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�G�H�V���S�U�R�M�H�F�W�L�R�Q�V���G�L�I�I�X�V�H�V���G�D�Q�V���W�R�X�W���O�H���F�H�U�Y�H�D�X�����O�H���/�+�$�S�P���H�V�W���E�L�H�Q���G�L�I�I�p�U�H�Q�F�L�p�����0�r�P�H���V�L���S�H�X���G�H���G�R�Q�Q�p�H�V��

�H�[�L�V�W�H�Q�W���F�R�Q�F�H�U�Q�D�Q�W���F�H�V���U�p�J�L�R�Q�V���W�U�q�V���S�R�V�W�p�U�L�H�X�U�H�V���G�X���/�+�$�����S�O�X�V�L�H�X�U�V���Q�R�\�D�X�[���\���R�Q�W���p�W�p���L�G�H�Q�W�L�I�L�p�V����
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�)�L�J�X�U�H�����������3�K�R�W�R�J�U�D�S�K�L�H�V���H�W���Vche´m�D�V���L�O�O�X�V�W�U�D�Q�W���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���'�O�[���������G�D�Q�V���O�H���S�U�R�Vence´�S�K�D�O�H���F�K�H�]���O�¶�H�P�E�U�\�R�Q��
�H�W���G�H���*�$�' ���G�D�Q�V���O�H���/�+�$���F�K�H�]���O�
�D�G�X�O�W�H�����G�
�D�S�U�q�V���&�K�R�P�H�W�W�R�Q������������������

�/�¶�H�[�S�U�H�V�V�L�R�Q���G�H���'�O�[���������F�K�H�]���O�¶�H�P�E�U�\�R�Q���j���(�������U�p�Y�p�O�p�H���S�D�U���K�\�E�U�L�G�D�W�L�R�Q���L�Q���V�L�W�X�����$�����%�����H�W���L�P�P�X�Q�R�K�L�V�W�R�F�K�L�P�L�H�����&�������/�D��
�F�R�P�S�D�U�D�L�V�R�Q���D�Y�H�F���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���*�$�' ���G�D�Q�V���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���O�D�W�p�U�D�O���G�X���U�D�W���D�G�X�O�W�H�����'�����P�R�Q�W�U�H���T�X�H���O�D���V�X�F�F�H�V�V�L�R�Q���G�H��
�U�p�J�L�R�Q�V���*�$�' ���S�R�V�L�W�L�Y�H�V���H�W���*�$�' ���Q�p�J�D�W�L�Y�H�V���G�D�Q�V���O�H���/�+�$���F�R�Q�F�R�U�G�H���D�Y�H�F���O�¶�D�O�W�H�U�Q�D�Q�F�H���G�D�Q�V���O�H���S�D�W�U�R�Q���G�¶�H�[�S�U�H�V�V�L�R�Q���G�X��

�J�q�Q�H���'�O�[���������F�K�H�]���O�¶�H�P�E�U�\�R�Q�����'�H���S�O�X�V�����O�D���G�L�V�W�U�L�E�X�W�L�R�Q���G�H�V���Q�H�X�U�R�Q�H�V���*�$�%�$�H�U�J�L�T�X�H�V���G�D�Q�V���O�H���F�H�U�Y�H�D�X���G�¶�X�Q���;�p�Q�R�S�H���D�X��
�V�W�D�G�H���������������>�(���H�W���)�������5�R�E�H�U�W�V���H�W���D�O�����������������@���F�R�U�U�H�V�S�R�Q�G���j���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���'�O�[���������G�D�Q�V���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���G�¶�X�Q���H�P�E�U�\�R�Q��

�G�H���U�D�W���j���(���������'�������%�D�U�U�H���G�
�p�F�K�H�O�O�H��� �����������—�P����

�$�1�7�������U�p�J�L�R�Q���D�Q�W�p�U�L�H�X�U�H�������(���������������q�P�H���M�R�X�U���G�H���Y�L�H���H�P�E�U�\�R�Q�Q�D�L�U�H�������*�$�%�$�������D�F�L�G�H���J�D�P�P�D���D�P�L�Q�R�E�X�W�\�U�L�T�X�H��������
�*�$�'�������D�F�L�G�H���J�O�X�W�D�P�L�T�X�H���G�p�F�D�U�E�R�[�\�O�D�V�H�������0�&�+�������K�R�U�P�R�Q�H���G�H���P�p�O�D�Q�R�F�R�Q�F�H�Q�W�U�D�W�L�R�Q�������0�(�6�������P�p�V�H�Q�F�p�S�K�D�O�H��������
�0�0�������Q�R�\�D�X���P�D�P�L�O�O�D�L�U�H���P�p�G�L�D�Q�������P�5�1�$�����$�5�1�P���������D�F�L�G�H���U�L�E�R�Q�X�F�O�p�L�T�X�H���P�H�V�V�D�J�H�U�������R�S�W�������W�U�D�F�W�X�V���R�S�W�L�T�X�H��������

�3�2�$�������U�p�J�L�R�Q���S�U�p�R�S�W�L�T�X�H�������3�2�6�7�������U�p�J�L�R�Q���S�R�V�W�p�U�L�H�X�U�H�������7�8�%�������U�p�J�L�R�Q���W�X�E�p�U�D�O�H����

�(��

200 µm 



�,�Q�W�U�R�G�X�F�W�L�R�Q��

�a���������a��

�E���� �/�H���/�+�$�S�P���H�W���O�H���3�6�7�1��

�'�D�Q�V���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���S�R�V�W�p�U�L�H�X�U�����G�H�X�[���J�U�D�Q�G�H�V���U�p�J�L�R�Q�V���V�R�Q�W���U�H�F�R�Q�Q�X�H�V�������O�H���F�R�U�S�V���P�D�P�L�O�O�D�L�U�H���T�X�L��

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

�G�H�V�F�U�L�S�W�L�R�Q���G�H���O�D���U�p�J�L�R�Q���S�U�p�P�D�P�L�O�O�D�L�U�H���H�V�W���G�X�H���j���.�U�L�H�J�����������������E�L�H�Q���T�X�H���O�H���W�H�U�P�H���V�R�L�W���U�H�W�U�R�X�Y�p���G�D�Q�V���G�H�V��

�W�H�[�W�H�V�� �G�H���(���6�����*�X�U�G�M�L�D�Q�����*�X�U�G�M�L�D�Q���� �������������� �'�¶�D�S�U�q�V�� �O�H�V�� �D�W�O�D�V�� �D�F�W�X�H�O�V���� �X�Q�� �F�H�U�W�D�L�Q�� �Q�R�P�E�U�H�� �G�H�� �Q�R�\�D�X�[��

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

�G�p�M�j���p�W�p���P�H�Q�W�L�R�Q�Q�p�V���G�D�Q�V���O�H���F�D�G�U�H���G�H�V���U�p�V�H�D�X�[���L�P�S�O�L�T�X�D�Q�W���O�H�V���Q�R�\�D�X�[���G�H���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���P�p�G�L�D�Q�����,�O��

�I�D�X�W���\���D�M�R�X�W�H�U���O�H�V���Q�R�\�D�X�[���W�X�E�p�U�R���P�D�P�L�O�O�D�L�U�H�V���U�L�F�K�H�V���H�Q���Q�H�X�U�R�Q�H�V���K�L�V�W�D�P�L�Q�H�U�J�L�T�X�H�V�����R�X���H�Q�F�R�U�H���O�H���Q�R�\�D�X��

�S�R�V�W�p�U�L�H�X�U���G�H���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���H�W���O�H���Q�R�\�D�X���V�X�S�U�D�P�D�P�L�O�O�D�L�U�H���G�¶�D�S�U�q�V���F�H�U�W�D�L�Q�V���D�X�W�H�X�U�V����

�&�H�V���G�H�U�Q�L�q�U�H�V���D�Q�Q�p�H�V�����Q�R�W�U�H���p�T�X�L�S�H���V�¶�H�V�W���E�H�D�X�F�R�X�S���L�Q�W�p�U�H�V�V�p�H���D�X�[���D�L�U�H�V���O�D�W�p�U�D�O�H�V���G�H���F�H�W�W�H���G�L�Y�L�V�L�R�Q��

�G�H���O�¶�K�\�S�R�W�K�D�O�D�P�X�V���� �3�H�X���p�W�X�G�L�p�H���H�W���P�D�O���F�D�U�D�F�W�p�U�L�V�p�H���M�X�V�T�X�¶�D�O�R�U�V�����L�O���D���p�W�p���F�R�Q�V�W�D�W�p���T�X�¶�H�O�O�H���R�F�F�X�S�D�L�W���O�H��

�V�H�F�W�H�X�U���*�$�' ���Q�p�J�D�W�L�I���S�R�V�W�p�U�L�H�X�U���G�X���/�+�$�����M�X�V�W�H���H�Q���D�Y�D�Q�W���G�H���O�D���9�7�$�����&�K�R�P�H�W�W�R�Q�������������������,�O���D���p�W�p���U�H�F�R�Q�Q�X��

�T�X�¶�j���O�D���G�L�I�I�p�U�H�Q�F�H���G�H�V���D�L�U�H�V���W�X�E�p�U�D�O�H�V���G�X���/�+�$�����F�H�W�W�H���U�p�J�L�R�Q���S�U�p�P�D�P�L�O�O�D�L�U�H���H�V�W���F�D�U�D�F�W�p�U�L�V�W�L�T�X�H���F�D�U���H�O�O�H��

�F�R�Q�W�L�H�Q�W���X�Q���F�H�U�W�D�L�Q���Q�R�P�E�U�H���G�H���Q�R�\�D�X�[���E�L�H�Q���G�L�I�I�p�U�H�Q�F�L�p�V���G�R�Q�W���O�H���S�U�L�Q�F�L�S�D�O���G�D�Q�V���Q�R�W�U�H���p�W�X�G�H���H�V�W���O�H���3�6�7�1��

���&�K�R�P�H�W�W�R�Q���H�W���D�O�����������������%�D�U�E�L�H�U���H�W���D�O�������������������8�Q�H���G�H�V�F�U�L�S�W�L�R�Q���S�O�X�V���F�R�P�S�O�q�W�H���G�H���F�H�W�W�H���U�p�J�L�R�Q���H�V�W���I�R�X�U�Q�L�H��

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

������������

�'�D�Q�V���O�H�V���D�Q�Q�p�H�V���������������L�O���D�Y�D�L�W���p�W�p���U�H�P�D�U�T�X�p���O�¶�H�[�L�V�W�H�Q�F�H���G�D�Q�V���O�H���/�+�$���S�R�V�W�p�U�L�H�X�U���G�¶�X�Q�H���S�R�S�X�O�D�W�L�R�Q��

�F�H�O�O�X�O�D�L�U�H���D�G�M�D�F�H�Q�W�H���D�X���6�7�1���T�X�L���Q�H���F�R�Q�W�L�H�Q�W���S�D�V���G�H���Q�H�X�U�R�Q�H�V���j���+�F�U�W���Q�L���j���0�&�+�����P�D�L�V���D�V�V�R�F�L�p�H���j���O�
�,�1�6��

�H�W���D�X���Q�R�\�D�X���S�D�U�D�E�U�D�F�K�L�D�O�����3�%�������.�|�K�O�H�U���H�W���D�O�����������������6�D�S�H�U���H�W���D�O�����������������6�D�S�H�U�������������������&�K�H�]���O�H���U�D�W�����3���<����

�:�D�Q�J�� �H�W���)���&�����=�K�D�Q�J�� �������������� �R�Q�W�� �L�G�H�Q�W�L�I�L�p�� �H�W�� �Q�R�P�P�p�� �F�H�� �J�U�R�X�S�H�� �F�H�O�O�X�O�D�L�U�H�� �3�6�7�1�� �V�X�U�� �O�D�� �E�D�V�H�� �G�H��

�O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���O�¶�$�5�1�P���G�H���O�D���S�U�p�S�U�R�W�D�F�K�\�N�L�Q�L�Q�H���������S�7�D�F���������S�U�p�F�X�U�V�H�X�U���G�H���O�D���W�D�F�K�\�N�L�Q�L�Q�H���������7�$�&�������H�W��

�G�X���S�H�S�W�L�G�H���V�X�E�V�W�D�Q�F�H���3�����:�D�Q�J���	���=�K�D�Q�J�������������������&�H�W�W�H���R�E�V�H�U�Y�D�W�L�R�Q���D���H�Q�V�X�L�W�H���p�W�p���F�R�Q�I�L�U�P�p�H���S�D�U���0�����*�R�W�R��

�H�W���/���:�����6�Z�D�Q�V�R�Q���T�X�L�� �H�Q���R�Q�W���p�W�X�G�L�p�� �O�H�V�� �S�U�R�M�H�F�W�L�R�Q�V�����*�R�W�R�� �	�� �6�Z�D�Q�V�R�Q���� �������������� �/�H�� �3�6�7�1���H�V�W���L�O�O�X�V�W�U�p��

�G�H�S�X�L�V�� �G�D�Q�V�� �O�H�V���D�W�O�D�V�����6�Z�D�Q�V�R�Q���� ������������ �3�D�[�L�Q�R�V�� �	�� �:�D�W�V�R�Q���� ������������ �������������� �3�O�X�V�� �U�p�F�H�P�P�H�Q�W���� �V�X�U�� �G�X��

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

�S�U�R�F�K�H�� �G�X�� �S�p�G�R�Q�F�X�O�H�� �F�p�U�p�E�U�D�O���� �F�R�U�U�H�V�S�R�Q�G�D�Q�W�� �D�X�� �3�6�7�1�� �H�V�W�� �G�D�Q�V�� �X�Q�H�� �]�R�Q�H���*�$�' ���Q�p�J�D�W�L�Y�H���G�D�Q�V�� �O�H�V��

�U�p�J�L�R�Q�V���S�R�V�W�p�U�L�H�X�U�H�V���D�X���/�+�$���W�X�E�p�U�D�O�����&�H�W�W�H���U�p�J�L�R�Q���G�X���/�+�$���S�R�V�W�p�U�L�H�X�U�����E�R�U�G�p�H���G�R�U�V�D�O�H�P�H�Q�W���S�D�U���O�D���]�R�Q�D��

�L�Q�F�H�U�W�D���*�$�' ���S�R�V�L�W�L�Y�H���H�W���O�D�W�p�U�D�O�H�P�H�Q�W���S�D�U���O�H���6�7�1���*�$�' ���Q�p�J�D�W�L�I�����D���p�W�p���Q�R�P�P�p�H���/�+�$�S�P���F�D�U���O�¶�D�E�V�H�Q�F�H��

�G�H���*�$�' ���H�W���O�¶�H�[�S�U�H�V�V�L�R�Q���G�H���S�7�D�F�����V�R�Q�W���p�J�D�O�H�P�H�Q�W���R�E�V�H�U�Y�p�H�V���G�D�Q�V���O�H�V���Q�R�\�D�X�[���S�U�p�P�D�P�L�O�O�D�L�U�H�V���Y�H�Q�W�U�D�O���H�W��

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

�F�D�O�E�L�Q�G�L�Q�H���D���D�X�V�V�L���S�H�U�P�L�V���G�¶�L�G�H�Q�W�L�I�L�H�U���G�¶�D�X�W�U�H�V���F�R�Q�G�H�Q�V�D�W�L�R�Q�V���F�H�O�O�X�O�D�L�U�H�V���D�X���Y�R�L�V�L�Q�D�J�H���G�X���3�6�7�1�����2�Q���\��
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The insular cortex-central amygdala-parasubthalamic nucleus network maps onto a basal 
ganglia like organization and mediates cognitive and interoceptive gating of feeding behavior 
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Abstract 

Anterograde tract tracing from the insular cortex labels a pathway to the parasubthalamic nucleus in the 

caudal lateral hypothalamus that runs parallel to the canonical hyperdirect pathway from the isocortex 

to the subthalamic nucleus. Besides, an indirect pathway with a relay in the lateral central amygdala and 

then medial parts of the central amygdala or the caudal substantia innominata was also observed that is 

similar in its structure to the classical indirect pathway of the basal ganglia. Finally, physiological and 

behavioral experiments illustrated PSTN-dependent responses in gating feeding behavior homologous to 

the motor No Go response of the adjacent STN. The in-depth anatomical characterization of such modular 

networks connected by parallel pathways opens the way to formally identify a basic holistic plan in the 

hodological organization of the forebrain highly relevant for many homeostatic functions (motor, feeding 

behaviors...). 
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Developmental, neurochemical and cytoarchitectural evidence shows that the central nucleus of the 

amygdala (CEA) is mostly striatal in nature and therefore can be seen as a part of the basal ganglia (1, 2). 

The classical basal ganglia network includes cortical afferents, direct/indirect pathways from the striatum 

and pallidum onto the substantia nigra (SN) and the subthalamic nucleus (STN) (3, 4). This network is 

completed by an hyperdirect pathway from the cortex onto STN. The CEA projects into the SN but it has 

no ties with the STN (5-10) and classical basal ganglia pathways are not recognized for this nucleus. It is 

however bi-directionally connected with the parasubthalamic nucleus (PSTN) in the caudal lateral 

hypothalamic area (11, 12), and both the CEA and PSTN are connected with the insular cortex (INS). In 

the present work, we took into consideration the anatomical vicinity of the PSTN with the STN to analyze 

the network connecting the INS, the CEA and the PSTN in the rodent. We observed that the structural 

organization of this network is strikingly reminiscent of the canonical hyperdirect and indirect pathways. 

We also illustrate functional PSTN-dependent electrophysiological and behavioral responses homologous 

to those of the adjacent STN. 

 

In order to determine the anatomical organization of connections from the INS into the PSTN, 

anterograde (Phaseolus vulgaris Leucoagglutinin, PHAL) and retrograde (Fluorogold, FG) tract tracers 

were respectively injected in the former and latter structures of adult male rats (see fig. S1 for the 

methods and S2, S3 for the parceling of the PSTN and INS regions as well as injection sites in the INS). The 

retrograde labeling from the PSTN distributed throughout the antero-posterior INS with the agranular 

insular dorsal (AId) and posterior (AIp) areas being the most intensely labeled (Fig. 1A-C). PHAL injections 

targeted the whole INS and neighboring isocortical areas (Fig. 1E; fig. S3). The projections from the 

isocortex to the STN form the well described basal ganglia hyperdirect pathway (Fig. 1G). Likewise, INS, 

rather than targeting the STN, topographically innervated the adjacent PSTN/Calbindin Nucleus (CbN) 

and a region encompassing the CbN and the Parvafox nucleus (Fig. 1 E-L; fig. S4) featuring a non-canonical 

hyperdirect pathway.  

To characterize the putative equivalent of an indirect pathway, description of the topographic 

organization of the projections from the cortex to the STN, PSTN/CbN has been completed with mapping 

of the corresponding cortico-striatal projections. Whereas the motor (MO) and somatosensory (SS) 

cortices innervated specific lateral and dorsal sectors of the STRd (CPU), INS targeted ventral components 

of the CPU, including the amygdalostriatal transition area (ASt). INS also innervated the ventral striatum 

(STRv) including the nucleus accumbens (ACB) and, from the AIv and AIp, the olfactory tubercle (Fig. 2A; 

fig. S5). From most INS injection sites, the innervation of the ASt extended into the CEA. This was evident 

for the gustatory (GU) and visceral (VISC) projections that innervated the capsular part of the CEA (Fig. 

2B, C; fig. S5 and S6) and this input was exclusively provided by axons exiting the innervation field in the 
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ASt. From the anterior part of GU, axons also abundantly innervated the lateral domain of the CEAl. 

Finally, the CEAl as a whole was abundantly innervated by the caudal AId and the AIp. 

The CEA is bidirectionally connected with the PSTN through its medial division while the CEAc and CEAl 

send sparse inputs to this nucleus (12) but innervate the substantia nigra (5-10). To determine if CEAc 

and CEAl could indirectly target the PSTN, we combined PHAL injections into the lateral calcitonin-gene-

related peptide (CGRP)-rich regions of the CEA with FG injections into the PSTN (Fig. 2D-F; fig. S7). The 

distribution of PHAL axons matched that of the FG cells in the CEAm. However, we observed that the 

caudal substantia innominata (SI) contained a denser innervation by PHAL axons as well as abundant FG 

labeled cells. Apotome-assisted optical slicing and 3D reconstructions identified many boutons in close 

contact with FG-containing cells, showing that lateral CEA divisions target cells in the CEAm and the 

caudal SI adjacent to the globus pallidus, that in turn innervate the PSTN (Fig. 2F, fig. S7). 

Therefore, anatomy data point to topological homologies between the networks involving the STN or the 

PSTN. In vivo electrophysiological recordings in both nuclei were also performed demonstrating 

physiological similarities (fig. S8). In fact, PSTN neurons had a significant lower spontaneous firing, but 

both STN and PSTN exhibited the same pattern of activity and neurons in both structures also similarly 

responded to a peripheric noxious stimulus (footshock).  

We further sought to functionally better characterize the PSTN. The only information to date is c-Fos 

responses related to palatable food ingestion and satiety (11, 13-15). Owing to its intense CGRP inputs 

from the parabrachial neurons that also innervate the CEAc and CEAl, we hypothesized the PSTN could 

be involved in sickness induced anorexia, in line with its reactivity to peripheral aversive stimuli. As the 

CEA is involved in emotional processing and reinforcing/rewarding properties of palatable food and 

drugs, its deregulation is often associated with mood- and substance-use disorders (16-22). Besides, INS 

and CEA are involved in neophobia-induced prevention of feeding (23, 24). Therefore, we evaluated the 

influence of the PSTN/CbN in experiments (i) where feeding is prevented by neophobia, bacterial-

endotoxin lipopolysaccharide (LPS)- or anti-cancer chemotherapy drug cisplatin, and (ii) after alcoholic 

intoxication. 

Firstly, rats exposed to a novel sucrose (20% v/v) solution consumed less but displayed a greater number 

of c-Fos expressing neurons in the PSTN (but not in the CbN) than sucrose-habituated counterparts (Fig. 

3A, B and fig. S9). Secondly, intraperitoneal injection of LPS (5mg/kg) or cisplatin (6mg/kg) also triggered 

increases of c-Fos responses in the PSTN and the CbN (Fig. 3C, D; fig. S10). Thirdly, rats were habituated 

to drink either an ethanol (15% v/v) solution or a bitter solution (0,3 mM quinine) instead of water (Fig. 

3E-G; fig. S11). Ingestion of large quantities of the alcoholic solution, but not of large quantities of the 

quinine solution paralleled the increased c-Fos immunoreactivity in the PSTN and CbN. Additionally, the 

alcohol blood level directly correlated with c-Fos expression in the CbN (Fig. 3H). Whereas these data 
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support the involvement of the PSTN/CbN in response to alcoholic intoxication, the quinine experiment 

suggests that c-Fos expression is independent of ingested volumes (fig. S11).  

Therefore, the PSTN/CbN is involved in the modulation of consummatory behavior depending on 

cognitive (novelty) and interoceptive (sickness or food intoxication) signals. To confirm and extend this 

observation we further manipulated the PSTN using pharmacogenetic tools in mice. The combination of 

results from a pilot study using viral tract tracing in mice with resources from the Allen Brain Institute 

data base (25) provided convincing evidence that the PSTN in mice shares many features of the rat PSTN, 

especially with respect to the connections with the INS and CEAm/SI (fig. S12). Ultimately, prominent 

substance P transcripts expression in the PSTN pointed toward the TAC1-Cre mouse line (expressing the 

Cre-recombinase under the control of the substance P gene promoter) as a relevant model to achieve 

this goal (fig. S12). 

Designer receptors exclusively activated by designer drugs (DREADD) experiments were conducted with 

pAAV-4hSyn-DIO-hM4D(Gi)-mCherry recombinant viral vector bilaterally injected in the PSTN of TAC1-

Cre mice (Fig. 3I-M). Remarkably, whereas clozapine-N-oxide (CNO)-induced inhibition of substance P-

expressing PSTN neurons had no effect on spontaneous food intake, locomotion (open field test) or 

affective/coping behavior (forced swim test) (fig. S13), it did suppress the neophobic response reinstating 

consummatory behavior (Fig. 3Q). 

In a last experiment, we tested whether feeding/drinking behavior could be reinstated in sick animals by 

manipulating the PSTN circuitry. To prevent neophobia confound, AAV-injected-Tac1-Cre mice were first 

habituated for one week to drink a sucrose (10% v/v) solution before being deprived for twenty-four 

hours. Mice then received ip injections of LPS (50 µg/kg) and CNO (1 mg/kg; 2 injections, 1h apart) 

solutions and placed 1h later in operant chambers equipped with lickometers (MedAssociates) to 

monitor sucrose (10% v/v) solution consumption. As expected, control mice refrained from drinking. In 

contrast, accurate chemogenetic inactivation of the PSTN relieved this inhibition and experimental mice 

performed a significantly higher number of licks than the control and mistargeted (AAV injections in the 

zona incerta, VTA or supramammillary nucleus) mice (fig. S13). 

Overall, anatomical data point to a complex network connecting the INS, the CEA and the PSTN (Fig. 3N). 

We first described projections that are parallel to and topographically organized as the isocortex-to-STN 

hyperdirect pathway. We also identified INS-to-PSTN indirect pathways with relay through the CEA and 

the caudal SI. As a side note, the CEA has direct projections to the SN that may be associated to a direct 

pathway. Considering that the lateral CEA is made of medium spiny neurons that have a striatal molecular 

signature during development, and that the STN has a hypothalamic premammillary embryonic origin, it 

is again sound to state that the INS-CEA/SI-PSTN and the isocortex-CPU/GP-STN networks are related and 

similarly organized. Physiologically, PSTN and STN neurons behave alike and inhibition of the PSTN 
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suppresses the anorexic response associated to neophobia or sickness, indicating that the PSTN 

modulates ingestion of palatable food. Hence the PSTN gates a stop or warning "no-eat" signal for survival 

purposes in conflicting situations of potentially noxious (sickness-associated or previously unknown) 

source of food to refrain from or initiate feeding, by integrating interoceptive and cognitive signals. 

Somehow, the gating of CEA-triggered feeding exerted by the PSTN can be compared to the role of the 

adjacent STN in movement inhibition preventing information flow from the striatum (Fig. 3N) in a no-go 

pathway. Collectively, these results highlight the basal ganglia like hyperdirect and indirect organization 

of the projections from the insular cortex to the PSTN and emphasize the role of the PSTN which exerts 

cognitive and interoceptive gating of feeding behavior.  
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Legends of figures 

Figure 1: The insular cortex to PSTN projections form a basal ganglia like hyperdirect pathway.  

The PSTN/CbN is a nuclear complex characterized by dense CGRP projections lying adjacent to the STN 
labeled for parvalbumin as the Parvafox nucleus (A). The PSTN receives afferents from INS, mostly AId as 
evidenced by Fluorogold (FG) retrograde tracer labeling (B-D) and confirmed by PHAL anterograde tracer 
data with injection sites illustrated by line drawings in the cortex (E), and the topographic organization of 
the projections observed in the STN, PSTN/CbN and Parvafox regions (F). Whereas the isocortex 
innervates the STN as part of the basal ganglia hyperdirect pathway, most of the INS innervates the PSTN 
with the exception of the AIv that targets the CbN and Parvafox nucleus. Photomicrographs illustrating 
the innervation of the STN and PSTN/CbN after respectively PHAL injection in the motor cortex (G) or the 
AId (H). Darkfiled illumination after immunohistochemical detection of PHAL tracer (G, H). 
Photomicrograph after dual immunofluorescence for CGRP and PHAL (I). The tracer was injected in the 
AIv and the axons are observed in a region encompassing the CbN and Parvafox nucleus. PHAL results 
underline a similar topographic organization of projections from the isocortex into the STN and from the 
INS to PSTN/CbN, Parvafox regions. Scale bar = 1 mm in A, B and 500 µm in C to I.   
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Figure 2: The insular cortex-ventral striatum/CeA-PSTN network maps onto a basal ganglia like indirect 
pathway organization. 

(A) Line drawing illustrating the topographic organization of the projections from the cortex into the STR 
with the isorcortex innervating the STRd (CPU) while the INS as a whole, targets STRd and STRv including 
the ASt, ACB, FS, OT. From the ASt, the INS also innervates the CEAc and CEAl. (B, C) Dual 
immunofluorescence to detect PHAL and CGRP. After PHAL injection in the GU, intense labeling of the 
ASt is observed, but axons exit this region to further reach the CEAc that is characterized by dense CGRP 
positive PBN input. (D) Photomicrograph showing a PHAL injection site in the CGRP-rich CEAc. (E) Line 
drawing illustrating the pathway from the CEAc to the PSTN as evidenced after PHAL injection in the CEAc 
and FG injection in the PSTN. (E) Dual immunofluorescence photomicrograph of a section through the 
caudal SI. This region contains abundant FG labeled cells in close apposition with PHAL axons after 
injections of FG in the PSTN and PHAL in the CEAc. (F) Higher magnification (frame) clearly shows that 
most FG cells are contacted by PHAL axons. Scale bar = 250 µm in B to D and 500 µm in F. 
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Figure 3: The activated PSTN refrains animals from consuming while sick or encountering novel drink 
whereas its inactivation relieves inhibitory control reinstating drinking behavior.  

(A, B) Neophobic rats display higher number of c-Fos expressing nuclei in the PSTN as compared to 
habituated controls that already encountered the sucrose (20% v/v) solution (n = 5 rats; unpaired t-test 
p = 0.0181). The increase in number of c-Fos nuclei in the CbN was non-significant (n = 5 rats; unpaired t-
test p = 0.3526). (C, D) LPS and cisplatin very significantly increase the number of c-Fos nuclei in the PSTN 
and CbN (n = 9 rats; One-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���‰�}�•�š���Z�}�����u�µltiple comparison test, for the PSTN, 
F = 13.91 and for the CbN, F = 29.67). (E-H) Additionally, from rats trained for weeks to develop alcohol 
binge drinking (procedure described in Sup data 1 and 11), those titrating the highest blood alcohol level 
(D20-group rats in E (n = 5 per group; One-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o�������}�u�‰���Œ�]�•�}�v���š���•�š�U���&���A��
31.28) also show a very significant increase in the number of c-Fos labeled nuclei in the PSTN (F) and CbN 
(G) as compared to earlier timepoints (n = 5 rats per group; One-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o����
comparison test, for the PSTN, F = 9.444; for the CbN, F = 8.939). Moreover, the c-Fos response in the 
CbN, correlates with the blood alcohol level (H, n = 20, correlation coefficient r = 0.568, p = 0.009). (I-M) 
Diagram showing pAAV-4hSyn-DIO-hM4D(Gi)-mCherry bilateral injection into the PSTN of TAC1-Cre mice. 
Scale bar = 250 µm. (N-P) Chemogenetic inhibition of PSTN (TAC1 neurons) suppresses neophobia (L) with 
mice initiating more consummatory behaviors (number of licks) toward the never encountered solution 
(10% sucrose) during the first period of the trial (minutes 1-5) compared to vehicle (VEH) mice (n = 5 
mouse; Two-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o�������}�u�‰���Œ�]�•�}�v���š���•�š�U���‰���A���ì�X�ì�î�ò�U���&���A���í�í�X�î�ñ�•�X���~�D�•���^�]�u�]�o���Œ�o�Ç�U��
CNO inhibition of the PSTN reinstates consummatory behavior suppressed by LPS-induced sickness with 
CNO-accurate PSTN mice displaying more licks than VEH mice and CNO mice with misplaced (MP) AAV 
injections (ctrl n = 13; DREADD n = 10; DREADD MP n = 7; One-�Á���Ç�����E�K�s���� ���v���� ���}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o����
comparison test, p = 0.0015, F = 8.377). (N) Diagram highlighting the homologies of hyperdirect and 
indirect pathways involving on the one hand the isocortex-CPU-STN network and on the other hand the 
INS-CEA-PSTN/CbN circuit with focus on cognitive and interoceptive inputs influencing the latter. *P 	Y 
0.05; **P 	Y 0.001; ***P 	Y 0.0001.  
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Supplemental data 1: Material and methods. 
 
EXPERIMENTAL MODEL  

All experiments presented in this study were conducted according to the animal research guidelines from 
the Directive 2010/63/EU of the European Parliament, and of the Council of 22 September 2010, on the 
protection of animals used for scientific purposes. The protocols were approved by the Franche-Comté 
University's Animal Care Committee, and the investigators received authorization to conduct the study.  

All rats and mice used in experiments were housed under a 12 hr light/dark cycle. The rats (Sprague 
Dawley unless otherwise specified) were obtained from Janvier (Le Genest-Saint-Isle, France) and Tac1-
Cre (B6;129S-Tac1tm1.1(cre)Hze/J) mice were obtained from Jackson Laboratories. At the time of the 
experiments, mice were 15�t20 weeks old and weighted approximately 25-28 g; Rats were 10�t15 weeks 
old and weighted 300�t320 g. All animals were used in scientific experiments for the first time. This 
includes no previous exposures to pharmacological substances or altered diets. Health status was normal 
for all animals. 

 
METHOD DETAILS 

Surgical procedures  

Rats were anesthetized with an intraperitoneal (i.p.) injection of a mixture of xylazine and ketamine (1 
mg/100 g and 10 mg/100 g of body weight, respectively; Vetoquinol®, France) and placed in a stereotaxic 
device. For mice, anesthesia was induced with 2% isoflurane and maintained under constant flow of ~1% 
�]�•�}�(�o�µ�Œ���v���� ���v���•�š�Z���•�]���� �~�í�X�ñ�� �o�� �u�]�v�>�í�•�� ���v���� �������Z�� �u�}�µ�•���� �Á���•�� �‰�o���������� �}�v�� ���� �•�š���Œ���}�š���Æ�]���� ���‰�‰���Œ���š�µ�•�X�� �&�}�Œ�� �������Z��
animal, a postoperative analgesia was maintained with 5 mg/Kg Carprofen (s.c.) twice per day for 
consecutive 3 days or paracetamol (1 g/l) in the drinking water for one week. 

Tracer injections 

Retrograde tracer  
Rats received a unilateral iontophoretic injection of 10% solution of fluorogold (FG) (Interchim®) diluted 
in 0.9% sodium chloride (NaCl) into the PSTN. Coordinates were taken from Bregma using the Swanson 
���š�o���•�� �~�î�ì�ì�ð�•�X�� �&�}�Œ�� �š�Z���� �W�^�d�E�U�� �š�Z���� ���}�}�Œ���]�v���š���•�� ���Œ���� ���W�W�� �>�ð�X�ì�� �u�u�U�� �D�>�W�� �í�X�ñ�� �u�u�U�� ���s�W�� �>�ô�X�ð�� �u�u�X�� ���� �P�o���•�•��
micropipette (tip diameter: 30�t�ñ�ì�� �…�u�•�� �Á���•��used to inject the FG iontophoretically into this region 
(intermittent current of 5 mA and 7 s on/off time for 5 min). To avoid FG diffusion along the track, the 
micropipette was left in place for another 5 min before being removed. 

Anterograde tracer  
Rats received a unilateral iontophoretic injection of 2.5% Phaseolus vulgaris leucoagglutinin (PHAL) 
(Vector®) diluted in sodium phosphate buffer saline (NaPBS) pH 7.2. Glass micropipettes were used to 
inject the PHAL iontophoretically into the insular cortex and into the CEA (for coordinates see below) 
using an intermittent current (5 mA; 7 s on/off time for 20 min). All injections in the CEA were done with 
a retrograde FG injection in the PSTN. For the MO1, the coordinates were AP: 3.2 mm, ML: 2.0 mm, and 
DV�W���>�ð�X�ì���u�u�U���Á�]�š�Z�����v�����v�P�o�����}�(���ï�ì�£�V���(�}�Œ���š�Z�������/���U���š�Z�������}�}�Œ���]�v���š���•���Á���Œ�������W�W���ï�X�î���u�u�U���D�>�W���í�X�ñ���u�u�U�����s�W��-5.6 
mm, with an angle of 25°; and AP: 2.8 mm, ML: 2.0 mm, DV: -5.6 mm, with an angle of 21°; for the ORB, 
the coordinates were AP: 3.2 mm, ML: 1.5 mm, DV: -5 mm, with an angle of 13°; for the AIv, the 
coordinates were AP: 2.8 mm, ML: 2.0 mm, DV: -5.7 mm, with an angle of 14°; for the SS1, the coordinates 
were AP: 0.95 mm, ML: 4.0 mm, DV: -4.8 mm, with an angle of 30°; for the GUant, the coordinates were 
AP: 0.95 mm, ML: 3.5 mm, DV: -6.2 mm, with an angle of 19°; for the AIdpost, the coordinates were AP: 
0.95 mm, ML: 3.0 mm, DV: -7.2 mm, with an angle of 21°; for the GUpost, the coordinates were AP: 0.10 
mm, ML: 3.5 mm, DV: -6.6 mm, with an angle of 23°; for the AIp, the coordinates were AP: 0.10 mm, ML: 
3.5 mm, DV: -6.8 mm, with an angle of 16°; for the VISC, the coordinates were AP: -0.26 mm, ML: 4.0 mm, 
DV: -6.5 mm, with an angle of 21°. For the CEAc, the coordinates were AP: -1.78 mm, ML: 4.4 mm, and 
DV: -8.0 mm and for the CEAi, the coordinates were AP: -1.78 mm, ML: 3.8 mm, and DV: -8.2 mm. The 
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micropipette was left in place for another 5 min before being removed. At 10�t15 days after the injection, 
the rat brain was removed, frozen, cut, and processed for immunohistochemistry, as described in the 
following. 
 
Stereotaxic viral injections 

For anatomical experiments 
Retrograde virus: Viral injections of PRV152 and PRV2001 were done unilateral in the CEAm (with blue 
Fluorospheres carboxylates-modified (diameter 1 µm; F8814, Molecular Probes®) to see the injection site 
after sacrifice of mice) using a nanofil on modified microliter syringes (Hamilton) with a 33-needle gauge. 
The tip of the needle was placed at the target regions and the injections were performed at a rate of 0.1 
�…�o���u�]�v�>�í���~�(�}�Œ�����}�}�Œ���]�v���š���•�����v�����À�}�o�µ�u���•���•�����������o�}�Á�•�X���K�v�������š�Z�����]�v�i�����š�]�}�v���Á���•���(�]�v�]�•�Z�������š�Z�����v�������o����was left in 
place for 5 min and then slowly removed. To allow time for viral migration, animals were housed for at 
least 1 day for the PRV152 (one synapse) and 7 days for the PRV2001 following injection before sacrifice. 
TAC1-cre mice were used for injections of cre-dependant PRV 2001 virus in the CEAm. The coordinates 
were taken from Bregma using the Paxinos and Watson atlas (2013). The coordinates used were AP = -
1.2 mm, ML = 2.3 mm and DV = -4.7 mm and 300 nl of PRV virus was injected. 

Anterograde virus: Iontophoretic viral injections of AAV1.CAG-FLEX-EGFP-WPRE and 
AAV1.CAG.LSL.tdTomato were done unilateral in the PSTN using glass micropipette and an intermittent 
current (4 mA; 7 s on/off time for 10 min). The micropipette was left in place for another 5 min before 
being removed. To allow the axonal labeling, animals were housed for at least 2 weeks following injection 
before sacrifice. TAC1-cre mice were used for injections in the PSTN, and the coordinates were AP = -2.0 
mm, ML = 1.1 mm and DV = -5.2 mm (from skull surface).  

 
For functional experiments 
All viral injections were done bilateral in the PSTN, using a nanofil on modified microliter syringes 
(Hamilton) with a 33-needle gauge. The tip of the needle was placed at the target regions and the 
�]�v�i�����š�]�}�v�•���Á���Œ�����‰���Œ�(�}�Œ�u���������š�������Œ���š�����}�(���ì�X�í���…�o���u�]�v�>�í���~�(�}�Œ�����}�}�Œ���]�v���š���•�����v�����À�}�o�µ�u���•���•�����������o�}�Á�•�X���K�v�������š�Z����
injection was finished the needle was left in place for 5 min and then slowly removed. Animals were 
housed for at least 3 weeks following injection before any experiments were initiated. The coordinates 
used were AP = -2.0 mm, ML = 1.1 mm and DV = -5.2 mm (from skull surface) and 200 nl of AAV2-hSyn-
DIO-hM4D(Gi)-mCherry virus was injected per hemisphere. 
 
Chemogenetic inhibition 

Clozapine-N-Oxide (1mg/kg, Sigma) was injected i.p., 1 h before the start of the behavioral sessions. 

After sacrifice of TAC1-Cre mice, brains were dissected out frozen and serially sectioned. The injection 
sites were determined by microscopic observation, and animals with an injection site in adjacent regions 
to the PSTN/CbN complex were included in a group named "Miss Placed" (M.P.).  
 
Histological procedures 

Rats and mice were deeply anesthetized with a lethal dose of Dolethal (1ml/Kg �t intraperitoneal (i.p.)). 
All animals were transcardially perfused with filtered saline (0.9% NaCl), followed by 4% 
paraformaldehyde (wt/vol). Following perfusion, brains were left in 4% paraformaldehyde for 24 h and 
then moved to a 20% sucrose solution (wt/vol) in phosphate-buffered saline (PBS) for 12 h. Brains were 
then frozen and cut into four series 30-�…�u�����}�Œ�}�v���o���•�����š�]ons with a sliding microtome equipped with a 
freezing stage. To identify injection site locations, relevant sections were identified and mounted on 
slides. 

Enzymatic immunohistochemistry 
Free-floating sections were incubated with primary antibodies (Table 1) dissolved in PBS at pH 7.4 
containing 0.3% Triton X-100 (PBS-T), 1% bovine serum albumin, 10% lactoproteins, and 0.01% sodium 
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azide for 48 h at 4 °C. Then, tissues were incubated for 4 h at room temperature in a solution of 
biotinylated goat anti-rabbit IgG (Vector Laboratories®) at a dilution of 1:1000 in PBS-T. Sections were 
placed in the mixed avidin�tbiotin horseradish peroxidase (HRP) complex solution with PBS (ABC Elite Kit, 
Vector Laboratories®) for 1 h at room temperature. The peroxidase complex was visualized by an 
���Æ�‰�}�•�µ�Œ���� �š�}�� ���� ���Z�Œ�}�u�}�P���v�� �•�}�o�µ�š�]�}�v�� ���}�v�š���]�v�]�v�P�� �ì�X�ì�ð�9�� �ï�U�ï
;-diaminobenzidine tetrahydrochloride (DAB, 
Sigma®) with 0.006% hydrogen peroxide (Sigma®) in PBS. The reaction was stopped by extensive washing 
in PBS when the labeling was satisfactory. Sections were mounted on gelatin coated slides, and then 
dehydrated and coverslipped with Canada balsam (Roth®). An adjacent series was always stained in a 
solution of 1% toluidine blue (Roth®) in water to serve as a reference series for cytoarchitectonic 
purposes. Finally, sections were washed in PBS and mounted, air-dried, dehydrated in alcohol, cleared in 
xylene, and coverslipped. 

Immunofluorescent staining 
After rinsing in PBS-T, free-floating sections were incubated with primary antibodies (Table 1) dissolved 
in PBS-T, 1% bovine serum albumin, 10% lactoproteins, and 0.01% sodium azide or only in PBS-T for 24 h 
at 4 °C. Tissues were washed three times with PBS-T (5 min each) and incubated for 2 h with appropriate 
secondary antibodies (Table 2) diluted in PBS-T at room temperature. For triple-labeling, this procedure 
was repeated twice with primaries raised in different species (Table 1). In some cases, FG was detected 
by auto-fluorescence. Some sections were counterstained with a nuclear marker [NeuroTrace® 640/660 
Deep-Red Fluorescent Nissl Stain, 1:100, Invitrogen®, Thermo Fisher Scientific Cat#N21483, Lot1851967, 
RRID: AB_2572212], for 20 min, at room temperature. Finally, sections were washed with PBS-T, mounted 
on gelatin-coated slides and cover-slipped with 60/40 glycerol: PBS-T. 

 
Gas chromatography 

Serum ethanol concentrations were analyzed by gas chromatography. Trace 1310 gas chromatograph 
(ThermoScientific, USA) with a capillary column Rtx-BAC PLUS 1 (Restek, USA) (30 m × 0.53 mm i.d., 3.0 
µm film thickness), a split-splitless injector (temperature 140°C) and a flame ionization detector 
(temperature 250°C) was used. After dilution (1/20) in water added with internal standard Propanol-1, 
0.8 µl of sample was injected with automatic sampler on CPG injector. Constant oven temperature (60°C) 
was required. The carrier gas was helium (99.9999%) at a constant pressure of 3 bars (44 psi). The 
hydrogen flow was 20 mL/min and air flow was 200 mL/min. Ethanol was identified by comparison with 
retention time of ethanol standard solutions analyzed at the same conditions. Quantitative 
determination of ethanol was performed relatively to propanol-1 and calibration range.  

 
Image acquisition and processing 

Sections were analyzed on an ApoTome.2 microscope (Axio Imager Zeiss), and images were obtained 
through a numeric camera (Digital Camera Hamamatsu C11440) using the Imager.Z2 software (Zen 2). 

 
Electrophysiological recordings and firing rate analysis 

Animals: Fifty male Hooded Lister rats (265-450 g) were anaesthetized with an i.p. injection of urethane 
(ethyl carbonate; 1.25 g/kg as a 25% aqueous solution) and mounted in a stereotaxic frame with the skull 
level. Body temperature was maintained at 37°C with a thermostatically controlled heating blanket. Two 
stainless steel electrodes (E363-1, Plastics One, Roanoke, VA) were inserted into the left hindpaw, one 
under the skin of the plantar surface of the foot and the other under the skin of the medial aspect of the 
lower leg/ankle. Craniotomies were then performed to allow access to the STN and the PSTN. 

STN recordings: Extracellular single unit recordings were made from STN or PSTN neurons located 
contralaterally to the stimulated hindpaw, using glass microelectrodes pulled via a vertical electrode 
puller (Narashige Laboratory Instruments Ltd. Tokyo, Japan) and broken back to a tip diameter of 
approximately 1 µm (impedances 5-�î�ì���D�Q�U���u�����•�µ�Œ���������š���í�ï�ñ���,�Ì���]�v���ì�X�õ�9���E�����o�•�X�����o�����š�Œ�}�����•���Á���Œ�����(�]�o�o�������Á�]�š�Z��
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0.5 M saline and 2% Pontamine Sky Blue (BDH Chemicals Ltd., Poole, UK). The electrode was lowered into 
the STN/PSTN with a hydraulic microdrive (Trent Wells Inc.). 

Stimulation procedure: As previously described (26, 27), the noxious footshocks was induced by single 
pulses (0.5 Hz, 2 ms duration) at an intensity of 5.0 mA. The activity of the cells was recorded during a 
control period (120 trials of sham stimulation) and during the application of noxious footshocks (120 
trials). 

Histology and analysis: The final recording site for the STN recording electrode was marked by passing a 
constant cathodal current of 27.5 µA (constant current source) through the electrode for a period of 30 
min to eject Pontamine Sky Blue. Animals were then killed by an overdose of pentobarbital and perfused 
with 0.9 % saline followed by 4 % paraformaldehyde. Brains were removed and postfixed overnight in 4% 
paraformaldehyde at 4 °C, before being transferred into sucrose for 36 h. Serial coronal (30 µm) sections 
were cut, mounted on slides and processed with a Nissl stain (Cresyl Violet). Once sections had been 
processed, recording sites were reconstructed onto sections taken from the atlas of Paxinos and Watson 
(2005). 

Peri-stimulus time interval histograms (PSTNs) were constructed based on SC/PBN multi-unit (bin width 
1 ms) and STN single-unit data (bin width 10 ms). PSTNs were imported into an Excel program (Peter 
Furness, University of Sheffield, (26-29)) which determined the following response characteristics: i). 
Baseline activity: was the mean number of single- multi-unit events during the 500 ms bins prior to the 
footshock. ii). Response latency: The latency of a visually-evoked response was marked as the point when 
the value of post-stimulation events exceeded 1.96 S.D. of the baseline mean. (iii) Response duration: 
Response offset was recorded when post-stimulation activity returned to a value 1.96 S.D. of the baseline 
mean. iii). Amplitude of the response is the maximum amplitude during the response. iv). Magnitude of 
the response: is the mean number of single- multi-unit events between response onset and offset minus 
the baseline mean. 

 
Behavioral sessions 

Experiments in the rat 

Neophobic test 
Ten male rats weighing 250 g were randomly distributed into two groups. All rats were handled daily 
during a week before the experiment and kept 2 or 3 animals per cage. Then, animals of the control 
�Z�Z�����]�š�µ���š�����[���P�Œ�}�µ�‰���Á���Œ�����]�v���]�À�]���µ���o�o�Ç���Z���v���o���������v�����P�]�À���v�����µ�Œ�]�v�P���ï�ì���u�]�v���������}�š�š�o�������}�v�š���]�v�]�v�P�������î�ì�9���•�µ���Œ�}�•����
solution each day during an additional 5 days. During the same period, neophobic rats were handled and 
given a bottle of water. The day before the experiment, drinking water was removed. The day of the 
experiment, each rat were handled as before and were presented to a bottle containing a 20% sucrose 
solution during 30 min. Immediately after, rats were anesthetized (Dolethal 1ml/Kg, i.p.) and perfused 
with the fixative (PFA4%). Often, neophobia is done by using a saccharin solution. However, previous 
unpublished experiment with this product showed that the c-Fos response in the PSTN is very weak with 
this molecule compared to sucrose. In a past experiment (11), we also showed that i.p. injection of 
glucose do not induce a c-Fos response in the PSTN and that therefore the c-Fos expression is not 
modulated by glycemia. 
 
LPS and cisplatin 
Three group of male rats (LPS, n = 9; cisplatin, n = 9 and NaCl, n = 9), weighing 200 g, were i.p. injected 
with a solution of LPS (5 mg/kg), or cisplatin (6 mg/kg), or NaCl (0.9%) and killed 3 h later by perfusion of 
the fixative solution after being anesthetized (Dolethal 1ml/Kg, i.p.).  

 
Alcohol exposure 
The experiment was designed in the rats as to obtain a voluntary alcohol consumption and is described 
in the figure 1. A total of 44 male rats weighing 200 g were used. Rats were first habituated to their living 
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condition during a week. They were housed by 2 or 3 per cages and handled by the experimenter once a 
day. Eight groups of rats were then constituted. Drinking water was replaced by a solution of 15% alcohol 
or quinine (0,3 mM) at day-1 in their home cage. At the evening of day -1, all animals were deprived of 
any drinking solution during the night. Those of one group quinine and of one group alcohol (groups Day 
0) had then individually free access to a bottle containing respectively the quinine or the alcohol solution 
during 30 min before to be perfused 30 min later. The same procedure was used to other groups of rats 
at Day 2, Day 5 and Day 20. In addition, two other groups of 4 rats were forced to drink either the alcohol 
or the quinine solution and were used to perform a double choice experiment against water at day 0 and 
day 20. 
 

 

Figure 1. Diagram summarizing the experiment. 

 
Experiments in mice 

Food intake 
TAC1-Cre mice (Controls, n = 18; DREADD, n = 12 and M.P., n = 5) were placed in operant chambers 
(MedAssociates) to monitor pellets consumption during 1 h. Before the test, mice were habituated to eat 
pellets in the operant chamber three times per week for two consecutive weeks. The day of the test, each 
mouse received an i.p. injection of CNO (1 mg/kg) 1 h before the start of the session. At the end of the 
session, all pellets were weighed.  
 
Open field tests 
To assess locomotor activity in response to our treatments, TAC1-Cre mice (Controls, n = 6; DREADD, n = 
9 and M.P. n = 3; the M.P. animals were determined after the histological validation of the injection site) 
were placed on a novel Plexiglas arena (40 × 40 x 40 cm). The total area was divided into a virtual central 
(34 × 34 cm), and a surrounding peripherical subareas. The central subarea was lit with a 100-lux lamp to 
induce natural aversion to this particular location, as usually performed. Animals were tested once in this 
arena. The 5 min sessions were digitally recorded with a CCD camera. Data were analyzed by replaying 
the sessions in slow-motion to verify the results obtained with the VideoTrack View Point software (Lyon, 
France). Outcomes were the number of sequential crossings over different subareas (representing total 
locomotor activity), and relative time spent within the illuminated central part of the arena. 
 
Forced swim test 
TAC1-Cre mice (Controls, n = 6; DREADD, n = 9 and M.P., n = 3) were placed into a glass cylinder (height 
26 cm, diameter 18 cm) containing water at a temperature of 32 ± 2 °C and a depth of 15 cm. Many 
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parameters (time before 1st immobilization, number and duration of stops and movements) were 
programmed with the VideoTrack View Point software (Lyon, France). Each test lasted 6 min and was 
video recorded for subsequent scoring of the total time spent immobile by a blind observer. Mice were 
considered immobile when they ceased struggling and remained floating motionless in the water.  
 
Neophobic test 
One group of TAC1-Cre mice (neophobic; n = 5) was exposed only once to a 10% sucrose solution (primo 
exposure to a novel taste). A second group (habituated, n = 5) was exposed to this same solution every 2 
days for 2 weeks. The day of the test, after 12 h of water withdrawal, each animal received an i.p. injection 
of CNO (1 mg/kg) and was placed 1h later in operant chambers equipped with lickometers 
(MedAssociates) to monitor sucrose (10% v/v) solution consumption during 15 min. 
 
LPS and cisplatin 
Group of TAC1-Cre mice (LPS, n = 10; NaCl, n = 13 and M.P., n = 7) were i.p. injected with a solution of 
LPS (50 µg/kg), or NaCl (0.9%) and killed at the end of the experiment. With injection of LPS or NaCl, each 
mouse receives another i.p. injection of CNO (1 mg/kg) and a last 1 h apart. Mice were placed 1 h later in 
operant chambers equipped with lickometers (MedAssociates) to monitor sucrose (10% v/v) solution 
consumption during 15 min.  

 
Statistical analyses 

Data analyses were performed using GraphPad Prism 5 (GraphPad). Data distribution was assumed to be 
normal, but this was not formally tested due to normality tests being inconclusive when small sample 
sizes are employed (normal probability plots instead). Consistently with the overall experimental design 
and group assignments, statistical analyses only made use of standard linear model (Pearson correlation) 
analyses as well as one-way ANOVAs and post-hoc t-tests whenever relevant. All P values associated with 
the t-tests performed correspond to two-tailed tests, and all post-hoc tests were corrected for multiple 
comparisons by employing Bonferroni correction. All data are reported as mean ± s.e.m. Every 
experimental group entered in statistical analyses was associated with the corresponding computation 
of its mean ± s.e.m. 

  



�5�p�V�X�O�W�D�W�V��

�a�����������a��

Supplemental data 2: Characterization of the PSTN/CbN region. 
 
The caudo-lateral lateral hypothalamic area (LHA) is made of several differentiated nuclei (fig. 1). In that 
it differs from more rostral LHA regions (tuberal) that are not nuclearly organized and share many 
cytoarchitectural features with the reticular formation. Chometton et al. provided a careful analysis of 
the cytoarchitecture of the PSTN region and the present description is based on this work (11). 

The parasubthalamic nucleus (PSTN) lies adjacent to the STN and is a nucleus initially characterized by 
the expression of TAC1 (30). This nucleus is illustrated in the atlas of Paxinos and Watson and in the Brain 
Maps of L.W. Swanson (31, 32). Besides TAC1, this nucleus does not contain GAD (while the tuberal LHA 
is rich in GABAergic neurons), but its neurons express VGluT2 and are probably glutamatergic (33). It is 
selectively innervated by CGRP axons from the parabrachial nucleus (PBN) along the closely related CbN 
(11). 

The calbindin nucleus (CbN) is a small round shaped nucleus that was described by Chometton et al. in 
the rat (11). It contains, as indicated by the name, a condensation of small round shaped cells that are 
labeled for calbindin. It receives, like the PSTN, an intense input from the CGRP neurons in the PBN, and 
both nuclei form the PSTN/CbN complex. 

The paravafox nucleus was essentially described by the groups of Celio and Alvarez-Bolado (34). The 
rostral aspect of this nucleus corresponds to the paraterete nucleus of Paxinos (32), but it extends in the 
caudal LHA where it was first identified by Celio as the PV1 nucleus because it contains a dense 
parvalbumin labeling. It was renamed Parvafox because some neurons also contain the Foxb1 protein 
(4). This nucleus is the bed of a small tract of axons originating in the deep layer of the olfactory tubercle 
and named the ventrolateral hypothalamic tract (vlt). This tract was described by Price (35) and figures 
in the Brain Maps (31). At premammillary level, the vlt arches dorsally and terminates in a small nucleus 
named the nucleus gemini (NG) (11)�X�� �d�Z�]�•�� �v�µ���o���µ�•�� �Á���•�� �����•���Œ�]�������� �(�]�Œ�•�š�� ���µ�Œ�]�v�P�� �š�Z���� �í�õ�ò�ì�[�•�� ���µ�š�� �Z���•�� �������v��
largely ignored since.  
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Figure 1. A, B: Line drawings adapted from Chometton et al. and the Brain Maps (11, 31), illustrating the 
nuclear organization of the caudo-lateral LHA. C, D: Photomicrographs illustrating the distribution of 
calbindin (C) and parvalbumin (D) using immunohistochemistry (with permission from Chometton et al.). 
E-G: Photomicrographs illustrating the CGRP projections in the PSTN/CbN using immunofluorescence on 
three sections through the premammillary region and arranged from rostral (E) to caudal (G). Scale bar 
in g = 500 µm. 
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Supplemental data 3: Nomenclature for the insular cortex and injection sites. 

The insular cortex is usually divided into granular, dysgranular and agranular areas, mostly depending on 
the presence or absence of a 4th granular layer found in the granular areas (see the figure below). The 
granular area is ventrally adjacent to the somatosensory cortex and most of it corresponds to the visceral 
area (VISC) according to Swanson 2004 (31). The dysgranular area, that may also contain few granular 
cells, is ventral to the insular granular area but extends more rostrally, ventral to the rostral motor 
�]�•�}���}�Œ�š���Æ�X�� �/�š�� ���}�Œ�Œ���•�‰�}�v���•�� �u�}�•�š�o�Ç�� �š�}�� �š�Z���� �P�µ�•�š���š�}�Œ�Ç�� ���}�Œ�š���Æ�� �~�'�h�•�X�� �,�}�Á���À���Œ�U�� �(�}�o�o�}�Á�]�v�P�� �š�Z���� �^�Á���v�•�}�v�[�•��
nomenclature, the gustatory area extends over rostral granular fields. Agranular areas (AI) occupy ventral 
parts of insular cortical mantle, around the rhinal fissure, just dorsal to the piriform cortex. Its frontal 
pole is also ventrally adjacent to the motor cortex, lateral to the lateral orbital area. It is divided into 
dorsal (AId), ventral (AIv) areas in its rostral half, and forms the posterior area (AIp) caudally.  
PHAL injections were obtained in each of these divisions, including one in the visceral, two in the 
gustatory (one rostral in the dysgranular cortex and one in the granular insular area rostral to visceral 
areas), three in the AId, one in the AIv and one in the AIp. The respective localization of the injection sites 
was determined by the cytoarchitecture. However, the projections into the thalamus were also a clear 
evidence of the location of the injection site: The GU and VISC project heavily respectively in the 
parvicellular part of the ventral posteromedial thalamic nucleus (VPMpc) or the parvicellular part of the 
ventral posterolateral thalamic nucleus (VPLpc); the AId and dysgranular GU (anterior) innervate 
intensely the mediodorsal thalamic nucleus (MD) in addition to the VPMpc ; agranular areas (AIp, AIv) 
did not innervate the VPM or VPL but send dense inputs to the medial part of the MD. In addition, control 
injections were obtained in motor (two), somatosensory (two), lateral orbital (one) and piriform (one) 
areas. 
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Figure 1. A, C, E: Photomicrographs of toluidine blue labeled sections through the insular cortex. B, D: 
Sections adjacent to B and D respectively and illustration the injection site in the GUant (dysgranular GU) 
(B), and in the AId (D). Scale bar = 500 µm in B to E and 200 µm in A. 



�5�p�V�X�O�W�D�W�V��

�a�����������a��

 

Figure 2. Line drawings to illustrate the locations of PHAL injection sites in the INS (in red) and of some 
control experiments (in green). PHAL injection sites were obtained in each of the division of the INS. Line 
���Œ���Á�]�v�P�•�����Œ�������Œ�Œ���v�P�������(�Œ�}�u���Œ�}�•�š�Œ���o���~���•���š�}�������µ�����o���~���•�X�����š�o���•���o���À���o�•���Œ���(���Œ���š�}���š�Z�����^�Á���v�•�}�v�[�•�����Œ���]�v���D���‰�•��(31). 
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Supplemental data 4: Additional data on the innervation of the PSTN/CbN from the insula. 
 
The distributions of PHAL axons from injection sites in the INS were compared with that of CGRP axons 
and calbindin neurons labeled by immunohistochemistry. After injection in the AIv, parvalbumin labeling 
was used to identify the Parvafox nucleus. 
 

Figure 1. Line drawing summarizing the distribution of INS axons 
in the PSTN/CbN with regard to the neurochemical 
heterogeneity of the PSTN. Injection site in the INS provided 
distinct patterns of innervation of the PSTN/CbN, confirming 
that the PSTN is not homogeneous in the rat. AId provided a 
denser innervation of dorsal aspects of the nucleus 
characterized as containing calbindin-containing cells. GU and 
VISC innervated the same region but projections were weaker. 
The innervation provided by the AIp was intense and with a 
pattern identical to that provided by the CGRP projections 
within the nucleus. Finally, the AIv mostly innervated the CbN 
and the adjacent Parvafox labeled for parvalbumin. 

 

 
 

Figure 2. Photomicrographs illustrating the co-distribution of PHAL axons with that of CGRP, calbindin or 
parvalbumin signals. Triple immunofluorescence labeling procedures were used. 

Scale bar = 500 µm. 

A-���[�[�[�W���W�Œ�}�i�����š�]�}�v�•���(�Œ�}�u�����/�‰���Á���Œ�����]�v�š���v�•�������v�����}�À���Œ�o���‰�‰�������Á�]�š�Z���š�Z�������]�•�š�Œ�]���µ�š�]�}�v���}�(�����'�Z�W���š���Œ�u�]�v���o���(�]���o�����]�v��
the PSTN and CbN. 
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B-���[�[�[�W���W�Œ�}�i�����š�]�}�v�•���(�Œom the AId were significant but tended to avoid the CGRP rich region of the PSTN and 
innervated dorsal regions containing more calbindin cells. Some of these cells were contacted by PHAL 
���}�v�š���]�v�]�v�P�����Æ�}�v�•�����v�������}�µ�š�}�v�•�X���d�Z�����(�Œ���u�������‰�]���š�µ�Œ�����]�v�����[�[�[���]�o�o�µ�•�š�Œ���š���•��axons establishing close relationships 
with calbindin labeled cells and evocating synaptic contacts. 

C-���[�[�[�W���W�Œ�}�i�����š�]�}�v�•���(�Œ�}�u���š�Z�������/�À�����Æ�š���v���������}�À���Œ���š�Z���������E�����v�����W���Œ�À���(�}�Æ���v�µ���o���µ�•�����µ�š���•�‰���Œ�������š�Z�����W�^�d�E�X 

 
Figure 3. Photomicrographs illustrating the co-distribution of PHAL axons with that of CGRP, calbindin or 
parvalbumin labeling. Triple immunofluorescence labeling procedures were used. Scale bar = 500 µm in 
A, C; = 250 µm in D; = 100 µm in B. 

A-���[�[�U�� ���W�� �W�Œ�}�i�����š�]�}�v�•�� �(�Œ�}�u�� �š�Z���� �'�h�� �Á���Œ���� �Á�����l�� ���µ�š�� ���]�•�š�Œ�]���µ�š������ �•�]�u�]�o���Œ�o�Ç��to that from the AId. At higher 
magnifications and using the Apotome device of the microscope (B), axons obviously displayed en 
passant boutons, seemingly in contact with cell bodies or dendrites labeled with the calbindin antibody 
(arrows). 

C-���[�[�[�����v������-D�[�[�[�W���W�Œ�}�i�����š�]�}�v�•���(�Œ�}�u���š�Z�����s�/�^�����Á���Œ�������o�•�}���Á�����l�����v�������o�•�}�����]�•�š�Œ�]���µ�š���������}�Œ�•���o���]�v���š�Z�����W�^�d�E�X�����š��
higher magnification it was clear that many of these axons changed appearance as they crossed the 
border to enter the PSTN and displayed more boutons and collaterals. 
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Supplemental data 5: Distribution of PHAL axons in the striatal compartment. 

The striatal compartment is made of the dorsal striatum (caudoputamen nucleus, CP) and a complex 
ventral striatum comprising the nucleus accumbens (divided into core and shell; ACBc, ACBs), the 
olfactory tubercle (OT), the fundus striatum (FS, named by some the IPAC). Besides, the CP region just 
dorsal to the CEA is also named the amygdalostriatal transitory part (ASt) (Paxinos (32)). 

 

Figure 1. Line drawings to illustrate the 
distribution of PHAL axons after 
injections in the AId, AIv, GU and AIp on 
brain sections from rostral (top) to 
caudal (bottom). 

The organization of projections from 
the IC into the striatum is 
topographically organized: 

-The AIv and AIp innervated 
predominantly the ACB, the FS and the 
OT. 

-The AId projections innervate the 
ventral CP and the ACB, but the main 
projections are for a specific caudal 
part of the FS. 

-The GU and VISC innervate mostly 
ventral and central regions of the CP 
including ASt (see fig. 2), but also the 
ACBc and the FS.  

 

ACB: accumbens nucleus; AId/v: aire 
agranulaire insulaire dorsale / ventrale; 
BST: bed nucleus of the stria terminalis; 
CP: caudoputamen nucleus; FS: fundus 
striatum; GUant: anterior part of the 
gustatory area; LS: lateral septal 
nucleus; MA: magnocellular preoptic 
nucleus; MS: medial septal nucleus; 
OT: olfactory tubercle; PIR: piriform 
cortex. (31)  
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Figure 2. Photomicrographs illustrating the course of PHAL axons in the striatal compartment after PHAL 
injection in the GU. PHAL axons enter the external capsule (large blue arrow in A) and some join the 
internal capsule (double arrowheads) and travel through the striatum and the pallidum to reach the 
diencephalon, while others (blue arrows) take a ventral route to enter the striatal compartment. It is 
clear, and shall be emphasized in sup data 6, that the innervation of the CEAc arises from axons extending 
from the FS or from the ASt and, therefore, is an extension of the ventral striatal pathway. 

Scale bar in F = 1mm 
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Supplemental data 6: Innervation of the lateral parts of the CEA are from axons extending from the 
striatum. 
 
The INS projects topographically into the lateral parts (lateral and capsular) of the CEA. 

 

 

Figure 1. Line drawing summarizing the projections from the INS into the 
lateral CEA. These projections extend from the ASt or from the FS to 
innervate the CEAc (VISC, GU), lateral regions of the CEAl (GU) or the whole 
CEAl including a specific intermediate part of the CEA (AId, AIp). This last 
division of the CEA (CEAi) is most often considered as a component of the 
CEAl (36). The remaining CEAl can also be divided into two domains: a 
lateral and a medial domain.  

 

 

 

 

 

 

 

 

Figure 2. Photomicrographs to illustrate 
the distribution of PHAL axons from the 
INS in the CEA, compared with that of 
CGRP axons that intensely innervate the 
CEAc and CEAl. 

A-���_�W�� �d�Z���� �s�/�^���� �]�v�v���Œ�À���š������ �u�}�����Œ���š���o�Ç��
and exclusively the CEAc.  

B-���_�� ���v���� ��-���_�W�� �d�Z���� �'�h�� �]�v�v���Œ�À���š������ �š�Z����
CEAc as the VISC (B-���_�•�U�� ���µ�š�� �š�Z�]�•��
projection extended into the lateral 
CEAl (C-���_�•�U�����À�}�]���]�v�P���š�Z�����������]�X 

D-���_�W���W�Œ�}�i�����š�]�}�v�•���(�Œ�}�u���š�Z�������/�����]�v�š���v�•���o�Ç��
innervated the whole CEAl and CEAi 
(not shown for the CEAi, see (36)). 

Scale bar = 100 µm. 
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Figure 3. Innervation of the CEA by axons extending from adjacent striatal compartments. 

A, B: Photomicrographs that illustrate the innervation of the ASt and CEAc after PHAL injection in the GU. 
Both structures are adjacent, as shown on the toluidine blue (Nissl) stained section (A). 

C: At high magnification, it is very clear that axons innervating the CEAc come from the ASt. It is possible 
to individually follow several of them (arrowheads). 

Scale bar = 250 µm in A, B and 25 µm in C.  
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Supplemental Data 7: The indirect pathway from the lateral CEA to the PSTN. 
 
A: Line drawings schematizing the distribution of PHAL axons in the ventral telencephalon after PHAL 
injections in the lateral amygdala (CEAc in red, CEAl/CEAi in green).  

B, C: Rats were injected with PHAL in the CEA, and FG in the PSTN. The photomicrograph in B illustrates 
the injection site in the CEAi/CEAl. The same animal was injected with FG in the PSTN (C). 

D, E: Photomicrographs to illustrate the dual labeling in the SI for PHAL and FG. The fields corresponding 
to the pictures are illustrated in A. PHAL axons innervated parts of the posterior SI adjacent to the GP 
that contained many FG cells after FG injection in the PSTN. Many axons (frame pictures in E) made 
contacts on FG cells suggesting an innervation of these neurons projecting in the PSTN. 

Scale bar = 500 µm in B and C, = 150 µm in D and E. 
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Supplemental data 8: Electrophysiological profile of PSTN neurons. 
 
A recent experiment found that STN neurons presented various nociceptive responses to noxious 
footshock delivered in the rat hind paw (37). This experiment analyzed cells located in both the STN and 
PSTN. We thus compared the electrophysiological characteristic of those noxious responses between the 
PSTN (n = 19) and the STN (n = 80).  

PSTN and STN neurons: The PSTN neurons sampled in the present study were characterized by a triphasic 
action potential (n = 19, mean duration: 2.45 ± 0.16 ms). The STN neurons were also characterized by a 
triphasic action potential in majority of cases (n = 70, mean duration: 2.04 ± 0.07 ms), but an additional 
group of cells had a biphasic action potential (n = 10, 1.58 ± 0.13 ms). Neurons in the PSTN had a 
significant lower spontaneous firing rate than those in the STN (Mann-Whitney test: U = 431; p < 0.01; 
mean ± SEM: PSTN: 4.27 ± 0.57 Hz; STN: 8.08 ± 0.61 Hz) however both structures exhibited the same 
pattern of activity such as irregular, regular or bursting.  

Phasic nociceptive response: Following noxious stimulation performed on the contralateral hindpaw 
(120, 0.5 Hz), 16 cells responded to the footshock (84%) in the PSTN and 64 cells (80%) in the STN. 
Contingency analysis on the number of responding and non-responding cells did not show a significant 
difference between both structures (�–�î���A���ì�X�í�ó�ñ�ñ�U��df = 1, p = 0.3376). As illustrated in table 1, the same 
patterns of response can be found within the PSTN and the STN. 

  

RESPONSE TYPE STN PSTN 

Monophasic excitation Single initial excitation 31 9 

Biphasic +/+ 
Initial excitation followed by longer 
latency excitation 

21 3 

Biphasic +/- 
Initial excitation followed by longer 
latency inhibition 

8 3 

Triphasic +/-/+ 
Initial excitation, then an inhibition 
followed by a third late latency 
excitation 

3 2 

Table 1: Response type in the STN and the PSTN. 

 

Baseline firing rate: We performed an individual analysis on each of the total 99 cells to test if the 
introduction of the noxious stimulation induced a significant change of STN or PSTN baseline firing rate, 
and if so, in which direction the change took place. In the PSTN, we identified 5 (26%) and 3 (16%) cells 
�•�Z�}�Á�]�v�P�������•�]�P�v�]�(�]�����v�š���]�v���Œ�����•�����~�^�µ�‰�_���P�Œ�}�µ�‰�•���}�Œ���������Œ�����•�����~�^���}�Á�v�_���P�Œ�}�µ�‰�•���}�(���š�Z���]�Œ�������•���o�]�v�����(�]�Œ�]�vg rate with 
�š�Z���� �•�š�]�u�µ�o���š�]�}�v�U�� �Œ���•�‰�����š�]�À���o�Ç�� ���v���� �v�}�� �•�]�P�v�]�(�]�����v�š�� ���Z���v�P���� �(�}�Œ�� �š�Z���� �Œ���u���]�v�]�v�P�� �í�í�� �����o�o�•�� �~�ñ�ô�9�U�� �^�v�}�� ���Z���v�P���_��
�P�Œ�}�µ�‰�•�X���/�v���š�Z�����^�d�E�U���š�Z�����^�µ�‰�_�����v�����^���}�Á�v�_���P�Œ�}�µ�‰�•���]�v���o�µ���������î�ô���~�ï�ñ�9�•�����v�����í�õ���~�î�ð�9�•�������o�o�•�U���Œ���•�‰�����š�]�À���o�Ç�����v����
�ï�ï�������o�o�•���~�ð�í�9�•���]�v���š�Z�����^�v�}�����Z���v�P���_���P�Œ�}�µ�‰�X��Contingency analysis on the number of cells within each category 
did not show a significant difference between the PSTN and the STN (�–�î���A���í�X�ó�ð�î�U��df = 2, p = 0.4185). 
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Supplemental data 9: Response of the PSTN to neophobia. 
 
C-Fos expression induced by a primo exposure to a 20% sucrose solution was researched. A first group of 
rats (neophobic; n = 5) was exposed only once to the 20% sucrose solution. A second group (habituated, 
n = 5) was exposed to this same solution every 2 days during 12 days. The day of sacrifice, after 12 h of 
water withdrawal, each animal was exposed 30 min to the sucrose solution and killed 30 min later. 
Ingested volumes were measured, and the licking profile was recorded. 

 

Figure 1. Example of licking profiles for 
habituated (control) and neophobic rats. 
Habituated rats drunk rapidly a large amount of 
the solution, while the neophobic rats spread 
their consumption of the same solution over 
the entire 30 min period. 

 
 

 

 

Figure 2. Graphs illustrating that habituated (controls) rats drunk 
significantly more of the 20% sucrose solution than the neophobic rats. N 
= 5 in each group, unpaired t-test, p = 0.0008, ***p < 0.001.  

 

 
 

 

 

 
 
 
 
Figure 3. Photomicrographs that 
illustrate the c-Fos expression in the 
PSTN of neophobic rats (A, C) and a 
control animal (E). Pictures B, D, F are 
from adjacent Nissl stained sections for 
cytoarchitectonic purpose.  

Scale bar = 200 µm.  
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Figure 4. Photomicrographs that illustrate the co-distributions of c-Fos labeled nuclei, calbindin-
containing cells and CGRP axons. Note that in both controls and neophobic rats, c-Fos labeled nuclei have 
a distribution mostly in the PSTN that spare the CGRP rich region of the nucleus. Close to 50% of the c-
Fos nuclei belonged to calbindin expressing neurons, and the proportion was identical in neophobic rats 
and controls (fig. 5). Scale bar = 200 µm.  

 

 

 

 
Figure 5. The ratio of double labeled cells for c-Fos and 
calbindin was identical in the neophobic and the control 
groups. N = 5 in each group, unpaired t-test, p = 0.9428, ns. 
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Supplemental data 10: Response of the PSTN to induced sickness. 

C-Fos expression in the PSTN/CbN was analyzed 3 h after a single injection of LPS (5 mg/kg) or cisplatin 
(6 mg/kg) and compared to controls (injection of NaCl).  

 

 

Figure 1. Photomicrographs to illustrate the patterns of the c-Fos labeling compared with that of CGRP 
and calbindin. Scale bar in A to C''', E to G'' = 200 µm and 50 µm in D to D'''. 

A-���[�[�[�W���>�}�Á����-Fos expression in control animals.  

B-���[�[�[�W���>�W�^���]�v���µ�����������v���]�v�š���v�•������-Fos expression that affected the CbN and to a lesser extend the PSTN. 

C-���[�[�[�W�����]splatin also induced a c-Fos expression, but that is less intense than LPS. 
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D-���[�[�[�W�� ���š�� �Z�]�P�Z���Œ�� �u���P�v�]�(�]�����š�]�}�v�U�� �u���v�Ç�� ��-Fos labeled nuclei were observed in calbindin positive cells 
(arrows), here after LPS injection. 

E-�'�[�[�W���>�W�^���~���•�����v���� ���]�•�‰�o���š�]�v���~�&�•���]�v���µ�������� ����very intense c-Fos expression in the dorsolateral parabrachial 
region, as expected. Dual labeling for c-Fos and CGRP confirmed literature data that c-Fos labels almost 
all CGRP neurons after LPS injection. 

 

 

 

Figure 2. The number of dual labeled cells for c-Fos and 
calbindin was verified. Although, the treatment 
appeared to induce a slight increase of c-Fos expression 
in calbindin positive cells, the difference was not 
statistically significant. Saline n = 5, LPS n = 5, Cisplatin 
n = 4, One-way ANOVA, p = 0.1326; F = 2.441.  
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Supplemental data 11: Effect of alcohol or quinine ingestion on c-Fos expression in the PSTN/CbN. 

 
The objective of this experiment was to verify the effect of an alcoholic intoxication on the c-Fos 
expression in the PSTN/CbN. The experiment was designed as to obtain a voluntary alcohol consumption 
from the rats. Administration of an alcohol solution by gavage or i.p. injection could have been envisaged 
but was not chosen as these procedures would have induced discomfort and/or pain, and we have seen 
that the PSTN/CbN responds to sickness conditions. Furthermore, we also had to take into account that 
the expression of c-Fos in PSTN/CbN is dependent of the hedonic nature of the aliment. We assumed that 
the oral sensation from a first-time ingestion of a 15% alcohol solution could be aversive. We therefore 
choose to run a parallel control experiment with a 0,3 mM quinine solution instead of 15% alcohol. 
Quinine is known to be disliked by rats because of its bitterness that is unpleasant. The detail of the 
experiment is described in the Sup. data 1. 

 
1-�� Ingested quantities 

 
 

 
 
Figure 1. This graphic illustrates ingested quantities by the 8 groups of rats. Rats of the groups Day 0 
drunk very little of the alcohol or quinine solutions, showing a clear neophobic response. However, 
already at Day 2, rats drunk quite normal amount of the quinine solution. This is easily understandable, 
as rats were strongly dehydrated and probably very thirsty. On the other hand, rats slowly habituated to 
the alcohol solution and only at Day 5 the amount of consummated alcohol solution was not statistically 
significant, even if it was slightly lower than that of quinine. Quinine n = 4, alcohol n = 5; two-way ANOVA, 
group x session interaction: p = 0.0008, F = 7.44; group x session treatment (alcohol or quinine): p = 
0.0017, F = 12.  
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2-�� Double choice preference test Day 0 �t Day 20 
 

Figure 2. The double choice preference test indicates that both the 
alcohol and quinine solutions were equally aversive to the rats at  

 

Day 0 (rats ingested 90% water for 10% EtOH or quinine). At Day 20, 
the animals were more familiar to the taste of the solutions, 
suggesting an absence of wariness toward alcohol or quinine, but 
still rats preferred water over alcohol or quinine solutions. 
Therefore, this result indicates that the habituation to the alcoholic 
solution cannot be associated with the development of an addiction, 
as the rat still drunk twice as much water (+/-70%) than the alcohol 
solution (+/- 30%). 

 
 
 
 
 
 
 

 
 
      3 - C-Fos expression in the PSTN/CbN 
 

The figure 3 shows the results of the c-
Fos expression associated with the 
alcohol or quinine consummation. 
Quinine n = 4, alcohol n = 5; for the PSTN, 
two-way ANOVA, group x session 
interaction: p = 0.0057, F = 5.165; group 
x session treatment (alcohol or quinine): 
p < 0.0001, F = 51.07. For the CbN, two-
way ANOVA, group x session interaction: 
p = 0.0026, F = 6.060; group x session 
treatment (alcohol or quinine): p = 
0.0019, F = 11.68. 

-Quinine ingestion is never associated 
with an increase of c-Fos expression in 
the PSTN/CbN. This confirm our previous 
observation that, in normal (non-sick 
animals) the c-Fos response in the 
PSTN/CbN is associated to the hedonistic 
quality of the aliment and independent 
of the ingested volume. As quinine is not 
palatable, the c-Fos response is low. 

-C-Fos expression level in the PSTN is 
always slightly higher in the alcohol 
group than in the quinine group maybe 
suggesting that the bitter taste of the 
quinine is more aversive than alcohol. 
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The slight increased preference for alcohol in the double choice preference test at Day 20 might reflect 
this. The c-Fos expression shows statistical significance only at Day 0 and might be associated to a 
neophobic response associated to a first exposure to the tastant, visible in the PSTN but not in the CbN. 

-Finally, the increase in the c-Fos expression is very significant at Day 20 of the alcohol group in both the 
PSTN and CbN. This data is to be compared to the alcohol levels of animals of this group (close to 3 g/l 
see Fig. 3 in the main text). We have here a situation resembling to a binge drinking behavior as the 
animals have ingested voluntarily a large quantity of the alcoholic solution in a short period of time, 
resulting in a strong alcoholic intoxication. Considering that c-Fos expression does not increase in these 
nuclei in relation to the ingested volume and that animals do not show a strong preference for this 
beverage, as they would for sucrose for example, we may assume that the c-Fos expression results of the 
sickness consecutive to the alcohol intoxication. The pattern, with a strong expression in the CbN, as 
intense as in the LPS experiment, suggests this interpretation. However, the analysis of c-Fos expression 
in the parabrachial nucleus failed to show a strong expression in the dorsolateral/CGRP rich region of the 
nucleus. Therefore, in contrary than that in with LPS and cisplatin, the response is associated to a centrally 
induced sickness by alcohol (drunkenness) and do not strongly rely on peripheric information. 

 

 

Figure 4. Photomicrographs illustrating the c-Fos labeling in the PSTN/CbN of a rat representative at D20 
(A) and D0 (B) of rats from the ethanol groups. The picture in C illustrates the labeling in the parabrachial 
nucleus of a rat D20 ethanol group. Scale bar = 200 µm. 
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Supplemental data 12: The mouse PSTN. 

The PSTN is signaled in the latest mouse brain atlases of Paxinos and of the Allen Institute (25, 32). 
However, virtually nothing is found in the general literature about its anatomy and function. Therefore, 
it was necessary to identify here some of the major features of the nucleus in this species as mice are 
now a very common model for genetic and functional studies. Differences with the rat PSTN/CbN complex 
are observed, but by in large, the connections of the complex are similar in both species.  
 

 

Figure 1. Photomicrographs to illustrate the neuro-chemical characteristics of the PSTN/CbN in the 
mouse. Scale bar = 200 µm in A to D and H, I; = 500 µm in E to G and = 100 µm in J to L. 

A, B: dual immuno-fluorescence for CGRP and parvalbumin. Like in the rat, the PSTN/CbN receive a CGRP 
input, while STN receive intense parvalbumin projections as well as the medially adjacent Parvafox and 
NG that also contains parvalbumin cells. 
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C, D: Immunofluorescence for calbindin and calretinin. In contrary to that in the rat, a dense calbindin 
cell cluster is not found in the mouse. The calretinin expression seem similar and extends into the 
adjacent STN. 

E, F: In situ hybridization images from the Allen Brain Atlas (with permission) for calbindin and calretinin. 
In situ data is coherent with our immunohistochemical observation. 

G: Allen Brain Atlas in situ hybridization for Tac1. The expression of the tac1 gene is very abundant in the 
mouse and extend in the CbN which is not labeled in the rat. 

H-L: After injection of the AAV pCAG-FLEX-EGFP-WPRE. in the PSTN of TAC1-Cre mice, the PSTN and CbN 
are intensely labeled. Few cells are also stained outside the nucleus. Dual labeling for calretinin allow to 
see the lesion of the injection site (*). Some cells are double labeled for the AAV and calretinin. However, 
calretinin cells in the STN are do not contain the tac1 gene expression and are not labeled for the AAV (J-
L). Therefore, TAC1-Cre mice appear to be a good starting model to study the function of the nucleus 
through the DREAD technology. 

 

Figure 2. AAV pCAG-FLEX-EGFP-WPRE injection in the PSTN allowed to identify the projections of the 
nucleus in the mouse. Like in the rat with the PHAL (38), projections were observed in the BST and 
posterior SI (A, B) in the CEAm (B), the parabrachial nucleus (C) and in the nucleus of the solitary tract 
(D). Overall the projections of the PSTNtac1 cells are very similar to those described for the PSTN in the rat 
(E). Scale bar = 200 µm. 

A, B, D, E: Photomicrographs illustrating the distribution of axons labeled axons after AAV injection in the 
PSTN (fig. 1 H-L). Sections are counterstained with a nuclear marker ([NeuroTrace® 640/660 Deep-Red 
Fluorescent Nissl Stain, 1:100, Invitrogen®, Thermo Fisher Scientific Cat#N21483, Lot1851967, RRID: 
AB_2572212).  

C: Dual fluorescence to illustrate the innervation of the CEAm and caudal SI by axons while the CEAc that 
contains an intense CGRP innervation is not targeted by PSTNtac1 axons. 

F: Line drawing to schematize the distribution of axons after the AAV injection in the PSTN. 
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Figure 3. Connections of the mouse PSTN next. 

A: PRV152 and 2001 were injected in the CEA to analyze the specificity of the projections from the PSTN 
to the CEA in TAC1-cre mice. Survival times were short (1 or 2 days) and only resulted in a dense 
accumulation of the virus within the border of the PSTN/CbN but not adjacent structures, suggesting that 
the PSTN is part of a network specifically involving the PSTN in the premammillary region of the 
hypothalamus. 

B, C: After injection of the PRV152 (microbeads deposit) in the CEA, a dense cluster of cells is specifically 
observed in the PSTN. 

D, E: Injection of the PRV2001 in the CEA of a TAC1-Cre mice (B). Many cells are labeled in the PSTN and 
CbN. 

C-E: After injection of the retrograde tracer cholera toxin in the PSTN of a mouse, many cells are observed 
in the INS as well as in the CEAm and caudal SI, while the CEAc and CEAl are not labeled. This confirm the 
bidirectional nature of the connections between the CEAm/SI and the PSTN/CbN also observed in the rat. 
Scale bar = 500 µm in B, C, E and = 100 µm in D, F to H. 
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Images from the Allen Brain Institute (25) also confirmed the anatomical observation made in the rat. 
Overall the INS, caudal SI and CEAm send intense projections that specifically target the PSTN/CbN 
complex, but not surrounding structures such as the STN. Therefore, the PSTN is part of a network 
involving these telencephalic structures. 

Figure 4. Images from the Allen Brain Atlas mouse connectivity. 
 
Injection site in the VISC but that 
obviously involves the AIp as well, as 
indicated by the anterograde 
distribution ion the OT and in the 
PVT of the thalamus. 
 

 

 
An intense innervation of the 
PSTN/CbN is observed. In the rat, the 
AIp is the main input to the PSTN. 
Nevertheless, the image illustrates 
that the STN is not innervated. 

 

 

 

Injection site in the SI. 

 

 

 

 

 
SI innervate the PSTN. This is also a 
confirmation of the rat data. 

 

 

 
 
Finally, after an injection in the CEA 
(injection site not shown), the PSTN 
is also the main target in the 
hypothalamus for the efferent axons 
from this nucleus. 
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Supplemental Data 13: Additional DREADD results. 

 
Figure 1. A-D: Photomicrographs of additional AAV injection sites in the PSTN. C-F: Photomicrographs of 
two misplaced injection sites dorsal to the PSTN in the zona incerta (ZI). G: Inhibition of TAC1-Cre neurons 
in the PSTN did not significantly affect the quantity of food ingestion. Controls n = 12; DREADD n = 18; 
DREADD M.P. n = 5; One-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o�������}�u�‰���Œ�]�•�}�v���š���•�š�U���‰���A���ì�X�ò�í�ï�ñ�U���&���A���ì�X�ð�õ�ð�ó�X��
H: No difference on the forced swim test was obtained. Several parameters were analyzed: latency before 
first immobilization, duration of immobilization and total time of swimming. Controls n = 6; DREADD n = 
9; DREADD M.P. n = 3; Two-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o�������}�u�‰���Œ�]�•�}�v���š���•�š�U���‰���A���ì�X�õ�í�ð�ò�U���&���A���ì�X�ì�õ�X��
I: Open field test performances were also not affected by the DREADD inhibition of TAC1 neurons. 
Controls n = 6; DREADD n = 9; DREADD M.P. n = 3; two-�Á���Ç�����E�K�s�������v�������}�v�(���Œ�Œ�}�v�]�[�•���u�µ�o�š�]�‰�o�������}�u�‰���Œ�]�•�}�v��
test, For the "Time": p = 1, F = 0. For the "Distance": p = 0.1350, F = 2.09. Scale bar = 200 µm. 
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