regions 
Septum 1.08 ± 0.19 1.21 ± 0.28 1.29 ± 0.18 3.93 ± 0.29, a 6.04 ± 1.30, c 

.... �~� 

1.56 ± 0.30 31.4659 ... 7.2480 .. 7.8071 
Bed nucleus of the stria termina li s 0.91 ±0.24 0.91 ± 0.21 1.24 ± 0.14 4.92 ± 0.47, a 

... 
2.84 ± 0.21, b .. 3.57 ± 0.37 129.5467 ... 6.1655 .. 6.9068 

Caudate putamen 0.85 ± 0.42 0.90 ± 0.20 0.90 ± 0.18 1.49 ± 0.19 2.12 ± 0.40, c 0.63 ± 0.08 5.6923 . 3.7003 . 3.7279 
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3.3.3. Accumbens nucleus 
Both i.p. injection of a-CZP or diazepam decreased the number 

of c-Fos positive neurons globally in the accumbens nucleus (x O.S. 
Fc2.1B) = 35.6236, p = 0.0006 and x0.2, Fc2.1B) = 35.6236, p < 0.0001, 
respectively) compared to the vehicle. No difference was observed 
between a-CZP and diazepam. 

3.3.4. Hypothalamus 
No effect of bath i.p. injection of ct-CZP and diazepam campa red 

to that of vehicle was observed globally in the hypothalamus, as 
weil as in the anterior and lateral nuclei. However, both a-CZP 
and diazepam decreased the number of c-Fos positive in the dorsa­
medial ( x0.3, Fc2.tBJ = 27.226, p < 0.0001 and x 0.4, Fc2.tBJ = 27.226, 
p < 0.0001, respectively), paraventricular ( x0.6, Fc2.18l = 43.780, 
p < 0.0001 and x 0.6, Fc2.18J = 43.780, p < 0.0001, respectively) and 
ventromedial ( x0.3, Fc2.18l = 22.149, p < 0.0001 and x 0.4, 
Fc2.1s) = 22.149, p < 0.0001, respectively) nuclei compared to the 
vehicle. No difference was observed between effects of a-CZP 
and diazepam. 

3.3.5. Amygdala 
Globally in the amygdala ct-CZP increased the number of c-Fos 

positive neurons campa red to bath the vehicle ( x2.8, 
Fc2.tBJ = 7.463, p = 0.0006) and the diazepam (x 1.8, Fc2.IBl = 7.463, 
p = 0.0206). An increasing number of c-Fos positive neurons by 
<X-CZP was particularly observed in the amygdalohippocampal, 
the basolateral, the medial and the posteromedial cortical nuclei. 
A difference was noted between the effects of ct-CZP and diazepam 
but not between th ose of the peptide and the vehicle in the ante­
ri or cortical nucleus. Contrariwise, no effect of ct-CZP or diazepam 
was observed in the anterior cortical, basomedial, central and pos­
terolateral cortical nuclei. 

3.3.6. Other regions 
ct-CZP decreased the number of c-Fos positive neurons in the 

bed nucleus of the stria terminalis (BNST; x0.6, Fc2.18l = 6.1655, 
p = 0.0015) campa red to the vehicle. Diazepam decreased the num­
ber of c-Fos positive neurons in the septum ( x0.3, Fc2.18l = 7.2480, 
p = 0.0005) and in the caudate putamen ( x0.3, Fc2.18l = 3.7003, 
p = 0.0182) compared to ct-CZP. 

4. Discussion 

The present results show that the conflict generated by the LDB 
compared to a non-stressful situation in Swiss mice significantly 
increased c-Fos expression in the prefrontal cortices, hippocampal 
formation, accumbens nucleus, hypothalamus, septum, and BNST. 
These results are consistent with previous studies using an ele­
vated plus-maze test (Duncan, Knapp, & Breese, 1996; Kovacs, 
1998), which is partly based on anxiogenic eues close to LDB (i.e. 
bright light and inescapable area). The i.p. injection of a reference 
anxiolytic molecule, diazepam at a dose of 1 mg/kg, modulated 
neural activity in the different regions of the CNS involved in anx­
iety. Our study indicates that a unique 1 mg/kg i.p. injection of ct­
CZP in Swiss mice also induced changes in neuronal activity of 
brain regions implicated in anxiety regulation. These changes hap­
pened only when the animal faced a situation generating anxiety, 
as the LDB-induced stressful situation in mice and were due to 
the anxiolytic-Jike properties of a-CZP that were confirmed in 
the present mouse madel after an i.p. injection of 1 mg/kg. These 
anxiolytic-like properties resulted in the decrease in time spent 
in the dark area in the LDB test. Light a rea of LDB induces anxiety 
in Swiss mice, as injection of 1 mg/kg of diazepam reduces by 46% 
the time spent in the dark area of this apparatus (Bourin and 
Hascoët, 2003). Our results are in line with previous observation 

in rodents that identified an anxiolytic-Jike effect after i.p. inject ion 
of 0.4 mg/kg of a-CZP in the conditioned defensive burying test in 
rats (Miclo et al., 2001 ), an i.p. injection of 1 mg/kg in the elevated 
plus-maze in rats (Cakir-Kiefer et al., 2011 ), or after oral adminis­
tration of 4.4 mg/kg in the elevated plus-maze in mice (Mizushige, 
Sawashi, Yamada, Kanamoto, & Ohinata, 2013). 

The dose of 1 mg/kg diazepam used as reference anxiolytic 
molecule induced a reduction of c-Fos expression in most regions 
implicated in anxiety regulation bath in the control (CS) and in 
the stressful situation (AIS). These results are in agreement with 
previous observation (Lkhagvasuren et al., 2014) that a single i.p. 
injection of 1 mg/kg diazepam in a control situation decreases c­
Fos expression in only two location, the shell of the accumbens 
nucleus and the paraventricular nucleus of the hypothalamus, 
the latter being responsible for the glucocorticoid release regula­
tion in stress-related situations (Herman & Cullinan, 1997). In con­
trast, in the stress fui situation, a reduction of c-Fos expression in ali 
the a reas of the prefrontal cortex, the hippocampal formation, and 
the accumbens nucleus, as weil as in the dorsomedial, paraventric­
ular and ventromedial hypothalamic nuclei was observed after i.p. 
injection of 1 mgfkg diazepam, as described before (Beek & Fi biger, 
1995; de Medeiros, Carlos Reis, & Eugênio Mello, 2005; 
Lkhagvasuren et al., 2014). Differences between studies are 
explained by the dose and the type of stimuli as different kinds 
of stimuli induce different c-Fos brain pattern sensiti vity to anxi­
olytics (Beek & Fibiger, 1995; Kovacs, 1998). The specificity of the 
effect of diazepam in the reduction of c-Fos expression has been 
explained by the density of GABAA/BZD receptors in the brain (de 
Medeiros et al., 2005). Indeed, these receptors are highly locali sed 
in the prefrontal cortices, the hippocampal formation, the hypotha­
lamus and the accumbens nucleus (Richards & Môhler, 1984). In 
the present study, a reduction of the c-Fos expression was 
observed after injection of 1 mg/kg diazepam in ali these regions. 
However, despite a high abundance of these receptors a Iso in the 
amygdala, no modulation of c-Fos expression in this area after dia­
zepam injection was observed. This result was also wi tnessed in 
previous studies (de Medeiros et al., 2005; Lkhagvasuren et al., 
2014; Panhelainen & Korpi, 2012; Salminen, Lahtinen, & Ahtee, 
1996). This makes it possible to conclude that the conditions used 
were suitable for demonstrating the modulation of the neuronal 
activity by an anxiolytic molecule. 

The present findings also provide neurobiological evidence sup­
porting previous behavioural observations only done with CH in 
rats (Guesdon et al., 2006), dogs (Palestrini et al., 201 O) or humans 
(Kim et al., 2007), suspecting that an anxious or stressful situation 
was needed to ct-CZP for displaying anxiolytic-like properties. In 
the present study, in a non-stressful situation, i.e. the CS, a single 
i.p. injection of 1 mg/kg ct-CZP did not affect c-Fos expression in 
any brain a rea. In contrast, in the AIS induced by the LDB, i.p. injec­
tion of 1 mg/kg <X-CZP compared to the vehicle modified c-Fos 
expression in severa! brain regions. This included a reduction in 
the frontal association cortex, hippocampal formation especiall y 
CA2 and dentate gyrus, accumbens nucleus, dorsomedial, paraven­
tricular and ventromedial nuclei of the hypothalamus as weil as 
BNST. The global expression of c-Fos in this latter region will need 
to be refined as BNST is involved in a wide range of different func­
tions. Moreover, an increase of about 185% in amygdala, and no 
global effect in the prefrontal cortices despite a local effect in the 
frontal association cortex were detected. 

The results showed analogies and some differences between the 
action of 1 mg/kg ct-CZP and diazepam in the central nervous sys­
tem and, although the same dose was applied on a weight basis 
( 1 mg/kg) for the two molecules, a dose difference effect wh en 
expressed on a molar basis (0.8 llmol /kg and 3.5 llmol /kg for ct­
CZP and diazepam, respectively) cannat also be excluded. Never­
theless, in behavioural tests, the reduction of the anxiety observed 
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after injection of 1 mg/kg of the peptide is absolutely the sa me that 
observed after administration of 1 mg/kg of diazepam despite a 
molar quantity ratio of 4 (Cakir-Kiefer et al., 2011 ). No effect of dia­
zepam on c-Fos expression was observed in the amygdala whereas 
a-CZP increased this expression by about 185% in this area. Inter­
estingly, the anxiolytic-like effect of 1 mg/kg a-CZP was associated 
with the absence of side effects sedation and addiction (Dela Pefia 
et al., 2016; Messaoudi et al., 2009) that may be due ta a selective 
binding of a-CZP on subtype(s) of GABAA receptors as a-CZP also 
displays an affinity for the BZD binding site of GABAA receptors 
(Miclo et al., 2001 ). lndeed, the anxiolytic properties of these 
receptors rely on the a2 subunit (Lôw et al., 2000) whereas the 
a 1 subunit carries the sedation action of the diazepam (Rudolph 
et al., 1999). GABAA receptor subtypes also show a specifie distri­
bution in the brain. GABAA a2-containing receptors are mostly 
located in the hippocampal formation, as weil as the amygdala, 
where a-CZP act on c-Fos expression. GABAA a1-containing recep­
tors are located in the prefrontal cortices (Fritschy & Mahler, 1995; 
Pirker, Schwarzer, Wieselthaler, Sieghart, & Sperk, 2000) where a­
CZP had no global impact on c-Fos expression since its effect was 
only detected in the frontal association cortex. An interaction of 
a-CZP with GABAA receptor subtypes other than those having the 
a2 subunit cannot be ruled out because no data on the interaction 
of this peptide with GABAA receptor subtypes is available. Indeed, 
the affinity of the peptide for the benzodiazepine site of the GABAA 
receptor was determined in competition with flunitrazepam (Miclo 
et al., 2001 ). Flunitrazepam is a non-selective benzodiazepine that 
can bind ta GABAA receptors that have either an a 1, a2, a3, or a5 

subunit, and which a Iso demonstrated an affinity for receptors pos­
sessing the a4 subunit, though GABAA receptors having an a4 or a6 

subunit are said to be insensitive to diazepam (You, Kozuska, 
Paulsen, & Dunn, 201 0). 

ln conclusion, the anxiolytic-like properties of a-CZP adminis­
trated by i.p. way at 1 mg/kg were confirmed in a Swiss mice 
madel of anxiety using the LDB. Administration of this dose of a­
CZP had somewhat similar effects as diazepam on neuronal activity 
modulation compared ta vehicle in an anxiety- inducing situation 
and did not have any effect on neuronal activity compared ta vehi­
cle in a control situation (housing room). Ta our knowledge, a lim­
ited number of studies have demonstrated the modulation of 
neuronal activity via a peptide of food origin (Sun, Cade, Fregly, 
& Malcolm Privette, 1999) and this study can help ta better under­
stand the neurological effects of molecules produced during the 
digestion of food proteins. It can also be noted that our study has 
shawn that the decapeptide, which was unmodified by intestinal 
digestion or absorption steps, sin ce i t has be en administered 
intraperitoneally, is able ta trigger this cerebral modulation. 
Nonetheless, whether it is the whole sequence or a shorter 
sequence which is responsible for this modulation remains to be 
determined. Indeed, the peptides YLGYLEQ (Cakir-Kiefer et al., 
2011), YLG (Mizushige et al., 2013) or YL (Kanegawa, Suzuki, & 
Ohinata, 2010) have also previously shawn an anxiolytic activity. 
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2.2. Experimental procedure ��������
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2.3. Conditioned defensive burying Test ��������
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�0�L�F�O�R�� �/���� �3�H�U�U�L�Q�� �(���� �'�U�L�R�X�� �$���� �3�D�S�D�G�R�S�R�X�O�R�V�� �9���� �%�R�X�M�U�D�G�� �1���� �9�D�Q�G�H�U�H�V�V�H�� �5�����H�W�� �D�O�� ������������������������

�&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���D�O�S�K�D���F�D�V�R�]�H�S�L�Q�H�����D���W�U�\�S�W�L�F���S�H�S�W�L�G�H���I�U�R�P���E�R�Y�L�Q�H���D�O�S�K�D���V�������F�D�V�H�L�Q���Z�L�W�K����������

�E�H�Q�]�R�G�L�D�]�H�S�L�Q�H���O�L�N�H���D�F�W�L�Y�L�W�\�����)�$�6�(�%���-�������������������±��������������

�0�L�O�O�D�Q���0�-�������������������7�K�H���Q�H�X�U�R�E�L�R�O�R�J�\���D�Q�G���F�R�Q�W�U�R�O���R�I���D�Q�[�L�R�X�V���V�W�D�W�H�V�����3�U�R�J���1�H�X�U�R�E�L�R�O���������������±������������������

�0�L�]�X�V�K�L�J�H���7�����6�D�Z�D�V�K�L���<�����<�D�P�D�G�D���$�����.�D�Q�D�P�R�W�R���5�����2�K�L�Q�D�W�D���.�������������������&�K�D�U�D�F�W�H�U�L�]�D�W�L�R�Q���R�I���7�\�U����������

�/�H�X���*�O�\���� �D�� �Q�R�Y�H�O�� �D�Q�[�L�R�O�\�W�L�F���O�L�N�H�� �S�H�S�W�L�G�H�� �U�H�O�H�D�V�H�G�� �I�U�R�P�� �E�R�Y�L�Q�H�� �.�6���F�D�V�H�L�Q�����)�$�6�(�%�� �-������������������

���������±��������������

�0�R�U�D�Q���7�+�����%�D�O�G�H�V�V�D�U�L�Q�L�����D���5�����6�D�O�R�U�L�R���&�)�����/�R�Z�H�U�\���7�����6�F�K�Z�D�U�W�]���*�-�������������������9�D�J�D�O���D�I�I�H�U�H�Q�W���D�Q�G����������
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�H�I�I�H�U�H�Q�W���F�R�Q�W�U�L�E�X�W�L�R�Q�V�� �W�R�� �W�K�H�� �L�Q�K�L�E�L�W�L�R�Q�� �R�I�� �I�R�R�G���L�Q�W�D�N�H�� �E�\�� �F�K�R�O�H�F�\�V�W�R�N�L�Q�L�Q�����$�P�� �-�� �3�K�\�V�L�R�O����������

�����������5��������������������������

�0�R�U�U�L�V�� �+�� �9������ �'�D�Z�V�R�Q�� �*�5���� �5�H�\�Q�R�O�G�V�� �'�6���� �$�W�D�F�N�� �-�5���� �6�W�H�S�K�H�Q�V�� �'�1�� ���������������� �%�R�W�K�� �D�O�S�K�D���� �D�Q�G����������

�D�O�S�K�D�����*�$�%�$�$���U�H�F�H�S�W�R�U���V�X�E�W�\�S�H�V���P�H�G�L�D�W�H���W�K�H���D�Q�[�L�R�O�\�W�L�F���S�U�R�S�H�U�W�L�H�V���R�I���E�H�Q�]�R�G�L�D�]�H�S�L�Q�H���V�L�W�H����������

�O�L�J�D�Q�G�V���L�Q���W�K�H���F�R�Q�G�L�W�L�R�Q�H�G���H�P�R�W�L�R�Q�D�O���U�H�V�S�R�Q�V�H���S�D�U�D�G�L�J�P�����(�X�U���-���1�H�X�U�R�V�F�L�������������������±������������������

�2�O�L�Y�L�H�U���-�'�$�����9�L�Q�N�H�U�V���&�+�����2�O�L�Y�L�H�U���%�������������������7�K�H���U�R�O�H���R�I���W�K�H���V�H�U�R�W�R�Q�H�U�J�L�F���D�Q�G���*�$�%�$���V�\�V�W�H�P���L�Q����������

�W�U�D�Q�V�O�D�W�L�R�Q�D�O���D�S�S�U�R�D�F�K�H�V���L�Q���G�U�X�J���G�L�V�F�R�Y�H�U�\���I�R�U���D�Q�[�L�H�W�\���G�L�V�R�U�G�H�U�V�����)�U�R�Q�W���3�K�D�U�P�D�F�R�O������������������������

�3�D�U�N�V���&�/�����5�R�E�L�Q�V�R�Q���3�6�����6�L�E�L�O�O�H���(�����6�K�H�Q�N���7�����7�R�W�K���0�������������������,�Q�F�U�H�D�V�H�G���D�Q�[�L�H�W�\���R�I���P�L�F�H���O�D�F�N�L�Q�J����������

�W�K�H���V�H�U�R�W�R�Q�L�Q���$���U�H�F�H�S�W�R�U�����3�U�R�F���1�D�W�O���$�F�D�G���6�F�L���8���6���$���������������������±��������������

�3�H�x�D���,�-�,���'�H�O�D�����.�L�P���+�-�����O�D���3�H�x�D���-�%���G�H�����.�L�P���0�����%�R�W�D�Q�D�V���&�-�����<�R�X���.�<�����H�W���D�O�������������������$���W�U�\�S�W�L�F����������

�K�\�G�U�R�O�\�V�D�W�H�� �I�U�R�P�� �E�R�Y�L�Q�H�� �P�L�O�N�� �.�V�����F�D�V�H�L�Q�� �H�Q�K�D�Q�F�H�V�� �S�H�Q�W�R�E�D�U�E�L�W�D�O���L�Q�G�X�F�H�G�� �V�O�H�H�S�� �L�Q�� �P�L�F�H����������

�Y�L�D���W�K�H���*�$�%�$�$���U�H�F�H�S�W�R�U�����%�H�K�D�Y���%�U�D�L�Q���5�H�V�������������������±����������������

�5�� �&�R�U�H�� �7�H�D�P�� ���������������� �5���� �$�� �O�D�Q�J�X�D�J�H�� �D�Q�G�� �H�Q�Y�L�U�R�Q�P�H�Q�W�� �I�R�U�� �V�W�D�W�L�V�W�L�F�D�O�� �F�R�P�S�X�W�L�Q�J���� �D�W����������

���K�W�W�S�������Z�Z�Z���U���S�U�R�M�H�F�W���R�U�J���!������������

�5�X�G�R�O�S�K�� �8���� �&�U�H�V�W�D�Q�L�� �)���� �%�H�Q�N�H�� �'���� �%�U�•�Q�L�J�� �,���� �%�H�Q�V�R�Q�� �-�� �D���� �)�U�L�W�V�F�K�\�� �-�0�����H�W�� �D�O�� ������������������������
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�7�D�E�O�H���������6�X�P�P�D�U�\���R�I���W�K�H���W�H�V�W�H�G���S�U�R�G�X�F�W�V�����X�V�H�G���G�R�V�H�V�����Z�D�\�V���R�I���D�G�P�L�Q�L�V�W�U�D�W�L�R�Q�����W�L�P�H���R�I����������

�D�G�P�L�Q�L�V�W�U�D�W�L�R�Q���E�H�I�R�U�H���W�H�V�W�L�Q�J���D�Q�G���J�U�R�X�S�V���Q�D�P�H�V���R�I���W�K�H���H�[�S�H�U�L�P�H�Q�W����������������

�7�H�V�W���S�U�R�G�X�F�W�� �$�Q�W�D�J�R�Q�L�V�W��

�*�U�R�X�S���Q�D�P�H�� n 
Dose, administration 

Time 

before test 
Dose, administration 

Time 

before test 

�7�U�\�S�W�L�F���F�D�V�H�L�Q���K�\�G�U�R�O�\�V�D�W�H�����&�+���� ��

�9�H�K�L�F�O�H��

�������P�/���N�J����per os����
�������P�L�Q��

�9�H�K�L�F�O�H��

�������P�/���N�J����i.p.����
�������P�L�Q�� �&�R�Q�W�U�R�O�� ���� ��

�'�L�D�]�H�S�D�P��

�������P�J���N�J����per os����
�������P�L�Q��

�9�H�K�L�F�O�H��

�������P�/���N�J����i.p.����
�������P�L�Q�� �'�]�S�� ���� ��

�&�D�V�H�L�Q���K�\�G�U�R�O�\�V�D�W�H��

���������P�J���N�J����per os����
�������P�L�Q��

�9�H�K�L�F�O�H��

�������P�/���N�J����i.p.����
�������P�L�Q�� �&�+�� ���� ��

�&�D�V�H�L�Q���K�\�G�U�R�O�\�V�D�W�H��

���������P�J���N�J����per os����
�������P�L�Q��

�1�$�1�������� ��

�������P�J���N�J�� i.p.����
�������P�L�Q�� �&�+���1�$�1�������� �� ���� ��

�&�D�V�H�L�Q���K�\�G�U�R�O�\�V�D�W�H��

���������P�J���N�J����per os����
�������P�L�Q��

�%�L�F�X�F�X�O�O�L�Q�H��

�������P�J���N�J����i.p.����
�������P�L�Q�� �&�+���%�L�F�� ���� ��

�. ���F�D�V�R�]�H�S�L�Q�H�� ��

�9�H�K�L�F�O�H��

�������P�/���N�J����i.p.����
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�P�R�G�X�O�D�W�L�Q�J�� �W�K�H�� �Q�H�X�U�R�Q�D�O�� �D�F�W�L�Y�L�W�\�� �Z�L�W�K�R�X�W���E�H�L�Q�J�� �K�\�G�U�R�O�\�V�H�G�� �E�\�� �S�U�R�W�H�D�V�H�V�� �R�U���S�H�S�W�L�G�D�V�H�V�� �R�I�� �W�K�H��
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�G�L�I�I�H�U�H�Q�F�H�V���E�H�W�Z�H�H�Q���W�K�H���W�Z�R���W�\�S�H�V���R�I���D�G�P�L�Q�L�V�W�U�D�W�L�R�Q����
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�V�R�P�H���E�U�D�L�Q���V�W�U�X�F�W�X�U�H�V���L�Q�Y�R�O�Y�H�G���L�Q���W�K�H���P�R�G�H���R�I���D�F�W�L�R�Q���R�I���.���&�=�3���K�D�Y�H���E�H�H�Q���L�G�H�Q�W�L�I�L�H�G���D�Q�G���D�V���W�K�H�U�H��

�D�U�H�� �S�K�D�U�P�D�F�R�O�R�J�L�F�D�O�� �V�W�X�G�L�H�V���� �L�G�H�Q�W�L�I�\�L�Q�J�� �W�K�H�� �Q�H�X�U�R�W�U�D�Q�V�P�L�W�W�H�U�V�� �L�Q�Y�R�O�Y�H�G�� �L�Q�� �W�K�H�� �P�H�F�K�D�Q�L�V�P�� �R�I��

�D�F�W�L�R�Q�� �R�I�� �.���&�=�3���� �W�K�H�� �Q�H�[�W�� �V�W�H�S�� �Z�R�X�O�G�� �E�H�� �W�R�� �F�R�P�E�L�Q�H�� �E�R�W�K�� �L�Q�I�R�U�P�D�W�L�R�Q�� �I�R�U�� �D�� �P�R�U�H�� �D�F�X�W�H��

�X�Q�G�H�U�V�W�D�Q�G�L�Q�J�� �R�I�� �W�K�H�� �P�H�F�K�D�Q�L�V�P�V���� �7�K�H�� �L�Q�M�H�F�W�L�R�Q�� �R�I�� �V�S�H�F�L�I�L�F�� �D�Q�W�D�J�R�Q�L�V�W�� �L�Q�� �V�S�H�F�L�I�L�F�� �E�U�D�L�Q��

�V�W�U�X�F�W�X�U�H�V�����X�V�L�Q�J���V�W�H�U�H�R�W�D�[�L�F���V�X�U�J�H�U�\�����F�R�X�O�G���E�H���D���Z�D�\���W�R���D�Q�V�Z�H�U���W�K�L�V���T�X�H�V�W�L�R�Q�����$�V���V�H�U�R�W�R�Q�L�Q�H�U�J�L�F��

�D�Q�G���*�$�%�$�H�U�J�L�F���V�\�V�W�H�P�V���K�D�Y�H���D�O�U�H�D�G�\���E�H�H�Q���L�G�H�Q�W�L�I�L�H�G�����L�W���Z�R�X�O�G���W�K�H�Q���E�H���L�Q�W�H�U�H�V�W�L�Q�J���W�R���V�W�D�U�W���Z�L�W�K��

�W�K�H�P���D�Q�G���I�R�U���L�Q�V�W�D�Q�F�H���L�Q���W�K�H���D�P�\�J�G�D�O�D�����7�K�H���V�S�H�F�L�I�L�F���D�I�I�L�Q�L�W�\���R�I���.���&�=�3���R�Q���.�����F�R�Q�W�D�L�Q�L�Q�J���*�$�%�$�$��

�U�H�F�H�S�W�R�U�V���F�R�X�O�G���D�O�V�R���E�H���W�H�V�W�H�G���Z�L�W�K���.�2���P�R�G�H�O�V���R�U���V�S�H�F�L�I�L�F���D�Q�W�D�J�R�Q�L�V�W���R�I���.�����F�R�Q�W�D�L�Q�L�Q�J���*�$�%�$�$��

�U�H�F�H�S�W�R�U�V���� �$�V�� �W�K�H�� �S�H�S�W�L�G�H�� �D�O�V�R�� �G�L�V�S�O�D�\�� �V�R�P�H�� �V�L�P�L�O�D�U�L�W�L�H�V�� �Z�L�W�K�� �R�S�L�D�W�H�� �S�H�S�W�L�G�H�V���� �W�K�H�� �D�I�I�L�Q�L�W�\�� �R�I��
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�H�I�I�H�F�W�V�� �R�I�� �.���&�=�3�� �V�K�R�X�O�G�� �D�O�V�R�� �E�H�� �H�Y�D�O�X�D�W�H�G���� �$�Q�R�W�K�H�U�� �Z�D�\�� �Z�R�X�O�G�� �E�H�� �W�R�� �X�V�H�� �F�R���O�R�F�D�O�L�V�D�W�L�R�Q��

�W�H�F�K�Q�L�T�X�H�V���W�R���L�G�H�Q�W�L�I�\���W�K�H���F�K�H�P�L�F�D�O���Q�D�W�X�U�H���R�I���D�F�W�L�Y�D�W�H�G���Q�H�X�U�R�Q�V���Y�L�D���L�P�P�X�Q�R�I�O�X�R�U�H�V�F�H�Q�F�H����
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�K�X�P�D�Q�V�� �Z�L�W�K�� �D�Q�[�L�H�W�\�� �L�V�V�X�H�V���� �F�O�L�Q�L�F�D�O�� �V�W�X�G�L�H�V�� �Q�H�H�G�� �W�R�� �E�H�� �X�Q�G�H�U�W�D�N�H�Q�� �W�R�� �F�R�Q�I�L�U�P�� �W�K�H�� �U�H�V�X�O�W�V�� �R�Q��
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�E�H�W�Z�H�H�Q�� �K�X�P�D�Q�V�� �D�Q�G�� �U�R�G�H�Q�W�V���� �F�R�U�W�H�[�� �E�H�L�Q�J�� �O�H�V�V�� �G�H�Y�H�O�R�S�H�G�� �L�Q�� �U�R�G�H�Q�W�V�� �W�K�D�Q�� �K�X�P�D�Q�V���� �D�Q�G�� �D�V��

�.���&�=�3�� �K�D�V�� �E�H�H�Q�� �S�U�R�Y�H�Q�� �Q�R�W�� �W�R�� �L�P�S�D�F�W�� �W�K�H�� �D�F�W�L�Y�L�W�\�� �L�Q�� �W�K�L�V�� �U�H�J�L�R�Q���� �V�R�P�H�� �G�L�I�I�H�U�H�Q�F�H�V�� �P�D�\�� �E�H��

�H�[�S�H�F�W�H�G���E�H�W�Z�H�H�Q���W�K�H���P�R�G�X�O�D�W�L�R�Q���R�I���E�U�D�L�Q���D�F�W�L�Y�L�W�\���E�\���.���&�=�3���E�H�W�Z�H�H�Q���K�X�P�D�Q�V���D�Q�G���U�R�G�H�Q�W�V�����7�K�H��
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�U�R�G�H�Q�W�V�¶���D�Q�G��in vitro ���P�R�G�H�O�V����

TRYPTIC HYDROLYSATE 

OF BOVINE a51-CASEIN 

Identification of a-casozepine 
YLGYLEQLLR 

�'�J�l �~�·� 
{Miclo et al., 200 fV •' ... 

( . . . INTESTINAL TRACT 

Anxiety-inducing situation 
{Benoit et al., 2017) 

�·�~� 

a.-casozepine 

Intestinal digestion 
& absorption* 

{Cakir-Kieferet al., 2011) 

YLGYLEQ* 
a-casozepine* 

Pass through blood brain barrier? 

Affinity for benzodiazepine fixation site 
{Miclo et al., 2001} 

Modulation of neuronal activity 
(Benoit et al., 2017) 

GABAergic and serotoninergic dependent? 
Sa me therapeutic targets for ali peptides in the CNS? 

ln vitro 
ln vivo 

Hypotheses 

BLOODSTREAM 

/ i"-"'('- ... ,v-... a-casozepine 
l .,1 YLGYL ' {tE ,ç, YLGYLEQ 

BLOOD BRAIN BARRIER 

, , • ..._ ... \ .... ""<;'._', a-casozepine? 
l ... ' 1) -}] ) YLGYL? 

�'�, �~ �J� YLGYLEQ? 

,, ......... \ YL 
\ .. .... . 
, ,' I.C.V. InjeCtiOn {Kanegawa et al., 2010} ..... , 

BRAIN 

IR ANXIOLYTIC-LIKE PROPERTIES 
�~� (Miclo etal., 2001) 
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�/�D���G�p�F�R�X�Y�H�U�W�H���G�H���P�R�O�p�F�X�O�H�V���G�¶�R�U�L�J�L�Q�H���D�O�L�P�H�Q�W�D�L�U�H���S�R�V�V�p�G�D�Q�W���G�H�V���S�U�R�S�U�L�p�W�p�V���E�L�R�O�R�J�L�T�X�H�V���D�X��

�G�H�O�j���G�H�V���V�L�P�S�O�H�V���D�S�S�R�U�W�V���H�Q���Q�X�W�U�L�P�H�Q�W�V���S�R�X�U���O�¶�R�U�J�D�Q�L�V�P�H���D���S�H�U�P�L�V���G�¶�R�X�Y�U�L�U���X�Q���Q�R�X�Y�H�D�X���F�K�D�P�S��

�G�¶�D�F�W�L�R�Q�� �S�R�X�U�� �O�H�� �G�p�Y�H�O�R�S�S�H�P�H�Q�W�� �G�H�� �P�R�O�p�F�X�O�H�V�� �G�¶�L�Q�W�p�U�r�W�� �S�R�X�U�� �O�D�� �V�D�Q�W�p�� �K�X�P�D�L�Q�H���� �/�H�V���S�H�S�W�L�G�H�V��

�E�L�R�D�F�W�L�I�V���� �T�X�L�� �V�R�Q�W�� �G�H�V�� �I�U�D�J�P�H�Q�W�V�� �S�U�R�W�p�L�T�X�H�V�� �D�\�D�Q�W�� �G�H�V�� �L�P�S�D�F�W�V�� �S�R�V�L�W�L�I�V�� �V�X�U�� �O�D�� �V�D�Q�W�p�� �G�H��

�O�¶�R�U�J�D�Q�L�V�P�H�����.�L�W�W�V���D�Q�G���:�H�L�O�H�U�����������������.�R�U�K�R�Q�H�Q�����������������H�Q���I�R�Q�W���S�D�U�W�L�H�����&�H�V���S�H�S�W�L�G�H�V���S�R�V�V�q�G�H�Q�W��

�G�L�I�I�p�U�H�Q�W�V�� �D�Y�D�Q�W�D�J�H�V�� �S�D�U�� �U�D�S�S�R�U�W�� �D�X�[�� �P�R�O�p�F�X�O�H�V�� �S�K�D�U�P�D�F�R�O�R�J�L�T�X�H�V�� �©���F�O�D�V�V�L�T�X�H�V���ª�� �T�X�L�� �O�H�X�U��
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