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�W�Œ�}�o�]�(���Œ���š�]�}�v�•�Œ���š���v���u�]�š �µ�v�P���(���Z�Œ���ñ�ì���~�,�}�u���Œ�µ�•�����u���Œ�]�����v�µ�•�V���^���Z�u�]���š���˜���,���Œ�Ì�•���Z�U���í�õ�õ�õ�• ���]�•���Ì�µ��
�î�ñ�ì�����Œ���h�r�‰�}�•�]�š�]�À���v���•���o�o�l���Œ�v���v���~���Z���Œ���Æ�������•�š�Œ�µ���š�}�Œ�V �^���v�����u���v���˜���^���v�����u���v�U���î�ì�ì�ì�V���•�X���d�����X���ð���]�v��
�W�µ���o�]�l���š�]�}�v���/�/�•�����µ�(�Á���]�•���v�X ���]���� �W�Œ�}�o�]�(���Œ���š�]�}�v�•�Ì�}�v�� �Á�]�Œ�����À�}�v�����]�v���Œ���v���µ�Œ�}�P���v���v���E�]�•���Z�������µ�• �u�]�š��
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�}�o�(���l�š�}�Œ�]�•���Z���v���s���Œ���Œ�����]�š�µ�v�P�•�Ì���v�š�Œ���v���]�v�v���Œ�Z���o���������Œ���D���o�����}�•�š�Œ���������Œ���o���š�]�À�����Z�v�o�]���Z���]�•�š�U���l�}�v�v�š���v��
�]�v�� �����v�� �'���Z�]�Œ�v���v�� �����Œ�� �µ�v�š���Œ�•�µ���Z�š���v�� �s���Œ�š�Œ���š���Œ�� �����Œ�� ���µ�‰�Z���µ�•�]���������U�� ���u�‰�Z�]�‰�}�����U�� �/�•�}�‰�}������ �µ�v����
���µ�u�����������l���]�v�����‰�Œ�}�o�]�(���Œ�]���Œ���v�����v���•���o�o���v���v�����Z�P���Á�]���•���v���Á���Œ�����v �~�À�P�o�X���d�����X���î�•�X �E�µ�Œ �]�u���'���Z�]�Œ�v�������•��
�>���‰�š�}�•�š�Œ���l���v���E�������o�]�����Z���Œ���•�š�]�]�l�}�v�v�š�����v�������v�������v�������l���‰�}�����v�������µ�o�š�����E���µ�Œ�}�P���v���•�����(���•�š�P���•�š���o�o�š��
�Á���Œ�����v�X�� ���µ���Z�� ���]���� ���������µ�š�µ�v�P�� �����•�� �}�o�(���l�š�}�Œ�]�•���Z���v�� �^�Ç�•�š���u�•�� �(�º�Œ�� �����v�� �i���Á���]�o�]�P���v�� �K�Œ�P���v�]�•�u�µ�•�U��



�î�í
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�����v���Œ�}���Œ���v���Z�]���š���v���W���v�����µ�•�� �À���v�v���u���]�v�µ�Œ�� ���]�v���� �µ�v�š���Œ�P���}�Œ���v���š���� �Z�}�o�o���� �Ì�µ�� �•�‰�]���o���v�� �•���Z���]�v�š��
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�����]�u�� ���u�‰�Z�]�‰�}�����v���W���Œ�Z�Ç���o���� �Z���Á���]���v�•�]�•�U�� �����•�•���v�� �'���Z�]�Œ�v�� �l���]�v���� �h�v�š���Œ�•���Z�]�������� �Ì�Á�]�•���Z���v�� �����v��
�•���v�•�}�Œ�]�•���Z���v���D�}�����o�]�š���š���v�� ���Œ�l���v�v���v���o���•�•�š �~�W�µ���o�]�l���š�]�}�v���/�/�/�•�U���l���]�v�����‰���Œ�•�]�•�š�]���Œ���v�������W�Œ�}�o�]�(���Œ���š�]�}�v��
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���v�Ì���Z�o�� �À�}�v�� �E���µ�Œ�}�v���v�� �u�]�š�� ���]�v���u�� �Z�‚�Z���Œ���v�� ���v���Œ�P�]���À���Œ���Œ���µ���Z�� �À���Œ���µ�v�����v�� �]�•�š�X�� ���•�� �l���v�v�� �����Z���Œ��
�À���Œ�u�µ�š���š�� �Á���Œ�����v�U�� �����•�•�� �]�v�� �����v�� �P���v���v�v�š���v�� �d���Æ���� ���]���� �‰���Œ�•�]�•�š�]���Œ���v������ �W�Œ�}�o�]�(���Œ���š�]�}�v�� �v���µ���Œ��
�E���µ�Œ�}�v���v���Ì�µ�P�µ�v�•�š���v�����]�v���Œ�������•�•���Œ���v�����v���Œ�P�]�����(�(�]�Ì�]���v�Ì ���µ�(�P���P�������v���Á���Œ�����v���l�}�v�v�š���X���^�}���l�‚�v�v�š���v��
�]�v�� ���]���•���v�� �d���Æ���� ���v�����Œ���� �������‹�µ���š���� �>�‚�•�µ�v�P���v�� �Ì�µ�Œ�� �'���Á���Z�Œ�o���]�•�š�µ�v�P�� �À�}�v�� �W�o���•�š�]�Ì�]�š���š�� �µ�u�P���•���š�Ì�š��
�Á�}�Œ�����v���•���]�v�U���Á�]���� �•�]���� �Ì�X���X�� �����]�������Œ�����Œ�����]�š���Œ���]���v�����]�v���&�}�Œ�u���À�}�v�������v���Œ�]�š�]�•���Z���Œ���W�o���•�š�]�Ì�]�š���š���P���Ì���]�P�š��
�Á�µ�Œ������ �~�&���Œ�Œ�]�•�� ���š�� ���o�X�U�� �î�ì�ì�í�•�X�� ���]���•�� �Á���Œ���� �]�v�� �Á���]�š���Œ�(�º�Z�Œ���v�����v�� �^�š�µ���]���v�U�� �Ì�X���X�� �º�����Œ�� �'�}�o�P�]�r
�/�u�‰�Œ���P�v�]���Œ�µ�v�P���v�U�� �Ì�µ�� �º�����Œ�‰�Œ�º�(���v�X ���v�� ���]���•���Œ���^�š���o�o���� �]�•�š�� �����Œ���µ�(�� �Z�]�v�Ì�µ�Á���]�•���v�U�� �����•�•�� ���]���� ���]�v�Ì�]�P���v��
�~�v�]���Z�š�r�����l���‰�}�����v�•�� ���Œ�š���v�U�� ���]���� ���µ�(�� �����µ�o�š���� �E���µ�Œ�}�P���v���•���� �µ�v�š���Œ�•�µ���Z�š�� �µ�v���� �����š���]�o�o�]���Œ�š��
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�Ì�µ�� �•���]�v�� �•���Z���]�v�š�� �~�ñ�ì�r�ó�ì�� �}�o�(���l�š�}�Œ�]�•���Z���� �'�o�}�u���Œ�µ�o�]�� �]�u�� �s���Œ�P�o���]���Z�� �Ì�µ�� �î�ì�r�ð�ì�� �'�o�}�u���Œ�µ�o�]�� �����]���W�X��
�Z���Á���]���v�•�]�•�V�� �<���v�v�]�v�P�� ���š�� ���o�X�U�� �î�ì�í�ï�V�� �W�µ���o�]�l���š�]�}�v�� �/�/�/�•�X�� �����]�� ���o�o���v�� ���v�����Œ���v�� �d���Æ���U�� ���]���� �l���]�v���� �����µ�o�š����
�E���µ�Œ�}�P���v���•�������µ�(�Á���]�•���v�U���]�•�š�����]�������v�Ì���Z�o���}�o�(���l�š�}�Œ�]�•���Z���Œ���'�o�}�u���Œ�µ�o�]�����v�š�Á�������Œ���v�]���Z�š�������l���v�v�š���~�Á�]����
�����]�� �����v�� ���µ�‰�Z���µ�•�]���������� �µ�v���� ���µ�u���������•�� �}�����Œ�� �����]�� ���v�����Œ���v�� ���Œ�š���v�� ���o�•�� �����v�� �Z�]���Œ�� �µ�v�š���Œ�•�µ���Z�š���v��
�����•�š�]�u�u�š���Á�}�Œ�����v���~�Á�]���������]�������v���/�•�}�‰�}�����V���•�X���d�����X���î�•�X�����•���]�•�š�������Z���Œ���Ì�µ���º�����Œ�‰�Œ�º�(���v�U���}�������]�� ���Œ�š���v�U���]�v��
�����v���v���l���]�v�����v���µ���v���E���µ�Œ�}�v�����]�v�������Œ�������µ�o�š�‰�Z���•�����‰�Œ�}�o�]�(���Œ�]���Œ�š���Á���Œ�����v�U���Á�]�����À���Œ�u�µ�š���š���Ì�Á�]�•���Z���v���ñ�ì��
�µ�v�� �í�ì�ì���}�o�(���l�š�}�Œ�]�•���Z���v���'�o�}�u���Œ�µ�o�]�����µ�(�Á���]�•���v���}�����Œ�����]�����•���Z�o�������Œ���'�o�}�u���Œ�µ�o�]���Á�]���������]���W�X���Z���Á���]���v�•�]�•
�~���À���v�š�µ���o�o���]�v�����v�‰���•�•�µ�v�P�����v�����v�����Œ�����>�������v�•�Á���]�•���v�•���P���Œ�]�v�P���Œ�����µ�•�(���o�o�š�X���/�u���o���š�Ì�š���v���&���o�o���l�‚�v�v�š�������]����
�Z�����µ�l�š�]�}�v�� �����µ�o�š���Œ�� �E���µ�Œ�}�P���v���•���� ���µ���Z�� �u�]�š�� ���]�v���u�� �v�]�����Œ�]�P���Œ���u�� ���]�•�l�Œ�]�u�]�v�]���Œ�µ�v�P�•�À���Œ�u�‚�P���v��
�Ì�µ�•���u�u���v�Z���v�P���v�X



�î�î

�ó�X���>�]�š���Œ���š�µ�Œ�À���Œ�Ì���]���Z�v�]�•

���u�u���Œ�� ���U�� �E���Ì���Œ�]�� ���D�U�� �D�º�o�o���Œ�� �z�D�Z�U�� ���o�o�}���]�� �^ �~�î�ì�ì�ô�• �E���Á��
�]�v�•�]�P�Z�š�•�� �}�v�� �š�Z���� �}�o�(�����š�}�Œ�Ç�� �o�}������ �}�(�� ���������‰�}���� ���Œ�µ�•�š���������v�•�V��
���Œ���]�v�U�������Z���À�]�}�Œ�����v�������À�}�o�µ�š�]�}�v�U���ó�î�U���î�ó�r�ï�ò�X

�����š�š�]�•�š�������U���&���Œ�Œ���Œ�]�������U���'���P�����&�,�U���W�]�š�}�•�•�]���&�:���~�î�ì�ì�ò�•���E���µ�Œ�}�P���v�]����
�v�]���Z���� �u�}���µ�o���š�]�}�v�� ���Ç�� �����š�]�À���š������ �u�]���Œ�}�P�o�]���W�� �š�Œ���v�•�(�}�Œ�u�]�v�P��
�P�Œ�}�Á�š�Z�� �(�����š�}�Œ�� �t �]�v���Œ�����•���•�� �v���µ�Œ�}�P���v���•�]�• �]�v�� �š�Z���� �����µ�o�š��
�����v�š���š���� �P�Ç�Œ�µ�•�V�� ���µ�Œ�}�‰�����v�� �:�}�µ�Œ�v���o�� �}�(�� �E���µ�Œ�}�•���]���v�����U�� �î�ï�U��
�ô�ï�r�õ�ï�X

�����Ì�]�v�� �&�� �~�í�õ�ò�õ�• ���š�µ������ ���}�u�‰���Œ� ���� ���[�µ�v���}�Œ�P���v���� �����µ�š�}��� �Œ� ���Œ���o��
���Z���Ì�� �o���•�� ���Œ�µ�•�š����� �•�� ��� �����‰�}�����•�� �Z���‰�š���v�š�]���V ���}�u�‰�š���•��
�Z���v���µ�•���������o�[��������� �u�]���������•���^���]���v�����•�U���î�ò�õ�U���õ�ñ�ô�r�õ�ò�í�X

�����Ì�]�v�� �&�U�� �����u���µ�•�Ç �E �~�í�õ�ò�ô�• ���Æ�]�•�š���v������ ���[�}�Œ�P���v���•��
�]�v�š�Œ����� �Œ� ���Œ���µ�Æ��� �v�]�P�u���š�]�‹�µ���•�����Z���Ì���o�������Œ�µ�•�š����� ����� �����‰�}������
�����Œ���]�v�µ�•�� �u�����v���•�~�>�X�•�V ���}�u�‰�š���•�� �Z���v���µ�•�� ������ �o�[��������� �u�]����
�����•���^���]���v�����•�U���î�ò�ó�U���ï�ñ�ò�r�ï�ñ�ô�X

�����o�š�Ì�����^�U�� �<�}�Œ�����•���<�U���>�������D�D�U���>�}�v�P�� �:���U�������v�š�}�v���:�>�U�� �^���v�����u���v��
������ �~�î�ì�ì�ï�•�� �����}�o�}�P�]�����o�U�� ���À�}�o�µ�š�]�}�v���Œ�Ç�U�� ���v���� �(�µ�v���š�]�}�v���o��
���}�Œ�Œ���o���š���•���}�(���•���v�•�]�o�o�����v�µ�u�����Œ�����v�����P�o�}�u���Œ�µ�o���Œ�������v�•�]�š�Ç���]�v��
�š�Z�����}�o�(�����š�}�Œ�Ç���•�Ç�•�š���u���}�(�����������‰�}�������Œ�µ�•�š���������v�•�V���:�}�µ�Œ�v���o���}�(��
���}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�U���ð�ñ�ñ�U���î�ò�ì�r�î�ò�õ�X

���o���µ�•�š���]�v�� ���E�U�� �����Œ���Ç�� �����U�� �^�]�u�u�}�v�•�� �Z���U�� �������o�o�� ���� �~�í�õ�ô�ô�•
�^�š�Œ�µ���š�µ�Œ���� �}�(�� �š�Z���� ���Œ���]�v�� ���v���� �u�����µ�o�o���� �š���Œ�u�]�v���o���• �}�(�� �š�Z����
�•�‰�]�v�Ç�� �o�}���•�š���Œ���W���v�µ�o�]�Œ�µ�•�� ���Œ�P�µ�•���v���� �š�Z���� ���Œ���Ç�(�]�•�Z��
�W�Œ�}�����u�����Œ�µ�•�� ���o���Œ�l�]�]�U�� �Á�]�š�Z�� ���v�� ���u�‰�Z���•�]�•�� �}�v�� �}�o�(�����š�}�Œ�Ç��
�����v�š���Œ�•�V���:�}�µ�Œ�v���o���}�(�����Œ�µ�•�š���������v�����]�}�o�}�P�Ç�U���ô���~�ð�•�U���ð�õ�ï�r�ñ�í�õ�X

�����Ç�Œ���� �D�U�� �D���o���š���Œ�Œ���� �:�U�� �^���}�š�š�}�r�>�}�u���•�•���•���� �^�U�� � �̂š�Œ���u���]�� ���U��
�^�š�Œ���u���] ���� �~�î�ì�ì�î�•�� �d�Z���� ���}�u�u�}�v�� �‰�Œ�}�‰���Œ�š�]���•�� �}�(��
�v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� �����µ�o�š�� ���Œ���]�v�W�� �(�Œ�}�u�� �]�v�À���Œ�š�����Œ���š���•�� �š�}��
�À���Œ�š�����Œ���š���•�V�� ���}�u�‰���Œ���š�]�À���� ���]�}���Z���u�]�•�š�Œ�Ç�� ���v���� �W�Z�Ç�•�]�}�o�}�P�Ç��
�W���Œ�š�����U���í�ï�î�U���í�r�í�ñ�X

�����Ç�Œ���� �D�U�� �^���}�š�š�}�r�>�}�u���•�•���•���� � �̂U�� �D���o���š���Œ�Œ���� �:�U�� � �̂š�Œ���u���]�� ���U��
�^�š�Œ���u���]�� �� �~�î�ì�ì�ó�• �h�v�����Œ�•�š���v���]�v�P�� �š�Z���� �Œ���P�µ�o���š�]�}�v�� ���v����
�(�µ�v���š�]�}�v�� �}�(�� �����µ�o�š�� �v���µ�Œ�}�P���v���•�]�•�W�� ���}�v�š�Œ�]���µ�š�]�}�v�� �(�Œ�}�u�� ���v��
�]�v�•�����š�� �u�}�����o�U�� �š�Z���� �,�}�µ�•���� ���Œ�]���l���š�V�� ���Z���u�]�����o�� �^���v�•���•�U�� �ï�î�U��
�ï�ô�ñ�r�ï�õ�ñ�X

���Z�]�š�š�l�����>�U���E�]�À���v�� �:���~�î�ì�ì�õ�•�����Œ���� ���]�P�P���Œ�� ���Œ���]�v�•�������š�š���Œ�M�V�� ���µ�Œ�Œ���v�š��
���]�}�o�}�P�Ç�U���í�õ���~�î�í�•�U���Z�õ�õ�ñ�r�Z�í�ì�ì�ô�X

���}�v�}�À���Œ�� �:���U�� �E�}�š�š�]�� �Z�Y�� �~�î�ì�ì�ó�•�� �d�Z���� �v���µ�Œ�}�v���o �•�š���u�� �����o�o�� �v�]���Z���V��
�����o�o�����v�����d�]�•�•�µ�����Z���•�����Œ���Z�U���ï�ï�í���~�í�•�U���î�í�í�r�î�î�ð�X

�����o�o�� �t���U�� �,�]�o�o�� ���:�U�� �Z�}�š�Z�o�]�•�����Œ�P�� �W���U�� �^�Z���Œ�‰�o���•�� ���: �~�í�õ�õ�ì�• �d�Z����
���]�}�o�}�P�Ç���}�(���š�Z�����W���v�����]�������V �����À���v���������D���Œ�]�v�������]�}�o�}�P�Ç�U���î�ó�U��
�í�r�ð�ô�õ�X��

�����Œ���Ç�� �����U�� �&�}�Œ�š�]���Œ�� �:�<�U�� �,���Œ�Œ�]�•�}�v�� �W�:�,�U�� �����š���� �,�^ �~�î�ì�ì�ï�• �d�Z����
�‰���Œ�]�‰�Z���Œ���o�� ���v���� ���v�š���v�v�µ�o���Œ�� �‰���š�Z�Á���Ç�� �}�(�� �š�Z���� �����Œ�]���������v��
�•�š�}�u���š�}�‰�}���� ���Œ�µ�•�š���������v���E���}�P�}�v�}�������š�Ç�o�µ�•�� �}���Œ�•�š�����]�]�V��
���Œ�š�Z�Œ�}�‰�}�����^�š�Œ�µ���š�µ�Œ�����˜�������À���o�}�‰�u���v�š�U���ï�î�U���í�ó�ñ�r�í�ô�ô�X

�����Œ���Ç �����U�� �t���]�•�•���µ�Œ�P �D�: �~�î�ì�í�ð�• �d�Z���� ���Z���u�]�����o�� �•���v�•���•�� ���v����
���Z���u�}�•���•�v�Œ�}�Ç�� �����}�o�}�P�Ç�� �}�(�� ���Œ�µ�•�š���������v�•�V�� �/�v�W�� �����Œ���Ç�� �����U��
�d�Z�]���o�� �D�� �~�����•�X�• ���Œ�µ�•�š���������v�� �E���Œ�À�}�µ�•�� �^�Ç�•�š���u�� ���v���� �d�Z���]�Œ��
���}�v�š�Œ�}�o�� �}�(�� �����Z���À�]�}�µ�Œ�U�� �d�Z���� �v���š�µ�Œ���o�� �Z�]�•�š�}�Œ�Ç�� �}�(�� ���Œ�µ�•�š���������U��
�K�Æ�(�}�Œ�����h�v�]�À���Œ�•�]�š�Ç���W�Œ���•�•�U���K�Æ�(�}�Œ���U���E���Á���z�}�Œ�l�U���î�ò�ï�r�î�õ�ï�X

���o�}�(�•�•�}�v �Z�U�������Z�o �� �~�í�õ�ó�ì�• �d�Z�����}�‰�š�]�����v���µ�Œ�}�‰�]�o���•�����v�������Z�]���•�u���š����
�}�(�� ���Œ�µ�•�š���������V�� �•���]�š�•���Z�Œ�]�(�š�� �(�º�Œ�� �•���o�o�(�}�Œ�•���Z�µ�v�P�� �µ�v����
�u�]�l�Œ�}�•�l�}�‰�]�•���Z�������v���š�}�u�]���U���í�ì�ó���~�ï�•�U���ï�ð�ï�r�ï�ò�ì�X

�&���Œ�Œ�]�•���^�D�U���Z�}���]�v�•�}�v���'���U���&���Z�Œ�������Z���^�� �~�î�ì�ì�í�• ���Æ�‰���Œ�]���v�����r ���v����
���P���r�Œ���o���š������ �}�µ�š�P�Œ�}�Á�š�Z�� �}�(�� �]�v�š�Œ�]�v�•�]���� �v���µ�Œ�}�v�•�� �]�v�� �š�Z����
�u�µ�•�Z�Œ�}�}�u�����}���]���•���}�(���š�Z���������µ�o�š���Á�}�Œ�l���Œ���Z�}�v���Ç�������V���:�}�µ�Œ�v���o��
�}�(���E���µ�Œ�}�•���]���v�����U �î�í���~�í�ò�•�U���ò�ï�õ�ñ�r�ò�ð�ì�ð�X

�'�Z���µ�•�]���'�U�����Œ���u���Œ���,�U���D���>�����v���,�U�����Z���Ì���o���'�U���s�]�v�����v�š���:���U���>�o�����}��
�W�D�� �~�î�ì�ì�ì�•�� �/�u�‰�}�Œ�š���v������ �}�(�� �v���Á�o�Ç�� �P���v���Œ���š������ �v���µ�Œ�}�v�•�� �]�v��
�š�Z���� �����µ�o�š�� �}�o�(�����š�}�Œ�Ç�� ���µ�o���� �(�}�Œ�� �}���}�Œ�� ���]�•���Œ�]�u�]�v���š�]�}�v�V��
�W�Œ�}���������]�v�P�•���}�(���š�Z�����E���š�]�}�v���o�������������u�Ç���}�(���^���]���v�����•���}�(���š�Z����
�h�v�]�š�������^�š���š���•���}�(�����u���Œ�]�����U���õ�ó�U���í�ô�î�ï�r�í�õ�î�ô�X

�'�}���Œ�P���v�����D�U�������P���Ç�� �>���U���Z���Z�u�� �<�U�������v�š�}�v�� �:�>�U�������o�š�Ì�����^ �~�î�ì�ì�î�•
���]�Œ�������]���v�� ���}�v�š�Œ�}�o�� �}�(�� �v���µ�Œ�}�P���v���•�]�•�V�� �:�}�µ�Œ�v���o�� �}�(��
�E���µ�Œ�}���]�}�o�}�P�Ç�U���ñ�ï���~�í�•�U���õ�ì�r�õ�ñ�X

�'�Œ�������Œ �, �~�í�õ�ï�ï�• �m�����Œ�� ���]���� �'���Z�]�Œ�v���� �����Œ�� ���u�‰�Z�]�‰�}�����v�� �µ�v����
�/�•�}�‰�}�����v�V���•�}�}�u�}�Œ�‰�Z�}�o�}�P�Ç�U���î�ò���~�ï�•�U���ï�ï�ð�r�ï�ó�í�X

�'�Œ�}�•�•�����'���~�î�ì�ì�ì�•���E���µ�Œ�}�P���v���•�]�•���]�v���š�Z���������µ�o�š�����Œ���]�v�W���������š�Z���}�(������
���}�P�u���V���E���š�µ�Œ�����m�����Œ�•�]���Z�š�•���Œ�š�]�l���o�U���í�U���ò�ó�r�ó�ï�X

�,���v�•�š�Œ�‚�u�� ���� �~�í�õ�î�õ�• �����•�� �����µ�š�}�����Œ�����Œ�µ�u�� �����Œ�� ���Œ�µ�•�š���������v�V��
�•�}�}�o�}�P�]�•���Z���� �:���Z�Œ���º���Z���Œ�U�� �����š���]�o�µ�v�P�� ���v���š�}�u�]���� �µ�v����
�K�v�š�}�P���v�]���������Œ���d�]���Œ���U���ñ�í�U���ñ�ï�ñ�r�ñ�ð�ô�X

�,���v�•�š�Œ�‚�u�� ���� �~�í�õ�ï�î�•�� �E���µ���� �h�v�š���Œ�•�µ���Z�µ�v�P���v�� �º�����Œ��
�^�]�v�v���•�}�Œ�P���v���� �µ�v���� �E���Œ�À���v�•�Ç�•�š���u�� �����Œ�� ���Œ�µ�•�š���������v�� �/�/�V��
�•�}�}�o�}�P�]�•���Z���� �:���Z�Œ���º���Z���Œ�U�� �����š���]�o�µ�v�P �(�º�Œ�� ���v���š�}�u�]���� �µ�v����
�K�v�š�}�P���v�]���������Œ���d�]���Œ���U���ñ�ò�U���ï�ô�ó�r�ñ�î�ì�X

�,���v�•�š�Œ�‚�u�� ���� �~�í�õ�ð�ó�• �d�Z���� ���Œ���]�v�U�� �š�Z���� �•���v�•���� �}�Œ�P���v�•�U�� ���v���� �š�Z����
�]�v���Œ���š�}�Œ�Ç�� �}�Œ�P���v�•�� �}�(�� �š�Z���� �Z�������� �]�v�� �š�Z���� ���Œ�µ�•�š����������
�D���o�����}�•�š�Œ�������V�������š�����h�v�]�À���Œ�•�]�š���š�]�•���>�µ�v�����v�•�]�•�U���ð�ï���~�õ�•�U���ï�r�ð�ñ�X

�,���Œ�Œ�]�•�}�v�� �W�:�,�U�� �����š���� �,�^�U�� �^�Á���v�•�}�v�� ���^�U�� �����Œ���Ç�� ���� �~�î�ì�ì�í�•
�W�}�•�š���u���Œ�Ç�}�v�]���� �‰�Œ�}�o�]�(���Œ���š�]�}�v�� �]�v�� �š�Z���� �•�‰�]�v�Ç�� �o�}���•�š���Œ��
���v�š���v�v�µ�o���Œ�� ���‰�]�š�Z���o�]�µ�u�W�� �Œ���š���� �}�(�� �'���v���•�]�•�� �}�(�� �}�o�(�����š�}�Œ�Ç��
�Œ�������‰�š�}�Œ���v���µ�Œ�}�v�•���]�•�������‰���v�����v�š���}�v���u�}�o�š���•�š���P���V���:�}�µ�Œ�v���o���}�(��
�E���µ�Œ�}���]�}�o�}�P�Ç�U���ð�ó���~�í�•�U���ñ�í�r�ò�ò�X

�,���Œ�Ì�•���Z���^�U�������Á�]�Œ�•���Z�Z���~�í�õ�õ�ò�•���E���µ�Œ�}�P���v���•�]�•���]�v���š�Z���������À���o�}�‰�]�v�P��
���Œ������ ���Œ���]�v�W�� �W�}�•�š���u���Œ�Ç�}�v�]���� �P���v���Œ���š�]�}�v�� �}�(�� �v���µ�Œ�}�v�•��
�‰���Œ�•�]�•�š�•�� �����Ç�}�v���� �u���š���u�}�Œ�‰�Z�}�•�]�•�V�� �:�}�µ�Œ�v���o�� �}�(��
�E���µ�Œ�}���]�}�o�}�P�Ç�U���î�õ�U���ï�ô�ð�r�ï�õ�ô�X

�,���Œ�Ì�•���Z�� �^�U�� �,���v�•�•�}�v�� ���^ �~�î�ì�ì�ô�• ���Œ���]�v�� ���Œ���Z�]�š�����š�µ�Œ���� �]�v�� �š�Z����
�š���Œ�Œ���•�š�Œ�]���o�� �Z���Œ�u�]�š�� ���Œ���������}���v�}���]�š���� ���o�Ç�‰�����š�µ�•�~���v�}�u�µ�Œ���U��
���}���v�}���]�š�]�������•�U���������Œ�µ�•�š���������v���Á�]�š�Z�������P�}�}���������Œ�]���o���•���v�•�����}�(��
�•�u���o�o�V�����D�����E���µ�Œ�}�•���]���v�����U���õ���~�í�•�U���ñ�ô�X

�,���Œ�Ì�•���Z�� �^�U�� �<�Œ�]���P���Œ�� �:�� �~�î�ì�í�ô�• ���Œ�µ�•�š���������v�� �}�o�(�����š�}�Œ�Ç�� �•�Ç�•�š���u�W�� ����
���}�u�‰���Œ���š�]�À���� �Œ���À�]���Á�� ���v���� ���� ���Œ�µ�•�š���������v�� �‰���Œ�•�‰�����š�]�À���� �}�v��
�}�o�(�����š�]�}�v�� �]�v�� �]�v�•�����š�•�V�� �W�Œ�}�P�Œ���•�•�� �]�v�� �E���µ�Œ�}���]�}�o�}�P�Ç�U�� �í�ò�í�U�� �î�ï�r
�ò�ì�X

�,���Œ�Ì�•���Z��� �̂U���D�]�o�o���Œ���:�U�������v�š�}�v���:���U�������o�š�Ì�����^ �~�í�õ�õ�õ�• �&�Œ�}�u�����u���Œ�Ç�}��
�š�}�� �����µ�o�š�W�� �W���Œ�•�]�•�š���v�š�� �v���µ�Œ�}�P���v���•�]�•�� ���v���� ���‰�}�‰�š�}�š�]���� �����o�o��
�������š�Z�� �•�Z���‰���� �š�Z���� �o�}���•�š���Œ�� �����µ�š�}�����Œ�����Œ���µ�u�V�� �:�}�µ�Œ�v���o�� �}�(��
�E���µ�Œ�}�•���]���v�����U���í�õ���~�õ�•�U���ï�ð�ó�î�r�ï�ð�ô�ñ�X

�,���Œ�Ì�•���Z�� �^�U�� �Z�]���P���Œ�� �s�U�� �<�Œ�]���P���Œ�� �:�U�� �^�����(�o�µ�š�Z�� �&�U�� � �̂š�Œ���µ�•�(���o���� �E�:�U��
�,���v�•�•�}�v�����^ �~�î�ì�í�í�• �d�Œ���v�•�]�š�]�}�v���(�Œ�}�u���u���Œ�]�v�����š�}���š���Œ�Œ���•�š�Œ�]���o��
�����}�o�}�P�]���•�W�� ���Z���v�P���•�� �]�v�� �}�o�(�����š�}�Œ�Ç�� ���v���� �š�Œ�]�š�}�����Œ�����Œ���o��
�v���µ�Œ�}�‰�]�o�•�� �]�v�� �o���v���r�o�]�À�]�v�P�� �]�•�}�‰�}���•�V�� ���Œ�š�Z�Œ�}�‰�}���� �^�š�Œ�µ���š�µ�Œ���� �˜��
�����À���o�}�‰�u���v�š�U���ð�ì�U���î�ð�ð�r�î�ñ�ó�X



�î�ï

�,���Œ�Ì�•���Z�� �^�U�� �^���v�����u���v�� �����U�� ���Z���]�P�v�����µ�� �: �~�î�ì�í�î�• �D�}�Œ�‰�Z�}�o�}�P�Ç��
���v���� �����À���o�}�‰�u���v�š�� �}�(�� �š�Z���� �����v�š�Œ���o�� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�V�� �/�v�W
�&�}�Œ���•�š�� �:�U�� �s���µ�‰���o�� �<�o���]�v�� �:���� �~�����•�X�• �d�Œ�����š�]�•���� �]�v�� �•�}�}�o�}�P�Ç�� �t
���v���š�}�u�Ç�U�� �d���Æ�}�v�}�u�Ç�U�� ���]�}�o�}�P�Ç�U�� �d�Z���� ���Œ�µ�•�š���������U�� �s�}�o�X�� �ï�U��
�<�}�v�]�v�l�o�]�i�l�������Œ�]�o�o���E�s�U���>���]�����v�U���õ�r�î�ï�ò�X

�,���o�o�µ�Ç�� � �̂D�U�� �Z�µ���Z�Z�}���(�š�� �D�>�U�� �����o�š�Ì�� ���^ �~�í�õ�õ�ñ�• �����À���o�}�‰�u���v�š�� �}�(��
�š�Z���� �}�o�(�����š�}�Œ�Ç�� ���v���� ���������•�•�}�Œ�Ç�� �o�}�����•�� �]�v�� �š�Z���� ���u���Œ�]�����v��
�>�}���•�š���Œ�W�� ���v�� ���o�o�}�u���š�Œ�]���� ���v���o�Ç�•�]�•�� ���v���� �]�š�•�� �]�u�‰�o�]�����š�]�}�v�•�� �(�}�Œ��
�š�Z���� �����µ�š�}�����Œ�����Œ���o�� �•�š�Œ�µ���š�µ�Œ���� �}�(�� ���������‰�}���•�V�� �:�}�µ�Œ�v���o�� �}�(��
���}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�U���ï�ñ�ó�U���ð�ï�ï�r�ð�ð�ñ�X

�,�}�o�o�]�v�•�� ���U�� �,���Œ���]�v�� ���U�� �'�]�u���o���Œ���v�š�� �����U�� �D�����o�]�v�š�}���l�� �d�^ �~�î�ì�ì�ï�•
�K�o�(�����š�}�Œ�Ç�r���v�Œ�]���Z������ �š�Œ���v�•���Œ�]�‰�š�•�� ���Œ���� �����o�o�r�•�‰�����]�(�]���� �u���Œ�l���Œ�•��
�]�v�� �š�Z���� �o�}���•�š���Œ�� �}�o�(�����š�}�Œ�Ç�� �}�Œ�P���v�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ð�ñ�ñ�U���í�î�ñ�r�í�ï�ô�X

�,�}�u�����Œ�P�� �h���~�î�ì�ì�ô�• ���À�}�o�µ�š�]�}�v�� �}�(�� �š�Z���� �����v�š�Œ���o�� ���}�u�‰�o���Æ�� �]�v�� �š�Z����
���Œ�š�Z�Œ�}�‰�}���� ���Œ���]�v�� �Á�]�š�Z�� �Œ���•�‰�����š�� �š�}�� �š�Z���� �À�]�•�µ���o�� �•�Ç�•�š���u�V��
���Œ�š�Z�Œ�}�‰�}�����^�š�Œ�µ���š�µ�Œ�����˜�������À���o�}�‰�u���v�š�U���ï�ó�U���ï�ð�ó�r�ï�ò�î�X

�:�}�Z���v�•�•�}�v �<�h�/�U �,���o�o�����Œ�P �� �~�í�õ�õ�î�• �d�Z�� �}�Œ�P���v�]�Ì���š�]�}�v�� �}�(�� �š�Z����
�}�o�(�����š�}�Œ�Ç�� �o�}�����•�� �]�v�� ���µ�‰�Z���µ�•�]���������� ���v���� �D�Ç�•�]������������
�~���Œ�µ�•�š���������U���D���o�����}�•�š�Œ�������•�V �•�}�}�u�}�Œ�‰�Z�}�o�}�P�Ç�U���í�í�ï�U���ô�í�r�ô�õ�X

�<�����Œ�š�À�����š �^���~�î�ì�í�ì�•�� ���]���o�� �À���Œ�š�]�����o�� �u�]�P�Œ���š�]�}�v�� �����Z���À�]�}�µ�Œ���}�(���š�Z����
�v�}�Œ�š�Z���Œ�v�� �l�Œ�]�o�o�� �~�D���P���v�Ç���š�]�‰�Z���v���•�� �v�}�Œ�À���P�]�����^���Œ�•�•�V�� �/�v�W��
�����À���v�����•�� �]�v�� �D���Œ�]�v���� ���]�}�o�}�P�Ç�U�� �s�}�o�X�� �ñ�ó�U�� �����������u�]���� �W�Œ���•�•�U��
�î�ñ�ñ�r�î�ó�ñ�X

�<���v�v�]�v�P�� �D�U�� �,���Œ�Ì�•���Z�� �^���~�î�ì�í�ï�•�� ���Œ���]�v�� ���v���š�}�u�Ç�� �}�(�� �š�Z���� �u���Œ�]�v����
�]�•�}�‰�}�����^�����µ�Œ�]���� ���v�š�}�u�}�v�>�]�v�v�����µ�•�U�� �í�ó�ñ�ô�� �~�s���o�À�]�(���Œ���U��
�/�•�}�‰�}�����•�� �Á�]�š�Z�� �•�‰�����]���o�� ���u�‰�Z���•�]�•�� �}�v�� �š�Z���� �}�o�(�����š�}�Œ�Ç��
�‰���š�Z�Á���Ç�V���&�Œ�}�v�š�]���Œ�•���]�v���E���µ�Œ�}���v���š�}�u�Ç�U���ó�U���ï�î�X

�<���v�v�]�v�P�� �D�U�� �D�º�o�o���Œ�� ���U�� �t�]�Œ�l�v���Œ�� ���^�U�� �,���Œ�Ì�•���Z�� � �̂� �~�î�ì�í�ï�•�� �d�Z����
�D���o�����}�•�š�Œ�������� �~���Œ�µ�•�š���������•�� �(�Œ�}�u�� ���� �v���µ�Œ�}�‰�Z�Ç�o�}�P���v���š�]����
�‰���Œ�•�‰�����š�]�À���W�� �v���Á�� �]�v�•�]�P�Z�š�•�� �(�Œ�}�u�� ���Œ���]�v�� ���Œ���Z�]�š�����š�µ�Œ���� �]�v��
�E�������o�]�����Z���Œ���•�š�]�]�>�������Z�U���í�ô�í�ð���~�>���‰�š�}�•�š�Œ�������U���W�Z�Ç�o�o�}�����Œ�]�����•�V��
�•�}�}�o�}�P�]�•���Z���Œ�� ���v�Ì���]�P���Œ�� �t ���� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�•�}�}�o�}�P�Ç�U���î�ñ�î���~�ï�•�U���ï�í�õ�r�ï�ï�ò�X

�<�Œ�]���P���Œ���:�U���^���v�����u���v���Z���U���^���v�����u���v�������U���,���v�•�•�}�v�����^�U���,���Œ�Ì�•���Z��
�^ �~�î�ì�í�ì�• ���Œ���]�v�� ���Œ���Z�]�š�����š�µ�Œ���� �}�(�� �š�Z���� �o���Œ�P���•�š�� �o�]�À�]�v�P�� �o���v����
���Œ�š�Z�Œ�}�‰�}���U�� �š�Z���� �'�]���v�š�� �Z�}�������Œ�� ���Œ���������]�Œ�P�µ�•�� �o���š�Œ�}
�~���Œ�µ�•�š���������U�� ���v�}�u�µ�Œ���U�� ���}���v�}���]�š�]�������•�W�� ���À�]�����v������ �(�}�Œ�� ����
�‰�Œ�}�u�]�v���v�š�� �����v�š�Œ���o�� �}�o�(�����š�}�Œ�Ç�� �‰���š�Z�Á���Ç�M�V�� �&�Œ�}�v�š�]���Œ�•�� �]�v��
�•�}�}�o�}�P�Ç�U���ó���~�í�•�U���î�ñ�X

�<�Œ�]���P���Œ�� �:�U�� �^�}�u���l���� ���U�� �^�����(�o�µ�š�Z �&�U�� �<���v�v�]�v�P�� �D�U�� �,���v�•�•�}�v�� ���^�U��
�,���Œ�Ì�•���Z�� �^ �~�î�ì�í�î�• ���}�u�‰���Œ���š�]�À���� ���Œ���]�v�� ���Œ���Z�]�š�����š�µ�Œ���� �}�(�� �š�Z����
���µ�Œ�}�‰�����v�� �^�Z�}�Œ�� ���Œ�����������Œ���]�v�µ�•�� �u�����v���•�~���Œ�����Z�Ç�µ�Œ���•�� ���v����
�š�Z���� ���}�u�u�}�v�� �Z���Œ�u�]�š�� ���Œ�������W���P�µ�Œ�µ�•�� �����Œ�v�Z���Œ���µ�•
�~���v�}�u�µ�Œ���•�� �Á�]�š�Z�� �v�}�š���•�� �}�v�� �}�š�Z���Œ�� �Z���Œ�u�]�š�� ���Œ�����•�V�� �����o�o�� �˜��
�d�]�•�•�µ�����Z���•�����Œ���Z�U���ï�ð�ô�U���ð�ó�r�ò�õ�X

�<�Œ�]���P���Œ�� �:�U�� ���Œ���µ�v�� �W�U�� �Z�]�À���Œ���� �E�d�U�� �^���Z�µ�����Œ�š�� �����U�� �D�º�o�o���Œ�� ���,�'�U��
�,���Œ�Ì�•���Z�� �^ �~�î�ì�í�ñ�• ���}�u�‰���Œ���š�]�À���� ���v���o�Ç�•���•�� �}�(�� �}�o�(�����š�}�Œ�Ç��
�•�Ç�•�š���u�•�� �]�v�� �š���Œ�Œ���•�š�Œ�]���o�� ���Œ�����•�� �~���Œ�����Z�Ç�µ�Œ���•�W�� ���À�]�����v������ �(�}�Œ��
�����Œ�]���o���}�o�(�����š�]�}�v�M�V���W�����Œ�:�U���ï�U�����í�ð�ï�ï�X

�>���v�Ì �W�,�U�� �,���Œ�š�o�]�v���� ���<�� �~�î�ì�í�ð�• �D�����Z���v�}�Œ�������‰�š�]�}�v�� �]�v��
���Œ�µ�•�š���������v�•���}�(���š�Z���� �‰���o���P�]���� �Œ�����o�u�V�� �/�v�W�� �����Œ���Ç�� �����U���d�Z�]���o���D��
�~�����•�X�• ���Œ�µ�•�š���������v�� �E���Œ�À�}�µ�•�� �^�Ç�•�š���u�� ���v���� �d�Z���]�Œ�� ���}�v�š�Œ�}�o�� �}�(��
�����Z���À�]�}�µ�Œ�U�� �d�Z���� �v���š�µ�Œ���o�� �Z�]�•�š�}�Œ�Ç�� �}�(�� ���Œ�µ�•�š���������U�� �K�Æ�(�}�Œ����
�h�v�]�À���Œ�•�]�š�Ç���W�Œ���•�•�U���K�Æ�(�}�Œ���U���E���Á���z�}�Œ�l�U���î�õ�ï�r�ï�î�ì�X

�>�]�v���•���Ç�����t�U���d�Œ�}�‰���‰�� �s���~�î�ì�ì�ò�•���������}�u�‰���Œ���š�]�À�����(�Œ���u���Á�}�Œ�l���(�}�Œ��
�µ�v�����Œ�•�š���v���]�v�P�� �š�Z���� ���]�}�o�}�P�]�����o�� �‰�Œ�]�v���]�‰�o���•�� �}�(�� �����µ�o�š��
�v���µ�Œ�}�P���v���•�]�•�V���W�Œ�}�P�Œ���•�•���]�v���E���µ�Œ�}���]�}�o�}�P�Ç�U���ô�ì�U���î�ô�í�r�ï�ì�ó�X

�>�}���•���o �Z �~�î�ì�ì�ð�• ���}�u�‰���Œ���š�]�À���� �u�}�Œ�‰�Z�}�o�}�P�Ç�� �}�(�� �����v�š�Œ���o��
�v���µ�Œ�}�‰�]�o�•���]�v���š�Z�������Œ���]�v���}�(�����Œ�š�Z�Œ�}�‰�}���•�����v�����]�š�•�����À�}�o�µ�š�]�}�v���Œ�Ç��
���v�����(�µ�v���š�]�}�v���o���]�u�‰�o�]�����š�]�}�v�•�V�������š�������]�}�o�}�P�]�������,�µ�v�P���Œ�]�����U���ñ�ñ��
�~�í�ð�•�U���ï�õ�r�ñ�í�X

�>�}���•���o�� �Z�U�� �t�}�o�(�� �,�U�� �<���v�v�]�v�P�� �D�U�� �,���Œ�Ì�•���Z�� �^�U�� �^�}�u���l���� �� �~�î�ì�í�ï�•
���Œ���Z�]�š�����š�µ�Œ���o�� �‰�Œ�]�v���]�‰�o���•�� ���v���� ���À�}�o�µ�š�]�}�v�� �}�(�� �š�Z���� ���Œ�š�Z�Œ�}�‰�}����
�����v�š�Œ���o���v���Œ�À�}�µ�•���•�Ç�•�š���u�V���/�v�W���D�]�v���o�o�]�����U�����}�Æ�•�Z���o�o���'�U���&�µ�•���}���'��
�~�����•�X�• ���Œ�š�Z�Œ�}�‰�}�������]�}�o�}�P�Ç�����v�������À�}�o�µ�š�]�}�v�U���^�‰�Œ�]�v�P���Œ�U�������Œ�o�]�v�U��
�,���]�����o�����Œ�P�U���î�õ�õ�r�ï�ð�î�X

�D�����W�Z���Œ�•�}�v ���Z�U�� �^�š�����o�� �s�: �~�í�õ�ô�ì�• �D�]���Œ�}���v���š�}�u�Ç�� �}�(�� �š�Z����
�����v�š�Œ���o�� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�� �}�(���'���u�u���Œ�µ�•�� �•���š�}�•�µ�•
�����u���v�š�]���À���� �~���u�‰�Z�]�‰�}�����•�X�� �d�Z���� �•�µ�‰�Œ���}���•�}�‰�Z���P�����o��
�P���v�P�o�]�}�v���~���Œ���]�v�•�V�����Œ�µ�•�š���������v���U���ï�ô���~�î�•�U���í�í�ï�r�í�î�ì�X

�D�����•���v�� �E�� �~�í�õ�ò�ì�•�� �d�Z���� ���Œ���]�v�� �}�(�� �š�Z���� ���u�‰�Z�]�‰�}�����K�Œ���Z���•�š�]����
�‰�o���š���v�•�]�•�<�Œ�Ý�Ç���Œ�V�����Œ�µ�•�š���������v���U���í���~�ï�•�U���í�ó�ï�r�í�ó�ô�X

�D���Ì���� �&�:�U�� �^�Ì�š���Œ�l���Œ�� �:�U�� �^�Z�l�����Ç�� ���U�� �W���•�Ì���v�}�� �s�E�U�� �>�}�����š���o�o�]�� �&�&�U��
�����o�}�Œ���v�Ì�]���� �~�î�ì�í�ò�• ���}�v�š���Æ�š�r�����‰���v�����v�š���u���u�}�Œ�Ç���š�Œ�������•���]�v��
�š�Z���� ���Œ�����[�•�� �u�µ�•�Z�Œ�}�}�u�� ���}���]���•�W�� �&�µ�v���š�]�}�v���o�� �•�µ�‰�‰�}�Œ�š�� �(�}�Œ�� ����
���}�u�u�}�v�� �}�Œ�]�P�]�v�� �}�(�� �Z�]�P�Z�r�}�Œ�����Œ�� �u���u�}�Œ�Ç�� �����v�š���Œ�•�V�� �W�E���^�U��
���ó�õ�ñ�ó�r���ó�õ�ò�ñ�X

�D�������}�Á�• �W�^�U�� �Z���]���� ���� �~�í�õ�ò�ò�•�� �d�Z���� �����Z���À�]�}�µ�Œ�� �}�(�����}�Œ�}�‰�Z�]�µ�u��
�À�}�o�µ�š���š�}�Œ�~���Œ�µ�•�š���������W�� ���u�‰�Z�]�‰�}�����•�V�� �:�}�µ�Œ�v���o�� �}�(�� �•�}�}�o�}�P�Ç�U��
�í�ñ�ì���~�ð�•�U���ï�ô�ó�r�ï�õ�õ�X

�D���o�o�}�v �:�Œ�X ���U�� ���o�}�v���• �s �~�í�õ�õ�ï�• �����o�o�µ�o���Œ�� �}�Œ�P���v�]�Ì���š�]�}�v�� ���v����
�P�Œ�}�Á�š�Z�r�Œ���o���š������ �‰�o���•�š�]���]�š�Ç�� �}�(�� �š�Z���� ���Œ���Ç�(�]�•�Z�� �}�o�(�����š�}�Œ�Ç��
�u�]�����Œ���]�v�V���D�]���Œ�}�•���}�‰�Ç���Z���•�����Œ���Z�����v�����d�����Z�v�]�‹�µ���U���î�ð�U���î�ï�í�r
�î�ñ�õ�X

�E�]�À���v���:���U���>���µ�P�Z�o�]�v���^�����~�î�ì�ì�ô�•�����v���Œ�P�Ç���o�]�u�]�š���š�]�}�v�����•�������•���o�����š�]�À����
�‰�Œ���•�•�µ�Œ�����}�v���š�Z�������À�}�o�µ�š�]�}�v���}�(���•���v�•�}�Œ�Ç���•�Ç�•�š���u�•�V���:�}�µ�Œ�v���o���}�(��
���Æ�‰���Œ�]�u���v�š���o�����]�}�o�}�P�Ç�U���î�í�í�U���í�ó�õ�î�r�í�ô�ì�ð�X

�W�}�o���v�•�l�����D���U���d�µ���Z�]�v�����K�U�����P�Œ�]���}�o�����,�U���,���v�•�•�}�v�����^�U���,���Œ�Ì�•���Z���^
�~�î�ì�í�î�• �E���µ�Œ�}�‰���‰�š�]������ ���}�u�‰�o���Æ�]�š�Ç�� �]�v�� �š�Z���� ���Œ�µ�•�š���������v��
�����v�š�Œ���o���}�o�(�����š�}�Œ�Ç���‰���š�Z�Á���Ç�W���]�u�u�µ�v�}�o�}�����o�]�Ì���š�]�}�v���}�(�����r�š�Ç�‰����
���o�o���š�}�•�š���š�]�v�•�����v�����Z�&���u�]�����r�o�]�l�����‰���‰�š�]�����•���]�v���š�Z�������Œ���]�v���}�( ����
�š���Œ�Œ���•�š�Œ�]���o���Z���Œ�u�]�š�����Œ�����V���D�}�o�����µ�o���Œ�����Œ���]�v�U���ñ���~�í�•�U���î�õ�X

�Z���u�u�� �d�U�� �^���Z�}�o�š�Ì�� �'�� �~�î�ì�í�ó�• �E�}�� �•�]�P�Z�š�U�� �v�}�� �•�u���o�o�M�� �t ���Œ���]�v��
���v���š�}�u�Ç�� �}�(�� �š�Á�}�� ���u�‰�Z�]�‰�}���� ���Œ�µ�•�š���������v�•�� �Á�]�š�Z�� ���]�(�(���Œ���v�š��
�o�]�(���•�š�Ç�o���•�V�����Œ�š�Z�Œ�}�‰�}����� �̂š�Œ�µ���š�µ�Œ�����˜�������À���o�}�‰�u���v�š�U���ð�ò�U���ñ�ï�ó�r
�ñ�ñ�í�X

�Z���u�}�• ���W�U�� �'�µ�•�š���(�•�•�}�v�� �K�U�� �>�������Œ�š�� �E�U�� �^���o�����l���Œ�� �/�U�� �E�]�o�•�•�}�v�� �����U��
���À���Œ�}�(�� �D �~�î�ì�í�ô�• �d�Z���� �À�]�•�µ���o�� �•�Ç�•�š���u�� �}�(�� �š�Z���� �P���v���š�]�����o�o�Ç��
�š�Œ�����š�����o�������Œ�µ�•�š���������v���W���Œ�Z�Ç���o�����Z���Á���]���v�•�]�•�W�����]�À���Œ�•�]�(�]�����š�]�}�v��
�}�(�����Ç���•�����v�����À�]�•�µ���o�����]�Œ���µ�]�š�•�����•�•�}���]���š�������Á�]�š�Z���o�}�Á�r�Œ���•�}�o�µ�š�]�}�v��
�À�]�•�]�}�v�V ���]�}�Z�Æ�]�À�U���ñ�î�ó�ñ�ò�ð�X

�Z�]���Z�š���Œ�� � �̂U�� �^���Z�}�o�š�Ì�� �'�� �~�î�ì�ì�í�• �W�Z�Ç�o�}�P���v���š�]���� ���v���o�Ç�•�]�•�� �}�(�� �š�Z����
�D���o�����}�•�š�Œ�������� �~���Œ�µ�•�š���������•�V�� �:�}�µ�Œ�v���o�� �}�(�� �•�}�}�o�}�P�]�����o��
�^�Ç�•�š���u���š�]���•�����v�������À�}�o�µ�š�]�}�v���Œ�Ç���Z���•�����Œ���Z�U���ï�õ���~�ï�•�U���í�í�ï�r�í�ï�ò�X

�Z�]���Z�š���Œ���^�U���>�}���•���o���Z�U���W�µ�Œ�•���Z�l�����'�U���^���Z�u�]���š�r�Z�Z�����•�������U���^���Z�}�o�š�Ì���'�U��
�^�š�����Z���d�U���s�}�P�š���>�U���t���v�v�]�v�P���Œ�����U�����Œ���v�v���]�•���'�U�����‚�Œ�]�v�P�����U���&���o�o���Œ��
�^�U�� �&�Œ�]�š�•���Z�� �D�U�� �'�Œ�}������ �W�U�� �,���µ���Œ�� ���D�U�� �<���µ�o�� �^�U�� �D�Ý�o�o���Œ�� �K� �̂U��
�D�º�o�o���Œ�����,�'�U���Z�]���P���Œ���s�U���Z�}�š�Z�������,�U���^�š���P�v���Œ���D���:�U���,���Œ�Ì�•���Z���^
�~�î�ì�í�ì�• �/�v�À���Œ�š�����Œ���š���� �v���µ�Œ�}�‰�Z�Ç�o�}�P���v�Ç�W�� �•�µ�P�P���•�š������ �š���Œ�u�•��
���v���������(�]�v�]�š�]�}�v�•���(�}�Œ�������v���µ�Œ�}���v���š�}�u�]�����o���P�o�}�•�•���Œ�Ç�V���&�Œ�}�v�š�]���Œ�•��
�]�v���•�}�}�o�}�P�Ç�U���ó�U���î�õ�X



�î�ð

�^���v�����u���v�� �Z���U�� �^���v�����u���v�� ������ �~�î�ì�ì�ì�•�� �^�/�u�‰�}�À���Œ�]�•�Z�����_�� ���v����
�^���v�Œ�]���Z�����_�� �o�]�À�]�v�P�� ���}�v���]�š�]�}�v�•�� �]�v�(�o�µ���v������ �š�Z���� �‰�Œ�}�o�]�(���Œ���š�]�}�v��
���v���� �•�µ�Œ�À�]�À���o�� �}�(�� �v���µ�Œ�}�v�•�� �]�v�� ���Œ���Ç�(�]�•�Z�� ���Œ���]�v�V�� �:�}�µ�Œ�v���o�� �}�(��
�E���µ�Œ�}���]�}�o�}�P�Ç�U���ð�ñ���~�ð�•�U���î�í�ñ�r�î�î�ò�X

�^���v�����u���v�������U���^���Z�}�o�š�Ì���'���~�í�õ�õ�ñ�•���'�Œ�}�µ�v�����‰�o���v�•�U�����À�}�o�µ�š�]�}�v���Œ�Ç��
���Z���v�P���•�� ���v���� �Z�}�u�}�o�}�P�]���•���]�v�����������‰�}���� ���Œ�µ�•�š���������v�����Œ���]�v�•�V��
�/�v�W�����Œ���]���������Z���K�U���<�µ�š�•���Z���t���~�����•�X�•���d�Z�����v���Œ�À�}�µ�•���•�Ç�•�š���u�•���}�(��
�]�v�À���Œ�š�����Œ���š���•�W�� ���v�� ���À�}�o�µ�š�]�}�v���Œ�Ç�� ���v���� ���}�u�‰���Œ���š�]�À����
���‰�‰�Œ�}�����Z�U�����]�Œ�l�Z���µ�•���Œ���s���Œ�o���P�U�������•���o�U���ï�î�õ�r�ï�ð�ó�X

�^���v�����u���v�������U�� �^���v�����u���v���Z���U�� �����Œ���Ç�������U�� �^���Z�u�]���š���D �~�í�õ�õ�î�•
�D�}�Œ�‰�Z�}�o�}�P�Ç�� �}�(�� �š�Z���� ���Œ���]�v�� �}�(�� ���Œ���Ç�(�]�•�Z�U�� ���Œ�����•�U�� ���v���� �•�‰�]�v�Ç��
�o�}���•�š���Œ�•�W�� ���� ���}�u�u�}�v�� �v�}�u���v���o���š�µ�Œ���� �(�}�Œ�� �Z�}�u�}�o�}�P�}�µ�•��
�•�š�Œ�µ���š�µ�Œ���•�V�����]�}�o�}�P�]�����o�����µ�o�o���š�]�v�U���í�ô�ï�U���ï�ì�ð�r�ï�î�ò�X

�^���v�����u���v�� �����U�� �^���Z�}�o�š�Ì�� �'�U�� �^���v�����u���v�� �Z�� �~�í�õ�õ�ï�• ���Œ���]�v��
���À�}�o�µ�š�]�}�v���]�v�����������‰�}�������Œ�µ�•�š���������V���:�}�µ�Œ�v���o���}�(�����Æ�‰���Œ�]�u���v�š���o��
�•�}�}�o�}�P�Ç�U���î�ò�ñ�U���í�í�î�r�í�ï�ï�X

�^���v�����u���v�������U�������o�š�Ì�����^�U���^���v�����u���v���Z�� �~�í�õ�õ�ñ�• ���Œ���Ç�(�]�•�Z�����Œ���]�v��
�]�v�š���Œ�v���µ�Œ�}�v�•���š�Z���š�����}�v�À���Œ�P�����Á�]�š�Z���•���Œ�}�š�}�v�]�v���P�]���v�š�������o�o�•���]�v��
���������•�•�}�Œ�Ç�� �o�}������ �P�o�}�u���Œ�µ�o�]�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ï�ñ�î�U���î�ò�ï�r�î�ó�õ�X

�^���v�����u���v�� �Z���U�� ���o���Œ�l���� ���U�� �^���v�����u���v�� �����U�� �D���v�o�Ç�� �D �~�í�õ�õ�ô�•
�'�Œ�}�Á�š�Z�r�Œ���o���š������ ���v���� ���v�š���v�v�µ�o���Œ�� ���u�‰�µ�š���š�]�}�v�r�]�v���µ��������
���Z���v�P���•���]�v���š�Z�����}�o�(�����š�}�Œ�Ç�������v�š���Œ�•���}�(�����Œ���Ç�(�]�•�Z�����Œ���]�v�V���:�}�µ�Œ�v���o��
�}�(���E���µ�Œ�}�•���]���v�����U���í�ô���~�í�ò�•�U���ò�í�õ�ñ�r�ò�î�ì�ò�X

�^���v�����u���v�������U�������Ì�]�v���&�U�������o�š�Ì�����^ �~�î�ì�í�í�• �����µ�o�š���v���µ�Œ�}�P���v���•�]�•�W��
���Æ���u�‰�o���•�� �(�Œ�}�u�� �š�Z���� ���������‰�}���� ���Œ�µ�•�š���������v�•�� ���v����
���}�u�‰���Œ�]�•�}�v�•�� �Á�]�š�Z�� �u���u�u���o�•�V�� ���Œ�š�Z�Œ�}�‰�}���� �^�š�Œ�µ���š�µ�Œ���� �˜��
�����À���o�}�‰�u���v�š�U���ð�ì�U���î�ñ�ô�r�î�ó�ñ�X

�^���v�����u���v�������U���<���v�v�]�v�P���D�U���,���Œ�Ì�•���Z���^���~�î�ì�í�ð�•���������‰�š�]�À�����š�Œ���v���•��
�]�v�� �u���o�����}�•�š�Œ�������v�� ���Œ���]�v�� �(�}�Œ�u�� ���v���� �(�µ�v���š�]�}�v�� �Œ���o���š������ �š�}��
�����Z���À�]�}�Œ�V�� �/�v�W�� �����Œ���Ç�� �����U�� �d�Z�]���o�� �D�� �~�����•�X�• ���Œ�µ�•�š���������v��
�E���Œ�À�}�µ�•�� �^�Ç�•�š���u�� ���v���� �d�Z���]�Œ�� ���}�v�š�Œ�}�o�� �}�(�� �����Z���À�]�}�µ�Œ�U �d�Z����
�v���š�µ�Œ���o�� �Z�]�•�š�}�Œ�Ç�� �}�(�� ���Œ�µ�•�š���������U �K�Æ�(�}�Œ���� �h�v�]�À���Œ�•�]�š�Ç�� �W�Œ���•�•�U
�K�Æ�(�}�Œ���U���E���Á���z�}�Œ�l�U �í�í�r�ð�ô�X

�^���v�����u���v�������U�������v�š�}�v���:�>�U�������o�š�Ì�����^ �~�î�ì�í�ò�• �Z���•�����Œ���Z���•�‰�}�š�o�]�P�Z�š��
�t �����µ�o�š�� �v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� ���������‰�}���� ���Œ�µ�•�š���������v�� ���Œ���]�v�W��
�d�Z���� �]�u�u�µ�v���� �•�Ç�•�š���u�� �•�µ�‰�‰�o�]���•�� �v���µ�Œ�}�v���o �‰�Œ�}�P���v�]�š�}�Œ�•�V�� �/�v�W��
�^���Z�u�]���š�r�Z�Z�����•�������U���,���Œ�Ì�•���Z��� �̂U���W�µ�Œ�•���Z�l�����'���~�����•�X�• �^�š�Œ�µ���š�µ�Œ����
���v���� ���À�}�o�µ�š�]�}�v�� �}�(�� �]�v�À���Œ�š�����Œ���š���� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�U�� �K�Æ�(�}�Œ����
�h�v�]�À���Œ�•�]�š�Ç���W�Œ���•�•�U���K�Æ�(�}�Œ���U���ð�õ�õ�r�ñ�ì�ñ�X

�^���Z�����Z�š�v���Œ�� �:�U�� �^���Z�u�]���š�� �D�U�� �,�}�u�����Œ�P�� �h �~�î�ì�ì�ñ�• �K�Œ�P���v�]�Ì���š�]�}�v��
���v���� ���À�}�o�µ�š�]�}�v���Œ�Ç�� �š�Œ���v���•�� �}�(�� �‰�Œ�]�u���Œ�Ç�� ���Œ���]�v�� �����v�š���Œ�•�� �]�v��
�d���š�Œ�����}�v���š���� �~���Œ�µ�•�š���������� �=�� �,���Æ���‰�}�����•�V�� ���Œ�š�Z�Œ�}�‰�}����
�^�š�Œ�µ���š�µ�Œ�����˜�������À���o�}�‰�u���v�š�U���ï�ð�U���î�ñ�ó�r�î�õ�õ�X

�^���Z�u�]���š���D���~�í�õ�õ�ó�• ���}�v�š�]�v�µ�}�µ�•���v���µ�Œ�}�P���v���•�]�•���]�v���š�Z�����}�o�(�����š�}�Œ�Ç��
���Œ���]�v�� �}�(�� �����µ�o�š�� �•�Z�}�Œ���� ���Œ�����•�U�������Œ���]�v�µ�•�� �u�����v���•�V�� ���Œ���]�v��
�Z���•�����Œ���Z�U���ó�ò�î�U���í�ï�í�r�í�ð�ï�X

�^���Z�u�]���š�� �D�� �~�î�ì�ì�í�• �E���µ�Œ�}�v���o�� ���]�(�(���Œ���v�š�]���š�]�}�v�� ���v���� �o�}�v�P�r�š���Œ�u��
�•�µ�Œ�À�]�À���o�� �}�(�� �v���Á�o�Ç�� �P���v���Œ���š������ �����o�o�•�� �]�v�� �š�Z���� �}�o�(�����š�}�Œ�Ç��
�u�]�����Œ���]�v�� �}�(�� �š�Z���� �����µ�o�š�� �•�‰�]�v�Ç�� �o�}���•�š���Œ�U���W���v�µ�o�]�Œ�µ�•�� ���Œ�P�µ�•�V��
�:�}�µ�Œ�v���o���}�(���E���µ�Œ�}���]�}�o�}�P�Ç�U���ð�ô���~�ï�•�U���í�ô�í�r�î�ì�ï�X

�^���Z�u�]���š�� �D�� �~�î�ì�ì�ó���•�� �d�Z���� �}�o�(�����š�}�Œ�Ç�� �‰���š�Z�Á���Ç�� �}�(�� ���������‰�}����
���Œ�µ�•�š���������v�•�� �t ���v�� �]�v�À���Œ�š�����Œ���š���� �u�}�����o�� �(�}�Œ�� �o�]�(���r�o�}�v�P��
�v���µ�Œ�}�P���v���•�]�•�V�����Z���u�]�����o���^���v�•���•�U���ï�î�U���ï�ò�ñ�r�ï�ô�ð�X

�^���Z�u�]���š���D���~�î�ì�ì�ó���• �/�����v�š�]�(�]�����š�]�}�v���}�(���‰�µ�š���š�]�À�����v���µ�Œ�}���o���•�š�•�����š��
�š�Z���������•�����}�(�������µ�o�š���v���µ�Œ�}�P���v���•�]�•���]�v���š�Z�����}�o�(�����š�}�Œ�Ç���u�]�����Œ���]�v��

�}�(�� �š�Z���� �•�‰�]�v�Ç�� �o�}���•�š���Œ�U���W���v�µ�o�]�Œ�µ�•�� ���Œ�P�µ�•�V�� �:�}�µ�Œ�v���o�� �}�(��
���}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�U���ñ�ì�ï�U���ò�ð�r�ô�ð�X

�^���Z�u�]���š�� �D�� �~�î�ì�í�ò�•�� �D���o�����}�•�š�Œ�������V�� �/�v�W�� �^���Z�u�]���š�r�Z�Z�����•���� ���U��
�,���Œ�Ì�•���Z�� �^�U���W�µ�Œ�•���Z�l���� �'���~�����•�X�• �^�š�Œ�µ���š�µ�Œ���� ���v�������À�}�o�µ�š�]�}�v�� �}�(��
�]�v�À���Œ�š�����Œ���š���� �v���Œ�À�}�µ�•�� �•�Ç�•�š���u�U�� �K�Æ�(�}�Œ���� �h�v�]�À���Œ�•�]�š�Ç�� �W�Œ���•�•�U��
�K�Æ�(�}�Œ���U���ñ�î�õ�r�ñ�ô�î�X

�^���Z�u�]���š���D�U�������Z�� ���t �~�í�õ�õ�î���• ���v�š���v�v�µ�o���Œ���‰�Œ�}�i�����š�]�}�v�•���š�}���š�Z����
�u�]�����Œ���]�v���}�(���š�Z�����•�‰�]�v�Ç���o�}���•�š���Œ�X���/�/�X���^���v�•�}�Œ�Ç���]�v�v���Œ�À���š�]�}�v���}�(��
�š�Z���� �}�o�(�����š�}�Œ�Ç�� �o�}�����V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À���� �E���µ�Œ�}�o�}�P�Ç�U��
�ï�í�ô�U���î�õ�í�r�ï�ì�ï�X

�^���Z�u�]���š���D�U�������Z�� ���t �~�í�õ�õ�î���•�����v�š���v�v�µ�o���Œ���‰�Œ�}�i�����š�]�}�v�•���š�}���š�Z����
�u�]�����Œ���]�v�� �}�(�� �š�Z���� �•�‰�]�v�Ç���o�}���•�š���Œ�X�� �/�X�� �^���v�•�}�Œ�Ç���]�v�v���Œ�À���š�]�}�v���}�(��
�š�Z���� �o���š���Œ���o�� ���v���� �u�����]���o�� ���v�š���v�v�µ�o���Œ���v���µ�Œ�}�‰�]�o�•�V�� �:�}�µ�Œ�v���o�� �}�(��
���}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�U���ï�í�ô�U���î�õ�í�r�ï�ì�ï�X

�^���Z�u�]���š���D�U�� �����Z�� ���t �~�í�õ�õ�ï�• ���v�š���v�v�µ�o���Œ�� �‰�Œ�}�i�����š�]�}�v�•�� �š�}�� �š�Z����
�u�]�����Œ���]�v���}�(���š�Z�����•�‰�]�v�Ç���o�}���•�š���Œ�X���/�/�/�X�������v�š�Œ���o�����Œ���}�Œ�]�Ì���š�]�}�v�•���}�(��
�u�}�š�}�v���µ�Œ�}�v�•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À���� �E���µ�Œ�}�o�}�P�Ç�U�� �ï�ï�ò�U��
�ñ�ô�ï�r�ñ�õ�ð�X

�^���Z�u�]���š���D�U�������Z�� ���t �~�í�õ�õ�ò�• �W�Œ�}�����•�•�]�v�P���}�(�����v�š���v�v�µ�o���Œ���]�v�‰�µ�š��
�]�v�� �š�Z�������Œ���]�v���}�(���š�Z���� �•�‰�]�v�Ç���o�}���•�š���Œ���W���v�µ�o�]�Œ�µ�•�� ���Œ�P�µ�•�/�/�X���d�Z����
�}�o�(�����š�}�Œ�Ç���‰���š�Z�Á���Ç�V���:�}�µ�Œ�v���o���}�(�����}�u�‰���Œ���š�]�À�����W�Z�Ç�•�]�}�o�}�P�Ç�����U��
�í�ó�ô�U���ò�ì�ñ�r�ò�î�ô�X

�^���Z�u�]���š�� �D�U�� �����u�µ�š�Z �^ �~�î�ì�ì�ò�• �E���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� �����v�š�Œ���o��
�}�o�(�����š�}�Œ�Ç���‰���š�Z�Á���Ç���}�(�������µ�o�š�����������‰�}�������Œ�µ�•�š���������v�•�V�����v�v���o�•��
�}�(���š�Z�����E���Á���z�}�Œ�l�������������u�Ç���}�(���^���]���v�����•�U���ô�ñ�ñ���~�í�•�U���î�ó�ó�r�î�ô�ì�X

�^���Z�u�]���š�� �D�U�� �����Œ���Ç ���� �~�î�ì�í�í�• ���Ç�š�}���Œ���Z�]�š�����š�µ�Œ���� ���v����
�µ�o�š�Œ���•�š�Œ�µ���š�µ�Œ���� �}�(�� �v���µ�Œ�}�v���o �•�š���u�� �����o�o�� �v�]���Z���•�� ���v����
�v���µ�Œ�}�P���v�]���� ���}�u�‰�o���Æ���•�� �u���]�v�š���]�v�]�v�P�� �����µ�o�š�� �v���µ�Œ�}�P���v���•�]�•��
�]�v�� �š�Z���� �}�o�(�����š�}�Œ�Ç�� �u�]�����Œ���]�v�� �}�(�� �•�‰�]�v�Ç�� �o�}���•�š���Œ�•�U���W���v�µ�o�]�Œ�µ�•��
���Œ�P�µ�•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À���� �E���µ�Œ�}�o�}�P�Ç�U�� �ñ�í�õ�U�� �î�î�ô�ï�r
�î�ï�í�õ�X

�^���Z�u�]���š�� �D�U�� �,���Œ�Ì�•���Z�� �^�� �~�í�õ�õ�õ�• ���}�u�‰���Œ���š�]�À���� ���v���o�Ç�•�]�•�� �}�(��
�v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� �����v�š�Œ���o�� �}�o�(�����š�}�Œ�Ç�� �‰���š�Z�Á���Ç�� �}�(�� �����µ�o�š��
���������‰�}�������Œ�µ�•�š���������v�•�����Ç���]�v���À�]�À�}���Œ���h���o�������o�]�v�P�V�����]�}�o�}�P�]�����o��
���µ�o�o���š�]�v�U���í�õ�ò�U���í�î�ó�r�í�ï�ò�X

�^���Z�u�]���š�� �D�U�� �D���o�o�}�v �:�Œ�X �� �~�î�ì�í�í�• �E���µ�Œ�}�v���o�� �‰�Œ�}�����•�•�]�v�P�� �}�(��
���Z���u�]�����o�� �]�v�(�}�Œ�u���š�]�}�v�� �]�v�� ���Œ�µ�•�š���������v�•�V�� �/�v�W�� ���Œ���]�š�Z���µ�‰�š�� �d�U��
�d�Z�]���o�� �D���~�����•�X�•�� ���Z���u�]�����o�� ���}�u�u�µ�v�]�����š�]�}�v�� �]�v�� ���Œ�µ�•�š���������v�•�U��
�^�‰�Œ�]�v�P���Œ�U���E���Á���z�}�Œ�l�U���í�î�ï�r�í�ð�ó�X

�^���Z�}�o�š�Ì�� �'�U�� �Z�]���Z�š���Œ�� �^�� �~�í�õ�õ�ñ�• �W�Z�Ç�o�}�P���v���š�]���� �•�Ç�•�š���u���š�]���•�� �}�(��
�Œ���‰�š���v�š�]���v�� ���������‰�}������ �~�D���o�����}�•�š�Œ�������W�� ���Œ�µ�•�š���������•�V��
�•�}�}�o�}�P�]�����o���:�}�µ�Œ�v���o���}�(���š�Z�����>�]�v�v�����v �^�}���]���š�Ç�U���í�í�ï�U���î�ô�õ�r�ï�î�ô�X

�^���Z�Á���v�š�v���Œ�� �D�U�� �Z�]���Z�š���Œ�� �^�U�� �Z�}�P���Œ�•�� �����U�� �'�]�Œ�]�����š�� �' �~�î�ì�í�ô�•
�d���š�Œ�����}�v���š���v�� �‰�Z�Ç�o�}�P���v�Ç�� �Á�]�š�Z�� �•�‰�����]���o�� �(�}���µ�•�� �}�v��
�D���o�����}�•�š�Œ�������� ���v���� ���Œ���v���Z�]�}�‰�}�����W�� �Z�]�P�Z�o�]�P�Z�š�]�v�P�� �š�Z����
�•�š�Œ���v�P�š�Z�� �}�(�� �š���Æ�}�v�r�•�‰�����]�(�]���� �u���š�Œ�]�����•�� �]�v�� �‰�Z�Ç�o�}�P���v�}�u�]���•�V��
�W�Œ�}���������]�v�P�•�� �}�(���š�Z���� �Z�}�Ç���o�� �^�}���]���š�Ç�����W�� ���]�}�o�}�P�]�����o�� �^���]���v�����•�U��
�î�ô�ñ�U���î�ì�í�ô�í�ñ�î�ð�X

�^�]�v���l���À�]�š���Z���/�U�����}�µ�P�o���•�•���:�<�U���^���Z�}�o�š�Ì���'�U���>�}���•���o���Z�U���^�š�Œ���µ�•�(���o�����E�:
�~�î�ì�ì�ï�• ���}�v�•���Œ�À������ ���v���� ���}�v�À���Œ�P���v�š�� �}�Œ�P���v�]�Ì���š�]�}�v�� �]�v�� �š�Z����
�}�‰�š�]���� �o�}�����•�� �}�(�� �]�v�•�����š�•�� ���v���� �]�•�}�‰�}���•�U�� �Á�]�š�Z�� �Œ���(���Œ���v������ �š�}��
�}�š�Z���Œ�� ���Œ�µ�•�š���������v�� �š���Æ���V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ð�ò�ó�U���í�ñ�ì�r�í�ó�î�X

�^�}�v�P�����<�U���:�}�Z�v�•�š�}�v�����>�D�U�������Á���Œ���•�����,�U�������Œ���Ç�������U���^���Z�u�]���š���D
�~�î�ì�ì�õ�• �����o�o�µ�o���Œ�� �����•�]�•�� �}�(�� �v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� ���Œ���]�v�� �}�(��
���Œ���Ç�(�]�•�Z�U���W�Œ�}�����u�����Œ�µ�•�����o���Œ�l�]�]�W���E���µ�Œ�}�P���v�]�������}�u�‰�o���Æ���]�v���š�Z����



�î�ñ

�}�o�(�����š�}�Œ�Ç���u�]�����Œ���]�v���(�Œ�}�u���Z���š���Z�o�]�v�P�•���š�}�������µ�o�š�•�V�����Œ�š�Z�Œ�}�‰�}����
�^�š�Œ�µ���š�µ�Œ�����˜�������À���o�}�‰�u���v�š�U���ï�ô�U���ï�ï�õ�r�ï�ò�ì�X

�^�š���P�v���Œ�� �D���:�U�� �^�š���u�u���� �d�U�� �/�o�]�(�(���� �d�D�U�� �Z�]���Z�š���Œ�� �^�U�� �t�]�Œ�l�v���Œ�� ���^
�~�î�ì�í�ñ�• �d�Z���� ���Œ���]�v�� �]�v�� �š�Z�Œ������ ���Œ�µ�•�š���������v�•�� �(�Œ�}�u�� �����À���Œ�v�}�µ�•��
�����Œ�l�v���•�•�V�����D�����E���µ�Œ�}�•���]���v�����U���í�ò�U���í�õ�X

�^�š���u�u�����d�U�� ���]���l�Z�}�(�(���Z�U�� ���]���l���Œ���' �~�î�ì�í�ð�• �K�o�(�����š�}�Œ�Ç���‰�Œ�}�i�����š�]�}�v��
�v���µ�Œ�}�v�� �‰���š�Z�Á���Ç�•�� �]�v�� �š�Á�}�� �•�‰�����]���•�� �}�(�� �u���Œ�]�v���� �/�•�}�‰�}������
�~�W���Œ�������Œ�]�����U�� �D���o�����}�•�š�Œ�������U�� ���Œ�µ�•�š���������•�V�� �d�]�•�•�µ���� ���v���� �����o�o�U��
�ð�ò�U���î�ò�ì�r�î�ò�ï�X

�^�š�Œ���µ�•�(���o�����E�:�U���E���•�•���o ���Z���~�í�õ�ô�í�•���E���µ�Œ�}���Œ���Z�]�š�����š�µ�Œ���� �}�(�� ���Œ���]�v��
�Œ���P�]�}�v�•���š�Z���š���•�µ���•���Œ�À���� �š�Z���� ���}�u�‰�}�µ�v���� ���Ç���•�� �}�(�� ���Œ�µ�•�š����������
���v���� �]�v�•���š�•�V�� �/�v�W�� ���µ�š�Œ�µ�u�� �,�� �~�����X�•�� �,���v�����}�}�l�� �}�(�� �•���v�•�}�Œ�Ç��
�‰�Z�Ç�•�]�}�o�}�P�Ç�U�� �ó�� �~�ò���•�U�� �/�v�À���Œ�š�����Œ���š���� �À�]�•�µ���o�� �����v�š���Œ�� ���v����
�����Z���À�]�}�Œ�•�U���^�‰�Œ�]�v�P���Œ�U�������Œ�o�]�v�U���í�r�í�ï�î�X

�^�š�Œ���µ�•�(���o���� �E�:�U�� �^���Ç�Œ�� �D�� �~�î�ì�í�õ�• �D�µ�•�Z�Œ�}�}�u�� ���}���]���•�� �]�v��
�Z���‰�š���v�š�]���� �Œ���(�o�����š�� ���� �u���i�}�Œ���š�Œ���v�•�]�š�]�}�v���]�v�� ���Œ�µ�•�š���������v�� ���Œ���]�v��
���À�}�o�µ�š�]�}�v�V���:�}�µ�Œ�v���o���}�(�����}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�X

�^�µ�o�o�]�À���v�� �:�D�U�������o�š�Ì�����^���~�î�ì�ì�í�• �E���µ�Œ�}�v���o �‰���š�Z�Á���Ç�•�� ���}�v�v�����š�]�v�P��
�š�Z���� �����µ�š�}�����Œ�����Œ�µ�u�� ���v���� �o���š���Œ���o�� �‰�Œ�}�š�}�����Œ�����Œ�µ�u�� �]�v�� �š�Z����
���Œ���]�v�•�� �}�(�� ���������‰�}���� ���Œ�µ�•�š���������v�•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ð�ð�í�U���õ�r�î�î�X

�^�µ�o�o�]�À���v�� �:�D�U�� �����o�š�Ì�� ���^ �~�î�ì�ì�ð�• ���À�}�o�µ�š�]�}�v���Œ�Ç�� ���Z���v�P���•�� �]�v�� �š�Z����
�}�o�(�����š�}�Œ�Ç�� �‰�Œ�}�i�����š�]�}�v�� �v���µ�Œ�}�v�� �‰���š�Z�Á���Ç�•�� �}�(��
���µ�u���o�����}�•�š�Œ�������v�� ���Œ�µ�•�š���������v�•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ð�ó�ì�U���î�ñ�r�ï�ô�X

�^�µ�o�o�]�À���v�� �:�D�U�� �����o�š�Ì�� ���^ �~�î�ì�ì�ñ���• �����µ�o�š�� �v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z����
�����v�š�Œ���o�� �}�o�(�����š�}�Œ�Ç�� �‰���š�Z�Á���Ç�� �]�v�� �š�Z���� �����•���v������ �}�(�� �Œ�������‰�š�}�Œ��
�v���µ�Œ�}�v���š�µ�Œ�v�}�À���Œ���]�v���>�]���]�v�]�������u���Œ�P�]�v���š���V�����µ�Œ�}�‰�����v���:�}�µ�Œ�v���o��
�}�(���E���µ�Œ�}�•���]���v�����U���î�î�U���î�ï�õ�ó�r�î�ð�ì�î�X

�^�µ�o�o�]�À���v�� �:�D�U�� �����o�š�Ì�� ���^ �~�î�ì�ì�ñ���• �E���Á���}�Œ�v�� �����o�o�•�� �]�v�� �š�Z���� �����µ�o�š��
���Œ���Ç�(�]�•�Z�����Œ���]�v�����]�(�(���Œ���v�š�]���š�����]�v�š�}�����]�•�š�]�v���š���v���µ�Œ�}�v���o���š�Ç�‰���•�V��
�:�}�µ�Œ�v���o���}�(���E���µ�Œ�}���]�}�o�}�P�Ç�U���ò�ñ���~�î�•�U���í�ñ�ó�r�í�ó�ì�X

�^�µ�o�o�]�À���v���:�D�U�������o�š�Ì�����^���~�î�ì�ì�ñ���•���/�v�š���P�Œ���š�]�}�v�����v�����•���P�Œ���P���š�]�}�v���}�(��
�]�v�‰�µ�š�•�� �š�}�� �Z�]�P�Z���Œ�r�}�Œ�����Œ�� �v���µ�Œ�}�‰�]�o�•�� �}�(�� �š�Z���� ���Œ���Ç�(�]�•�Z�� ���Œ���]�v�V��
�:�}�µ�Œ�v���o���}�(�����}�u�‰���Œ���š�]�À�����E���µ�Œ�}�o�}�P�Ç�U���ð�ô�í�U���í�í�ô�r�í�î�ò�X

�^�µ�o�o�]�À���v �:�D�U �����v�š�}�v���:�>�U���^���v�����u���v�������U�������o�š�Ì�����^ �~�î�ì�ì�ó���• �����µ�o�š��
�v���µ�Œ�}�P���v���•�]�•�W�� ���� ���}�u�u�}�v�� �•�š�Œ���š���P�Ç�� �����Œ�}�•�•�� ���]�À���Œ�•����
�•�‰�����]���•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À���� �E���µ�Œ�}�o�}�P�Ç�U�� �ñ�ì�ì�U�� �ñ�ó�ð�r
�ñ�ô�ð�X

�^�µ�o�o�]�À���v �:�D�U �^���v�����u���v�������U�������v�š�}�v���:�>�U�������o�š�Ì�����^ �~�î�ì�ì�ó���• �����µ�o�š��
�v���µ�Œ�}�P���v���•�]�•�����v���������o�o�����Ç���o�����Œ���P�µ�o���š�]�}�v���]�v���š�Z�� ���Œ�µ�•�š���������v��
�}�o�(�����š�}�Œ�Ç�� �‰���š�Z�Á���Ç�W�� �(�Œ�}�u�� �P�o�]���o�� �‰�Œ�����µ�Œ�•�}�Œ�•�� �š�}��
���]�(�(���Œ���v�š�]���š������ �v���µ�Œ�}�v�•�V�� �:�}�µ�Œ�v���o�� �}�(�� �D�}�o�����µ�o���Œ�� �,�]�•�š�}�o�}�P�Ç�U��
�ï�ô���~�ò�•�U���ñ�î�ó�r�ñ�ð�î�X

�d���Œ�o�]�v�P�� �'���U�� ���µ�Ì�]�v�r�Z�}�µ���Ç �:�U�� ���µ���Z�Z�}�o�Ì�� �&�� �~�í�õ�õ�õ�•�� �s���Œ�š�]�����o��
�u�]�P�Œ���š�]�}�v�� �����Z���À�]�}�Œ�� �]�v�� �š�Z���� �v�}�Œ�š�Z���Œ�v�� �l�Œ�]�o�o��
�D���P���v�Ç���š�]�‰�Z���v���•���v�}�Œ�À���P�]�����]�•�� �]�v�(�o�µ���v�������� ���Ç�� �u�}�µ�o�š ���v����
�Œ���‰�Œ�}���µ���š�]�À�����‰�Œ�}�����•�•���•�V���D���Œ�]�v���������}�o�}�P�Ç���W�Œ�}�P�Œ���•�•���^���Œ�]���•�U��
�í�õ�ì�U���î�ñ�ï�r�î�ò�î�X

�d���µ�‰�]�v�� �W�� �~�î�ì�ì�ó�•�� ���Œ���h�� �]�u�u�µ�v�}�Z�]�•�š�}���Z���u�]�•�š�Œ�Ç�� �(�}�Œ�� �•�š�µ���Ç�]�v�P��
�����µ�o�š���v���µ�Œ�}�P���v���•�]�•�W���W���Œ�����]�P�u�•�U���‰�]�š�(���o�o�•�U���o�]�u�]�š���š�]�}�v�•�U�����v����
�À���o�]�����š�]�}�v�V�����Œ���]�v���Z���•�����Œ���Z���Z���À�]���Á�•�U���ñ�ï�U���í�õ�ô�r�î�í�ð�X

�h�š�š�]�v�P�� �D�U�� ���P�Œ�]���}�o���� �,�:�U�� �^���v�����u���v�� �Z���U�� �^���v�����u���v�� ���� �~�î�ì�ì�ì�•
�����v�š�Œ���o�����}�u�‰�o���Æ���]�v���š�Z�������Œ���]�v���}�(�����Œ���Ç�(�]�•�Z�����v�����]�š�•���‰�}�•�•�]���o����
�Z�}�u�}�o�}�P�Ç�� �Á�]�š�Z�� �š�Z���š�� �}�(�� �]�v�•�����š�•�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À����
�E���µ�Œ�}�o�}�P�Ç�U���ð�í�ò�U���î�ð�ñ�r�î�ò�í�X

�t�}�o�(�(�� �'�,�U�� �,���Œ�Ì�•���Z�� � �̂U�� �,���v�•�•�}�v�� ���^�U�� ���Œ�}�Á�v�� �^�U�� � �̂š�Œ���µ�•�(���o���� �E�:
�~�î�ì�í�î�• �E���µ�Œ�}�v���o���}�Œ�P���v�]�Ì���š�]�}�v���}�(���š�Z�����Z���u�]���o�o�]�‰�•�}�]�������}���Ç��
�}�(�� �š�Z���� �o���v���� �Z���Œ�u�]�š�� ���Œ�����U�����}���v�}���]�š���� ���o�Ç�‰�����š�µ�•�W��
���}�Œ�Œ���•�‰�}�v�����v������ �Á�]�š�Z�� �š�Z���� �u�µ�•�Z�Œ�}�}�u�� ���}���Ç�� �P�Œ�}�µ�v����
�‰���š�š���Œ�v�V�� �:�}�µ�Œ�v���o�� �}�(�� ���}�u�‰���Œ���š�]�À���� �E���µ�Œ�}�o�}�P�Ç�U�� �ñ�î�ì�U�� �î�ô�î�ð�r
�î�ô�ð�ò�X

�t�}�o�(�(�� �'�,�U�� �d�Z�}���v�� �,�,�U�� �D���Œ�•�Z���o�o�� �:�U�� �^���Ç�Œ���� �D���U�� �^�š�Œ���µ�•�(���o�� �E�:��
�~�î�ì�í�ó�•�� ���v�� �]�v�•�����š�r�o�]�l���� �u�µ�•�Z�Œ�}�}�u�� ���}���Ç�� �]�v�� ���� ���Œ�µ�•�š���������v��
���Œ���]�v�V�����>�]�(���U���ò�U�����î�õ�ô�ô�õ�X

�z�}�•�Z�]�v�}�� �D�U�� �<�}�v���}�Z�� �z�U�� �,�]�•�������� �D �~�í�õ�ô�ï�• �W�Œ�}�i�����š�]�}�v�•�� �}�(�� �š�Z����
�•�š���š�}���Ç�•�š���•���v�•�}�Œ�Ç���v���µ�Œ�}�v�•�����•�•�}���]���š�������Á�]�š�Z�����Œ���•�����v�š���Z���]�Œ�•��
�]�v�� �š�Z���� ���Œ���Ç�(�]�•�Z�U���W�Œ�}���u�������Œ�µ�•�� ���o���Œ�l�]�]�'�]�Œ���Œ���V�� �����o�o�� ���v����
�d�]�•�•�µ�����Z���•�����Œ���Z�U���î�ï�ì�U���ï�ó�r�ð�ô�X

�•�Z���v�P�� �z�U�� ���o�o�}���]�� �^�U�� �^���v�����u���v�� �����U�� �����o�š�Ì�� ���^ �~�î�ì�ì�õ�• �����µ�o�š��
�v���µ�Œ�}�P���v���•�]�•�� �]�v�� �š�Z���� ���Œ���Ç�(�]�•�Z�� ���Œ���]�v�W�� �‰�Œ�}�o�]�(���Œ���š�]�}�v�U��
�u�]�P�Œ���š�]�}�v�U�� ���v���� �‰�}�•�•�]���o���� �}�Œ�]�P�]�v�� �}�(�� �‰�Œ�����µ�Œ�•�}�Œ�� �����o�o�•�V��
�����À���o�}�‰�u���v�š���o���E���µ�Œ�}���]�}�o�}�P�Ç�U���ò�õ���~�ó�•�U���ð�í�ñ�r�ð�ï�ò�X

�•�Ç�•�v���Œ�����^ �~�í�õ�ó�ì�• �d�Z�������Ç���•���}�(���Á�Z�]�š�� �•�Z�Œ�]�u�‰�U���W���v�����µ�•���•���š�]�(���Œ�µ�•
�~�>�]�v�v�����µ�•�•�� �Á�]�š�Z�� ���� �v�}�š���� �}�v�� �š�Z���� �Œ�}���l�� �•�Z�Œ�]�u�‰�U���^�]���Ç�}�v�]����
���Œ���À�]�Œ�}�•�š�Œ�]�•�^�š�]�u�‰�•�}�v�V�� ���}�v�š�Œ�]���µ�š�]�}�v�•���š�}���D���Œ�]�v���� �^���]���v�����U��
�í�ñ�U���ô�ó�r�í�ì�î�X



�î�ò



�:

� �������	
��
����������

���;���	
�	3��� ���	��	B��,���	�

������ �����
��
���� �	� 
��� ����	��� ���
�� ������� �����
	� �������� ������� �����
��������
������ ��!��"�������
�#$����������!������	� "������
���
������!�������%�����
&

����	���	����!�	���������	��(:�	9*.	����	�'')�:



REGULAR ARTICLE

Brain architecture of the Pacific White ShrimpPenaeus vannamei
Boone, 1931 (Malacostraca, Dendrobranchiata): correspondence
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Abstract Penaeus vannamei(Dendrobranchiata, Decapoda)
is best known as theBPacific White Shrimp̂ and is currently
the most important crustacean in commercial aquaculture
worldwide. Although the neuroanatomy of crustaceans has
been well examined in representatives of reptant decapods
(Bground-dwelling decapods^), there are only a few studies
focusing on shrimps and prawns. In order to obtain insights
into the architecture of the brain ofP. vannamei, we use neu-
roanatomical methods including X-ray micro-computed to-
mography, 3D reconstruction and immunohistochemical
staining combined with confocal laser-scanning microscopy
and serial sectioning. The brain ofP. vannameiexhibits all the
prominent neuropils and tracts that characterize the ground
pattern of decapod crustaceans. However, the size proportion
of some neuropils is salient. The large lateral protocerebrum
that comprises the visual neuropils as well as the hemiellipsoid
body and medulla terminalis is remarkable. This observation
corresponds with the large size of the compound eyes of these
animals. In contrast, the remaining median part of the brain is
relatively small. It is dominated by the paired antenna 2
neuropils, while the deutocerebral chemosensory lobes play a
minor role. Our findings suggest that visual input from the
compound eyes and mechanosensory input from the second
pair of antennae are major sensory modalities, which this brain
processes.

Keywords Crustacea.Immunohistochemistry.Allatostatin.

Brain architecture and evolution. FMRFamide

Introduction

The species description of theBWhiteleg Shrimp̂ or BPacific
White Shr imp” Penaeus vannameiBoone, 1931
(Malacostraca, Decapoda, Dendrobranchiata) is based on
one male specimen (the holotype), which was purchased in a
market, Panama City, in 1926 by Dr. W.G. Van Name, to
whom the species name is dedicated (Boone1931). The ani-
mals (local name: Camarón patiblanco) are native to the
Eastern Pacific coast from Sonora, Mexico in the north,
through Central and South America as far south as Tumbes
in Peru, in areas where water temperatures are normally above
20 °C throughout the year (Rosenberry2002). The adults
grow to a maximum total length of 230 mm and live in tropical
marine habitats. The animals have been reported from depths
0 to 72 m but information on their natural habitat and preferred
life style is rudimentary (Holthuis1980). Females have a high
fecundity rate, releasing from 100,000 to 1,000,000 eggs at a
single spawning (Wickins1976). The postlarvae migrate in-
shore to spend their juvenile, adolescent and sub-adult stages
in coastal estuaries, lagoons or mangrove areas. Beginning in
1996, the species was introduced into Asia (reviewed in
Briggs et al.2004) and currently is the most important crusta-
cean in commercial world aquaculture, accounting for an an-
nual production of over 3 million tons and a production value
in access of US$ 13 billion (FAO yearbook2014; http://www.
fao.org/fishery/species/3404/en).

For those zoologists interested in aspects ofP. vannamei’s
external morphology, the original species description of
Boone (1931) is still a most valuable source. Our current
knowledge of the internal anatomy of dendrobranchiate
shrimps in general including histology were reviewed by
Bell and Lightner (1988) and Tavares and Martin (2010),
physiological aspects suchas the moult cycle by Corteel
(2013) and the general biology of Penaeidae by Dall et al.
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(1990). It appears from these contributions that the Pacific
White Shrimp’s outstanding role in world shrimp farming
and the global availability of billions of specimens has not
sparked the interest of international zoologists in this species’
morphology, which goes much beyond the general scientific
interest in any other dendrobranchiate shrimp. We are inter-
ested in evolutionary aspects of crustacean brain architecture,
specifically the question as to how neuroanatomy reflects the
sensory input that a certain brain processes and hence mirrors
the sensory landscape that the animals analyze (Sandeman
et al.1993, 2014; Strausfeld2012). Against this background,
we have previously studied the brains of marine and terrestrial
isopod crustaceans (Harzsch et al.2011; Kenning and Harzsch
2013), brachyuran crabs (Krieger et al.2012, 2015) and her-
mit crabs (Harzsch and Hansson2008; Krieger et al.2010;
Polanska et al.2012). In topics such as visual processing and
visual ecology (Zeil and Hemmi2006; Tomsic2016), learning
and memory (Tomsic and Maldonado2014), chemical senses
and chemical ecology (Derby and Weissburg2014), motor
control (Stein et al.2016) and neuroanatomy (Schmidt
2016), crustacean neurobiologists have so far mostly focused
on brachyuran crabs and reptantian malacostracans such as
crayfish, clawed lobsters and spiny lobsters rather than on
shrimps or prawns. For dendrobranchiate shrimps, a rather
limited number of studies on these animals’ neuroanatomy is
available, although they are considered to represent many an-
cestral features of decapod crustacean brain anatomy.
Sandeman et al. (1993) and Ngnernsoungern et al. (2008)
described the basic organization of the brain inPenaeus
monodon, whereas Ammar et al. (2008) analyzed structural
aspects of primary olfactory centers inFarfantepenaeus
paulensisand Sullivan and Beltz (2004) the lateral
protocerebrum ofPenaeus duorarum. Tinikul et al. (2011a,
b) investigated the distribution and concentration changes of
two biogenic amines (serotonin, dopamine), and a peptide
(gonadotropin-releasing hormone) in the central nervous sys-
tem and the ovary during the ovarian cycle inP. vannamei.
These studies have already provided some insights into the
basic neuroanatomy of their brain. The impressive eyes of
penaeid shrimps with their typical square facets have attracted
the attention of neuroanatomists in the field of vision research
(Zysnar1970; Meyer-Rochow and Walsh1977a; Nilsson1990).
Moving into caridean crustaceans, the prawns, morphological
information is also sparse. Only representatives of the genus
Macrobrachiumhave been analyzed by neuroanatomists.
Sandeman et al. (1993) described the basic brain structure and
selected details of their central and peripheral olfactory pathway
have been analyzed by Johansson (1991), Ammar et al. (2008,
2013) and Kruangkum et al. (2013).

The available studies on the brain architecture of
dendrobranchiate shrimps are contradictory concerning the
identification of important brain neuropils such as antenna 2
neuropil versus the tegumentary neuropil and the presence of

certain classes of olfactory interneurons and the available de-
scriptions of the visual neuropils are rudimentary at best
(Ngernsoungnern et al.2008; Ammar et al.2008; Tinikul
et al.2011a, b). If we assume that, along with Euphausiacea
and Caridea, the brains of Dendrobranchiata have retained
plesiomorphic features from the malacostracan ground pat-
tern, analyzing their brain organisation is crucial for any at-
tempt to understand trajectories of brain evolution within the
Malacostraca (Sandeman et al.1993). Describing the relative
proportions of brain areas known to be involved in processing
certain types of sensory input and comparing these propor-
tions to other crustaceans’ brains may also reflect how impor-
tant these senses are for the animals to analyze their environ-
ment (Sandeman et al.2014). Therefore, the current study sets
out to provide a detailed description of the Pacific White
Shrimp’s brain anatomy using contemporary neuroanatomical
methods, including X-ray computed tomography, 3D recon-
struction, classical histology, immunohistochemistry and con-
focal laser-scan microscopy.

Materials and methods

Immunohistochemistry

Adult specimens ofPenaeus vannameiwere obtained from
the Garnelen Farm Grevesmühlen GmbH & Co. KG
(Grevesmühlen, Germany). The animals were anaesthetized
by cooling on ice for at least 30 min and then decapitated.
Their brains (including the eyestalk neuropils) were dissected
in PBS (phosphate buffered saline, 0.1 M, pH 7.4) and fixed
overnight in 4 % PFA (paraformaldehyde) in 0.1 M PBS at
4 °C. After fixation, the brains were embedded in low-gelling
agarose or gelatine and then sectioned (80� m) with a
vibratome (Zeiss Hyrax V-50). Afterwards, the sections were
preincubated for 1.5 h in PBT (PBS + 0.3 % Triton X-100 +
1 % bovine serum albumine) to improve antibody penetration.
This was followed by overnight incubation in the primary
antisera at room temperature. The antisera we used were:
monoclonal anti-SYNORF1 synapsin antibody (DSHB,
3C11; from mouse); monoclonal anti-acetylated� -tubulin an-
tibody (Sigma-Aldrich, T6793; from mouse); polyclonal anti-
A-allatostatin antiserum (A-type Dip-allatostatin I; Jena
Bioscience, abd-062; from rabbit); polyclonal anti-
FMRFamide antiserum (Acris/Immunostar, 20091; from rab-
bit). After the incubation, all tissues were washed in several
changes of PBT for 1 h and incubated in the secondary anti-
bodies (anti IgGs) conjugated to Alexa Flour 488 (goat, anti-
rabbit) and Cy3 (goat, anti-mouse) overnight at room temper-
ature. Additionally, we used HOECHST 33258 (Sigma,
14530) as a nuclear marker to show the cell clusters. Finally,
the tissues were washed in several changes of PBT for 2 h and
mounted in Mowiol 4–88 (Roth, No. 0713.2).
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Antibody specifity

Synapsin

The monoclonal anti-SYNORF1 synapsin antibody (DSHB
Hybridoma Product 3C11; anti SYNORF1 as deposited to the
DSHB by E. Buchner) was raised against aDrosophila
melanogasterGST-synapsin fusion protein and recognizes at
least four synapsin isoforms (70, 74, 80 and 143 kDa) in west-
ern blots ofD. melanogasterhead homogenates (Klagges et al.
1996). Sullivan et al. (2007) showed a single band at ca. 75 kDa
in a western blot analysis of crayfish homogenates. Harzsch and
Hansson (2008) conducted a western blot analysis comparing
brain tissue ofD. melanogasterand the hermit crabCoenobita
clypeatus(Anomura, Coenobitidae). The SYNORF1 serum
provided identical results for both species and it stained one
strong band between 80 and 90 kDa and a second weaker band
slightly above 148 kDa (see Harzsch and Hansson2008). The
analysis suggests that the epitope that SYNORF1 recognizes is
strongly conserved betweenD. melanogasterandC. clypeatus.
Similar to the fruit fly, the antibody consistently labels brain
structures in other major subgroups of the malacostracan crus-
taceans (e.g., Beltz et al.2003; Harzsch et al.1997, 1998, 1999;
Krieger et al.2012) in a pattern that is consistent with the
assumption that this antibody labels synaptic neuropils in crus-
taceans. The antibody also labels neuromuscular synapses in
Crustacea andDrosophila (Harzsch et al.1997). In control
experiments in which the primary antibody was related with
PBS, all staining was abolished (data not shown).

Acetylated� -tubulin

Microtubules are a predominant component of the neuronal
cytoskeleton and essential for the maintenance and develop-
ment of neuronal morphology. Tubulin is a heterodimer of two
globular proteins� - & � -tubulin and appears in several iso-
forms. The acetylated� -tubulin is more stable under
depolymerizing conditions than the very dynamic tyrosinated
tubulin (Kreis1987). The monoclonal mouse anti-acetylated
� -tubulin (Sigma-Aldrich, T6793, IgG2b isotype) has already
been successfully tested in a variety of organisms (protists,
plants, vertebrates and invertebrates) indicating that the anti-
gen that this antibody recognizes is evolutionary conserved
across a broad range of species. In control experiments in
which the primary antibody was replaced by PBS, all staining
was abolished (data not shown).

A-type Dip-allatostatin I

The A-type allatostatins represent a large family of neuropep-
tides that were first identified from the cockroachDiploptera
punctata; they additionally share the C-terminal motif -
YXFGLamide (Nässel and Homberg2006; Stay et al.1995;

Stay and Tobe2007; Christie et al.2010). In the shore crab
Carcinus maenas(Brachyura), almost 20 native A-type
allatostatin-like peptides were identified from extracts of the tho-
racic ganglia (Duve et al.1997). Shortly afterwards, various
other A-type allatostatin-like peptides were isolated from the
Eastern CrayfishOrconectes limosus(Astacida; Dircksen et al.
1999). Meanwhile, A-type allatostatin peptides have been dis-
covered in a wide range of malacostracan crustaceans, including
Brachyura (e.g., Huybrechts et al.2003), Astacida (e.g., Cape
et al.2008), the prawnsPenaeus monodon(Duve et al.2002)
andMacrobrachium rosenbergii(Yin et al.2006) and also in the
shrimpPenaeus vannamei(Ma et al.2010). Christie et al. (2016)
identified a total of 29 peptides with the C-terminal motif, -
YXFGLamide, in the latest analysis on the peptidome of the
shore crab. The allatostatin-related petides were also analyzed
in P. vannameiin silico analysis (Christie2014). The polyclonal
rabbit allatostatin antiserum used in the present study was raised
against theDiploptera punctataA-type Dip-allatostatin I,
APSGAQRLYGFGLamide, coupled to bovine thyroglobulin
using glutaraldehyde (Vitzthum et al.1996). It has previously
been used to localize A-type allatostatin-like peptides in crusta-
cean and insect nervous systems (e.g,. Kreissl et al.2010;
Polanska et al.2012). In control experiments in which the pri-
mary antibody was replaced by PBS, all staining was abolished
(data not shown). In the following, we will use the term
Ballatostatin-like immunoreactivity^ to indicate that the antibody
most likely binds to various related peptides within this peptide
family.

FMRFamide

The tetrapeptide FMRFamide and related peptides are widely
distributed among invertebrates and vertebrates. They form a
large neuropeptide family with more than 50 members that all
share the RFamide motif (Price and Greenberg1989;
Greenberg and Price1992; Nässel1993; Homberg1994;
Dockray 2004; Nässel and Homberg2006; Zajac and
Mollereau2006). In malacostracan Crustacea, at least 12
FMRFamide-related peptides have been identified and se-
quenced from crabs, lobsters, shrimps and crayfishes
(Huybrechts et al.2003, Mercier et al.2003). The peptide
lengths range from 7 to 12 amino acids and mostly share the
carboxy terminal sequence LRFamide. FMRFamide-related
petides have also been identified inP. vannameiin an in silico
analysis (Christie2014). The polyclonal ImmunoStar
FMRFamide antiserum (rabbit, Cat.No. 20091, Lot
No.1331002) was raised against a synthetic FMRFamide
coupled to bovine thyroglobulin. This antibody has been
widely used in Crustacea, e.g., the crabCarcinus maenas
(Krieger et al.2012), the terrestrial hermit crabCoenobita
clypeatus(Harzsch and Hansson2008) and the spiny lobster
Panulirus argus(Schmidt and Ache1997). In control
experiments in which the primary antibody was replaced
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by PBS, all staining was abolished (data not shown).
Because crustacean FMRFamide-related peptides so far
known all share the carboxy terminal sequence
LRFamide, we conclude that the ImmunoStar antiserum
that we used most likely labels any peptide terminating
with the RFamide sequence. Therefore, we have used
the term BRFamide-like immunoreactivity^ throughout
the paper.

Classical histology

For paraffin histology, a head ofPenaeus vannameiwas
stored in Bouin’s fixative for several days, then
dehydrated in an ethanol series and embedded in paraf-
fin wax mixed with 5 % beeswax. Serial 6-� m sections
were taken in the frontal plane with a Fisher Scientific
Microm HM 360. The sections were stained with Azan-
novum according to Geidies using standard protocols
(Mulisch and Welsch2010).

Imaging and terminology

An overview of the dissected brain (Fig.1a) was
photographed with a Zeiss Axiophot compound microscope
(×2.5 objective) equipped with a Touptek DCM 510 ocular
camera. Cross-polarized light was used to minimize re-
flections. The brain was documented with two different
exposure times. Overall, 20z-stacks were documented,
each with up to 20 single images. Thez-stacks were
fused with Zerene Stacker and the resulting images were
stitched with the Photomerge function of Adobe
Photoshop CS4 (Hörnig et al.2016).

The tissues processed for immunofluorescence were
viewed with a Leica TCS SP5II confocal laser-scanning mi-
croscope equipped with DPSS, Diode- and Argon-lasers and
operated by the LeicaBApplication Suite Advanced
Fluorescencêsoftware package (LASAF). Digital images
were processed with Adobe Photoshop. Only the global pic-
ture enhancement features of Photoshop elements (brightness
and contrast) were used for all experiments. The tissues

Fig. 1 The entire animal (a,
anterior to the left side and dorsal
towards the top), a dissected brain
and eyestalk neuropils (b) and
dorsal aspects of the head (c) of
Penaeus vannamei(composite
photography) to indicate the
positional relationship of the
visual neuropils, the antenna
nerves and the esophageal
connectives to the syncerebrum.
Note the massive amount of
neuronal tissue within the
eyestalk neuropils compared to
the median brain.A1antenna 1,
A2antenna 2,AINvantenna 1
nerve,AIINvantenna 2 nerve,DC
deutocerebrum,DCL
deutocerebral chemosensory lobe,
EYcompound eye,OC
esophageal connective,P 1–5
basal insertions of pereiopods 1–
5, PC protocerebrum,PL 1–5
pleopods 1–5, PTprotocerebral
tract,RSrostral spine,SC
scaphocerite,TC tritocerebrum,
vNpvisual neuropils.Scale bars
(a, c) 5 mm, (b) 1 mm
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processed for classical histology were viewed with a Nikon
Eclipse 90i upright microscope and bright-field optics.

The neuroanatomical nomenclature used in this manuscript
is based on Sandeman et al. (1993) and Richter et al. (2010)
with some modifications adopted from Harzsch and Hansson
(2008) and Loesel et al. (2013). According to these sources,
we use the terms lamina, medulla and lobula for the visual
neuropils instead of the terms lamina ganglionaris, medulla
externa and medulla interna. We collectively refer to these
three visual neuropils together with the lobula plate, the me-
dulla terminalis and the hemiellipsoid body as theBlateral
protocerebrum̂. We use the term deutocerebral
chemosensory lobe instead of olfactory lobe (Loesel et al.
2013).

Unless indicated otherwise, all images are orientated with
the anterior facing to the top.

X-ray micro-computed tomography

MicroCT scans were performed using a XRadia XCT-200 that
uses a 90-kV/8-W tungsten x-ray source and switchable
scintillator-objective lens units as described by Sombke et al.
(2015). Samples were critical point-dried and scanned dry
(scan medium air). The right eyestalk and the median brain
were scanned separately with a pixel size of 2.33� m and
1.16 � m, respectively. Tomography projections were recon-
structed using the reconstruction software provided by
XRadia, resulting in image stacks (DICOM format). The 3D
volume reconstructions of the image stacks obtained by the
microCT were performed using the software Amira (VSG) as
described in Sombke et al. (2015).

Results

Gross morphology

The cephalothorax ofPenaeus vannameiis sheltered dorsally
by a strong carapace with an anteriorly extending rostrum
(Fig. 1a). The bilaterally paired large compound eyes (EY) are
stalked and located dorsally to the base of the first and second
pair of antennae (Fig.1a, c). The first pair of the biramous
antennae (A1) is short and stout. Each antenna bears two flagella
at its distal end, which project anteriorly as far as the rostrum
(Fig.1c). The second pair of antennae (A2) is characterized by a
basal blade-like extension, the scaphocerite or antennal scale
(SC; Fig.1c) and a flagellum that is more or less as long as
the entire animal (Fig.1a; compare also Boone1931).

The median part of the brain ofP. vannameiis a little longer
than broad unlike the brains of many other decapod crustaceans
such as Brachyura or Anomura [Figs.2, 8 (see below); compare
Sandeman et al.1993]. Its subdivision into three successive
neuromeres, the proto-, deuto- and tritocerebrum is externally

evident from the associated nerves to the sensory organs
(Fig.1b). In the following, we will refer to bilaterally paired brain
structuresandassociatedappendagesonlyononesideof thebrain
[Figs.2,8(seebelow)].Themedialprotocerebrumis linkedto the
lateral protocerebrum, which includes the visual neuropils, the
medulla terminalis and the hemiellipsoid body via the
protocerebral tract (PT). The neuropils of the lateral
protocerebrum collectively are also called the eyestalk neuropils
(Schmidt2016) and are located anteriorly at a considerable dis-
tance from the syncerebrum. The paired neuropils of the lateral
protocerebrum togethercompose at least asmuchneuronal tissue
as the median part of the brain. The antenna 1 nerve (AINv)
connects the first antenna to the deutocerebrum (Fig.1b). The
tritocerebrum is associated with the second antennae. Its nerve
is divided into two parts (Fig.1b), perhaps indicating the division
of thisappendage intoascaphoceriteand thevery long flagellum.
Thebrain’sneuraxisbasically followsthebodyaxisbut isslightly
bent dorsally so that the protocerebrum is situated anterodorsally
to the deutocerebrum.

Lateral protocerebrum

Like most malacostracan crustaceans,P. vannameihas three suc-
cessive visual neuropils in its eyestalk, which from distal to prox-
imal are called lamina (La), medulla (Me) and lobula (Lo)
[Figs.3a–d, 7, 8 (see below)]. Furthermore, we tentatively iden-
tified a lobula plate (LoP; Fig.3d1), which in other
malacostracans is also present as the fourth visual neuropil
(discussed in Strausfeld2012). The lamina, as the distal-most
visual neuropil, is a tender layer of neuropil, which because of
its proximity to the retina is often lost during the dissection but is
well visible in the histological sections of the entire eyestalks
(Fig.3d). ItconsistentlydisplaysRFamide-likeimmunoreactivity
(Fig.3a1). The second visual neuropil, the medulla, is composed
of multiple layers and in the histological sections appears some-
what broader than the lamina.Allatostatin-like immunoreactivity
is arranged in at least five different layers (Fig.3b) and RFamide-
like peptides in at least three layers (Fig.3a). The sinus gland was
tentatively identified as being composed of a few large somata
with strong allatostatin-like immunoreactivity (Fig.3b, c). The
third visual neuropil, the lobula, is also multilayered and the
allatostatin- and RFamide-like peptides are evenly distributed in
three layers (Fig.3a, b). The lobula plate is a small spherical
neuropil that in sagittal sections appears to be attached to the
lobula as a satellite (Fig.3d1). Further proximally within the eye-
stalks, themedulla terminalis (TM)andhemiellipsoidbody (HN)
complexare located(Fig.3d). InP.vannamei, thesetwoneuropils
are difficult to discern (Fig.3a, b), an observation that has previ-
ously already been reported by Sullivan and Beltz (2004). The
lateral protocerebrum is connected to the median protocerebrum
via the protocerebral tract (PT), which, among its several hun-
dreds of axons, also contains several neurites with strong
allatostatin-like immunoreactivity (data not shown).
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Median protocerebrum

Themedianprotocerebrumisdominatedbytwomediallyfusedlarge
neuropils, the anterior and posterior medial protocerebral neuropil
[AMPN and PMPN; Figs.2, 4, 7, 8 (see below)]. These neuropils
embrace the central complex composed of the protocerebral bridge
(PB), central body (CB) and the paired lateral lobes (LL; Fig.4a–d).
Anteriorly to the V-shaped protocerebral bridge neuropil (Fig.4c),
the cell nuclei of cluster (6) can be visualized by the HOECHST
DNA marker (Fig.4c) and classical histology (Fig.4a). This cluster
contains numerous neurons with strong allatostatin-like immunore-
activity. Their neurites project into the central complex. At the inter-
face between the anterior and posterior medial protocerebral
neuropils, the cigar-shaped central body neuropil extends across the
midline(Fig.4a,b).Thecentralbodyseemstobetransverselydivid-
ed in a thin upper unit and a thicker lower unit. Both units display a
strong synapsin, allatostatin-like and RFamide-like immunoreactiv-
ity (Fig.4d, d1). The central body laterally extends into the posterior
medial protocerebral neuropil, towards the lateral lobes (Fig.4b),
domains with a high density of allatostatin-like immunoreactivity.
Furthermore,somelongitudinallyextendingneuriteswere identified
in the central complex projecting from cell cluster (6) to the
protocerebral bridge and further on to the central body (Fig.4b, c).

Deutocerebrum

The median antenna 1 neuropil (MAN) is arranged in the center of
the deutocerebrum and posteriorly to the PMPN [Figs.2, 7, 8 (see
below)]. It is known to receive input from the statocyst in malacos-
tracan crustaceans (Schmidt2016). It is anteriorly adjoined to the
medianprotocerebrum,posteriorly to the tritocerebrumand lateral-
ly to the paired lateral antenna 1 neuropils (LAN). Both of these
neuropils (MAN and LAN), which process input from antenna 1,
show a strong synapsin, allatostatin-like and RFamide-like immu-
noreactivity(Figs.2,5c,6a).Therearetwolargecellsomataclosely
associated with the median antenna 1 neuropil that display strong
allatostatin-like immunoreactivity (Fig.6a). Their neurites project
posteriorly into the tritocerebrum and transversely into the lateral
antenna 1 neuropil. Another paired neuropil with a conspicuous
structureis locatedlaterally inthedeutocerebrum,thedeutocerebral
chemosensorylobe(DCL;alsocalledBolfactorylobê).EachDCL
is composed of small, wedge-shaped neuropil units, the olfactory
glomeruli, which are arranged radially around its periphery
(Fig. 5d, e). The glomeruli show a strong synapsin and tubulin
immunoreactivity. Furthermore, the glomeruli are innervated by
local interneurons from cluster (9/11) that display allatostatin-like
andRFamide-like immunoreactivity (Fig.5c).Cell cluster (9/11) is

Fig. 2 Horizontal vibratome
section of the median brain
(anterior is towards the top) triple-
labeled for synapsin-
immunoreactivity (red),
RFamide-like immunoreactivity
(green) and nuclear marker (blue).
AMPNanterior medial
protocerebral neuropil,AnN
antenna 1 neuropil,DCL
deutocerebral chemosensory lobe,
LAN lateral antenna 1 neuropil,
MANmedian antenna 1 neuropil,
PMPNposterior medial
protocerebral neuropil,PNTN
projection neuron tract neuropil,6
cell cluster.Scale bar250� m

Cell Tissue Res

Author's personal copy



located posteromedially to the DCL, as can be detected by the
nuclear counterstain and in histological sections (Figs.2, 5a).
Some of the local interneurons within this cluster display
RFamide-like immunoreactivity (Fig.5c).Anothercell cluster,cell
cluster (10) is locatedposteroventrally to theDCL.Thiscell cluster
(10) is smaller than the cell cluster (9/11) and hosts the olfactory
projectionneurons(Figs.5b,7f).Someofthesesomatashowstrong
allatostatin-like immunoreactivityandtheirneuritesproject into the
DCL but also have branches in the projection neuron tract (PNT;
data not shown). This projection neuron tract could be clearly seen
in the frontallycutparaffinsections(Fig.5a,a1).Thedeutocerebral
chemosensory lobes are linked with the lateral protocerebrum by

the projection neuron tract. Afteremerging from the deutocerebral
chemosensory lobes, it extends dorso-medially to meet the contra-
lateral counterpart in a chiasm posterior to the central body
(Fig.5a2). Afterwards, the two arms of the tract separate again to
proceed antero-laterally to exit the median protocerebum via the
protocerebraltractandtotargetthelateralprotocerebum(Fig.5a).A
small commissural fiber bundle seems to be associated with the
PNT posteriorly and ventrally to the chiasm to provide a separate
link of the deutocerebral neuropils across the midline (arrows in
Fig. 5a). This structure was termedBprospective deutocerebral
commissurêby Ammar et al. (2008). Another small neuropil is
located at the interface of the DCL and the PNT, the projection

Fig. 3 Lateral protocerebrum.a
Horizontal section of the right
eyestalks (the distal part of the
eyestalk with the retina is towards
the top, lateral is towards the right
of the image), triple-labeled for
acetylated tubulin-
immunoreactivity (red),
RFamide-like immunoreactivity
(green) and a nuclear marker
(blue). a1Higher magnification
of theboxed areain (a). b Spatial
relationship of the lateral
protocerebrum and the medially
located sinus gland (SG);
horizontal section of the right
eyestalk (the distal part of the
eyestalk with the retina is towards
the top, lateral is towards the right
of the image), triple-labeled for
acetylated tubulin-
immunoreactivity (red),
allatostatin-like immunoreactivity
(green) and a nuclear marker
(blue). c Detail of allatostatin-like
immunoreactive neurons
associated with the sinus gland.d
Histological staining of a frontal
section (Azan stain) of the entire
right eyestalk including the
compound eye (distal is towards
the top of the image and ventral
towards the right).d’ Histological
section showing the lobula plate.
HN/TMcomplex of hemiellipsoid
body neuropil and medulla
terminalis,La lamina,Lo lobula,
LoP lobula plate,Memedulla,R
retina,SGsinus gland,2 and3
cell clusters.Scale bars(a, b)
250� m, (a’) 100� m, (c) 50 � m,
(d) 500� m
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neuron tract neuropil (PNTN; Fig.5a1, c–e). It shows strong
synapsin, RFamide-like and allatostatin-like immunoreactivity.

Tritocerebrum

The third part of the syncerebrum, the tritocerebrum, is dominated
by the distinctive antenna 2 neuropil (AnN, Figs.6, 7, 8). It is the
largestneuropilwithinthemedianbrainandseemstobesubdivided
into one larger and medially into one smaller part. This neuropil
receives input fromthesecondantenna,hasacylindrical shapeand
lies ventrolaterally to the esophageal connectives. Synapsin-
immunoreactivity as well as allatostatin-like and RFamide-like

immunoreactivity reveala transverselystratifiedpatternwithin this
neuropil (Fig.6a, c).

Discussion

General remarks

Previous studies on representatives of the Dendrobranchiata
have outlined the gross morphology of their brain (Sandeman
et al.1993; Ngernsoungnern et al.2008; Tinikul et al.2011a,
b) or have explored specific areas in more detail such as the

Fig. 4 Horizontal sections of the
median protocerebrum and
central complex (anterior is
towards the top;b–d are confocal
laser-scan images).a Section of
the median protocerebrum, Azan
stain.b Central complex labeled
for synapsin immunoreactivity
(red) and allatostatin-like
immunoreactivity (green). c
Detail of the protocerebral bridge
neuropil (PB) labeled with anti-
synapsin (red) and cell cluster (6)
labeled with nuclear marker
(blue). d Detail of the central
body, double-labeled for synapsin
immunoreactivity (red) and
RFamide-like immunoreactivity
(green). d’ Inverted anti-synapsin
labeling of the central body
(black–white inverted image).
AMPNanterior medial
protocerebral neuropil,CBcentral
body,LL lateral lobes,PB
protocerebral bridge neuropil,
PMPNposterior medial
protocerebral neuropil,6 cell
cluster.Scale bars(a, b) 250� m,
(c–d’) 100� m
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lateral protocerebrum (Sullivan and Beltz2004) or the
deutocerebral chemosensory lobes (Ammar et al.2008). Our
contribution supplements these studies by providing addition-
al details on the brain areas of these organisms, which so far
have been less well studied, for example, the visual neuropils,
the central complex and the antenna 2 neuropil. Our study also
answers specific open questions on the architecture of their
brain. From the studies of Sandeman et al. (1993) and Ammar
et al. (2008), it was unclear if the olfactory system of
Dendrobranchiata is associated only with a cluster of olfactory
projection neurons (cluster 10) or also with a cluster of local

olfactory interneurons (cluster 9/11) as in most other
Decapoda (see, e.g., Schachtner et al.2005; Harzsch et al.
2012; Derby and Weissburg2014; Schmidt2016). In agree-
ment with the study of Tinikul et al. (2011b; their fig. 1b), we
provide evidence that this second cluster is present, as sug-
gested for the ground pattern of Malacostraca (Kenning et al.
2013). Another open question deals with the identification of
the tegumentary neuropil versus the antenna II neuropil
(Tinikul et al.2011a, b); contrary to these studies, we are able
to clearly identify the antenna 2 neuropil but could not find a
distinct tegumentary neuropil.

Fig. 5 Overview of the
deutocerebrum and details of the
deutocerebral chemosensory lobe
(DCL; horizontal sections, anterior
is towards the top in all panels).a
Histological section of the proto-
and deutocerebrum,arrowheads
indicate the deutocerebral
commissure.a1Higher
magnification of theboxed areain
(a) to show details of the neuropil
(PNTN) associated with the projec-
tion neuron tract.a2;Higher
magnification of theboxed areain
(a) to show details of the chiasm of
the arms of the projection neuron
tract (PNT).bSpatial relationshipof
cell cluster (10) to the DCL (right
sideof thebrain), triple-labelling for
acetylated tubulin-
immunoreactivity (red),
allatostatin-like immunoreactivity
(green) and nuclear marker (blue).c
Detail of the local interneurons that
are located in cell cluster (9/11) and
innervate the DCL (right side of the
brain), labeled for anti-synapsin
(red) and RFamide-like immunore-
activity (green).d Allatostatin-like
immunoreactivity, black–white
inverted image
showinga largeneuritebundle from
local olfactory interneurons
projecting into the DCL (left side of
the brain).eRFamide-like
immunoreactivity within the
glomeruli of the right DCL (black–
white inverted image).AMPN
anterior medial protocerebral
neuropil,DCLdeutocerebral
chemosensory lobe,LANlateral
antenna 1 neuropil,PNTprojection
neuron tract,PNTNprojection
neuron tract neuropil,PMPN
posterior medial protocerebral
neuropil,9/11and10cell clusters.
Scale bars(a) 250� m, (a1) 50� m,
(b–e) 100� m
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In arthropods, a long tradition exists in discussing the ques-
tion of the adaptive and functional relationship of a particular
brain area to the habitat, environment and behavior of an or-
ganism (Hanström1926; Sandeman et al.1993, 2014; Niven
and Laughlin2008; Chittka and Niven2009; Harzsch et al.
2012). It has been suggested that adaptations to habitat, sen-
sory landscape or lifestyle are mainly confined to receptor
systems and consequently to the organization of the primary
sensory neuropils because larger amounts of sensory input
necessitate larger amounts of processing neural tissues
(Chittka and Niven2009). These authors also proposed that,
during evolution, specific brain regions may expand relatively
to the rest of the brain, in correspondence with ecological
specialization. Along the same lines, considering the high
physiological costs of maintaining nervous tissue, we can

expect that poorly used brain areas will quickly erode away
during evolution. Therefore, well-developed sensory systems
and associated brain areas of an animal can be expected to
analyze environmental information, which is important and
ecologically relevant for the fitness of the organism.
Similarly, changes in the organization of a neuropil, e.g., in-
creasing numbers of glomeruli in the deutocerebral
chemosensory lobe, could indicate a varying ability to dis-
criminate the sensory input (Beltz et al.2003). However, such
correlations can only be validated in the context of quantita-
tive data on certain brain areas. Nevertheless, the relative pro-
portions of brain neuropils can also provide useful information
when viewed in a comparative context (Sandeman et al.
2014). In the following, we will discuss the individual
neuropils of the brain ofP. vannameiwith some remarks on

Fig. 6 Overview of the deuto-
and tritocerebrum (anterior is
towards the top) and details of
antenna 2 neuropil (AnN). a
Horizontal section to demonstrate
the size of the antenna 2 neuropils
in relation to the deutocerebrum,
triple-labeling for acetylated
tubulin-immunoreactivity (red),
allatostatin-like immunoreactivity
(green) and nuclear marker (blue),
anterior is to the top.b Oblique
frontal section of the AnN stained
with Azan.c Detail of the strati-
fied AnN, allatostatin-like immu-
noreactivity (black–white
inverted image).AnNantenna 2
neuropil,DCL deutocerebral
chemosensory lobe,LANlateral
antenna 1 neuropil,9 cell cluster.
Scale bars(a–c) 250� m
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their environment in the context of how neuroanatomy may
reflect the sensory input that a brain processes.

Lateral protocerebrum and visual input

To our knowledge, this is the first report on thevisual neuropils in
a dendrobranchiate using immunohistochemistry combined with
confocal microscopy. At the level of resolution that our method
provides, we conclude that the structure and arrangement of their
visual neuropils lamina, medulla, lobula and lobula plate

including thecomplex system of alternating layers in the medulla
and lobula fits the typical pattern of decapod crustaceans (see
reviews by, e.g., Strausfeld and Nässel1981; Harzsch et al.
2012; Glantz2014; Schmidt2016). Studies on the lamina and
medulla exist for other taxa with a shrimp-like habitus, such as
the carideanPandalus borealis(Nässel1975), the mysid
Neomysis integer(Strausfeld and Nässel1981; Elofsson and
Hagberg1986; see also Moreau et al.2002) or the euphausiacean
Meganyctiphanesnorvegica(StrausfeldandNässel1981).These
studies were conducted with silver impregnation techniques and

Fig. 7 Three-dimensional reconstruction (Amira) of the brain based on
an image stack obtained by X-ray micro-computed tomography (note that
both AnN were not entirely imaged in this scan). Only the major neuropils
and selected cell clusters are shown and not the outer brain contour. For
the color-scheme of neuropils, compare Fig.8. a–c Visual neuropils and
lateral protocerebrum within the right eyestalk viewed dorsally (a), later-
ally (b) and posteriorly (c). d–f Median brain in an oblique fronto-lateral
view (d, dorsal is towards the top), a frontal view (e, anterior is to the top)

and a lateral view (f, anterior is to the left).AINvnerve of antenna 1,AnN
antenna 2 neuropil,CB central body,DCL deutocerebral chemosensory
lobe,HN/TMhemiellipsoid body/medulla terminalis complex,La lamina,
LANlateral antenna 1 neuropil,Lo lobula,LoPlobula plate,Memedulla,
PBprotocerebral bridge,PNTprojection neuron tract,PNTNneuropil of
the projection neuron tract,SG sinus gland,vT visual tract,numbers
indicate cell clusters
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are therefore not well comparable with the present study.
However, together, these studies indicate that the cellular organi-
zation of the lamina, medulla and lobula must have already been
very complex in the ground pattern of Malacostraca (compare
Kenning et al.2013). The highly sophisticated visual system of
Stomatopoda is another example to support this claim (Marshall
et al.2007; Cronin and Feller2014).

The presence of a fourth visual neuropil (lobula plate,
lobula satellite) that in insects was suggested to process opto-
kinetic information is likely part of the ground pattern of
Malacostraca and Hexapoda (Sinakevitch et al.2003;
Strausfeld2005; see also Strausfeld2009; Kenning et al.
2013) but a homology of these neuropils in these taxa was
questioned by Schmidt (2016). In malacostracan crustaceans,
such lobula satellites were described, e.g., in an isopod species
(Sinakevitch et al.2003), several brachyuran crab species
(Sztarker et al.2005; Krieger et al.2012) and hermit crabs
(Harzsch and Hansson2008; Krieger et al.2012), as well as
crayfishes (Boptic focî in Strausfeld and Nässel1981;
Bdiamedullary neuropil^ in Blaustein et al.1988). In the pres-
ent study, we also localizeda lobula satellite neuropil.

However, the available descriptions of this structure vary
across the Malacostraca, as do the techniques used to localize
this neuropil. As long as we do not have comprehensive data
about the connectivity of this fourth neuropil across a broad
range of malacostracans, it will be difficult to conclude if what
has so far been termed a lobula plate or lobula satellite
neuropil is in fact a homologous structure in the
Malacostraca and the Hexapoda.

The compound eyes of members of the Penaeidae are gen-
erally very large and forPenaeus monodonwere reported to
comprise several thousands of ommatidia (Dall et al.1990).
The ommatidia of those Dendrobranchiata that have been an-
alyzed function as superposition eyes and therefore are, gen-
erally speaking, effective in the collection of light under dim
illumination conditions (Nilsson1989; Gaten1998; Cronin
and Feller2014). Their eyes are reflecting superposition eyes
(Gaten1998) but species with refracting superposition have
also been reported (Nilsson1990). Zysnat (1970), in his dis-
cussion of the eyes ofPenaeus setiferus, pointed out that, for
crustaceans that inhabit turbid waters, a visual system that
enhances the capture of light is of general advantage.

Fig. 8 Schematic representation
of the brain ofP. vannameifrom a
ventral view.AMPNanterior
median protocerebrum,AnN
antenna 2 neuropil,CBcentral
body,DCL deutocerebral
chemosensory lobe,HN/TM
hemiellipsoid body/medulla
terminalis complex,La lamina,
LAN lateral antenna 1 neuropil,
LL lateral lobes, Lo lobula,LoP
lobula plate,Memedulla,PB
protocerebral bridge,PMPN
posterior median protocerebrum,
PNTprojection neuron tract,
PNTNneuropil of the projection
neuron tract,numbersindicate
cell clusters
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Considering that each ommatidium provides axons from sev-
en retinula (photoreceptor) cells (Zysnar1970; Meyer-
Rochow and Walsh1977a), in Penaeidae, a massive input of
afferent axons targets the visual neuropils in each eyestalk. As
mentioned above, the eyestalk neuropils of both sides together
amount for at least as much nervous tissue as the central part
of the brain. Such a ratio is also typical for other decapod
crustaceans (e.g., Strausfeld2012; Glantz2014; Schmidt
2016) but nevertheless indicates that vision is one of the major
sensory modalities that the brain ofP. vanameiprocesses.

The lateral protocerebrum of malacostracans also comprises
two additional neuropil regions, the medulla terminalis and
hemiellipsoid body, both higher integrative centers that receive
visual, olfactory and most likely also mechanosensory input
(Harzschet al.2012).These regionshaveundergonepronounced
evolutionarymodificationsacross theEumalacostraca(discussed
in Kenning and Harzsch2013; Strausfeld2012; Sandeman et al.
2014). Terrestrial hermit crabs, for example, display extremely
complex hemiellipsoid bodies (Harzsch and Hansson2008;
Wolff et al.2012), reflecting a massive input from their sophisti-
cated olfactory systems. In contrast, the lateral protocerebrum of
presumablybasaleumalacostracantaxadifferdramatically in that
the medulla terminalis is a rather small and unstructured neuropil
and the hemiellipsoid body is poorly developed. Sullivan and
Beltz (2004) presented a thorough neuroanatomical analysis of
this region in representatives of the Stomatopoda, the
Dendrobranchiata, the Caridea and the Stenopodidea, using im-
munohistochemical techniques and tracers to label the olfactory
projection neurons that target the lateral protocerebrum. In their
comparison,P. duorarumas representative of the
Dendrobranchiata had the most poorly differentiated medulla
terminalis and hemiellipsoid body. Our own findings are in line
with this report in that, without using tracers for the afferents as in
Sullivan and Beltz (2004), we could barely distinguish the me-
dulla terminalis fromthehemiellipsoidbodyinP.vanammei.Size
and structural complexity clearly reflect the level of olfactory
input that these regions receive (Sandeman et al.2014). In con-
clusion, the medulla terminalis and hemiellipsoid body of
P. vannameireceive relativelysparse input fromolfactoryprojec-
tionneurons,comparedtoothermalacostracantaxa.Thisaspect is
mirrored in the relative small size of their primary olfactory cen-
ters as will be discussed in the next section. Furthermore, it is
beyond doubt that the relative extent to which the deutocerebral
chemosensoryoutputpathwayarborizeswithin thehemiellipsoid
body versus medulla terminalis changed considerably during the
evolution of the eumalacostracan lineage (Sullivan and Beltz
2004). These authors suggest that, in the ground pattern of
Malacostraca, the medulla terminalis and not the hemiellipsoid
body served as the most important second-order olfactory center.
Such evolutionary aspects and the fact that the lateral
protocerebrum probably had a relatively simple organization in
the malacostracan ground pattern (Kenning et al.2013) must be
taken into account when exploring possible structural similarities

of these areas between crustaceans and insects (Wolff et al.2012;
Strausfeld2012).

Deutocerebrum and olfactory system

Malacostracan Crustacea are equipped with two pairs of anten-
nae, the first being associated with the deutocerebrum, while the
secondisassociatedwiththetritocerebrum.Thefirstantennalpair
(termedtheantennulesorantennae1)isequippedwithspecialized
olfactorysensilla (aesthetascs) inaddition tobimodalchemo-and
mechanosensilla, whereas the second pair is only equipped with
the latter. In many Reptantia, the tips of the first antennae (more
specifically the inner flagellum) bear a tuft region with arrays of
aesthetascs that house branched dendrites of olfactory sensory
neurons (see reviews by Hallberg et al.1992; Hallberg and
Hansson1999; Mellon 2007, 2012; Hallberg and Skog2011;
Schmidt and Mellon2011; Derby and Weissburg2014). Most
of our knowledge on these sensilla stems from studies on mem-
bers of the Eureptantia, whereas only a few studies are available
on other eumalacostracan representatives such as Mysidacea,
Euphausiacea, Caridea or Stomatopoda (e.g., Hallberg et al.
1992; Derby et al.2003; Kruangkum et al.2013). To our knowl-
edge, the sensillar equipment of antenna 1 in Dendrobranchiata
has not been explored in a methodological depth comparable to
thestudiesonothermalacostracans.However,giventhestructural
conservation observed in studies on Stomatopoda and Caridea
(Hallberg et al.1992; Derby et al.2003; Kruangkum et al.2013)
and given that these two taxa are rather closely related to
Dendrobranchiata,wemayexpect that their firstantennaearealso
equipped with aesthetascs and bimodal chemo- and
mechanosensory sensilla.

The chemosensory neurons associated with the aesthetascs
versus the bimodal non-aesthetasc sensilla on the first antenna
of malacostracan crustaceans innervate distinct regions in the
brain (see reviews in Schmidt and Mellon2011; Mellon2012;
Derby and Weissburg2014; Schmidt2016). The axons of the
olfactory sensory neurons associated with the aesthetascs tar-
get the deutocerebal chemosensory lobes (syn. olfactory
lobes), whereas the axons associated with non-aesthetasc sen-
silla innervate the lateral antenna 1 neuropil (for additional
types of sensilla, see Mellon2012). Our current understanding
of this dual system is that odorant quality is most likely ana-
lyzed in the chemosensory lobes whereas spatial and temporal
aspects of odor plumes are extracted in the lateral antenna 1
neuropils (Schmidt2007; Mellon 2007, 2012). In all
reptantian Crustacea studied so far, the bilaterally arranged
deutocerebral chemosensory lobes consist in radially arranged
Bglomerulî that are spherical or wedge-shaped areas of dense
synaptic neuropil with their apices pointing inwards, where
the neurites of the sensory neurons interact with local olfacto-
ry interneurons and olfactory projection neurons (see reviews
in Schachtner et al.2005; Mellon 2007; Schmidt and Mellon
2011; Schmidt2016). Given the observation that spherical
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glomeruli are present in representatives of the Leptostraca
(Kenning et al.2013), Stomatopoda (Derby et al.2003),
Euphausiacea and Mysidacea (Johansson and Hallberg
1992a, b; Moreau et al.2002), it has been suggested that
spherical olfactory glomeruli characterize the malacostracan
ground pattern (Harzsch et al.2011; Kenning et al.2013).
These authors discussed an evolutionary transformation with-
in the Reptantia of spherical toward wedge-shaped glomeruli
toward column-shaped glomeruli (as seen in some Anomura;
see Harzsch and Hansson2008; Krieger et al.2010, 2012)
coinciding with an increasing importance of the deutocerebral
olfactory pathway as more and more receptor axons and inter-
neurons feed into the glomeruli. The glomeruli of the prawns
Macrobrachium rosenbergiiandM. acanthurusare slightly
wedge-shaped (Johansson1991; Ammar et al.2008;
Kruangkum et al.2013), whereas the glomeruli of
P. vannameirepresent an intermediate between the spherical
glomeruli, e.g., of Leptostraca and the shape represented in the
prawn (see discussion in Ammar et al.2008). What is more, it
has been well documented in brachyuran and anomuran crabs,
crayfish and in clawed and clawless lobsters, that the olfactory
glomeruli are regionalized along their long axis to provide an
outer cap, a subcap and a base region (see reviews in Schmidt
and Mellon2011; Schmidt2016). These patterns of subdivi-
sions of decapod olfactory glomeruli have been suggested to
mirror a functional subdivision (Schmidt and Ache1997).
Such a differentiation is also obvious inM. rosenbergiiand
M. acanthurus(Ammar et al.2008; Schachtner et al.2005)
but not inP. vannamei(present report). In conclusion, the
structure of the olfactory glomeruli placesP. vannameiat an
early stage of an evolutionary trajectory towards more and
more effective olfactory systems as we see them in
Eureptantia. Also, compared to Eureptantia, the number of
glomeruli in the deutocerebral chemosensory lobe is relatively
low compared to the size of its visual neuropils or the
mechanosensory neuropils targeted by the second pair of an-
tennae (see below). Following the concept laid out by
Sandeman et al. (2014), this may mean that, compared to
representatives of the Eureptantia, the olfactory pathway as-
sociated with the first antennal pair may play a less prominent
role for these animals than processing visual or
mechanosensory stimuli, as will be discussed in the following.

Tritocerebrum and mechanosensory input

The main component ofP. vannamei’s tritocerebrum is the large,
distinctive antenna 2 neuropil (AnN). The AnN is structured by a
striation perpendicular to its longaxis, generating the appearance
of a stack of discs. In those malacostracan crustaceans that have
been analyzed, the sensilla on the second antennae that provide
the sensory input to the AnN are mostly bimodal mechano- and
chemosensorysensilla (seereviews inSchmidtandMellon2011;
Harzschetal.2012;Schmidt2016).Theirafferents terminating in

the AnN display regularly spaced side branches into several of
these discs (Tautz and Müller-Tautz1983; Schmidt2016).
Therefore, the striation of the AnN suggests a somatotopic repre-
sentation of the chemo- and mechanosensory input to this
neuropil (e.g., Sandeman and Varju1988; Zeil et al.1985; Tautz
1987a; Wilkens et al.1996; reviewed in Schmidt2007).
Consequently, thelengthofthisneuropilcorrespondstothelength
oftheassociatedantenna2(Sandemanetal.1993;Schmidt2007).
Tautz(1987b)analyzedtritocerebral interneuronsassociatedwith
theAnNin the freshwatercrayfishOrconectes limosusand found
that most of them responded to mechanical stimuli. Furthermore,
it was shown that this neuropilalso acts as a motor center for
antennal movements (Tautz and Müller-Tautz1983). Sandeman
et al. (1993), in their comparative analysis, reported thatPenaeus
m o n o d o n (Dendrobranch ia ta ) ,Macrobrach ium
novaehollandiae(Caridea) andStenopus hispidus
(Stenopodidea) all have similarly long, dominating AnNs very
much likeP. vannamei. Corresponding to the assumption that the
characteristic of a neuropil reflects the importance of the associ-
atedsensorymodality, theirobservationsuggeststhatshrimpsand
prawns in general rely heavily on processing the combined
mechano- and chemosensory input provided by antenna 2.

The question whether an animal lives mostly in a benthic or
pelagic habitat is essential for understanding the physiological
mechanisms of how hydrodynamic information is perceived.
Contrary to sedentary animals, a pelagic organism suspended
in the water column can detect hydrodynamic cues (fluid
movement) by detecting the relatively small water flows that
develop between the sensor and the organism’s center of grav-
ity as a reference part (Bwater deformation̂; Lenz and
Hartline 2013). Pelagic crustaceans that live in an environ-
ment with no fixed point of reference that are adapted to dis-
tance perception of hydrodynamic cues often display very
long pairs of second antennae in order to place setal detectors
at a distance from the main body. This increases the space over
which fluid deformation can generate a detectable relative
motion with respect to the trunk of the animal (Lenz and
Hartline 2013). Within the Dendrobranchiata, particularly
long second antennae are present, e.g., in pelagic members
of the Sergestidae (Foxton1969; Ball and Cowan1977).
Physiological studies have shown that the mechanoreceptors
on the distal part of these appendages are extremely sensitive
to vibrations in the surrounding sea water (Denton and Gray
1985). Penaeus vannameialso bears such long second anten-
nae. However, unequivocal information on the preferred life
style of the adult animals is not available for this species
(Holthuis1980), so we can only speculate which kind of hy-
drodynamic stimuli their second antennae detect. The
scaphocerite of antenna 2 inP. vannameiis as conspicuous
as in many other shrimps and prawns. It is remarkable that the
scaphocerite is well equipped with numerous setae. However,
it is unclear so far if these structures serve a sensory function
(Kruangkum et al.2013). We may speculate that, following
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the principle of a somatotopic organization of the AnN, a
separate innervation by setae of the flagellum as well as of
the scaphocerite may be the cause of its subdivision that we
observed, a hypothesis that may be studied, e.g., by
backfilling with neuronal tracers.
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ABSTRACT: Persistent neurogenesis in the central
olfactory pathway characterizes many reptant decapods
such as lobsters, crayÞsh and crabs. In these animals, the
deutocerebral proliferative system generates new neu-
rons which integrate into the neuronal network of the
Þrst order processing neuropil of the olfactory system,
the deutocerebral chemosensory lobes (also called olfac-
tory lobes). However, differences concerning the pheno-
type and the mechanisms that drive adult neurogenesis
were reported in crayÞsh versusspiny lobsters. While
numerous studies have focussed on these mechanisms
and regulation of adult neurogenesis, investigations about
the phylogenetic distribution are missing. To contribute
an evolutionary perspective on adult neurogenesis in
decapods, we investigated two representatives of basally
diverging lineages, the dendrobranchiate Penaeus

vannamei and the caridean Crangon crangonusing the
thymidine analogue Bromodeoxyuridine (BrdU) as
marker for the S phase of cycling cells. Compared to
reptant decapods, our results suggest a simpler mecha-
nism of neurogenesis in the adult brain of dendrobran-
chiate and caridean shrimps. Observed differences in the
rate of proliferation and spatial dimensions are suggested
to correlate with the complexity of the olfactory system.
We assume that a more complex and mitotically more
active proliferative system in reptant decapods evolved
with the emergence of another processing neuropil, the
accessory lobes. VC 2018 Wiley Periodicals, Inc. Develop Neurobiol

00: 000–000, 2018
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INTRODUCTION

Life-long generation and integration of neurons (adult
neurogenesis) has been examined in a variety of

decapod crustaceans for more than twenty years now.
Persistent neurogenesis was initially demonstrated in
the deutocerebrum of postlarval stages of the spider
crab Hyas araneus(Brachyura; Harzsch and Dawirs,
1996) and mature shore crabsCarcinus maenas
(Schmidt, 1997; Hansen and Schmidt, 2001) using the
thymidine analogue 5-bromo-20-deoxyuridine (BrdU).
This synthetic nucleoside incorporates into the DNA
during the S phase of the cell cycle and, therefore, is a
suitable marker for proliferating cells and their progeny
(Taupin, 2007). It was found that the proliferating cells
are located in close vicinity to the deutocerebral
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neuropils of the central olfactory pathway in these spe-
cies. Subsequently, this phenomenon was also encoun-
tered in the central olfactory pathway of many other
decapod crustaceans including the cray�shCherax
destructorand Procambarus clarkii(Astacida; Sande-
man et al., 1998; Sullivan et al., 2007a; Sullivan et al.,
2007b), the clawed lobsterHomarus americanus
(Homarida; Harzsch et al., 1999), the hermit crabPagu-
rus bernhardus (Anomala; Schmidt and Harzsch,
1999), the spiny lobsterPanulirus argus(Achelata;
Schmidt, 2001) and the crabsCancer pagurusandLibi-
nia emarginata (Brachyura; Schmidt and Harzsch,
1999; Sullivan and Beltz, 2005a).

Adult neurogenesis in decapod crustaceans is
driven by a neurogenic niche which provides neuro-
nal progenitor cells (reviews Sandeman et al., 2011;
Sandeman et al., 2016; Schmidt, 2016). In cray�sh,
the neurogenic niche is composed of a group of cells
with glial characteristics and a central cavity which is
associated with the vascular system (Sullivan et al.,
2007a; b; Sandeman et al., 2009; Chaves da Silva
et al., 2012). It has been suggested that the cray�sh
niche does not house a population of self-renewing
stem cells, but that it is an open system in which pro-
genitor cells of hematopoietic origin are recruited
and are then transformed into a neuronal fate (review
Benton et al., 2013; Benton et al., 2014; Beltz et al.,
2016). On the contrary, an adult neuroblast which is a
neural stem cell-like progenitor cell that gives rise to
neuronal progenitor cells by repeated asymmetrical
divisions (self-renewal) was suggested to reside in
the neurogenic niche of the spiny lobsterPanulirus
argus (Schmidt 2007). Despite these controversial
�ndings concerning the mechanisms driving adult
neurogenesis, in most decapod crustaceans studied so
far �brous migratory streams from the neurogenic
niche serve as pathways from which these neuronal
precursors, mediated by dynein-binding proteins
(Zhang et al., 2009), travel toward proliferation zones
which are associated with soma clusters of the olfac-
tory system. Within these proliferation zones, the
neuronal progenitor cells proliferate and give rise to
new neurons of the olfactory pathway (reviews San-
deman et al., 2011; Benton et al., 2013; Sandeman
et al., 2016; Beltz et al., 2016). Pulse-chase experi-
ments with proliferation markers such as BrdU in
clawed lobsters, spiny lobsters and cray�sh have pro-
vided strong evidence that these newly born neurons
within the proliferation zones survive and are inte-
grated into the existing circuitry of the central olfac-
tory pathway (Harzsch et al., 1999; Schmidt, 2001;
Sullivan and Beltz, 2005b; Sullivan et al., 2007a; b;
Kim et al., 2014). The rate of mitosis as well as sur-
vival and differentiation of the newly born cells

within the crustacean deutocerebrum are modulated,
for example, by the neuromodulator serotonin, rear-
ing conditions (“impoverishedversusenriched envi-
ronment”), circadian and seasonal effects, social
interactions and locomotory activity (reviews Sande-
man et al., 2011; Benton et al., 2013; Schmidt, 2014;
Sandeman et al., 2016; Beltz et al., 2015, 2016).

With the exception of one dendrobranchiate
shrimp (Fig. 1; Schmidt and Harzsch, 1999), all of
these studies on adult neurogenesis cited above used
reptant crustaceans whereas more basally diverging
lineages of decapods and non-decapod malacostra-
cans have not been analyzed. Considering that adult
neurogenesis is closely associated with the olfactory
system, it has to be noted that reptant decapods dis-
play distinct differences in complexity of the central
olfactory pathway compared to other malacostracan
crustaceans (reviews Sandeman et al., 2014; Harzsch
and Krieger, 2018). In general, olfactory input is pro-
vided by the aesthetasc sensilla on the �rst pair of
antennae. These sensilla are associated with olfactory
sensory neurons whose axons target a bilaterally
paired distinct area within the deutocerebrum, the
deutocerebral chemosensory lobe (dcl;sensuKen-
ning et al., 2013; also known as olfactory lobesensu
Sandeman et al., 1993). This area is usually com-
posed of small units of dense neuropil, the olfactory
glomeruli, where the axons of olfactory sensory neu-
rons interact with the dendrites of local interneurons
and projection neurons. The glomerular shape varies
from spherical units to elongated columns in Reptan-
tia depending on the functional elaboration of the
system. The somata of the local interneurons are
located in the associated cell cluster (9/11) (reviews
Schachtner et al., 2005; Schmidt and Mellon, 2011;
Derby and Weissburg, 2014; Harzsch and Krieger,
2018). Another cell cluster associated with the dcl,
cluster (10), contains the somata of the projection
neurons. Their axons, as output pathway of the sys-
tem, form the projection neuron tract which targets
the hemiellipsoid body/medulla terminalis-complex
(hn/tm-complex) in the lateral protocerebrum as
second-order processing area. This multimodal center
combines different sensory modalities and is sup-
posed to be involved in memory formation (Maza
et al., 2016). Another secondary processing area asso-
ciated with the olfactory system, the accessory lobe,
is only present in reptant decapods and, therefore,
constitutes an evolutionary novelty of the Reptantia.
It is secondarily reduced in Brachyura and Anomala
(Fig. 1), which has been suggested to represent a pae-
domorphic phenotype in these two taxa (Sandeman
and Scholtz, 1995; Helluy et al., 1995). The acces-
sory lobe receives indirect olfactory input from the
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dcl via a certain type of local interneurons whose
somata are also located in cluster (9; Schachtner
et al., 2005). However, as a highly integrative proc-
essing area this neuropil combines diverse mechano-
and chemosensory input from the proto-, deuto-, and
tritocerebrum (Loesel et al., 2013) and, therefore, has
been suggested to be involved, for example, in the
multimodal exploration of the environment (Sande-
man et al., 2014).

In all reptant decapods examined so far, persistent
neurogenesis was detected in the proliferation zone
associated with the projection neuron cluster (10;
Schmidt and Harzsch, 1999). On the contrary, a pro-
liferation zone associated with the cluster of local
interneurons (9/11) was only found in adult brains of
the clawed lobsterH. americanus (Schmidt and
Harzsch, 1999), the spiny lobsterP. argus(Schmidt,
2007) and the cray�shP. clarkii (Sullivan et al.,
2007a) andC. destructor(Sandeman and Sandeman,
2000). Considering the architectural differences of
the olfactory system and the observed taxon-speci�c
differences of the characteristics of adult neurogene-
sis in Reptantia, we want to gain deeper insights into
the evolution of this phenomenon. To that end, we
analyzed adult neurogenesis in two representatives of
non-reptant decapods, the Caridea and Dendrobran-
chiata (Fig. 1). As previously indicated, the brain
architecture of these two taxa display many plesio-
morphic features from the suggested ground pattern
of malacostracan crustaceans (Sandeman et al., 2014;

Meth et al., 2017). By analyzing two representatives
of basally diverging lineages of decapod taxa we
expect to understand possible evolutionary transfor-
mations of the structure and also of functional aspects
of the deutocerebral proliferative system in the adult
crustacean brain.

MATERIAL AND METHODS

Experimental Animals

Specimens of the Paci�c White Shrimp,Penaeus vannamei
Boone, 1931, were obtained from the Garnelen Farm Gre-
vesm uhlen GmbH & Co. KG (Germany) and maintained in
aquaria with arti�cial brackish water (14–16 PSU) at 288C.
Altogether, 13 specimens of both sexes (body length rang-
ing from 5 to 10 cm) were used for the immunohistochemi-
cal analyses.

Specimens of the Brown Shrimp,Crangon crangon
(Linnaeus, 1758), were provided by the Biologische Anstalt
Helgoland where they were kept in a �ow-through basin
with �ltered sea water of the North Sea (32 PSU, about
128C). For the immunohistochemical studies, 15 specimens
of both sexes were used (body length ranging from 4 to
7 cm).

BrdU Incorporation

To label proliferating cells, the S phase-speci�c marker 5-
bromo-2-deoxyuridine (BrdU) was used (Harzsch and

Figure 1 The phylogeny of Decapoda modi�ed after Sandeman et al. (2014). The evolving acces-
sory lobe is marked with a �lled circle and secondary reduction with an un�lled circle. All taxa in
which adult neurogenesis is veri�ed so far are marked with a square. Dendrobranchiata and Caridea
which are investigated in this study are written in bold.
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Dawirs, 1996). The labeling reagent BrdU (Sigma-Aldrich,
B5002) was dissolved in arti�cial brackish water (P. vanna-
mei) and �ltered sea water (C. crangon) at a concentration
of 2 mg/ml (Zhang et al., 2009). The animals were incu-
bated for 24 h to exclude circadian effects of mitotic activ-
ity. During incubation,P. vannameias well asC. crangon
were maintained in climate chambers under keeping condi-
tions and a light:dark cycle of 12:12 h. Immediately after-
wards, the animals were anesthetized on ice and then
decapitated. After �xation in 4% paraformaldehyde (PFA)
in 0.1 M phosphate buffered saline (PBS, pH 7.4) for at
least 24 h (up to several days), the brains were dissected in
PBS and subsequently stored in PFA until further process-
ing (up to 11 months, at least overnight).

Immunohistochemistry

We chose four different marker sets for immunohistochem-
ical labeling (see Table 1; for labeling reagents see Table
2). Whole-mounts of dissected brains were used to obtain
an overview of the entire proliferative system, whereas

vibratome sections, due to a better penetration of some anti-
bodies such as anti-tubulin, allowed us to examine the spe-
ci�c neuronal characteristics in detail.

The dissected brains were processed according to stan-
dard immunohistochemical protocols modi�ed from Ben-
ton et al. (2011, BrdU labeling), Ott (2008, processing of
whole-mounts) and Meth et al. (2017, immunohistochemi-
cal processing of the brain ofP. vannamei). Brie�y, whole-
mounts of the brains were rinsed in PBS (phosphate buff-
ered saline) for 15 min before they were transferred to 2 N
HCl for 30 min. After blocking in several changes of PBTx
(PBS containing 0.3% Triton X-100 and 1% bovine serum
albumin) for 1.5 h, the brains were incubated in primary
antisera diluted in PBTx for 3.5 days at room temperature.
Afterwards, the whole-mounts were washed in several
changes of PBTx for 1 h and incubated in secondary anti-
sera and nuclear stain solution diluted in PBTx for 2.5 days
at room temperature. After washing in several changes of
PBTx for at least 3 h, they were transferred to 1:1 dilution
of glycerin:PBTx for 20 min and then stored in a 4:1 dilu-
tion at 48C until scanning (at least overnight). At the day of

Table 1 Overview of the performed immunohistochemical approaches

Antisera combinations Coupled with Specimens

Whole-mounts Anti-BrdU (rat) Alexa Fluor 488 anti-rat (goat)
Nuclear staining: Hoechst 33258

P.v.: 2
C.c.: 4

Vibratomesections
(100mm)

Anti-BrdU (rat)
Anti-acetylated-a-tubulin (mouse)

Alexa Fluor 488 anti-rat (goat)
Cy3 anti-mouse (goat)
Nuclear staining: Hoechst 33258

P.v.: 6
C.c.: 5

Anti-BrdU (rat)
Anti-glutamine synthetase (rabbit)

Cy3 anti-mouse (goat)
Alexa Fluor 488 anti-rabbit (goat)
Nuclear staining: Hoechst 33258

P.v.: 2
C.c.: 3

Anti-BrdU (rat)
Actin: Alexa 546 phalloidin

Alexa Fluor 488 anti-rat (goat)
Nuclear staining: Hoechst 33258

P.v.: 3
C.c.: 3

Both antisera combinations and number of specimens ofP. vannamei(P.v.) as well asC. crangon(C.c.) used for each approach are shown.

Table 2 Antisera and ßuorescent dye-based reagents

Labeling reagent Dilution and speci�cations

Primary
Monoclonal anti-BrdU antibody clone BU1/75

(ICR1) produced in rat
1:1000; Bio Rad, OBT0030CX; Benton et al. (2011)

and Zhang et al. (2009)
Monoclonal anti-acetylateda-tubulin antibody

produced in mouse
1:1000; Sigma, T6793; Meth et al. (2017)

Polyclonal anti-glutamine synthetase antibody
produced in rabbit

1:50; Sigma, G2781

Secondary
Polyclonal Alexa 488 anti-rat IgG secondary anti-

body produced in goat
1:500; Invitrogen, A11006; Benton et al. (2011) and

Song et al. (2009)
Polyclonal Alexa 488 anti-rabbit IgG secondary

antibody produced in goat
1:500; Invitrogen, A11008; Meth et al. (2017)

Polyclonal Cy3 anti-mouse IgG secondary anti-
body produced in goat

1:500; Jackson Immuno Research, 115–165-003; Song
et al. (2009)

Flourescent dye-based
Alexa Fluor 546 phalloidin 1:50; Invitrogen, A22283
Hoechst 33258 1:1000; Sigma, 14530; Meth et al. (2017)
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scanning, the brain was directly transferred to absolute eth-
anol and dehydrated in three changes of ethanol (30 min
each). To clear the brains, methyl salicylate was placed
underneath the ethanol phase. When the brain was sub-
merged in methyl salicylate, the supernatant (ethanol) was
removed and methyl salicylate was exchanged once again.

For vibratome sectioning, the dissected brains were trans-
ferred to poly-L-lysine solution and, afterwards, embedded
in ovalbumin-gelatin. After post-�xation in a 1:20 dilution of
formaldehyde:PBS overnight, horizontal sections of 100mm
were prepared with a Zeiss Hyrax V-50. The immunohisto-
chemical procedure corresponds to the processing of whole-
mounts, but the incubation times of the primary and second-
ary antisera were reduced to overnight. Finally, the sections
were mounted in Mowiol 4–88 (Roth, No. 0713.2).

Image Processing and Presentation

Both whole-mounts and vibratome sections were viewed
and imaged with a Leica TCS SP5II confocal laser-
scanning microscope equipped with DPSS-, Diode- and
Argon-lasers and operated by the Leica “Application Suite
Advanced Fluorescence” software package (LASAF).
Whole-mounts were scanned with the ventral side facing
the light source to de�ne the orientation of the resulting
confocal stacks. Digital images were processed with Adobe
Photoshop using only global picture enhancements features
(i.e., brightness and contrast).

Maximum projection of confocal stacks were compiled
using the software LASAF (Leica Microsystems CMS
GmbH). Depth coded projections were performed using the
“Z code stack” plugin for FIJI (a distribution of ImageJ).
To that end, the confocal stacks were opened with FIJI and
the different channels were separated using the image proc-
essing tools. Using the “Z code stack” plugin, different col-
ors were assigned to individual layers of a Z stack. We
used the spectrum LUT (look-up table) which corresponds
to “rainbow” LUT to generate a coding scheme with the
most ventral layer (�rst plane of the stack) colored in red to
the most dorsal layer (last plane) colored in violet. These
depth coded stacks were plotted using the Z project tools
“sum slices” or “max projection”.

All diagrams were created with Adobe Illustrator CS4.
All images are oriented with anterior to the top.

Terminology

The neuroanatomical nomenclature of this manuscript is
based on Sandeman et al. (1993) and Richter et al. (2010)
with some modi�cations adopted from Loesel et al. (2013)
and Kenning et al. (2013) for the description of neuropils,
cell clusters and tracts. Hence, we use the terms deutocere-
bral chemosensory lobe instead of olfactory lobe (Kenning
et al. 2013) and projection neuron tract instead of olfactory
globular tract (Loesel et al. 2013). The neuronal types are
classi�ed after Schachtner et al. (2005).

Terms that are used to describe adult neurogenesis are
de�ned as follows:

The termdeutocerebral proliferative systemwas intro-
duced by Sintoni et al. (2012) to describe the developing
structures involved in persistent neurogenesis, including
the neurogenic niche, migratory streams and proliferation
zones, which are associated with the �rst order processing
neuropil of the olfactory system. Slightly extending this ter-
minology, we use deutocerebral proliferative system here
to summarize all structures that are involved in persistent
neurogenesis in the adult deutocerebrum.

A neurogenic nichedescribes the entirety of the cellular
environment that drives adult neurogenesis and where
either an adult neuroblast resides that generates the progen-
itor cells which will give rise to new neurons (as described
for Panulirus argus, Schmidt 2007) or where progenitor
cells of hematopoietic origin are transformed into a neuro-
nal fate (as described forProcambarus clarkii, Benton
et al. 2011). In reptant decapods it appears as a tightly
packedgroup of cells (“clump of cells” sensuSchmidt
2007; “neurogenic niche”sensuSullivan et al. 2007a) with
a central cavity and closely associated with the vasculature
(Benton et al. 2011).

Migratory streams (sensuSullivan et al., 2007a, equiva-
lent to “duct” sensuSong et al., 2009) connect the neurogenic
niche with the proliferation zones. Using proliferation
markers, they can be visualized as more or less long lines of
BrdU-positive cells. In some decapods, they can be addition-
ally detected by immunolocalization of glutamine-synthetase
(Sullivan et al., 2007a) and, alternatively, by anti-tubulin
immunoreactivity (Sintoni et al., 2012).

Proliferation zonesare located within soma clusters and
appear as condensations of cells in which a pool of BrdU-
positive cells resides. These are progenitor cells that generate
new neurons which become integrated into the existing neu-
ronal network of the olfactory system (reviews Sandeman
et al. 2011, Schmidt 2016). This pool is replenished by pro-
genitor cells which originate in the neurogenic niche.

RESULTS

Central Olfactory Pathway

The general architecture of the central olfactory path-
way of both species corresponds to the common
ground plan of decapod crustaceans (Sandeman and
Scholtz 1995; Fig. 2c, 5a). InPenaeus vannameias
well as Crangon crangon, the deutocerebral chemo-
sensory lobes (dcl) are composed of slightly less than
100 neuropil compartments, the wedge-shaped olfac-
tory glomeruli (see Table 4, Fig. 3a, and Meth et al.
2017). The glomeruli are innervated by neurites of
both local interneurons whose somata form cluster
(9/11) and projection neurons whose somata consti-
tute cluster (10). InP. vannamei, cluster (9/11) is
located antero-medially to the dcl whereas cluster
(10) lies postero-medially. InC. crangonin which
the protocerebrum is situated dorsally to the
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deutocerebrum, the large cluster (9/11) is located on
the ventral side, postero-medially to the dcl, while
the adjacent cluster (10) lies posteriorly to the dcl.
They are not well separated from each other, but nev-
ertheless can be identi�edvia their foramina. The
neurites of cluster (10) enter the dcl through the lat-
eral foramen that appears as a gap between the glo-
meruli (f, Fig. 4e). The axons exit from the center of
the dcl via the medial foramen and form the

projection neuron tract that extends ipsi- and contral-
aterally to the lateral protocerebrum, with a chiasm in
the median protocerebrum.

Adult Neurogenesis

In both species, after 24 h BrdU incubation numerous
labeled nuclei are loosely distributed over the brain
surface (Figs. 2a and 5b). They belong most likely to

Figure 2 Overview of the deutocerebral proliferative system inC. crangon. (a) Depth coded sum
projection of the ventral part of the brain (wholemount) showing the BrdU-positive staining. The
colours range from red, representing the most ventral parts, to violet in dorsal regions (see color
code bar). Arrows point to accumulations of BrdU-positive cells representing adult neurogenesis
(insets). Note that adult neurogenesis is restricted to this area. (b) Z-depth coded maximum projec-
tion of a substack of the brain showing the Hoechst-signal (position of the substack is indicated by
the color code bar). Arrows point to aggregations of somata representing the proliferative zones at
the margin of deutocerebral chemosensory lobes (dcl) and cluster 10 (cl10). (c) Schematic represen-
tation of the brain ofC. crangonfrom ventral. All compartments of the central olfactory pathway
as well as the localization of adult neurogenesis (red points) are shown. Abbreviations: ann antenna
2 neuropil, dcl deutocerebral chemosensory lobe, hn/tm hemiellipsoid body/ medulla terminalis-
complex, pnt projection neuron tract, numbers indicates somata clusters. Scale bars: (a and b)
100l m, (insets) 15l m. [Color �gure can be viewed at wileyonlinelibrary.com]
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cells associated with the circulatory system (Harrison
et al., 2001) or to glial cells which form the outer
sheath around the brain (Harzsch et al., 2012). Fur-
thermore, in all analyzed specimens of both species a
small cluster of BrdU-positive nuclei within cluster
(10) is present on both sides of the brain (Figs. 2a and
5b arrows). Their spherical shape contrasts with
nuclei of glial cells, which are predominantly long
and slender and are located outside of the soma

clusters (Harrison et al., 2001). Using the nuclear
stain Hoechst reveals that most of these BrdU-
positive cells are located within a condensation of
somata (Figs. 2b arrows, 3b3, and 5c4) that is pre-
sumed to be the proliferation zone (pz). These
densely packed nuclei are slightly smaller than those
in the remaining cluster. The proliferation zone is
located at the margin of cluster (10) next to the dcl
(Figs. 3a,b1 and 5c), slightly ventral to the lateral

Figure 3 Localisation and components of the proliferative system inC. crangon. (a) Positional
relationship of the deutocerebral and tritocerebral neuropils as well as somata clusters, horizontal
vibratome section, maximum projection. The proliferation zone (pz) is located in cluster 10 (cl10),
posteromedial of the deutocerbral chemosensory lobe (dcl). (b1) Higher magni�cation of the prolif-
erative system reveals mitotic active cells directly at the margin of cluster 10 to the deutocerebral
chemosensory lobe. One larger cell (asterisks) can be identi�ed ventrally to the proliferation zone
(inset). (b2) The proliferation zone lies in the ventral area of the “sinkhole” where the neurites of
cluster 10 converge (arrow) to enter the deutocerebral chemosensory lobe via the lateral foramen.
(b3) The proliferation zone is characterized by more densely packed somata compared to the neu-
rons of cluster 10. The large mitotic active cell is located next to the proliferation zone (asterisk).
Abbreviations: ann antenna 2 neuropil, dcl deutocerebral chemosensory lobe, og olfactory glomeru-
lus, pz proliferation zone, numbers indicates somata clusters. Scale bars: (a) 100l m, (b) 50l m,
(inset) 15l m. [Color �gure can be viewed at wileyonlinelibrary.com]
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foramen (f, Fig. 4e). The neurites of the projection
neurons, which enter the dcl through the foramen, are
arranged adjacent to the proliferation zone (Figs. 3b2
and 5c3).

In C. crangon, immunohistochemical labeling
against glutamine synthetase reveals additional struc-
tural features of the BrdU-positive cells. Up to three
BrdU-positive cells are surrounded by an unstructured

substance that displays strong anti-glutamine synthe-
tase labeling (Fig. 4b,c). This anti-glutamine synthe-
tase-immunoreactive (GSir) material forms a kind of
spindle-shaped capsule. According to the Hoechst
labeling, this complex of BrdU-positive cells and GSir
material is located next to the proliferation zone. Most
distal to the proliferation zone, the BrdU-positive
nucleus within this capsule is conspicuously enlarged

Figure 4.
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in size compared to the others (see next section). In
contrast to the labeling pattern inC. crangon, anti-
glutamine synthetase labeling inP. vannameionly
reveals putative glial cells with processes which sur-
round the different neuropils (Fig. 5e). In this species,
GSir structures associated with BrdU-positive nuclei
could not be detected using this marker.

Because �uorescent phalloidin binds to �lamentous
actin in the cytoskeleton of all brain cells, it can be
also used to detect cytoskeletal components in the cells
of the deutocerebral proliferative system (G. Brenneis,
personal communication). Therefore, we additionally
used this marker in the present study. However, inC.
crangonandP. vannamei, phalloidin labeling reveals
none of the characteristic structures of the deutocere-
bral proliferative system which are known from previ-
ously investigated species (Figs. 4d and 5d).

Characteristics of BrdU-Positive Cells

Most of the BrdU-positive cells are located in the
proliferation zone and feature about the same nuclear
diameter (10.8276 1.548 mm in C. crangon and
6.9916 1.332mm in P. vannamei, s. Table 3). In all
investigated specimens, there is always one distinc-
tive larger cell (16.86 1.804mm in C. crangonand
11.792 6 2.316 mm in P. vannamei; indicated by
asterisks in Figs. 3–5; Table 3) next to the prolifera-
tion zone on each side of the brain (Figs. 3b3 and
5c4). The larger cell displays a more ventral position
than the remaining BrdU-positive cells (compare the
depth-coded projections of the BrdU-positive cells;
Figs. 3b1 inset, 4b,d insets, and 5b insets, c1, d1, e1).
In this aspect, the precise position in relation to the
proliferation zone differs between both species: inC.
crangon the larger cell is always located antero-
medially to the proliferation zone alongside the

margin between cluster (10) and the dcl (Figs. 3b1
and 4b,d). In contrast to this, the position of the larger
cell in P. vannameivaries between different speci-
mens (Fig. 5c1,d1,e1) as well as between both sides
of one brain from antero- to postero-medially to the
proliferation zone (compare Fig. 5b insets). Never-
theless, the identity of the larger cell could not be
determined with certainty yet (see Discussion). Inde-
pendently of the size of the BrdU-positive cells, some
of them display a higher amount of BrdU than the
remaining cells (they appear darker in black-white
inverted images of BrdU labelled specimens; Fig.
5c2,d2,e2). The same cells are usually less strongly
marked by the nuclear marker Hoechst (data not
shown).

QuantiÞcation of Proliferating Cells

To compare the proliferation rates with other investi-
gated taxa we counted all BrdU-positive cells within
cluster (10) after 24 h BrdU incubation. The larger
mitotically active cell was excluded from this count.
In C. crangonas well asP. vannamei, up to 17 BrdU-
positive cells could be detected within each prolifera-
tion zone (see Tables 3 and 4). It is noteworthy that
the number of BrdU-positive cells varies not only
between specimens but also between both sides of
the brain in a given specimen.

DISCUSSION

The Identity of the Larger Cell
Immediately Adjacent to the Proliferation
Zone

In Crangon crangonas well asPenaeus vannamei,
we consistently found one larger BrdU-labeled

Figure 4 Structural characteristics of the proliferative system inC. crangon. (a–c) Horizontal
vibratome section labeled against BrdU (green) and glutamine synthetase (GS, red). (a) Maximum
projection of the right side of the deutocerebrum and tritocerebrum with the proliferative system at
the posteromedial margin of the deutocerebral chemosensory lobe (dcl). (b) Higher magni�cation
of the mitotic active cells including one larger cell (asterisks) ventrally to the proliferation zone
(inset). (c1–3) Three different layers of the same stack showing the strong glutamine synthetase sig-
nal that sheathes the larger cell and two additional smaller cells (marked with arrows). (c10– 30) The
glutamine synthetase signal of (c1–3), black-white inverted. (d) Horizontal vibratome section
labeled against BrdU (green) and actin (red). Z-depth coded maximum projection of the BrdU-
positive cells reveals one larger cell (asterisk) located more ventrally to the proliferation zone
(inset). (d0) Phalloidin-signal of (d), black-white inverted. The red box frame the area where the
BrdU-positive cells would be located (identical to white box in d). (e) Horizontal vibratome section
following dorsally to (d/d0) showing the lateral foramen (f) in the posterior region of the dcl where
the neurites from cluster 10 enter the dcl. Abbreviations: ann antenna 2 neuropil, dcl deutocerebral
chemosensory lobe, pz proliferation zone. Scale bars: (a, d, d0, and e) 100l m, (b, c, inset d) 15l m.
[Color �gure can be viewed at wileyonlinelibrary.com]
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nucleus located ventrally to the proliferation zone
where most of the smaller BrdU-positive cells reside.
The position of this larger BrdU-positive cell is
almost constant in the carideanC. crangon, but more
variable in the dendrobranchiateP. vannamei. Identi-
fying the cell type of the larger nucleus is an impor-
tant requirement to assess adult neurogenesis in
dendrobranchiate and caridean shrimps. There are

two alternative interpretations for the larger diameter
of a BrdU-positive cell: �rstly, it may represent an
adult neuroblast and, consequently, the neurogenic
niche (compare terminology section), or secondly, it
may be some other kind of progenitor cell changing
its size during the different phases of the cell cycle.
Owing to the markedly larger diameter of this cell
(Table 3), we assume that this may be an adult

Figure 5.
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neuroblast, that is, an asymmetrically dividing neural
stem cell-like progenitor that generates smaller
daughter cells by recalling the embryonic mode of
neurogenesis (Harzsch et al., 1999; Sintoni et al.,
2012). If the larger cell did not represent a neuroblast
but some other kind of progenitor cell we would
expect to encounter varying numbers of larger cells
in our preparations and not always only one.

In the carideanC. crangon, the larger cell and up
to two additional BrdU-positive nuclei are embedded
in a matrix of unidenti�ed material displaying strong
anti-glutamine synthetase immunoreactivity. This sit-
uation resembles that in the developing cray�sh brain
in which an individually identi�ed neuroblast termed
neuroblast-X (Nb-X) and some of its progeny are
embedded in a matrix of tubulin-rich �brous material
and that is present well into the post-embryonic
stages (Sintoni et al., 2012). This Nb-X is located
adjacent to the developing proliferation zone and
next to a developing “protoniche”, a group of cells
which will drive persistent neurogenesis in the adult
cray�sh. In this species, anti-glutamine synthetase
immunoreactivity strongly labels the adult neuro-
genic niche and also the migratory streams which are
components of the deutocerebral proliferative system
(Benton et al., 2011).

Assuming that the larger cell is an adult neuroblast
and according to the de�nition of a neurogenic niche
as laid out above in the material and methods section,

we may call this neuroblast and its immediate cellular
environment that may support its ongoing mitotic
activity a “neurogenic niche”. Hence, in the organ-
isms studied here, the neurogenic niche is closely
associated with the proliferation zone, a situation
resembling that in the adult spiny lobsterPanulirus
argus (Schmidt & Derby, 2011). However, in the
adult cray�sh Procambarus clarkii, the neurogenic
niche and proliferation zones are spatially separated
(Sullivan et al., 2007a). In this species, the 1st-genera-
tion precursor cells are not self-renewing and, there-
fore, are suggested to be replenished by an extrinsic
source (Benton et al., 2011) and the term “neurogenic
niche” describes a structure which may be compara-
ble to the “clump of cells” surrounding the adult neu-
roblast inPanulirus argus, but is not present in the
animals analyzed here.

Adult Neurogenesis in Dendrobranchiate
and Caridean Shrimps Compared to
Reptant Decapods

In all decapod crustaceans examined so far, adult neu-
rogenesis is present in the central olfactory pathway
and a deutocerebral proliferative system contributes
new neurons to soma clusters which are associated
with the deutocerebral chemosensory lobes. Neverthe-
less, distinct differences exist. In basally diverging lin-
eages of decapods, as investigated in this study, one

Figure 5 The deutocerebral proliferative system inP. vannamei.(a) Schematic representation of
the brain ofP. vannameifrom ventral. All compartments of the central olfactory pathway as well
as the localization of BrdU labelled nuclei (red points) are shown. (b) Depth coded sum projection
of the whole brain showing the BrdU-positive staining. Boxes mark the proliferative system. On
both sides, the mitotically active cells exhibit one larger cell ventrally to the proliferation zones
(insets). (c) Detail of the proliferative system, horizontal vibratome section triple labeled against
BrdU (green), tubulin (red) and with the nuclear staining reagent Hoechst (cyan). (c1) Z-depth
coded maximum projection of mitotically active cells reveals a ventral position of the larger cell
(asterisk). (c2) Maximum projection of mitotically active cells, black-white inverted. (c3) The pro-
liferation zone is closely located to the foramen in the ventral area of the “sinkhole” of the neurites
(arrows). Tubulin cannot be detected in the area of the proliferation zone contrary to the surround-
ing space. (c4) The proliferation zone displays more densely packed somata compared to cluster
10. The larger cell is located next to the proliferation zone (asterisk). (d) Horizontal vibratome sec-
tion showing BrdU positive cells (green), phalloidin (red) and Hoechst as nuclear staining reagent
(cyan). There are no speci�c actin-rich structures associated with the proliferative system. (d1) Z-
depth coded maximum projection of the mitotically active cells including one larger cell more ven-
trally (asterisk). (d2) Maximum projection of mitotically active cells, black-white inverted. (e) Hor-
izontal vibratome section double labeled against BrdU (green) and glutamine synthetase (red).
Glutamine synthetase is absent around the proliferative system. (e1) Depth coded maximum projec-
tion of the mitotic active cells including one larger cell (asterisk). (e2) Maximum projection of the
mitotic active cells, black-white inverted. Abbreviations: a1nv antenna 1 nerve, ann antenna 2 neu-
ropil, dcl deutocerebral chemosensory lobe, hn/tm hemiellipsoid body/ medulla terminaliscomplex,
lan lateral antenna 1 neuropil, pnt projection neuron tract, pz proliferation zone, numbers indicates
somata clusters. Scale bars: (b, d, and e) 100l m, (c, c3, and c4) 25l m, (insets b, c1, c2, d1, d2, e1,
and e2) 10l m. [Color �gure can be viewed at wileyonlinelibrary.com]
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proliferation zone is present that is associated with
cluster (10; olfactory projection neurons). An asym-
metrically dividing stem cell resides in a neurogenic
niche immediately adjacent to the proliferation zone
(as mentioned above). In contrast, in reptant decapods
such asP. clarkii the deutocerebral proliferative sys-
tem displays a spatial compartmentalization and
appears to be more complex. It consists of a neuro-
genic niche on the ventral surface of the brain from
which progenitor cells travel along migratory streams
toward proliferation zones associated with cluster (10)
and, additionally, cluster (9; olfactory local interneur-
ons). We will call such systems with a spatially
extended organization “niche-stream systems” in the
following. In the spiny lobsterPanulirus arguspaired
neurogenic niches exists, one embedded within cluster
(10) and one within cluster (9), and only short migra-
tory streams lead to the proliferation zones (Schmidt,
2007). With respect to the phylogenetic position of
Achelata (see Fig. 1), we assume that this system rep-
resents a type of intermediate stage with a quite simple

organization comparable to basally diverging lineages
of decapods but an already existing proliferation zone
associated with cluster (9) as in the cray�shP. clarkii.
Therefore, we conclude that persistent generation and
maturation of neurons contributed to cluster (10) dur-
ing adulthood is a common feature of all decapod
crustaceans, whereas the additional proliferation zone
associated with cluster (9) and an elaborated niche-
stream system newly evolved in reptant decapods.

Another situation can be observed in Anomala and
Brachyura in which only one proliferation zone asso-
ciated with cluster (10) is present (Schmidt, 1997;
Schmidt and Harzsch, 1999). More than 30 years
ago, classical histological investigations revealed a
bilaterally paired “deutocerebral organ” in the adult
brain of the crab Carcinus maenas(Bazin and
Demeusy, 1968; Bazin, 1969). It was described as a
spherical group of glial-like cells with a central cav-
ity and located within cluster (10). However, a
�brous tract linking the organ to cluster (9) was also
identi�ed. Although its neurogenic function was not

Table 3 Diameter of BrdU-positive nuclei inC. crangonand P. vannamei

Smaller cells
Larger cell

Range (mm) N Mean (mm) (mm)

C. crangon
Specimen 1 9.4–14.4 17 11.269 14.1

5.7–12.7 14 10.700 14.9
Specimen 2 9.5–12.7 10 10.978 19.1
Specimen 3 10.6–13.6 12 12.042 19.2
Specimen 4 8.0–13.7 13 11.100 16.3
Specimen 5 7.5–12.6 15 9.823 17.5
Specimen 6 9.0–11.8 9 9.880 16.5
Specimen 7 8.0–12.5 10 10.650 16.8
Mean 10.827 16.800
SD 1.548 1.804
P. vannamei
Specimen 1 (wh) 4.8–6.5 11 5.600 9.9

4.6–6.7 12 5.642 8.0
Specimen 2 5.3–9.4 14 7.080 14.5

5.4–8.0 9 6.678 10.4
Specimen 3 6.7–10.8 11 8.382 12.5

5.8–9.6 14 7.568 13.2
Specimen 4 5.7–8.5 8 7.216 12.3
Specimen 5 4.8–6.7 11 5.909 10.0
Specimen 6 5.4–8.2 15 6.900 10.2
Specimen 7 5.9–9.2 16 7.266 10.4
Specimen 8 5.7–9.5 12 7.813 14.8
Specimen 9 6.3–8.6 7 7.971 15.3
Mean 6.991 11.792
SD 1.332 2.316

BrdU-positive cells were counted by inspecting vibratome section series (except of one wholemount, wh) of seven specimens ofC. crangon
(eight hemibrains) and nine specimens ofP. vannamei(twelve hemibrains). Given values of raw data (range of smaller cells and size of larger
cells) are rounded to one decimal place. However, calculation of means and standard deviations (SD) are based on original data.
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recognized then, it is now generally accepted that this
organ corresponds to the deutocerebral proliferative
system (reviewed in Sandeman et al., 2011). There-
fore, this “deutocerebral organ” is part of a niche-
stream system comparable toP. clarkii despite the
fact that proliferation in cluster (9) could not be
observed. In order to determine possible explanations
for these inconsistent observations, we will next com-
pare the proliferation of cells with respect to the orga-
nization of the central olfactory pathway in these
decapod crustaceans.

Does the Proliferation Rate Correlate
with the Complexity of the Olfactory
System?

In the adult central olfactory pathway, there are about
200,000 projection neurons (cluster [10]) and
100,000 local interneurons (cluster [9]) per hemibrain
in the spiny lobsterP. argus (Schmidt and Ache,
1996) and about 200,000 projection neurons and
50,000 local interneurons in the cray�shC. destruc-
tor (Sandeman et al., 1998). Hence, the lower rate of

Table 4 Comparison of the proliferation rates in different decapod taxa

Taxon Species

BrdU1
cells

cluster 10

BrdU1
cells

cluster 9/11
Exposure
time (h)

Glomerular
shape
(DCL)

Glomerular nb.
(DCL)

DCL/AL
ratio

Group A: no accessory lobe
Dendro-

branchiata
Penaeus
vannamei

7–16 – 24 Wedge < 100 –

Sicyonia
brevirostris

< 15a – 6–24 p.i.a ? ? –

Caridea Crangon
crangon

9 – 17 – 24 wedge < 100 –

Group B: small accessory lobe
Brachyura Carcinus

maenas
20–60b – 5.5–120 p.i.b Mixedf Hundreds”f DCL � AL f

Cancer
pagurus

20–40a – 6–24 p.i.a ? ? ?

Anomala Pagurus
bernhardus

20–40a – 6–24 p.i.a Columnarf ? DCL � AL f

Group C: prominent accessory lobe
Homarida Homarus

americanus
� 50a � 10a 6–24 p.i.a Columnarg 249k DCL > ALg

Astacida Procamba-
rus clarkii

90–120c 30–40c 18c Columnarh 503k DCL < ALh

Achelata Panulirus
argus

� 200d � 50d 9–57 p.i.d Columnari 1332k DCL > AL l

Astacida Cherax
destructor

� 250e � 90e 24e Columnarj 230k DCL � AL j

The table is sorted by numbers of BrdU-positive cells in cluster 10 in ascending order which also results in an ascending order of BrdU-
positive cells in cluster 9/11. All values are coarsely rounded from literature data. Note that the exposure times differ from each other but, in
most instances, include 24 h (p.i. indicate survival times after a single injection of BrdU). The resulting sequence of taxa does not re�ect the
phylogenetic relationships (compare Fig. 1). In contrast, the number of BrdU-positive cells increase with a higher complexity of the deuto-
cerebral olfactory system represented by glomerular shape, glomerular number and DCL/AL-ratio. Especially the DCL/AL-ratio seems to
in�uence the proliferation rate.
References:
aSchmidt and Harzsch (1999).
bSchmidt (1997).
cAyub et al. (2010).
dSchmidt (2007).
eSandeman and Sandeman (2000).
fKrieger et al. (2012).
gHelluy et al. (1995).
hMellon and Alones (1993).
iSchmidt and Ache (1996).
jSandeman & Luff (1973).
kBeltz et al. (2003).
lSandeman et al. (1992).
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mitotic activity within the proliferation zone associ-
ated with cluster (9) compared with cluster (10)
matches the generally lower number of somata in this
cluster. However, adult neurogenesis in crustaceans
is known to be in�uenced by a number of different
factors including environmental conditions, diurnal
effects or serotonin levels (reviewed in Beltz and
Sandeman, 2003).

Accordingly, for a closer view on proliferative
activity and structural complexity of the olfactory
system in reptant decapods, we have considered only
those studies in which BrdU exposure times included
24 h. Nevertheless, our compilation of data does
comprise obvious errors because, for example, we
could not assess the ages of the investigated speci-
mens from many of these studies, a factor which also
in�uences the proliferation rate (Schmidt and
Harzsch, 1999; Sandeman and Sandeman, 2000;
Ayub et al., 2010). What is more, some values had to
be estimated from bar graphs (Sandeman and Sande-
man, 2000) and were coarsely rounded. Therefore,
additional experiments are necessary to obtain a solid
basis for more profound comparisons of the prolifera-
tive activity in different species. Nevertheless, the

extracted data (see Table 4) do indicate potential rela-
tionships between adult neurogenesis and the com-
plexity of olfactory system design. Characters to
describe the complexity of the central olfactory path-
way include, for example, the relative proportion of
the dcl compared to the entire brain volume, number
and size of the neuropil elements within the dcl (the
olfactory glomeruli) and the degree of elaboration of
secondary olfactory processing areas such as the
accessory lobes. For our comparison, however, we
had to rely on those features for which enough infor-
mation was available in a broad range of decapod
species.

Table 4 presents all extracted data from our and
previous studies sorted by the proliferation rate in
cluster (10) in ascending order. The resulting
sequence of the crustacean taxa does not strictly
re�ect their phylogentic relationships (compare
Fig. 1) and is also not exclusively explained by
the complexity of the dcl (mean glomerular num-
bers and glomerular shape). However, when also
considering the size of the accessory lobe rela-
tively to the dcl, we are able to distinguish three
groups:

Figure 6 Schematic representation of the deutocerebral olfactory system on the left side of the
brain. Based on our observation that the emergence of the accessory lobe has in�uenced the prolif-
eration of cells (compare Table 4), we suggest that three classes of neurons (following Schachtner
et al., 2005) are probably provided by the deutocerebral proliferative system. One neuron of each
class is shown and colored in magenta (dcl-pn in cluster 10), yellow (al-pn in cluster 10) and green
(dcl/al-ln in cluster 9), respectively. Note that the shown interconnections of neurons are not repre-
sentative and vary in detail in different species. Abbreviations: a1nv antenna 1 nerve, al accessory
lobe, al-pn projection neuron of the al, dcl deutocerebral chemosensory lobe, dcl/al-ln local inter-
neurons connecting the dcl and al, dcl-pn projection neuron of the dcl, hn hemiellipsoid body, osn
olfactory sensory neurons, pnt projection neuron tract, numbers indicates somata clusters. [Color
�gure can be viewed at wileyonlinelibrary.com]
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Group A: The �rst group includes all non-reptant
decapods. Their dcl’s comprise around 100 or less
wedge-shaped olfactory glomeruli on each side a fea-
ture which, according to Harzsch and Krieger (2018),
indicates a relatively simple olfactory system within
malacostracan crustaceans. These animals exhibit a
comparatively low proliferation rate of less than 20
BrdU-positive cells (BrdU1 cells) in cluster (10)
after 24 h BrdU incubation.

Groups B and C comprise all reptant decapods
which have newly evolved another second-order
processing neuropil, the accessory lobe (Sandeman
et al., 2014).

Group B: The second group includes the bra-
chyuran crabs and Anomala. These taxa possess a rel-
atively small accessory lobe which is secondarily
reduced (Helluy et al., 1995). In contrast to non-
reptant decapods, the dcl exhibits several hundreds of
olfactory glomeruli with a columnar shape, features
which presumably characterize a higher level of com-
plexity of the olfactory system (Harzsch and Krieger,
2018). Their proliferation rates are slightly higher
than in group A (20–60 BrdU1 cells in cluster [10]).

Group C: The last group comprises the remaining
reptant decapods that have a prominent accessory
lobe of nearly the same size as or even larger than the
dcl. Compared to the species in group B, these ani-
mals display a much higher proliferation rate in clus-
ter (10; from 50 cells inH. americanusto 250 cells in
C. destructor). Furthermore, this group exclusively
features persistent proliferation also in cluster (9/11).

Our review of the literature data suggests that the
number of BrdU1 cells in cluster (10) correlates not
only with the complexity of the dcl (number and
shape of olfactory glomeruli) but also with the pres-
ence and size of the accessory lobe. What is more,
proliferation of cells in cluster (9) is strictly coupled
to the presence of a prominent accessory lobe, as pre-
viously mentioned by Beltz and Sandeman (2003).
Therefore, we suggest that a considerable number of
newly generated neurons in cluster (10) and, in par-
ticular, cluster (9) support the function of the acces-
sory lobe.

Which Types of Neurons are Generated
by the Deutocerebral Proliferative
System?

Considering the rate of proliferation and a possible
correlation with the complexity of the olfactory sys-
tem, we suggest that primarily three classes of neu-
rons are replenished by the deutocerebral
proliferative system in decapods (compare Fig. 6):

� Projection neurons of the dcl (dcl-pn) that inner-
vate the base of olfactory glomeruli and project
via the projection neuron tract predominantly
into the medulla terminalis of the lateral proto-
cerebrum (Sullivan and Beltz, 2005b). Their
somata are located in cluster (10).

� Projection neurons of the accessory lobe (al-pn)
that innervate the accessory lobe and projectvia
the projection neuron tract predominantly into
the hemiellipsoid body of the lateral protocere-
brum (Sullivan and Beltz, 2005b). Their somata
are also located in cluster (10).

� Local interneurons that connect the dcl to the
accessory lobe (dcl/al-ln). They innervate the
subcap of the olfactory glomeruli and the central
layer of the accessory lobe (if applicable). Their
somata are located in cluster (9; Beltz and San-
deman, 2003).

We suggest that only dcl-pn’s are replenished by
adult neurogenesis in group A (non-reptant decap-
ods), whereas in group B that features a small acces-
sory lobe also new al-pn’s are probably provided. In
group C which display a prominent accessory lobe
and show additional proliferation in cluster (9), all of
the suggested classes of neurons are added by the
deutocerebral proliferative system. Using pulse-chase
experiments, Sullivan and Beltz (2005b) demon-
strated that in the adult cray�shC. destructorthe
newborn cells differentiate into projection neurons of
both dcl and accessory lobe. In contrast, considering
the localization of the newborn cells within the soma
clusters, Schmidt (2001) speculated that only dcl-
pn’s are replenished in the lateral cluster (LC, cluster
[10] sensuSandeman et al., 1992) and all types of
local interneurons (including those which are not
associated with the accessory lobe) are generated in
the median cluster (MC, cluster [9/11]sensuSande-
man et al., 1992). However, it has to be mentioned
that the presence of these three distinct classes of
olfactory interneurons which we discuss here has
only been shown for a limited number of reptant
decapods. All of them are present in the spiny lobster
P. argus(Schmidt and Ache, 1996). Both projection
neuron types (dcl-pn and al-pn) are also present in
the clawed lobsterH. americanus(Sullivan et al.,
2000) and the cray�shC. destructor(Sullivan and
Beltz, 2005b) but data for local interneurons that con-
nect the dcl to the accessory lobe (dcl/al-ln) are miss-
ing in these species. In contrast, such local
interneurons are described in the cray�shP. clarkii
(Arbas et al., 1988) in which, however, the projection
neurons were suggested to always innervate both dcl
and accessory lobe (Mellon et al., 1992).
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CONCLUSIONS

Together with the study by Schmidt and Harzsch
(1999), our data support the assumption by Sandeman
et al. (2011) that the deutocerebral proliferative sys-
tem does not only exist in malacostracan taxa that
possess an accessory lobe. Rather, neurogenesis in
the adult brain seems to characterize the ground pat-
tern of (at least) decapods. Nevertheless, distinctive
differences can be observed across this taxon. Ongo-
ing proliferation contributing new projection neurons
to cluster (10) appears to be a common feature of all
decapods, whereas persistent addition of local inter-
neurons to cluster (9) exclusively appears in taxa
with a prominent accessory lobe (almost all Reptantia
except Brachyura and Anomala). Therefore, we sug-
gest that with the evolutionary emergence of the
accessory lobe, the plesiomorphic proliferative sys-
tem was structurally and functionally expanded in
reptant decapods. Initially, in Achelata, an additional
proliferation zone in cluster (9) emerged (Schmidt,
2007). Subsequently, a centralized neurogenic niche
grows during development of more derived lineages
of reptant decapods and a niche-stream system that
is present in the adult brain emerged (as in the
cray�sh P. clarkii; Sintoni et al., 2012). In bra-
chyuran and anomalan decapods, the necessity to
generate new neurons was reduced again in concert
with the secondary size reduction of the accessory
lobe (Helluy et al., 1995), while the niche-stream
system was in principle maintained (Bazin, 1969;
reviewed in Sandeman et al., 2011). Considering
the basic neuronal types that are probably replen-
ished by the deutocerebral proliferative system,
adult neurogenesis in the brain of decapod crusta-
ceans seems to mainly affect the processing down-
stream of the olfactory glomeruli (glomerular
output). Thus, it primarily concerns the output
toward second-order multimodal processing areas,
such as the hemiellipsoid body, the medulla termi-
nalis and, in Reptantia, the accessory lobe.
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The“amphi”-brains of amphipods: new
insights from the neuroanatomy of
Parhyale hawaiensis(Dana, 1853)
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Abstract

Background:Over the last years, the amphipod crustaceanParhyale hawaiensishas developed into an attractive
marine animal model for evolutionary developmental studies that offers several advantages over existingexperimental
organisms. It is easy to rear in laboratory conditions with embryos available year-round and amenable to numerous
kinds of embryological and functional genetic manipulations. However, beyond these developmental and genetic
analyses, research on the architecture of its nervous system is fragmentary. In order to provide afirst neuroanatomical
atlas of the brain, we investigatedP. hawaiensisusing immunohistochemical labelings combined with laser-scanning
microscopy, X-ray microcomputed tomography, histological sectioning and 3D reconstructions.

Results:As in most amphipod crustaceans, the brain is dorsally bent out of the body axis with downward oriented
lateral hemispheres of the protocerebrum. It comprises almost all prominent neuropils that are part of the suggested
ground pattern of malacostracan crustaceans (except the lobula plate and projection neuron tract neuropil).Beyond a
general uniformity of these neuropils, the brain ofP. hawaiensisis characterized by an elaborated central complex and
a modified lamina (first order visual neuropil), which displays a chambered appearance. In the light of arecent analysis
on photoreceptor projections inP. hawaiensis, the observed architecture of the lamina corresponds to specialized
photoreceptor terminals. Furthermore, in contrast to previous descriptions of amphipod brains, we suggest the
presence of a poorly differentiated hemiellipsoid body and an inner chiasm and critically discuss these aspects.

Conclusions:Despite a general uniformity of amphipod brains, there is also a certain degree of variability in
architecture and size of different neuropils, reflecting various ecologies and life styles of different species. In
contrast to other amphipods, the brain ofP. hawaiensisdoes not display any striking modifications or bias
towards processing one particular sensory modality. Thus, we conclude that this brain represents a common type
of an amphipod brain. Considering various established protocols for analyzing and manipulatingP. hawaiensis,
this organism is a suitable model to gain deeper understanding of brain anatomy e.g. by using connectome
approaches, and this study can serve as first solid basis for following studies.

Keywords:Crustaceans, Peracarida, Olfactory system, Visual system, Lamina, Hemiellipsoid body, Histamine,RFamide

Background
Amphipod crustaceans display a high disparity of body
plans and in life history and ecology. Therefore, they are
suitable organisms to explore adaptive changes of organ
systems, e.g. the nervous system, in response to different

life styles.Parhyale hawaiensis(Dana, 1853) (Peracarida,
Amphipoda, Hyalidae) is an epibenthic amphipod with
circumtropical distribution that occupies intertidal marine
habitats such as bays, estuaries, and mangroves [1–3] and
is also a typical member of the macroalgal fauna [4]. It
was first described from the Hawaiian islands [5]. As most
representatives of the Hyalidae, these animals show con-
tinuous reproduction throughout the year and can adapt
their reproduction to favorable environmental conditions
[6, 7]. Dynamics and demographic parameters of a popu-
lation in its native range showed two main reproductive

© The Author(s). 2019Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

* Correspondence:carsten.wolff@rz.hu-berlin.de; andy.sombke@gmx.de
†Carsten Wolff and Andy Sombke are shared last authorship.
2Department of Biology, Comparative Zoology, Humboldt University Berlin,
Philippstr. 13, 10115 Berlin, Germany
3Department of Integrative Zoology, University of Vienna, Althanstr. 14, 1090
Vienna, Austria
Full list of author information is available at the end of the article

Wittfoth et al. Frontiers in Zoology          (2019) 16:30 
https://doi.org/10.1186/s12983-019-0330-0



periods, a shorter one, from late autumn to early winter,
and a longer one, from late spring to early summer [7].
The sex ratio in natural populations of this species typic-
ally is biased toward females thus allowing for a rapid in-
crease in abundance when environmental conditions are
favorable [8]. Females have a low number of eggs, between
six and 25 per brood, depending on the size and age of the
females [9]. BecauseP. hawaiensistolerates salinities from
5 up to 40 PSU [10] and has such a wide distribution,
Artal et al. [11] suggested this species as a suitable eco-
toxicity test organism for circumtropical nearshore marine
ecosystems and described standardized procedures for
laboratory husbandry.

In recent years,P. hawaiensishas also evolved into an
important laboratory model species [12, 13]. Its embryo-
genesis has been thoroughly described including a sta-
ging system [14], and fate map and cell lineage analyses
of the early embryo [15] until gastrulation [16] were
carried out. Because laboratory husbandry is easy and
affordable, inbred lab cultures can provide ample mater-
ial for developmental studies year-round. Furthermore,
P. hawaiensisis accessible for experimental manipulation
and robust protocols exist for the fixation of embryos [17],
in situ hybridization to study mRNA localization [18], and
immunohistochemistry to study protein localization [19].
Genetic tools and resources which have been established
in P. hawaiensisin recent years include for example stable
transgenesis [20–22], gene knockdown [23–25], CRISPR-
mediated gene editing [26], transcriptomic approaches
[27–29], and a sequenced genome [30]. Individuals (em-
bryonic stages and adults) are also optically tractable pro-
viding the opportunity to capture the cellular events
contributing to appendage development and regeneration
using cutting-edge live-imaging technologies [31, 32]. The
recent paper by Ramos et al. [33] provided the basis of
genetics-driven analysis of visual function in this species.

In comparison to our current understanding of the
brain structure in decapod crustaceans [34–37], our
knowledge on the nervous system in Peracarida has not
kept pace and for the Amphipoda relies on older studies
including those by Gräber [38] and Hanström [39]. Ex-
ceptions include representatives of the genusGammarus
in which the structure of the ventral nerve cord [40] and
brain [41] have been explored in detail including immu-
nohistochemical techniques [42]. These previous reports
already described that, within Amphipoda, the brain is
dorsally bent out of the neuraxis so that the protocereb-
rum is almost tilted backwards. The brain in representa-
tives of the genusOrchestiawas analysed by Madsen [43]
and, in comparison to the amphipodNiphargus puteanus,
by Ramm and Scholtz [44], the latter study using a set of
contemporary neuroanatomical techniques, which is com-
parable to that used in the present report. Ramm and
Scholtz [44] provided a detailed description of brain

neuropils and soma clusters that will serve as a sound
basis to which we compare our own results. Gross anat-
omy of the central nervous system ofP. hawaiensiswas
already documented in drawings by Divakaran [45] who
unfortunately did not provide any micrographs. Ramos et
al. [33] analysed the structure of the compound eyes and
retinal projections inP. hawaiensis. Our investigation sets
out to explore the neuroanatomy of this emerging crust-
acean model organism in detail with a set of comple-
mentary techniques including classical histology,
immunohistochemistry and confocal laser-scan micros-
copy, x-ray microscopy, and three-dimensional recon-
struction. Therefore, as first neuroanatomical atlas of the
brain of P. hawaiensis, the current report aims to provide
the basis for subsequent studies to gain deeper insights
into the neurobiology of this emerging model organism,
such as functional studies and connectomics.

Methods
Experimental animals
Specimens ofParhyale hawaiensis(Dana, 1853) were
reared in aquaria with artificial seawater (32 PSU) at
about 26 °C. For all experiments, pairs in precopula
(Fig.1a) were collected to ensure maturity of both sexes.

Immunohistochemistry
Three different marker sets were chosen for immunohis-
tochemical labeling. A summary of used protocols is
given in Additional file1 and the reagents used are listed
in Additional file 2. Additional notes are given below:

� When using 4% paraformaldehyde (PFA) as fixative,
small crystals occurred around the brain, which
masked the specific signal during confocal laser-
scanning microscopy. In order to avoid this artefact,
we used Bouin’s fixative [46] and 3% glyoxal [47] for
immunohistochemical labeling against anti-acetylated-
tubulin and anti-SYNORF1 synapsin, respectively.

� Using Bouin’s fixative for immunohistochemical
labeling required several changes of 0.1 M PBS
(phosphate buffered saline, pH 7.4) to wash out the
picric acid completely. A final washing step was
carried out overnight.

� The brain ofP. hawaiensisis embedded within
connective tissue rich in lipids (Fig.2a). Therefore, for
immunohistochemical labeling against anti-histamine,
we added 1% DMSO to 4% EDAC in PBS to increase
penetration ability through fatty tissues [48].

Histology
For section series, three adult individuals (two males, one
female) were decapitated and prefixed for 24 h in a solution
of ten parts 80% ethanol, four parts 37% formaldehyde and
one part 100% acetic acid (compare [49]). After
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washing in PBS, specimens were postfixed for 1 h in 2%
OsO4 solution (same buffer) at room temperature and,
following dehydration in a graded series of acetone,

embedded in Araldite (Araldite CY212; Agar Scientific
#AGR1030). Serial semi-thin sections (1 or 1.5� m)
were prepared with a Microm HM 355 S and stained

Fig. 1 The amphipodParhyale hawaiensisand gross morphology of its nervous system.a Male and female ofP. hawaiensisin precopula.b Orthoslice
at the mid-level of the brain based on microCT analysis. The brain (yellow) is situated right between the compound eyes in the dorsal part of the
head.c 3D reconstruction of the brain based on microCT analysis (light grey: optical system, yellow: neuropil, purple: organ of Bellonci, dark grey:
somata) in anterolateral view (C1), frontal view (C2) and lateral view (C3). The red line displays the neuraxis of the brain with red dots indicating the
roots of associated nerves to sensory organs and appendages to signify the arrangement of proto-, deuto-, and tritocerebrum. An interactive 3D PDF is
available as supplement (Additional file4).d 3D reconstruction of the central nervous system (yellow) in anatomical context based on microCT analysis
in lateral view. The central nervous system is located ventrally and bent dorsally, anterior to the subesophageal ganglion.Inset (bottom right corner in B)
shows position and orientation of depicted section in the brain.Abbreviations: I-IIIsegmental ganglia of the pleosome,IV-VIfused ganglion of the
urosome,a1antenna 1,a1nvantenna 1 nerve,a2antenna 2,a2nvantenna 2 nerve,brbrain,cbcentral body,dccdeutocerebral commissure,dcl
deutocerebral chemosensory lobe,ecesophageal connectives,esesophagus,g1–7 segmental ganglia of the pereon,gn2second gnathopod,hn/tm
hemiellipsoid body/ terminal medulla complex,la lamina,lan lateral antenna 1 neuropil,lo lobula,memedulla,obeorgan of Bellonci,om ommatidia,
p1–7 pereopods 1–7,pl1–3 pleopods 1–3,segsubesophageal ganglion,tc tritocerebrum.Scale bars:(a, d) 1 mm, (b) 200� m, (c) 150� m
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using 1% toluidine blue and PyroninG in a solution of
1% sodium tetraborate.

X-ray micro-computed tomography
After cold anesthetization, several specimens were fixed
in Bouin’s solution overnight. The subsequent preparation
followed the protocol by Sombke et al. [50]. Preparations
were rinsed in several changes of PBS, dehydrated in a
graded ethanol series and incubated in a 1% iodine solu-
tion (iodine resublimated in 99% ethanol; Carl Roth
#864.1) for 8–12 h. Then, tissues were rinsed several times

in pure ethanol and critical-point-dried (Leica EM
COD300). Finally, samples were fixed on insect pins with
super glue. MicroCT scans (n = 9) were performed with a
Zeiss XRadia MicroXCT-200 and analyzed. One overview
scan (young male, 4x objective lens unit, pixel size
5.6521� m) and two detailed scans of the head (two males,
10x and 20x objective lens units, pixel sizes 1.9649� m
and 0.9983� m, respectively) were used for visualization
and reconstruction in this contribution. Tomography pro-
jections were reconstructed using the XMReconstructor
software (Zeiss Microscopy) resulting in image stacks

Fig. 2 Histological sections of the head.a Frontal section of the head with posterior part of the brain. The brain is surrounded by numerous lipid
droplets (brownish spherules). The dorsal-most part of the brain is innervated by paired small nerves (double-arrow). The optical nerve forms a
chiasm (red arrow).b Magnification of the chiasm (red arrow) of the optical nerve of the left brain hemisphere, frontal view.c Magnification of
the first and second visual neuropil of the right brain hemisphere displaying a chambered appearance of the lamina, frontal view. Numerous
terminations within each chamber are visible. Somata of cluster 1 appear darker and smaller.d Frontal section of the anterior part of the brain. A
small section of the antenna 1 nerve projects to the deutocerebral chemosensory lobe (red arrows). The medial foramen is discernable (double-
arrow).Insets (bottom left corner in A and D)show position and orientation of depicted sections in the brain.Abbreviations: a1nvantenna 1 nerve,
ann antenna 2 neuropil,ao anterior aorta,ba brain artery,dcldeutocerebral chemosensory lobe,ecesophageal connective,esesophagus,hn/tm
hemiellipsoid body/ terminal medulla complex,la lamina,lo lobula,maf amyoarterial formation a,memedulla,om ommatidia,onvoptical nerve,
pc protocerebrum,reretina,[numbers]somata cluster.Scale bars:(a) 100� m, (b-d) 50� m
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(TIFF format). All scans were performed using bin-
ning 2 (resulting in noise reduction) and subsequently
reconstructed using binning 1 (full resolution) to
avoid information loss.

Imaging
Immunohistochemical preparations were analyzed with
a Leica TCS SP5 II confocal laser-scanning microscope
equipped with DPSS-, Diode- and Argon-lasers and op-
erated by the Leica Application Suite Advanced Fluores-
cence software package (LASAF). Images of single
frames and maximal projections were compiled using
the software LASAF (Leica Microsystems CMS GmbH)
and image processing platform Fiji [51].

Specimens processed for histology were analyzed with
a Nikon Eclipse 90i upright microscope and bright-field
optics (20x objective).

The precopula was photographed with a Canon 70d
camera equipped with an EF-S 18–135 mm f/3.5–5.6 IS ob-
jective and a Macro Twin Lite MT-24EX flashlight. Cross-
polarized light was used to minimize reflections [52].

Elastic alignment and 3D-reconstruction
Mosaic image data of histological sections were compiled
into single image stacks using Adobe Bridge CS4 com-
bined with the Photomerge function of Adobe Photoshop
CS4. To perform 3D-reconstructions, an elastic alignment
was performed using the plugins Elastic Stack Alignment
and Elastic Montage incorporated in the TrakEM2 soft-
ware of FIJI [53].

3D-reconstructions were prepared with the software
Amira 5.4.3 (FEI Visualization Sciences Group, Thermo
Fisher Scientific). For using the Segmentation Editor in
Amira, the aligned image stacks were converted into
greyscale images. Contours of the brain and selected
subunits were traced in single section images and finally
used to calculate 3D surface models. For 3D-reconstruction
of microCT scans, image stacks of virtual sections were
processed in the same way. Additionally, based on semi-
thin sections, we counted the number of nuclei in the brain
cortex of one hemisphere of one adult male and one adult
female. For this purpose, Amira’s Filament Editor was used.

Presentation of data and terminology
Images were processed with Adobe Photoshop CS4
using global picture enhancement features (i.e. bright-
ness and contrast). The diagram was created with Adobe
Illustrator CS4. Unless indicated otherwise, all images
are oriented with dorsal to the top and, on lateral views,
anterior facing to the left. Local arrangement of all neur-
onal structures, the neuropils and tracts, are described
referring to the body axis.

The neuroanatomical nomenclature is based on
Sandeman et al. [54] and Richter et al. [55] with

modifications adopted from Loesel et al. [56] and Kenning
et al. [57] for the description of brain neuropils, cell clusters
and tracts. Hence, we name the visual neuropils lamina,
medulla, and lobula and use the terms‘deutocerebral che-
mosensory lobe’ instead of‘olfactory lobe’ [57] and ‘projec-
tion neuron tract’ instead of ‘olfactory globular tract’ [56].
The arteries are classified after Wirkner and Richter [58].

Results
Gross morphology
The head ofParhyale hawaiensisis flattened anteriorly.
The bilaterally paired and sessile compound eyes are
reniform and located dorsolaterally at the head capsule
(Fig. 1a, d). Between the compound eyes, the pair of
uniramous, short first antennae (a1) are located at the
anterodorsal edge of the head capsule. The pair of unira-
mous second antennae (a2) are nearly twice as long as
the first antennae and located ventrally at the mid-level
of the head. The complex feeding apparatus consisting
of mandibles, first and second maxillae as well as maxil-
lipeds follows ventrally (Fig.1a, d).

As previously described by Divakaran [45], the central
nervous system is composed of the brain (br) and ven-
tral nerve cord (vnc), the latter comprises a fused sube-
sophageal ganglion (seg), seven segmental ganglia of the
pereon (g 1–7), three segmental ganglia of the pleosome
(g I-III), and one fused ganglion of the urosome (g IV-
VI, Fig. 1d). The neuraxis of the ventral nerve cord fol-
lows the body axis, but the axis of the brain neuromeres
is bent anterodorsally (Fig.1c3). In consequence and
corresponding to the anterodorsally situated head ap-
pendages, the brain ofP. hawaiensisis located in the
anterodorsal part of the head, between the compound
eyes (Fig.1b-d; Additional file 1). The three neuromeres
of the brain, proto-, deuto-, and tritocerebrum, are lined
up from dorsal to ventral with the lateral protocerebrum
facing posteroventrally towards the ventral-most level of
the compound eyes (Fig.1c3). The neuromeres of the
brain are highly fused, but can be distinguished by their
associated nerves from sensory organs and appendages.
The compound eyes are connected with the protocereb-
rum via the optical nerve (onv, Figs.2a and 3a). Add-
itionally, the dorsomedial area of the protocerebrum is
associated with a bilaterally paired, small nerve that orig-
inates in the organ of Bellonci (Fig.1c2, double arrow in
Figs.2a and 8; Additional file 1). The antenna 1 nerve
(a1nv) innervates the deutocerebrum from anterodorsal
(Figs. 1c, 2d, 3b and 6b), while the antenna 2 nerve
(a2nv) innervates the tritocerebrum from anterior
(Figs. 1c and 3b). The shape of the brain is strongly
influenced by four large arteries, which proceed an-
teriorly through the protocerebrum: the (1) median
anterior aorta (ao), the (2) median myoarterial formation
A (maf a) which branches off anteriorly and, a (3)
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bilaterally paired, smaller brain artery (ba), located be-
tween the lateral and median protocerebrum (Figs.2a, 3
and8).

Protocerebrum
Lateral protocerebrum
The lateral extensions of the protocerebrum (lateral proto-
cerebrum) are confluent with the median protocerebrum.
The anterior aorta separates dorsomedially the hemigan-
glia of the protocerebrum (Figs.1b, 2a, 3a and 8). From
ventrolateral to dorsomedial, the lateral protocerebrum
consists of the serially arranged visual neuropils lamina
(la), medulla (me), and lobula (lo) as well as the

hemiellipsoid body (hn) and terminal medulla (tm; also
termed ‘medulla terminalis’; Figs. 1b, 4a and 7; Add-
itional files 2 and 3). Lamina and medulla are medially
separated from the median protocerebrum by the paired
brain arteries (ba), whereas lobula, hemiellipsoid body,
and terminal medulla are fused ventrally with the antero-
medial protocerebral neuropil (ampn, Figs.3a and 4a).
The retina (re) is connected to the first order visual neuro-
pil, the lamina, via a short optical nerve (onv), which
forms a chiasm (arrow in Fig.2a, b). In comparison to the
size of the compound eyes, the lamina is a relatively small,
compact structure. Synapsin-like immunoreactivity reveals
a cup-shaped architecture composed of spherical subunits

Fig. 3 Overview of the neuroanatomy of the brain.a Frontal vibratome section at the mid-level of the brain, double-labeled against acetylated
tubulin (yellow-red) and RFamide (green).b Sagittal vibratome section of the brain, triple-labeled against acetylated tubulin (yellow-red), RFamide
(green) and nuclei (blue, B1) as well as against acetylated tubulin, separately (black-white inverted, B2).Insets (bottom left corner in A and right
upper corner in B1)show position and orientation of depicted sections in the brain.Abbreviations: ampnanterior medial protocerebral neuropil,
ann antenna 2 neuropil,ao anterior aorta,cb central body,dcldeutocerebral chemosensory lobe,ecesophageal connective,hn/tm hemiellipsoid
body/ terminal medulla complex,la lamina,lal lateral accessory lobe,lan lateral antenna 1 neuropil,lo lobula,maf amyoarterial formation a,onv
optical nerve,pmpnposterior medial protocerebral neuropil,pnt projection neuron tract,tn tegumentary neuropil,[numbers]somata cluster.Scale
bars:(a) 50� m, (b) 100� m
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Fig. 4 (See legend on next page.)
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that do not appear to be arranged in an ordered fashion
(Fig. 6a1). Correspondingly, in anti-acetylated� -tubulin
labelings (Fig.4b) and histological sections (Fig.2c), the
lamina exhibits a chambered structure with a considerable
number of small terminations from retinula cell axons
within each subunit (Fig.2c). Comparable to synapsin-like
immunoreactivity, a strong histamine-like immunoreactiv-
ity is mostly concentrated in the periphery of these spher-
ical subunits (asterisks in Fig.4c1, c2). Furthermore, anti-
histamine labelings reveal that the lamina is organized into
two layers with a thin inner (proximal) layer displaying a
stronger immunoreactivity than a thick outer (distal) layer
(brackets in Fig.4c2). The second visual neuropil, the me-
dulla, is reniform and anteroventrally enclosed by the lam-
ina (Figs. 2c, 4a, b, c and 6a). Between lamina and
medulla, the outer chiasm is formed by a considerable
number of neurites (arrow in Fig.4b; Figs.2c and 4c1).
Adjacent to the medulla and medially fused to the antero-
medial protocerebral neuropil, the lobula (the third order
visual neuropil) is difficult to discriminate due to indistinct
borders. However, the lobula can be discerned by its con-
nection to the central body (cb, see below) via a small
tract (double-arrows in Figs.3a and 4a). In sagittal sec-
tions, several crossing neurites between medulla and
lobula are discernable which are suggested to represent
the inner chiasm (arrow in Fig.4d). In the dorsal-most
part of the brain, the hemiellipsoid body and terminal me-
dulla form a complex (Figs.2a,3a, b,4a,5a and6a). These
two neuropils are not clearly distinguishable by most tech-
niques used here. Synapsin-like immunoreactivity allows
the distinction of a cap-shaped area in the medial-most
part of the brain which may represent the hemiellipsoid
body (Fig.6a2). However, anti-acetylated� -tubulin label-
ing reveals slight differences in intensity of immunoreac-
tivity in two equally sized regions (Figs.4a and 5a) and
another approximate separation is evident by a diffuse sig-
nal located medially in preparations immunolabeled
against RFamide-like peptides (Figs.3a and4a). Therefore,

the hemiellipsoid body may also be larger than anticipated
by anti-SYNORF 1 synapsin labeling.

Median protocerebrum
The median protocerebrum is composed of the antero-
medial protocerebral neuropil (ampn) and, ventrally ad-
jacent, the posteromedial protocerebral neuropil (pmpn)
that is medially divided by the myoarterial formation A
(Figs.3a and 4a). In contrast, the anteromedial protocer-
ebral neuropil is medially fused and encloses the central
complex, composed of protocerebral bridge (pb), the un-
paired central body (cb), and paired lateral accessory
lobes (lal). Dorsomedially, the protocerebral bridge
(Fig. 5a) exhibits synapsin-like immunoreactivity and
consists of two medially divided subunits that extend
from anteromedial to posterolateral in a bow-like fash-
ion (data not shown, Fig.8). The spindle-shaped central
body is located at the interface of anteromedial and pos-
teromedial protocerebral neuropil (Figs.1b, 3a and 4a;
Additional files 2 and 3) and consists of nine horizon-
tally arranged columnar-like subunits. These subunits
display a strong RFamide-like immunoreactivity mainly
in their dorsal regions. Hence, the central body appears
to be divided transversally into a thinner dorsal (upper)
unit and a thicker ventral (lower) unit (Figs.3b1 and4a,
e1). Four pairs of small tracts (w, x, y, and z) proceed
from dorsal to the central body, with crossing neurites
of the medial z tracts within the central body (Fig.4e).
Laterally to the central body, the lateral accessory lobes
(Fig. 6a) display a weak RFamide-like immunoreactivity.
They are connected by a thick protocerebral commissure
in which the central body is embedded (Figs.3aand 4a).

Deutocerebrum
The deutocerebrum is horseshoe-shaped and composed of
a bipartite anterior part and a medially fused posterior
part, located ventrally to the posteromedial protocereb-
rum. The anterior part is characterized by the large lateral

(See figure on previous page.)
Fig. 4 The protocerebrum.a Frontal vibratome section at the mid-level of the protocerebrum, double-labeled against acetylated tubulin (yellow-
red on the left, black-white inverted on the right) and RFamide (green on the left). A bundle of neurites connects the lobula with the lateral part
of the central body (double-arrows).b-c Horizontal vibratome section of the first and second visual neuropils of the left brain hemisphere.b
Maximal projection of acetylated tubulin-like immunoreactivity (black-white inverted) showing the outer chiasm between lamina and medulla
(yellow arrow).c Single optical slice, triple-labeled against acetylated tubulin (yellow-red), histamine (green) and nuclei (blue, C1) as well as
against histamine, separately (black-white inverted, C2). Histamine-like immunoreactivity is concentrated peripherally within the spherical subunits
of the lamina (asterisks) and reveals a two-layered organization of the lamina (brackets in C2).d Sagittal vibratome section of the visual neuropils
showing crossing neurites between lamina and medulla (outer chiasm) as well as between medulla and lobula (putative inner chiasm, yellow
arrow), labeled against acetylated tubulin (black-white inverted).e Frontal view on the central body and the tracts w, x, y, and z, double-labeled
against acetylated tubulin (yellow-red), RFamide (green, E1), as well as against acetylated tubulin, separately (black-white inverted, E2). Some
neurites of z-tracts form chiasmata within the central body (single arrow). The double-arrow points to the bundle of neurites that connects the
central body with the lobula.Insets (bottom left corner)show position and orientation of depicted sections in the brain.Abbreviations: ampn
anterior medial protocerebral neuropil,cb central body,hn/tm hemiellipsoid body/ terminal medulla complex,la lamina,lal lateral accessory lobe,
lo lobula,memedulla,pccprotocerebral commissure,pmpnposterior medial protocerebral neuropil,pnt projection neuron tract,w/x/y/ztracts,
[numbers]somata cluster.Scale bars:(a-c) 50� m, (d-e) 25� m
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Fig. 5 The deutocerebrum and central olfactory system.a Frontal vibratome section of the posterior part ofthe brain showing the projection neuron tract,
labeled against acetylated tubulin.b Magnification of the chiasm of the projection neuron tract withneurites projecting contra- and ipsilaterally (red arrows),
labeled against acetylated tubulin (black-white inverted).c Magnification of the deutocerebral chemosensory lobe of the right brain hemisphere showing the
peripheral arrangement of spherical to wedge-shaped glomeruli, labeled against acetylated tubulin (black-white inverted).d Horizontal view on the
deutocerebral chemosensory lobe of the right brain hemisphere showing three RFamide-like immunoreactive neurons located in cluster 9/11 (asterisks),
triple-labeled against acetylated tubulin (yellow-red), RFamide (green) and nuclei (cyan, D1) as well as against RFamide, separately (black-white inverted, D2).
Insets (bottom left corner)show position and orientation of depicted sections in the brain.Abbreviations: dcdeutocerebrum,dcldeutocerebral chemosensory
lobe,hn/tm hemiellipsoid body/ terminal medulla complex,la lamina,lan lateral antenna 1 neuropil,lo lobula,maf amyoarterial formation a,ogolfactory
glomeruli,pbprotocerebral bridge,pmpnposterior medial protocerebral neuropil,pnt projection neuron tract.Scale bars:(a) 50� m, (b-d) 25� m
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antenna 1 neuropil (lan, Figs.1c, 3 and 6b) and the deuto-
cerebral chemosensory lobe (dcl, also termed‘olfactory
lobe’, Figs.1b, c, 2a, 3a, 5c, d and6c; Additional files2
and 3). In anti-SYNORF 1 synapsin labelings as well as
in histological sections, the lateral antenna 1 neuropil
displays a horizontal division into two equally sized
parts (Fig.6b). Posterolaterally attached to the lateral
antenna 1 neuropil, the deutocerebral chemosensory

lobe is innervated by a small lateral section of the an-
tenna 1 nerve (arrows in Fig.2d). Each deutocerebral
chemosensory lobe is composed of approximate 20–40
subunits, the olfactory glomeruli (og; Figs.3a, 5c, d
and 6c). In histological sections, individual glomeruli
are only weakly delineated (Fig.2d). However, synapsin-
and tubulin-like immunoreactivity reveal a multi-lobed
architecture of the deutocerebral chemosensory lobe with

Fig. 6 Synapsin labeling of the brain ofParhyale hawaiensis.a Frontal vibratome section of the anterior part of the lateral and medial protocerebrum of
the brain hemisphere. (A1) Magnification of the lamina showing the organization in spherical subunits with peripherally concentrated immunoreactivity.
(A2) Cross section through the dorsomedial part of the lateral protocerebrum showing a weak distinction of a cap-like structure that potentially represent
the hemiellipsoid body.b Sagittal vibratome section of the lateral antenna 1 neuropil showing a weak horizontal division into two equally sized parts.c
Frontal vibratome section of the deutocerebral chemosensory lobe of the left brain hemisphere. The medial and lateral foramina are discernable (double-
arrows). (C1) Magnification of the olfactory glomeruli showing the spherical to wedge-shaped appearance as well as a weak division into cap and base
(brackets).Insets (bottom left corner)show position and orientation of depicted sections in the brain.Abbreviations: ampnanteromedial protocerebral
neuropil,dcldeutocerebral chemosensory lobe,hn/tm hemiellipsoid body/ terminal medulla complex,la lamina,lal lateral accessory lobe,lan lateral
antenna 1 neuropil,lo lobula,memedulla,ogolfactory glomeruli,pmpnposteromedial protocerebral neuropil,[numbers]somata cluster.Scale bars:25� m
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spherical to wedge-shaped olfactory glomeruli which are ra-
dially arranged around a core-region that is composed of
neurites of local interneurons and projection neurons
(Figs. 5c and 6c). Unfortunately, a precise determin-
ation of the number of olfactory glomeruli was not
possible with our methods due to the lack of clear
delimitations of the glomeruli. Anti-synapsin immuno-
histochemistry revealed that the olfactory glomeruli are
weakly divided into cap- and base-region (brackets in
Fig. 6c1). Furthermore, they display strong RFamide-
like immunoreactivity across their entire volume (Fig.5d).
In our preparations, we found three characteristic somata
of local interneurons posterior to the deutocerebral che-
mosensory lobe, which display strong RFamide-like
immunoreactivity (asterisks in Fig.5d). Their neurites pro-
ject from the posteromedial edge of cluster 9/11 into the
core-region and innervate an unknown number of glom-
eruli (Fig.5d2). Neurites of laterally located somata enter
the deutocerebral chemosensory lobe through a lateral
foramen (double-arrow in Fig.6c), whereas neurites of
ventrally located somata bundle up medially and proceed
dorsally towards the medial foramen (data not shown).
Neurites of projection neurons leave the core-region
through the medial foramen (double-arrow in Figs.2d and
6c) and form a distinct projection neuron tract (pnt; also
termed ‘olfactory globular tract’) that proceeds dorsally to
the hemiellipsoid body/terminal medulla complex (Figs.
3a, b,4a,5a,7 and 8; Additional files2 and 3). Posteriorly
to the central body, the projection neuron tract forms a
chiasm with ipsi- and contralaterally proceeding neurites
(Fig.5a, arrows in Fig.5b). The posteromedian deutocer-
ebrum exhibits diffuse RFamide-like immunoreactivity
(Fig.3a). In anti-SYNORF 1 synapsin labeled preparations,
the cigar-shaped median antenna 1 neuropil (man) is lo-
cated dorsally in the posterior deutocerebrum (data not
shown, Fig.8). Ventrally to the median antenna 1 neuropil
and between the lateral antenna 1 neuropils, a strong deu-
tocerebral commissure is discernible (Figs.1b and8).

Tritocerebrum
The hemiganglia of the tritocerebrum are medially sepa-
rated and located in close association to the circumesopha-
geal connectives (Figs.1b, c,2d and3a). It is dominated by
the distinct, anteriorly oriented antenna 2 neuropil (ann,
Fig. 3b¸ Additional files 2 and 3). In histological sections
and immunohistochemical labelings, a weak horizontal div-
ision into two equally sized parts is discernable (data not
shown). The innervating antenna 2 nerve (a2nv) branches
off into several bundles of neurites that proceed through
both halves of the antenna 2 neuropil (Fig.3a and b). Pos-
teromedially to the upper half of the antenna 2 neuropil,
synapsin- and tubulin-like immunoreactivity reveal a small
spherical neuropil, the tegumentary neuropil (tn, Fig.3b).

However, tegumentary nerves innervating this neuropil
could not be detected.

Somata clusters
The neuronal somata are aggregated in clusters, which,
due to their close spatial proximity, appear as a cortex that
covers major parts of the brain (Figs.1c and 7, Additional
files 2 and 3). The cortex features several cell layers in dif-
ferent regions. As determined from two semi-thin section
series, the cortex contains 6,629 nuclei (male) and 6,657
nuclei (female) per hemisphere (Fig.7, Additional files 2
and 3). Therefore, an adult brain ofP. hawaiensismay
contain about 13,300 nuclei in total. Nonetheless, some
clusters can be distinguished based on different cell body
sizes and spatial relationship. The lamina is wrapped by
cluster 1 that contains relatively small somata. In histo-
logical sections and immunohistochemical labelings, they
appear more intensively stained than other somata
(Figs.2c and4c1). Between hemiellipsoid body/terminal
medulla complex and lobula, a distinct small cluster is
located posteriorly that can be homologized with clus-
ter 3 (Fig. 3b1). Neurites of neurons in cluster 3
proceed anteriorly into the neuropil of the lateral pro-
tocerebrum. Major parts of the median protocerebrum
are covered anteriorly by cluster 6 (Fig.3b1). Associ-
ated with the deutocerebrum, the somata clusters of
the central olfactory pathway are recognizable: cluster
9/11 contains somata of local interneurons and is lo-
cated posterolaterally to the deutocerebral chemosen-
sory lobe, in close proximity to cluster 1 (Fig.5d1);
somata of projection neurons form cluster 10 and are
located ventrally to the deutocerebral chemosensory
lobe (Fig.2d). Between the bases of the lateral antenna
1 neuropils, the median cluster 13 is present (Fig.2d).

Discussion
The visual system with special emphasis on the lamina
Depending on the architecture of the compound eyes,
there is a high disparity in morphology and size of visual
neuropils in amphipod crustaceans [39, 41]. The visual
neuropils may be anteriorly oriented as inStreetsiasp.
[59] or laterally extended as inPlatorchestia platensis
[43] and Gammarus setosus[41], or bent backwards as
in Orchestia cavimana [44] and P. hawaiensis(this
study). The sharp turn of the neuraxis within the proto-
cerebrum of P. hawaiensisis not only indicated by the
arrangement of visual neuropils from ventrolateral to
dorsomedial, but also mirrored in the chiasm of the op-
tical nerve. We assume that this chiasm results from the
upside-down orientation of the visual neuropils and does
not constitute a structural modification.

The visual neuropils comprise lamina, medulla and
lobula. In amphipod brains, the lobula seems to be

Wittfoth et al. Frontiers in Zoology          (2019) 16:30 Page 11 of 19



poorly developed and, as a consequence, is hard to dis-
tinguish from the terminal medulla [39, 44], which
might result from the low number of ommatidia and
other neuronal elements of the visual pathway. However,
there is a distinct connection between the lobula and the
lateral part of the central body, that might provide visual
input to the latter (reviewed in [60]). Hence, the lobula
can be identified as a spherical neuropil in close associ-
ation with both, terminal medulla and medulla. The
outer chiasm (between lamina and medulla) is present in
all previously investigated amphipod species as well as in
P. hawaiensis[33, 38, 41, 44]. In contrast, the presence
of an inner chiasm (between medulla and lobula) was
mostly denied in amphipods [33, 61], which might be
due to the close proximity of medulla and lobula and an
uncertain delineation of the latter. This assumption is
supported by investigations of brains of oxycephalid,
hyperiid, phronimid, auchylomerid and tryphenid am-
phipods [59], which possess well-differentiated visual

neuropils (lamina, medulla, and lobula) and in which
outer and inner chiasmata were recognized. In sagittal
sections, we detected a few neurites crossing each other
in the corresponding region between medulla and
lobula, an arrangement that matches the characteristics
of the malacostracan inner chiasm (compare [62, 63]).
Thus, we suggest the presence of an inner chiasm and
lobula in agreement with the ground pattern of the
malacostracan brain [57], which contradicts Ramos et al.
[33], who stated that the inner chiasm is absent and the
third visual neuropil represents the lobula plate.

In P. hawaiensis, medulla and lobula appear as
homogenous structures whereas the lamina shows spe-
cific structural features. It consists of numerous spherical
subunits that display synapsin-like immunoreactivity only
peripherally and, in preparations with anti-histamine im-
munoreactivity, shows a two-layered organization. In most
previous studies on amphipod brains, the specific structure
of visual neuropils was not described. Only Gräber [38]

Fig. 7 Three-dimensional reconstructions of the brains of one female and one male based on histological sections. Neuropils of the protocerebrum
(reddish: visual neuropils, blue: hemiellipsoid body/terminal medulla complex, purple: central body), deutocerebrum (yellowish) and tritocerebrum
(green) as well as the projection neuron tract (grey) are shown. In the right hemispheres of both brains, all somata are depicted. Interactive 3D PDFs
are available as supplements (see Additional files5 and6).Abbreviations: annantenna 2 neuropil,cbcentral body,dcldeutocerebral chemosensory
lobe,ecesophageal connective,hn/tm hemiellipsoid body terminal medulla complex,la lamina,lan lateral antenna 1 neuropil,lo lobula,memedulla,
pnt projection neuron tract,vncventral nerve cord.Scale bars:100� m
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recognized a ‘distinctly granular’ (“deutlich gekörnelt”)
structure of the lamina in Gammarus spp. Tyrosinated
tubulin-like immunoreactivity revealed transversely project-
ing neurites within the lamina ofO. cavimana([44], their
Fig.2b), arranged in a pattern that corresponds to the typ-
ical, retinotopic organization of laminae in crustaceans [64].
However, the chambered appearance of theP. hawaiensis
lamina has not been described in any amphipod or other
malacostracan crustaceans so far, and does not represent
the typical organization of optic cartridges. Using opsin
transgene reporters to visualize photoreceptor projections,
Ramos et al. [33] revealed similar profiles in the lamina of
P. hawaiensis. Thus, we suggest that this chambered ap-
pearance results from specialized photoreceptor terminals.
Comparable toP. hawaiensis, Sombke and Harzsch [65]
identified club-shaped terminations of histamine-like im-
munoreactive photoreceptor cell axons in the lamina of the
centipedeScutigera coleoptratathat exhibit a chambered
appearance, which is however not present in anti-synapsin
labelings.

Do amphipod brains possess a hemiellipsoid body?
In the malacostracan brain, the (bilaterally paired) hemi-
ellipsoid body and terminal medulla are targeted by axons of
the olfactory projection neurons as output pathway of the
olfactory lobe and suggested to function as higher integra-
tive centers (reviews [36, 37, 66]). In all previous studies on
amphipod brains, the authors mentioned and discussed the
absence of the hemiellipsoid body [38, 39, 41, 43, 44, 67].
Furthermore, Ramm and Scholtz [44] questioned the suit-
ability of previously used characteristics to identify the hemi-
ellipsoid body in Peracarida, including in the two isopod
speciesSaduria entomonand Idotea emarginata, in which
the presence of the hemiellipsoid body had previously been
assumed [57, 68]. In this context, Ramm and Scholtz [44]
promoted the suggestion by Stegner et al. [67] that the loss
of the hemiellipsoid body might be an apomorphic feature
of a subgroup of Peracarida (Amphipoda + Mancoida sensu
lato) and the terminal medulla may function as the only sec-
ond order olfactory center. However, the hemiellipsoid body
that was previously described as part of the terminal

Fig. 8 Schematic representation of the brain ofParhyale hawaiensisin anterior view.Abbreviations: ampnanterior medial protocerebral neuropil,
ann antenna 2 neuropil,ao anterior aorta,ba brain artery,cb central body,dcldeutocerebral chemosensory lobe,ecesophageal connective,hn/
tm hemiellipsoid body/ terminal medulla complex,la lamina,lal lateral accessory lobe,lan lateral antenna 1 neuropil,lo lobula,maf amyoarterial
formation a,man medial antenna 1 neuropil,memedulla,pb protocerebral bridge,pmpnposterior medial protocerebral neuropil,pnt projection
neuron tract,tn tegumentary neuropil
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medulla (as region I and II, [69]) is known to show various
grades of complexity in different species. In decapod crusta-
ceans, the structural complexity of the hemiellipsoid body,
e.g. its regionalization intocap and core, coincides with the
number of antennular afferents, the subdivision of olfactory
glomeruli, and the number of inter- and projection neurons
[37, 70, 71]. Correspondingly, decapod crustaceans with an
elaborate olfactory system display a highly pronounced
hemiellipsoid body (e.g. inBirgus latro, [71]. Vice versa, in
dendrobranchiate Decapoda, e.g.Penaeus duorarumand P.
vannamei, in which a subdivision of olfactory glomeruli is
only indicated by immunohistochemical experiments, the
lateral protocerebrum is poorly differentiated and the hemi-
ellipsoid body hard to detect [72] and sometimes only de-
scribed in a complex with the terminal medulla [73].
Another critical point is that the closely associated terminal
medulla is a highly complex and not precisely defined
neuropil region that cannot be delimited from other neuro-
pils with certainty. Therefore, defining the expected mor-
phological structure of the hemiellipsoid body is a crucial
step to discuss its presence or absence.

In P. hawaiensis, the olfactory glomeruli are only
weakly differentiated. In combination with the relatively
low number of glomeruli and olfactory interneurons
when compared to other malacostracans [37], we there-
fore expect a priori a poorly differentiated hemiellipsoid
body. In the dorsomedial region of the lateral protocer-
ebrum, synapsin-like immunoreactivity reveals a cap-like
structure that, in its degree of differentiation, may corres-
pond to the hemiellipsoid body of e.g.Penaeus duorarum
[72]. However, tubulin-like and RFamide-like immunore-
activity indicate a division of a larger region than this
cap-like structure inP. hawaiensis. Therefore, we were
not able to identify a hemiellipsoid body with certainty.
Nevertheless, as the hemiellipsoid body is part of the
ground pattern of the malacostracan brain [57] and a
subdivision is indicated by immunohistochemical labelings,
we suggest its presence in the brain ofP. hawaiensis.Fur-
thermore, if a subdivision of the corresponding brain area
is evident (e.g. as in the isopod speciesI. emarginataandS.
entomon [68]), the presence of the hemiellipsoid body
might be accepted at least in complex with the terminal
medulla in other peracarid brains, too. Considering that in
malacostracan crustaceans the hemiellipsoid body seems to
function as a multimodal integrative center and has been
suggested to function in learning and memory [62, 74, 75],
we conclude that such functions play only subordinate roles
in the behavioral repertoire of amphipods.

Amphipods and the organ of Bellonci
In P. hawaiensis, the hemiellipsoid body/terminal medulla
complex is innervated by a paired small nerve from dorsal.
In the amphipod generaCaprella and Gammarus,
Hanström [76] and Gräber [38] described a similar

pair of protocerebral nerves that fuse to a single nerve
(in Gammarus spp.) and connect the frontal organ
with the terminal medulla. However, the term‘frontal
organ’ was not clearly defined in the past and used for
different structures by different authors. Therefore,
the term ‘organ of Bellonci’ was reintroduced to differenti-
ate between photoreceptive organs and“other types of re-
ceptors innervated from the medullae terminales” [77].
Although the identification of the organ of Bellonci was
related to some morphological criteria (extracellular cavity
and ciliated neurons, [77–79]), terminological inaccuracies
remained. For example, the originally described frontal
organ of Branchiopoda, which was also termed‘X-organ’
or ‘organ of Bellonci’, was reinterpreted as‘frontal filament
organ’ [80]. In contrast to the organ of Bellonci, the frontal
filament organ is composed of bipolar neurons connecting
the frontal filament and the lateral protocerebrum.

Based on microCT analysis inP. hawaiensis, we detected
the organ of Bellonci that is connected to the median
protocerebrum via a paired small nerve, and which in
shape and position is similar to isopods and other am-
phipods [81–83]. In malacostracan crustaceans, the
organ of Bellonci displays considerable morphological
variations [84]. It commonly consists of one or two sensory
pores and afferent neurites that innervate the so-called
‘onion bodies’ that are in close proximity to the visual
neuropils and the hemiellipsoid bodies (e.g. [84, 85]).
Ultrastructural studies suggested a mainly sensory func-
tion [79, 84, 86], but the sensory modality is still a mat-
ter of debate [84, 85].

The central complex
All major arthropod taxa possess a protocerebral midline
neuropil called central body that in hexapods and crus-
taceans is part of the central complex [56, 87]. Several
lines of evidence from behavioral and comparative ana-
tomical and physiological studies suggest that the central
complex serves as a motor control center that is involved
in orchestrating limb actions. The composition of proto-
cerebral bridge, central body, paired lateral accessory lobe
and four pairs of tracts (w, x, y, and z) present inP.
hawaiensisresembles the central complex as described in
crayfish and many other Malacostraca [35, 87, 88]. In P.
hawaiensis, the protocerebral bridge consists of two
arched neuropils that are medially separated and arranged
in a V-shape. Except for the tripartite protocerebral bridge
in Gammarusspp. (including one median, unpaired elem-
ent [38]), the protocerebral bridge of amphipod crusta-
ceans generally consists of two medially divided halves
that are connected by a small commissure (summarized in
[39]). In the amphipod speciesO. cavimanaandN. putea-
nus, this commissure was shown in serotonin-like immu-
noreactive labelings [44], which was not performed in the
present study. Anteroventrally to the protocerebral bridge,
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the central body receives input from cluster 6 by four
pairs of tracts, termed w, x, y, and z. These tracts are
formed by columnar neurites that cross the midline only
within the central body, what is suggested to be part of
the malacostracan ground pattern [35]. While the central
complex of P. hawaiensisexhibits all four pairs of tracts,
there were only three pairs identified inN. puteanusand
none in O. cavimana [44]. Besides different numbers
of interconnecting tracts, the number of horizontally
arranged subunits of the central body also differs in
amphipod crustaceans. Similar toP. hawaiensis, the
genus Vibilia features nine horizontally arranged sub-
units [39], whereas seven subunits were described in
Gammarus spp. [38, 41] and only four in N. puteanus
[44]. In contrast, species of the generaOrchestia and
Phronima display homogenous central bodies without
subdivisions [39, 43, 44]. In P. hawaiensis, N. puteanus,
and O. cavimana, the number of subunits of the central
body decreases with a decreasing number of interconnect-
ing tracts. The horizontal subdivision of the central body
may be dependent on the number of tracts, as previously
suggested by Homberg [60], although the numbers are
not equal. However, Ramm and Scholtz [44] as well as
Stegner et al. [67] discussed a possible correlation between
lack of eyes and a decreasing number of tracts that seems
to comply with our findings inP. hawaiensis.

The central olfactory pathway
The deutocerebral chemosensory lobes receive input
from unimodal chemosensory sensilla on the first anten-
nae, the aesthetascs (reviewed in [37]). The afferents of
chemosensory receptor neurons associated with bimodal
sensilla are assumed to mainly innervate the lateral an-
tenna 1 neuropil, if not exclusively [89]. Nonetheless, in
P. hawaiensis, Caprella acutifrons, and Gammarusspp.,
afferents of olfactory sensory neurons associated with
the aesthetascs form a distinct bundle in the lateral part
of the nerve of the first antenna [38, 90]. These afferents
innervate the olfactory glomeruli, which are spherical in
N. puteanus [44] and slightly more wedge-shaped in
Gammarusspp. [38] and P. hawaiensis. Spherical olfac-
tory glomeruli are part of the ground pattern of mala-
costracan brains and represent a plesiomorphic feature
[56, 57, 91, 92]. For decapod crustaceans, it was previ-
ously suggested that an increasingly elongated shape of
olfactory glomeruli coincides with an increasing com-
plexity of the olfactory system [70, 71, 73]. In the brain
of P. hawaiensis, anti-synapsin labelings reveal a slight
regionalization of the olfactory glomeruli into cap and
base that is known from many malacostracans where
olfactory glomeruli can be differentiated in up to three
regions (cap, subcap, and base). This regionalization is a
consequence of region-specific interconnection of affer-
ents and different types of interneurons [37, 93]. Hence,

the cap represents the major input region where affer-
ents terminate, whereas the base represents the major
output region where dendrites of projection neurons
arborize. Neurites of local interneurons terminate in
both regions. InP. hawaiensis, somata of local interneurons
(cluster 9/11) encompass posterolaterally the deutocerebral
chemosensory lobe and house three RFamide-like immuno-
reactive neurons. RFamides are known to characterize local
interneurons in the olfactoryglomeruli of numerous deca-
pods, e.g.Panulirus argus[94] and Penaeus vannamei[73].
Another cluster of somata is located ventrally to the deuto-
cerebral chemosensory lobes and, in accordance withN.
puteanus[44], is suggested to represent cluster 10, which
houses the projection neurons. Their neurites form a strong
tract that projects dorsally towards the medial foramen of
the deutocerebral chemosensory lobe. We assume that
both, dendrites entering the deutocerebral chemosensory
lobe and axons leaving it, pass through the medial foramen.
In comparison to other malacostracans, the deutocerebral
chemosensory lobe with its low number of olfactory glom-
eruli displays a basic architecture [37]. This observation
might suggest thatP. hawaiensisis able to detect only a
limited fraction of its surrounding olfactory landscape.

Other deutocerebral neuropils and tritocerebrum
Besides the deutocerebral chemosensory lobe, the median
and lateral antenna 1 neuropils are principal components
of the deutocerebrum in Malacostraca [34, 57, 87]. The me-
dian antenna 1 neuropil processes primarily input from
proximal antennal segments, in particular from the stato-
cyst [95, 96], and were also described inO. cavimanaand
N. puteanus[44]. The lateral antenna 1 neuropil receives
mechanosensory input from bimodal sensilla on the first
antenna [36, 37, 97] and contains dendrites of motor neu-
rons controlling the movement of the first antenna [98, 99].
In P. hawaiensis, the lateral antenna 1 neuropil displays a
bi-lobed shape as in the stomatopodNeogonodactylus
oerstedii[100] and in many decapods [54] that was also
described inN. puteanus, but not in O. cavimana[44].
The tritocerebrum ofP. hawaiensisis dominated by the
antenna 2 neuropil, which receives mechanosensory in-
put from the second antenna and controls its move-
ments [101, 102]. Both neuropils, the lateral antenna 1
neuropil and the antenna 2 neuropil, are known to
show a stratified appearance representing a somatoto-
pic organization in many malacostracans [73, 100, 103].
However, a stratification is not part of to the ground
pattern of malacostracans [57] and not evident in
amphipod brains ([44], this study). A tritocerebral tegu-
mentary neuropil is present medially to the antenna 2
neuropil in P. hawaiensis, G. setosus[41], and O. cavi-
mana, but seems to be absent inN. puteanus[44]. The
tritocerebral tegumentary neuropil receives input from
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the paired tegumentary nerve that transmits mechano-
sensory information from the carapace (not from the
organ of Bellonci). Although this nerve could not be
identified with certainty, it was previously described by
Divakaran [45] in P. hawaiensis.

Sexual dimorphism in amphipod brains?
Amphipod crustaceans show sexual dimorphisms [104].
Mature amphipod males are often larger than females, but
the most striking feature is the significantly enlarged second
pereopod in males (i.e. gnathopod; Fig.1a) [104, 105]. In
laboratory conditions, it is noticeable that males are more
actively moving around by leaving the coral gravel more
frequently (personal observation). They also constantly
check nearby females about their fertility status to grab
receptive females in precopula (Fig.1a) for later sexual
reproduction. Investigating the reproductive behavior of the
amphipod speciesGammarus palustris, Borowsky and
Borowsky [106] assumed that contact pheromones might
play an important role for this behavior. These speculations
fit to descriptions on sexual dimorphisms of the peripheral
sensory system that first antennae of male amphipods can
be equipped with male-specific sensilla [107, 108]. However,
the presence and sensory processing of possible attractants
is still unresolved. Sexual dimorphism of the deutocerebral
chemosensory lobe was described in Mysidacea and
Euphausiacea [109] and similarly suggested in Brachyura
[110]. Slight differences were also noticed in the central
bodies of male and female individuals of the brachyuran
genusUca [111]. However, based on our data set we used
we were not able to detect sexual dimorphism in the brain
of P. hawaiensis. Therefore, further investigations are re-
quired to discover possible neuroanatomical foundation for
sexual dimorphic behavior inP. hawaiensis.

Conclusions
With reference to the ground pattern of Malacostraca
[57], the brain ofParhyale hawaiensisexhibits all neuro-
pils of the proto-, deuto-, and tritocerebrum with excep-
tion of lobula plate (protocerebrum) and projection
neuron tract neuropil (deutocerebrum). It is character-
ized by a modified lamina, which shows a chambered
appearance probably depending on specialized photo-
receptor terminals, and an elaborated central complex.
In contrast to previous descriptions of the visual system
in P. hawaiensis, we have shown the presence of the
inner chiasm and, therefore, the third visual neuropil is
identified as lobula. We also suggest the presence of a
poorly differentiated hemiellipsoid body which contra-
dicts earlier assumptions about an apomorphic loss of
this neuropil in a subgroup of Peracarida, including
Amphipoda. An indistinct demarcation of some neuro-
pils due to a close association to each other and uniform
appearance (such as lobula, terminal medulla, and

hemiellipsoid body) seems to be a common feature of
Amphipoda [38, 43, 44]. Beyond the uniformity of
amphipod brains, there is also a certain degree of vari-
ability in architecture and size of different neuropils
[59]. Ramm and Scholtz [44] suggested that size and
structural elaboration of neuropils might correlate with
ecology and life style in different species. For example,
the cave-dwelling amphipod speciesN. puteanus pos-
sesses reduced visual neuropils corresponding to its re-
duced compound eyes, and the terrestrial amphipod
speciesO. cavimana possesses reduced deutocerebral
chemosensory lobes in correspondence to reduced first
antennae (compare also [43]). Amphipod species from
deep-sea feature either well-developed sense organs and
associated neuropils of the chemosensory or visual sys-
tem [59]. The brain of Streetsiasp. is dominated by
well-differentiated visual neuropils in correspondence to
its large eyes and the brain ofCorophium volutator,
whose second antennae are considerably enlarged, is
characterized by a pronounced tritocerebrum [59]. We
conclude that the obvious disparity of amphipod life his-
tories and ecologies is clearly mirrored in their neuro-
anatomy. As the brain of P. hawaiensis does not
display striking modifications from the suggested
ground-pattern of Malacostraca or bias towards any
particular sensory modality, we assume that its brain
may represent the common type of the amphipod
brain.
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