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RI� +'�PRWRU� LQIOH[LELOLW\�� � %(�PLFH�� LQ� FRQWUDVW�� WXUQHG� DV� IUHHO\� DV�:7� WKURXJKRXW� WHVWLQJ���ϰϳ�
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PLFH���&ROOHFWLYHO\��RXU�UHVXOWV�VXJJHVW�WKDW�P+77�LQ�FRUWLFDO�RXWSXWV�GULYHV�WKH�G\VUHJXODWLRQ�RI�ϱϯ�

VHOHFW�FRUWLFDO�IUHTXHQFLHV�WKDW�DFFRPSDQ\�WKH�ORVV�RI�EHKDYLRUDO�IOH[LELOLW\�LQ�+'����ϱϰ�

ϱϱ�

Downloaded from www.physiology.org/journal/jn at Univ of Nottingham (128.243.044.244) on November 7, 2019.



� ϰ

1HZ�	�1RWHZRUWK\�ϱϲ�

%$&+'� PLFH� ±� D� IXOO�OHQJWK� JHQHWLF� PRGHO� RI� +XQWLQJWRQ¶V� GLVHDVH� �+'�� ±� H[SUHVV�ϱϳ�

DEHUUDQW� ORFDO� ILHOG� SRWHQWLDO� �/)3�� DFWLYLW\� LQ� SULPDU\� PRWRU� FRUWH[� �0��� DORQJ� ZLWK�ϱϴ�

GHFUHDVHG�SUREDELOLW\�RI�WXUQLQJ�LQWR�D�SHUSHQGLFXODU�DUP�RI�D�SOXV�VKDSHG�PD]H��D�PRWRU�ϱϵ�

LQIOH[LELOLW\� SKHQRW\SH�� � 6XSSUHVVLRQ� RI� WKH� PXWDQW� KXQWLQJWLQ� JHQH� LQ� FRUWLFDO� RXWSXW�ϲϬ�

QHXURQV�SUHYHQWV�GHFOLQH�LQ�WXUQLQJ�DQG�LPSURYHV�DOSKD��EHWD��DQG�ORZ�JDPPD�DFWLYLW\�LQ�ϲϭ�

0��� �2XU� UHVXOWV� LPSOLFDWH� FRUWLFDO� QHWZRUNV� LQ� WKH� VHDUFK� IRU� WKHUDSHXWLF� VWUDWHJLHV� WR�ϲϮ�

DOOHYLDWH�+'�PRWRU�VLJQV��ϲϯ�

� �ϲϰ�

Downloaded from www.physiology.org/journal/jn at Univ of Nottingham (128.243.044.244) on November 7, 2019.



� ϱ

,QWURGXFWLRQ�ϲϱ�

+XQWLQJWRQ¶V�GLVHDVH��+'��LV�DQ�DXWRVRPDO�GRPLQDQW�QHXURGHJHQHUDWLYH�GLVRUGHU�FDXVHG�ϲϲ�

E\�DQ�LQFUHDVHG�QXPEHU�RI�&$*�UHSHDWV�LQ�WKH�KXQWLQJWLQ��+77��JHQH��*XVHOOD�HW�DO��������7KH�ϲϳ�

+XQWLQJWRQ¶V�'LVHDVH�&ROODERUDWLYH�5HVHDUFK�*URXS���������$OWKRXJK�WKH�EHKDYLRUDO�SKHQRW\SH�ϲϴ�

LQFOXGHV� SV\FKLDWULF� DQG� FRJQLWLYH� GLVWXUEDQFHV�� WKH� RQVHW� RI� PRWRU� DEQRUPDOLWLHV�� LQFOXGLQJ�ϲϵ�
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HDUO\� PRWRU� VLJQ� RI� +'� GHILQHG� DV� D� IDLOXUH� WR� DGDSW� RQJRLQJ� PRYHPHQW� WR� FKDQJHV� LQ�ϴϵ�

HQYLURQPHQWDO� VWLPXOL� �IRU� UHYLHZ� VHH� (VWUDGD�6iQFKH]� HW� DO�� ����D��� � ,Q� %$&+'� DQG� RWKHU�ϵϬ�

WUDQVJHQLF�PRXVH�PRGHOV�RI�+'��EHKDYLRUDO� LQIOH[LELOLW\� DSSHDUV� DV� D�GHFUHDVHG�SUREDELOLW\�RI�ϵϭ�

WXUQLQJ�LQWR�D�SHUSHQGLFXODU�DUP�ZKHQ�PLFH�UHDFK�WKH�FKRLFH�SRLQW�LQ�D�IRXU�DUP��SOXV�VKDSHG�PD]H�ϵϮ�

�5HEHF�HW�DO��������(VWUDGD�6iQFKH]�HW�DO������D��+RQJ�HW�DO������D��� �:H�UHFRUGHG�ORFDO�ILHOG�ϵϯ�

SRWHQWLDO��/)3��DFWLYLW\�VLPXOWDQHRXVO\�LQ�SULPDU\�PRWRU�FRUWH[��0���DQG�'6�LPPHGLDWHO\�EHIRUH�ϵϰ�

DQG� DIWHU� FKRLFH�SRLQW� HQWU\� LQ� %$&+'�� %(�� DQG�:7�PLFH�� � 5HFRUGLQJV� RFFXUUHG� DW� UHJXODU�ϵϱ�

LQWHUYDOV�EHJLQQLQJ�DW����ZHHNV�RI�DJH�DQG�FRQWLQXLQJ�IRU�!���ZHHNV�WKHUHDIWHU��VXIILFLHQW�WLPH�IRU�ϵϲ�

WXUQLQJ�SUREDELOLW\�WR�GHFOLQH�LQ�WKH�%$&+'�PRGHO���:H�DQDO\]HG�SRZHU�VSHFWUDO�GHQVLW\�DV�ZHOO�ϵϳ�

DV�FRUWLFRVWULDWDO�FRKHUHQFH�WR�GHWHUPLQH�WKH�LPSDFW�RI�FRUWLFDO�P+77�VXSSUHVVLRQ�LQ�WKH�RQVHW�DQG�ϵϴ�

SURJUHVVLRQ�RI�WXUQLQJ�UHODWHG�GHILFLWV����ϵϵ�

�ϭϬϬ�

0HWKRGV�ϭϬϭ�

Animal care and housing ϭϬϮ�

$QLPDO�XVH�ZDV�LQ�DFFRUG�ZLWK�WKH�1DWLRQDO�,QVWLWXWHV�RI�+HDOWK�*XLGH�IRU�WKH�&DUH�DQG�ϭϬϯ�

8VH� RI� /DERUDWRU\� $QLPDOV� DQG� DSSURYHG� E\� WKH� ORFDO� ,QVWLWXWLRQDO� $QLPDO� &DUH� DQG� 8VH�ϭϬϰ�

&RPPLWWHH���$OO�HIIRUWV�ZHUH�PDGH�WR�PLQLPL]H�VXIIHULQJ�DQG�WKH�QXPEHU�RI�DQLPDOV�XVHG�LQ�WKHVH�ϭϬϱ�

H[SHULPHQWV���0LFH��EUHG�IURP�KHWHUR]\JRXV�SDLUV��)Y%�1�EDFNJURXQG��REWDLQHG�IURP�;��:��<DQJ�ϭϬϲ�

DW�WKH�8QLYHUVLW\�RI�&DOLIRUQLD��/RV�$QJHOHV��ZHUH�KRXVHG�LQ�WKH�3V\FKRORJ\�EXLOGLQJ�DW�,QGLDQD�ϭϬϳ�

8QLYHUVLW\�� %ORRPLQJWRQ� XQGHU� FRQWUROOHG� WHPSHUDWXUH� DQG� KXPLGLW\� FRQGLWLRQV�� � 0LFH� ZHUH�ϭϬϴ�

PDLQWDLQHG�RQ�D����K�OLJKW�GDUN�F\FOH�ZLWK�IUHH�DFFHVV�WR�IRRG�DQG�ZDWHU� ϭϬϵ�
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%HFDXVH�PRWRU� FKDQJHV� REVHUYHG� LQ�%$&+'�PLFH�ZRUVHQ� SURJUHVVLYHO\�ZLWK� DJH� DQG�ϭϭϬ�

LQGHSHQGHQWO\�RI�JHQGHU��*UD\�HW�DO���������GDWD�ZHUH�REWDLQHG�IURP�DVVRUWHG�PDOH�DQG�IHPDOH�:7�ϭϭϭ�

�Q �����IHPDOH�DQG���PDOHV���%(��Q �����IHPDOH�DQG���PDOHV��DQG�%$&+'��Q �����IHPDOH�DQG���ϭϭϮ�

PDOHV��PLFH���7KH�%$&+'�PRGHO�H[SUHVVHV�IXOO�OHQJWK�KXPDQ�P+77�FRQWDLQLQJ����JOXWDPLQH�ϭϭϯ�

UHSHDWV�� �%(�PLFH�DUH�D�FRQGLWLRQDO�PRGHO�SURGXFHG�E\�FURVVLQJ�%$&+'�PLFH�ZLWK�(P[��&UH�ϭϭϰ�

PLFH�� �(P[��&UH�PLFH� H[SUHVV� WKH�&UH� UHFRPELQDVH� HQ]\PH� LQ� IRUHEUDLQ�JOXWDPDWH�SURMHFWLRQ�ϭϭϱ�

QHXURQV���&URVVLQJ�%$&+'�(P[��&UH�JHQHUDWHV�WKH�FRQGLWLRQDO�%(�PRXVH�PRGHO�LQ�ZKLFK�P+77�ϭϭϲ�

LV�VXSSUHVVHG�RQO\�LQ�FRUWLFDO�RXWSXW�QHXURQV��:DQJ�HW�DO��������(VWUDGD�6iQFKH]�HW�DO������E����ϭϭϳ�

Genotyping ϭϭϴ�

*HQRW\SLQJ�ZDV�FDUULHG�RXW�DV�SUHYLRXVO\�GHVFULEHG��(VWUDGD�6iQFKH]�HW�DO������E��� � ,Q�ϭϭϵ�

EULHI��'1$�H[WUDFW�ZDV�GLOXWHG�ZLWK������/�ILOWHU�VWHULOL]HG�ZDWHU��KHDWHG�WR�����&�IRU����PLQ��ϭϮϬ�

FHQWULIXJHG�IRU���PLQ�DW��������;�J��DQG�VWRUHG�DW���&���7KH�IRUZDUG�DQG�UHYHUVH�SULPHUV�IRU�WKH�ϭϮϭ�

&$*�UHSHDW�UHJLRQ�LQ�P+77�ZHUH��¶�$7*�$$*�*&&�77&�*$*�7&&�&7&�$$*�7&&�77&��¶�ϭϮϮ�

DQG��¶�**&�**&�7*$�**$�$*&�7*$�**$��¶��UHVSHFWLYHO\���7KH�IRUZDUG�DQG�UHYHUVH�SULPHUV�ϭϮϯ�

IRU�WKH�&UH�PDUNHU�ZHUH��¶�*&*�77&�&&&�$*$�*&&�&&*�&7$�&&7�&��¶�DQG��¶�**$�7&&�ϭϮϰ�

*&&�*&$�7$$�&&$�*7*��¶��UHVSHFWLYHO\���3&5�F\FOLQJ�FRQGLWLRQV�IRU�ERWK�P+77�DQG�WKH�&UH�ϭϮϱ�

PDUNHU�ZLWK�0\7DT��5HG�0L[�ZHUH����&�IRU�����V�IROORZHG�E\����F\FOHV�RI����&�IRU����V�����&�ϭϮϲ�

IRU����V��DQG����&�IRU����V��ZLWK�D�ILQDO�HORQJDWLRQ�DW����&�IRU����PLQ���6DPSOH�HOHFWURSKRUHVLV�ϭϮϳ�

ZDV�SHUIRUPHG�LQ�W\SH�,�DJDURVH�ZLWK������J�P/�HWKLGLXP�EURPLGH�DW���9�FP�IRU�����PLQ�XVLQJ�D�ϭϮϴ�

����EDVH�SDLU�ODGGHU�DV�'1$�VWDQGDUG���*HOV�ZHUH�HYDOXDWHG�ZLWK�.RGDN�,PDJH�6WDWLRQ�����5�DQG�ϭϮϵ�

.RGDN�0ROHFXODU�,PDJLQJ�VRIWZDUH��&DUHVWUHDP�0ROHFXODU�,PDJLQJ��1HZ�+DYHQ��&7��WR�FRQILUP�ϭϯϬ�

JHQRW\SH��ϭϯϭ�

Electrodes and implantation surgery ϭϯϮ�
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(OHFWURGH�EXQGOHV�ZHUH�EXLOW�LQ�KRXVH��HDFK�FRQVLVWHG�RI�IRXU�UHFRUGLQJ�HOHFWURGHV�����ȝP�ϭϯϯ�

GLDPHWHU�LQVXODWHG�VWDLQOHVV�VWHHO�PLFUR�ZLUHV��DQG�������ȝP�GLDPHWHU�XQLQVXODWHG�VWDLQOHVV�VWHHO�ϭϯϰ�

JURXQG�ZLUHV��&DOLIRUQLD�)LQH�:LUH��*URYHU�%HDFK��&$����(DFK�ZLUH�ZDV�IULFWLRQ�ILWWHG�WR�JROG�ϭϯϱ�

SODWHG� SLQ� FRQQHFWRUV� LQWR� SRO\SKHQ\OHQH� VXOILGH� LQVXODWRUV� ��[�[��PP�� �2PQHWLFV�&RQQHFWRU�ϭϯϲ�

&RUSRUDWLRQ��0LQQHDSROLV��01��86$����7ZR�VHWV�RI�WKHVH�LQVXODWRUV�ZHUH�JOXHG�WRJHWKHU�WR�REWDLQ�ϭϯϳ�

WZR�HOHFWURGH�EXQGOHV���7R�UHFRUG�0��DQG�'6�DFWLYLW\�VLPXOWDQHRXVO\��RQH�PLFUR�ZLUH�EXQGOH�ZDV�ϭϯϴ�

FXW�WR�����PP�LQ�OHQJWK��ZKLOH�WKH�VHFRQG�ZDV�FXW�WR�����PP���7KH�HOHFWURGH�DVVHPEO\�ZDV�VPDOO��ϭϯϵ�

OLJKWZHLJKW��DQG�ZHOO�WROHUDWHG�E\�WKH�PLFH�WR�DOORZ�IUHH�PRYHPHQW��+RQJ�HW�DO������D����ϭϰϬ�

)RU�HOHFWURGH�LPSODQWDWLRQ��PLFH�UHFHLYHG�PHOR[LFDP����PJ�NJ��VXEFXWDQHRXVO\��IROORZHG�ϭϰϭ�

E\�DQHVWKHVLD�ZLWK�D�PL[WXUH�RI�FKORUDO�K\GUDWH�DQG�VRGLXP�SHQWREDUELWDO��FKORURSHQW�������PJ�NJ�ϭϰϮ�

FKORUDO�K\GUDWH�DQG����PJ�NJ�VRGLXP�SHQWREDUELWDO��DGPLQLVWHUHG�LQWUDSHULWRQHDOO\�DW�����P/����J�ϭϰϯ�

ERG\�ZHLJKW��:7� ������±������%(� ������±������%$&+'� ������±������1R�GLIIHUHQFHV�EHWZHHQ�ϭϰϰ�

JURXSV�ZDV�REVHUYHG�)�������� �������3� ����������0LFH�ZHUH�PRXQWHG�LQ�D�VWHUHRWD[LF�IUDPH��DQG�ϭϰϱ�

IROORZLQJ�D�PLGOLQH�VFDOS�LQFLVLRQ��D�KROH�ZDV�GULOOHG������PP�DQWHULRU�DQG������PP�ODWHUDO�WR�ϭϰϲ�

%UHJPD� �3D[LQRV� DQG� )UDQNOLQ� ������� � 7ZR� DGGLWLRQDO� KROHV� ZHUH� GULOOHG� LQ� WKH� FRQWUDODWHUDO�ϭϰϳ�

KHPLVSKHUH�IRU�SODFHPHQW�RI�VWDLQOHVV�VWHHO�DQFKRU�VFUHZV���7KH�PXOWLZLUH�HOHFWURGH�EXQGOHV�ZHUH�ϭϰϴ�

ORZHUHG� LQWR�0��DQG�'6� �����PP�DQG�����PP�YHQWUDO� WR�EUDLQ� VXUIDFH�� UHVSHFWLYHO\��� �'HQWDO�ϭϰϵ�

DFU\OLF�IL[HG�WKH�HOHFWURGH�DVVHPEO\�LQ�SODFH�RQ�WKH�VNXOO���0LFH�ZHUH�DOORZHG�RQH�ZHHN�RI�UHFRYHU\�ϭϱϬ�

EHIRUH�WHVWLQJ��ZKLFK�EHJDQ�ZKHQ�PLFH�ZHUH�a���ZHHNV�RI�DJH��DQG�FRQWLQXHG�DW�UHJXODU�LQWHUYDOV�ϭϱϭ�

IRU�XS�WR�WKH�QH[W�a���ZHHNV��ϭϱϮ�

Behavioral electrophysiology ϭϱϯ�

/)3�DFWLYLW\�ZDV�UHFRUGHG�GXULQJ�WKH�OLJKW�SKDVH�RI�WKH�GLXUQDO�F\FOH�ZKLOH�WKH�PLFH�IUHHO\�ϭϱϰ�

H[SORUHG�WKH�DUPV�RI�WKH�SOXV�VKDSHG�PD]H��VHH�EHORZ����0DOH�JROG�SLQV�DWWDFKHG�WR�D�OLJKWZHLJKW�ϭϱϱ�
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IOH[LEOH�ZLUH�KDUQHVV�HTXLSSHG�ZLWK�ILHOG�HIIHFW�WUDQVLVWRUV�ZHUH�LQVHUWHG�LQWR�WKH�KHDG�PRXQWHG�ϭϱϲ�

HOHFWURGH�DVVHPEO\���7KH�KDUQHVV�ZDV�DWWDFKHG�WR�D�VZLYHO�WR�DOORZ�IUHH�PRYHPHQW���/)3V�ZHUH�ϭϱϳ�

URXWHG�WKURXJK�SUHDPSOLILHUV�ZLWK������[�JDLQ�DQG���������+]�ILOWHUV��3OH[RQ��'DOODV��7;��86$���ϭϱϴ�

)RU� HDFK� UHFRUGLQJ� VHVVLRQ��PLFH�ZHUH� SODFHG� LQ� RQH� DUP� RI� WKH�PD]H� DQG� DOORZHG� WR�ϭϱϵ�

H[SORUH�WKH�PD]H�IUHHO\�IRU����PLQ���5HFRUGLQJV�EHJDQ�DW����ZHHNV�RI�DJH�DQG�FRQWLQXHG�DW�URXJKO\�ϭϲϬ�

EL�ZHHNO\�LQWHUYDOV�IRU�a���ZHHNV���7\SLFDOO\��PLFH�PRYH�WR�WKH�FHQWHU�RI�WKH�PD]H�RU�FKRLFH�SRLQW��ϭϲϭ�

ZKHUH�WKH\�KDYH�WKH�RSWLRQ�WR�FRQWLQXH�VWUDLJKW�WR�WKH�RSSRVLWH�DUP�RU�WXUQ�����WR�HQWHU�HLWKHU�WKH�ϭϲϮ�

ULJKW� RU� OHIW� DUP� �5HEHF� HW� DO�� ������� � 7KH� SOXV�PD]H�� KRXVHG�ZLWKLQ� D� VRXQG�DWWHQXDWLQJ� DQG�ϭϲϯ�

HOHFWULFDOO\�VKLHOGHG�FKDPEHU��LV�PDGH�RI�3OH[LJODV���HDFK�DUP�LV����FP�ORQJ�DQG���FP�ZLGH��DQG�ϭϲϰ�

HQFORVHG�ZLWK����FP�KLJK�3OH[LJODV��ZDOOV��+RQJ�HW�DO������D����7KH�PD]H�LV�VXVSHQGHG���PP�ϭϲϱ�

DERYH�D�IRUFH�SODWH�DFWRPHWHU��)RZOHU�HW�DO���������ZKLFK�WUDFNV�WKH�SRVLWLRQ�RI�WKH�PRXVH�DQG�WKH�ϭϲϲ�

QXPEHU�RI�WXUQV�LQWR�HDFK�DUP���7LPH�VWDPSV�DVVRFLDWHG�ZLWK�HDFK�HQWU\�LQWR�DQG�H[LW�IURP�WKH�ϭϲϳ�

FKRLFH� SRLQW� DUH� HPEHGGHG� LQ� WKH� HOHFWURSK\VLRORJLFDO� VLJQDO�� � 7KH� SUREDELOLW\� RI� WXUQLQJ�ZDV�ϭϲϴ�

GHWHUPLQHG�E\�WKH�VXP�RI�DUP�FKRLFHV�WR�WKH�ULJKW�DQG�OHIW�DUP�GLYLGHG�E\�WKH�WRWDO�QXPEHU�RI�ϭϲϵ�

FKRLFHV� �OHIW�� ULJKW�� IURQW�� DQG� EDFN��� � 7KH� ODFN� RI� WXUQLQJ� EHKDYLRU� LV� D� PHDVXUH� RI� PRWRU�ϭϳϬ�

LQIOH[LELOLW\��D�VLJQ�RI�PRWRU�LPSDLUPHQW�FRQVLVWHQWO\�GHVFULEHG�LQ�+'�PRGHOV��5HEHF�HW�DO��������ϭϳϭ�

+RQJ�HW�DO������D��(VWUDGD�6iQFKH]�HW�DO������D����ϭϳϮ�

Histology ϭϳϯ�

(OHFWURGH�SODFHPHQW�ZDV�YHULILHG�DIWHU�FRPSOHWLRQ�RI�WKH�ILQDO�UHFRUGLQJ�VHVVLRQ�E\�GHHSO\�ϭϳϰ�

DQHVWKHWL]LQJ�WKH�PRXVH�ZLWK�FKORURSHQW�DQG�UXQQLQJ�D�FXUUHQW�SXOVH�����ȝ$�IRU����V��WKURXJK�HDFK�ϭϳϱ�

DFWLYH�PLFURZLUH� WR�PDUN�UHFRUGLQJ�VLWHV�� � �0LFH�ZHUH� WUDQVFDUGLDOO\�SHUIXVHG�ZLWK������VDOLQH�ϭϳϲ�

VROXWLRQ�IROORZHG�E\�����SDUDIRUPDOGHK\GH���7KH�EUDLQ�ZDV�LPPHGLDWHO\�UHPRYHG�DQG�SODFHG�LQ�ϭϳϳ�

VROXWLRQ� FRQWDLQLQJ� ���� SRWDVVLXP� IHUURF\DQLGH� >.�)H�&1��@� LQ� ���� SDUDIRUPDOGHK\GH� WR�ϭϳϴ�
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SURGXFH�VPDOO�EOXH�GHSRVLWV�DW�WKH�VLWH�RI�WKH�UHFRUGLQJ���$�FRQVHFXWLYH�VHULHV�RI����ȝP�FRURQDO�ϭϳϵ�

VHFWLRQV�RI�0��DQG�'6�ZDV�REWDLQHG���2QO\�UHFRUGLQJV�ZLWK�FRQILUPHG�HOHFWURGH�SODFHPHQWV�ZHUH�ϭϴϬ�

LQFOXGHG�IRU�DQDO\VLV��ϭϴϭ�

Statistical analysis ϭϴϮ�

/)3�GDWD�REWDLQHG�IURP�HDFK�UHFRUGLQJ�VHVVLRQ�LQFOXGHG�D�WLPH�VWDPS�LQGLFDWLQJ�HDFK�HQWU\�ϭϴϯ�

LQWR�WKH�FKRLFH�SRLQW�RI�WKH�SOXV�VKDSHG�PD]H���/)3�DFWLYLW\�DURXQG�WKH�FKRLFH�SRLQW����V�EHIRUH�ϭϴϰ�

DQG� �� V� DIWHU� HQWU\�� ZDV� DQDO\]HG� ZLWK� 1HXUR([SORUHU� �/LWWOHWRQ�� 0$�� 86$�� DQG�0$7/$%�ϭϴϱ�

�0DWKZRUNV��1DWLFN��0$��86$��VFULSWV��DV�SUHYLRXVO\�GHVFULEHG�E\��+RQJ�HW�DO������E����,Q�EULHI��ϭϴϲ�

D�)DVW�)RXULHU�7UDQVIRUP�ZDV�JHQHUDWHG�DFURVV���WR����+]�IUHTXHQF\�UDQJH�RI�HDFK�VLJQDO�UHFRUGHG�ϭϴϳ�

LQ�0��DQG�'6��+RQJ�HW�DO������E����)UHTXHQF\�EDQGV�DUH�GHILQHG�DV���GHOWD��������+]���WKHWD������ϭϴϴ�

+]���DOSKD�������+]���EHWD��������+]��DQG�ORZ�JDPPD��������+]��� �3HUFHQWDJH�RI� WRWDO�SRZHU�ϭϴϵ�

VSHFWUDO�GHQVLW\�ZDV�FDOFXODWHG�LQ�1HXUR([SORUHU�DQG�WKH�PHDQ�SRZHU�RI�HDFK�IUHTXHQF\�EDQG�ZDV�ϭϵϬ�

FDOFXODWHG�IRU�0��DQG�'6���&RKHUHQFH�DQDO\VLV�DOVR�ZDV�SHUIRUPHG���&RKHUHQFH�YDOXHV�LQGLFDWH�ϭϵϭ�

WKH� H[WHQW� RI� V\QFKURQ\� EHWZHHQ� 0�� DQG� '6�� YDOXHV� UDQJH� IURP� �� WR� ��� ZKHUH� �� LV� SHUIHFW�ϭϵϮ�

V\QFKURQ\�EHWZHHQ�WKH�VLJQDOV���5HODWLYH�SKDVH�LQGLFDWHV�WKH�GHJUHH�WR�ZKLFK�0��DQG�'6�VLJQDOV�ϭϵϯ�

DUH�LQ�SKDVH��+RQJ�HW�DO������E����3RVLWLYH��UHODWLYH�SKDVH�YDOXHV�LQGLFDWH�WKDW�FRUWLFDO�SKDVH�OHDGV��ϭϵϰ�

ZKLOH�QHJDWLYH�YDOXHV�LQGLFDWH�WKDW�'6�SKDVH�OHDGV��+RQJ�HW�DO������E��5DQJHO�%DUDMDV�HW�DO����������ϭϵϱ�

*UDSK3DG�3ULVP�YHUVLRQ����*UDSK3DG�6RIWZDUH��/D�-ROOD��&DOLIRUQLD��86$��ZDV�XVHG�IRU�VWDWLVWLFDO�ϭϵϲ�

DQDO\VLV�RI�EHKDYLRUDO�DQG�/)3�GDWD���3HUFHQWDJH�RI�WRWDO�SRZHU�VSHFWUDO�GHQVLW\��FRKHUHQFH�YDOXH��ϭϵϳ�

DQG� FRKHUHQFH� SKDVH� ZHUH� DQDO\]HG� E\� WZR�ZD\� $129$� IROORZHG� E\� 7XNH\¶V� PXOWLSOH�ϭϵϴ�

FRPSDULVRQ�WHVW��ϭϵϵ�

%HKDYLRUDO�GDWD�ZHUH�FROOHFWHG�VLPXOWDQHRXVO\�ZLWK�/)3�UHFRUGLQJV��EXW�VRPH�PLFH�ZHUH�ϮϬϬ�

ZLWKGUDZQ�HDUO\�EHFDXVH�WKH�UHFRUGLQJ�V\VWHP�EHFDPH�LQRSHUDEOH��H�J���ORVV�RI�WKH�KHDGVWDJH����7R�ϮϬϭ�

Downloaded from www.physiology.org/journal/jn at Univ of Nottingham (128.243.044.244) on November 7, 2019.



� ϭϭ

DFFRXQW�IRU�WKH�PLVVLQJ�GDWD�SRLQWV��D�PL[HG�HIIHFWV�PRGHO�$129$�ZLWK�UHSHDWHG�PHDVXUHV�ZDV�ϮϬϮ�

XVHG� WR�GHWHUPLQH� WKH�HIIHFW� RI� DJH�RQ� WXUQLQJ�SUREDELOLW\� DQG�DUP�HQWULHV�� �7XNH\¶V�PXOWLSOH�ϮϬϯ�

FRPSDULVRQV�WHVW�ZDV�XVHG�WR�DQDO\]H�EHWZHHQ�JURXS�GLIIHUHQFHV�� �7R�LQFOXGH�DV�PDQ\�PLFH�DV�ϮϬϰ�

SRVVLEOH��ZH�IRFXVHG�RQ�WXUQLQJ�SUREDELOLW\�DQG�DUP�HQWULHV�IURP����WR����ZHHNV�RI�DJH���,Q�VRPH�ϮϬϱ�

PLFH��KRZHYHU��GDWD�FROOHFWLRQ�UHPDLQHG�UREXVW�IRU�VHYHUDO�PRUH�ZHHNV���7R�LQFOXGH�DOO�DQLPDOV�LQ�ϮϬϲ�

D�FRPSOHWH�SLFWXUH�RI�PD]H�SHUIRUPDQFH�ZLWK�DJH��ZH�DOVR�XVHG�OLQHDU�UHJUHVVLRQ�SORWV�XS�WR����ϮϬϳ�

ZHHNV�RI�DJH���(DFK�SRLQW�LQ�WKH�DQDO\VLV�FRUUHVSRQGHG�WR�WKH�DYHUDJH��PHDQ��YDOXH�REWDLQHG�DFURVV�ϮϬϴ�

PLFH�UHFRUGHG�IRU�HDFK�JHQRW\SH�RQ�HDFK�WHVW�GD\���)RU�DOO�DQDO\VHV��GLIIHUHQFHV�ZHUH�FRQVLGHUHG�ϮϬϵ�

VLJQLILFDQW�ZKHQ�S�����������ϮϭϬ�

5HVXOWV�Ϯϭϭ�

Turning behavior ϮϭϮ�

0LFH�ZHUH�DOORZHG�WR�H[SORUH�WKH�SOXV�VKDSHG�PD]H�IRU����PLQ�GXULQJ�HDFK�VHVVLRQ���)LJXUH�Ϯϭϯ�

�$�VKRZV�WKH�FKDQJHV�LQ�WXUQLQJ�SUREDELOLW\�EHWZHHQ����DQG����ZHHNV�RI�DJH���$OWKRXJK�:7�DQG�Ϯϭϰ�

%(�PLFH�VKRZHG�DQ�DOPRVW�LGHQWLFDO�OHYHO�RI�SHUIRUPDQFH��%$&+'�PLFH�H[KLELWHG�D�VLJQLILFDQW�Ϯϭϱ�

UHGXFWLRQ�LQ�WXUQLQJ�SUREDELOLW\�ZLWK�DJH�WKDW�ZDV�VWDWLVWLFDOO\�GLIIHUHQW�IURP�ERWK�:7��S ��������Ϯϭϲ�

DQG�%(��S ��������PLFH���$V�VKRZQ�LQ�)LJXUH��%��KRZHYHU��WKH�WRWDO�QXPEHU�RI�DUP�HQWULHV�ZDV�Ϯϭϳ�

QRW�VWDWLVWLFDOO\�GLIIHUHQW��Q ���WULDOV�IRU�:7��Q ���WULDOV�IRU�%$&+'��Q ���WULDOV�IRU�%(�PLFH���Ϯϭϴ�

LQGLFDWLQJ�WKDW�WKH�GHFOLQH�LQ�WXUQLQJ�SUREDELOLW\�LQ�DJLQJ�%$&+'�PLFH�FDQQRW�EH�H[SODLQHG�E\�DQ�Ϯϭϵ�

RYHUDOO�GHFUHDVH�LQ�PRYHPHQW�WKURXJKRXW�WKH�PD]H���ϮϮϬ�

2XU�OLQHDU�UHJUHVVLRQ�DQDO\VLV�RQ�PLFH�WKDW�UHPDLQHG�DYDLODEOH�IRU�WHVWLQJ�RXW�WR����ZHHNV�ϮϮϭ�

RI�DJH�FRQILUPV�D�%$&+'�GHFOLQH�LQ�WXUQLQJ�SUREDELOLW\��DV�HYLGHQFHG�E\�D�VLJQLILFDQW�GHYLDWLRQ�ϮϮϮ�

IURP�]HUR�VORSH��)LJXUH��&��S ��������U� �������Q ���VHVVLRQV����:7�DQG�%(�PLFH�VKRZ�QR�VXFK�ϮϮϯ�

GHYLDWLRQ��S �������U� �������Q ���VHVVLRQV�IRU�:7��DQG�S �������U� �������Q ���VHVVLRQV�IRU�ϮϮϰ�
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%(����7KH�VORSH�IRU�DUP�HQWU\�LV�QRW�VLJQLILFDQWO\�GLIIHUHQW�IURP�]HUR�IRU�DOO�JURXSV��)LJXUH��'��ϮϮϱ�

S ������U� �������Q ���IRU�:7��S ������U� ���������Q ���IRU�%(��DQG�S ������U� �������Q ���IRU�ϮϮϲ�

%$&+'���ϮϮϳ�

2YHUDOO��RXU�UHVXOWV�LQGLFDWH�WKDW�%$&+'�PLFH�GHYHORS�DQ�DJLQJ�UHODWHG�GHFOLQH�LQ�WXUQLQJ�ϮϮϴ�

SUREDELOLW\��D�VLJQ�RI�PRWRU�LQIOH[LELOLW\��ZKLFK�GLG�QRW�RFFXU�LQ�WKH�%(�PRGHO���,PSRUWDQWO\��WKH�ϮϮϵ�

GHFOLQH�LQ�%$&+'�WXUQLQJ�SUREDELOLW\�LV�QRW�GXH�WR�D�ODFN�RI�H[SORUDWLRQ�RI�WKH�PD]H�DUPV��ϮϯϬ�

LFP activity Ϯϯϭ�

$V�%$&+'�PLFH�H[KLELW�D�SURJUHVVLYH�GHFOLQH�LQ�WXUQLQJ�EHKDYLRU�ZLWK�DJH��ZH�HYDOXDWHG�ϮϯϮ�

FRUUHVSRQGLQJ� /)3� DFWLYLW\� LQ� WKH� ROGHVW� PLFH� �IURP� ��� WR� ��� ZHHNV� RI� DJH��� � $V� VKRZQ�Ϯϯϯ�

VFKHPDWLFDOO\�LQ�)LJXUH����KLVWRORJLFDO�DQDO\VLV�FRQILUPHG�DOO�HOHFWURGH�SODFHPHQWV�LQ�0��DQG�'6����Ϯϯϰ�

7KH�SHUFHQWDJH�RI� WRWDO�SRZHU� VSHFWUDO�GHQVLWLHV� �ZKHUH� WKH� VXP�RI�DOO�SRZHU� VSHFWUXP�Ϯϯϱ�

YDOXHV�HTXDO������ZDV�FDOFXODWHG�IRU�DOO�PLFH�WHVWHG�EHWZHHQ����DQG����ZHHNV�RI�DJH�DV�WKH\�HQWHUHG�Ϯϯϲ�

DQG�H[LWHG�WKH�FKRLFH�SRLQW�RI�WKH�PD]H����V�EHIRUH�DQG�DIWHU�FKRLFH�SRLQW�HQWU\����,Q�WKLV�DJH�UDQJH��Ϯϯϳ�

ZKHQ� WXUQLQJ� GHILFLWV�ZHUH� UHDGLO\� DSSDUHQW� LQ�%$&+'�PLFH�� FRUUHVSRQGLQJ�0�� DFWLYLW\�ZDV�Ϯϯϴ�

FKDUDFWHUL]HG�E\�VLJQLILFDQW�GHFUHDVHV�LQ�WKHWD��S����������DOSKD��S����������EHWD��S���������DQG�Ϯϯϵ�

ORZ�JDPPD�DFWLYLW\��S���������UHODWLYH�WR�:7��DV�VKRZQ�LQ�)LJXUH��$�(���$�VOLJKW�GLIIHUHQFH�LQ�ϮϰϬ�

GHOWD�IUHTXHQF\�ZDV�REVHUYHG�EHWZHHQ�JURXSV��EXW�ZDV�RQO\�VWDWLVWLFDOO\�GLIIHUHQW�EHWZHHQ�:7�Ϯϰϭ�

DQG�%$&+'�PLFH��S ����������%(�PLFH�ZHUH�LQWHUPHGLDWH��VKRZLQJ�D�VLJQLILFDQW�LPSURYHPHQW�ϮϰϮ�

RYHU� %$&+'� LQ� DOSKD� �S���������� EHWD� �S���������� DQG� ORZ� JDPPD� �S��������� SRZHU�� EXW�Ϯϰϯ�

VLJQLILFDQWO\�EHORZ�:7��S���������IRU�DOO�WKUHH�IUHTXHQF\�EDQGV�DV�ZHOO�DV�WKHWD��S �����������Ϯϰϰ�

/)3�FKDQJHV�DOVR�RFFXUUHG� LQ�'6�� �$V�VKRZQ�LQ�)LJXUH��$�(��ZKLOH�QR�GLIIHUHQFH�ZDV�Ϯϰϱ�

REVHUYHG� LQ� GHOWD� IUHTXHQF\�� %$&+'� PLFH� UHVSRQGHG� ZLWK� D� VLJQLILFDQW� GHFUHDVH� LQ� WKHWD�Ϯϰϲ�

�S ��������DOSKD��S����������EHWD��S����������DQG�ORZ�JDPPD��S�����������,Q�FRQWUDVW�ZLWK�WKH�Ϯϰϳ�
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FKDQJHV�REVHUYHG�LQ�0���%(�PLFH�VKRZHG�D�IXUWKHU�UHGXFWLRQ�LQ�WKHWD��S ���������EHWD��S ��������Ϯϰϴ�

DQG�ORZ�JDPPD��S ��������UHODWLYH�WR�%$&+'��ZKLOH�%(�DQG�%$&+'�DOSKD�SRZHU�ZHUH�QRW�Ϯϰϵ�

VLJQLILFDQWO\�GLIIHUHQW��S ���������ϮϱϬ�

Functional relationship between M1 and DS LFPs Ϯϱϭ�

&RKHUHQFH�DQDO\VLV�ZDV�SHUIRUPHG�LQ�D�IXUWKHU�DVVHVVPHQW�RI�WKH�IXQFWLRQDO�UHODWLRQVKLS�ϮϱϮ�

EHWZHHQ� 0�� DQG� '6� VLJQDOLQJ�� � )LJXUH� �� VKRZV� WKH� FRKHUHQFH� YDOXH� DFURVV� DOO� H[DPLQHG�Ϯϱϯ�

IUHTXHQFLHV�� 1RWH� WKDW� FRKHUHQFH� YDOXH� GHFUHDVHV� DV� IUHTXHQF\� LQFUHDVHV�� :KHQ� FRPSDULQJ�Ϯϱϰ�

FRKHUHQFH�YDOXHV�JURXSHG�E\�IUHTXHQF\�EDQG�DQG�DQDO\]HG�DFURVV�JHQRW\SHV��ZH�REVHUYHG�WKDW�Ϯϱϱ�

UHODWLYH� WR� :7�� ERWK� %$&+'� �S�������� IRU� DOO� � IUHTXHQFLHV�� DQG� %(� �S�������� IRU� DOO��Ϯϱϲ�

IUHTXHQFLHV�� PLFH� VKRZHG� DQ� LQFUHDVH� LQ� GHOWD�� WKHWD�� DOSKD�� EHWD�� DQG� ORZ� JDPPD� FRKHUHQFH�Ϯϱϳ�

�)LJXUH����� �,QWHUHVWLQJO\��%(�PLFH�VKRZHG�WKH�KLJKHVW�FRKHUHQFH�YDOXH�DW�DOSKD��EHWD��DQG�ORZ�Ϯϱϴ�

JDPPD�IUHTXHQFLHV��S��������ZKLFK�LV�VLJQLILFDQWO\�GLIIHUHQW�IURP�WKH�YDOXHV�REVHUYHG�LQ�%$&+'���Ϯϱϵ�

7KXV��WKH�GHJUHH�RI�V\QFKURQL]DWLRQ�EHWZHHQ�0��DQG�'6�LV�KLJKHVW�LQ�WKH�FRQGLWLRQDO�%(�PRGHO�ϮϲϬ�

IROORZHG�E\�%$&+'�DQG�:7�PLFH���Ϯϲϭ�

:H�DOVR�HYDOXDWHG�UHODWLYH�SKDVH�EHWZHHQ�0��DQG�'6�/)3V� �)LJXUH������%$&+'�PLFH�ϮϲϮ�

VKRZHG�D�VLJQLILFDQW�GHFUHDVH�LQ�FRKHUHQFH�SKDVH�LQ�DOSKD��S���������DQG�ORZ�JDPPD��S���������Ϯϲϯ�

IUHTXHQFLHV�FRPSDUHG�WR�:7��)LJXUH��$����/LNHZLVH��UHODWLYH�WR�:7��%(�PLFH�VKRZHG�D�VLJQLILFDQW�Ϯϲϰ�

GHFUHDVH�LQ�DOSKD��S���������DQG�ORZ�JDPPD��S���������EDQGV���%HWZHHQ�%(�DQG�%$&+'��ZH�Ϯϲϱ�

REVHUYHG� DQ� LPSURYHPHQW� LQ� %(� DOSKD� �S ������� DQG� JDPPD� �S��������� FRKHUHQFH� SKDVH���Ϯϲϲ�

$QDO\VLV� RI� WKH�PHDQ� UHODWLYH�SKDVH� YDOXH� DFURVV� WKH� IUHTXHQF\� VSHFWUXP� LQGLFDWHG� VLJQLILFDQW�Ϯϲϳ�

GLIIHUHQFHV�EHWZHHQ�JURXSV��S�����������/)3V�LQ�0��DQG�'6�LQ�:7�PLFH�VKRZ�D�SKDVH�ODJ�RI�Ϯϲϴ�

∼���°��LQGLFDWLQJ�D�OHDG�UROH�IRU�0����,Q�FRQWUDVW��0��DQG�'6�/)3�DFWLYLW\�LQ�%$&+'�ZDV�DOPRVW�Ϯϲϵ�
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SHUIHFWO\�LQ�SKDVH��VKRZLQJ�D�'6�SKDVH�OHDG�RI�∼������°��)LJXUH��%����6XUSULVLQJO\��%(�PLFH�VKRZHG�ϮϳϬ�

D�SKDVH�ODJ�RI�∼���°��LQGLFDWLQJ�D�'6�OHDG����Ϯϳϭ�

'LVFXVVLRQ�ϮϳϮ�

:H� IRXQG� WKDW�%$&+'�PLFH�SURJUHVVLYHO\�GHYHORS� VLJQV�RI� EHKDYLRUDO� LQIOH[LELOLW\� DV�Ϯϳϯ�

H[KLELWHG� E\� UHGXFHG� WXUQLQJ� GXULQJ� VSRQWDQHRXV� H[SORUDWLRQ� RI� WKH� SOXV�VKDSHG� PD]H�� � 7KLV�Ϯϳϰ�

EHKDYLRUDO�VLJQ�RFFXUV�DORQJ�ZLWK�DOWHUDWLRQV�LQ�FRUWLFRVWULDWDO�/)3V���,Q�FRQWUDVW��WKH�FRQGLWLRQDO�Ϯϳϱ�

%(�PRGHO��ZKLFK� ODFNV�mHTT� H[SUHVVLRQ� LQ� FRUWLFDO� RXWSXW� QHXURQV�� VKRZHG�QR� DJLQJ�UHODWHG�Ϯϳϲ�

FKDQJH�LQ�SOXV�PD]H�WXUQLQJ�DORQJ�ZLWK�SDUWLDO�UHVWRUDWLRQ�RI�0��/)3�DFWLYLW\���7DNHQ�WRJHWKHU��Ϯϳϳ�

RXU�UHVXOWV�LPSOLFDWH�0��RXWSXWV�LQ�WKH�GHYHORSPHQW�RI�PRWRU�LQIOH[LELOLW\��D�SKHQRW\SH�REVHUYHG�Ϯϳϴ�

LQ�ERWK�+'�SDWLHQWV��%URXZHUV�HW�DO��������DQG�+'�WUDQVJHQLF�PRGHOV��+RQJ�HW�DO������E����2XU�Ϯϳϵ�

UHVXOWV� DOVR� DGG� IXUWKHU� VXSSRUW� WR� HYLGHQFH� WKDW� FRUWLFDO� RXWSXWV� SOD\� D� NH\� UROH� LQ� WKH�PRWRU�ϮϴϬ�

SURFHVVLQJ�GHILFLWV�LQ�+'��(VWUDGD�6iQFKH]�HW�DO������E����Ϯϴϭ�

(YLGHQFH�REWDLQHG�IURP�+'�SDWLHQWV�DOVR�VXSSRUWV�WKH�FRQWULEXWLRQ�RI�FRUWLFDO�RXWSXWV�WR�ϮϴϮ�

+'�QHXURSDWKRORJ\�� � 3DWLHQWV�ZLWK� EUDG\NLQHVLD� DQG� G\VWRQLD� DV� WKH�PDLQ�+'�SKHQRW\SH�� IRU�Ϯϴϯ�

H[DPSOH��VKRZ�HQKDQFHG�WKLQQLQJ�LQ�SUHPRWRU�DQG�VXSSOHPHQWDU\�PRWRU�DUHDV�UHODWLYH�WR�SDWLHQWV�Ϯϴϰ�

ZLWK�RWKHU�+'�VLJQV��5RVDV�HW�DO��������IRU�UHYLHZ�VHH�(VWUDGD�6iQFKH]�DQG�5HEHF�����E����7KXV��Ϯϴϱ�

QHXURSDWKRORJ\� LQ� WKH� FHUHEUDO� FRUWH[� LV� D� OLNHO\� FRQWULEXWRU� WR� WKH� GHYHORSPHQW� RI� LPSDLUHG�Ϯϴϲ�

QHXURQDO� FRPPXQLFDWLRQ� LQ� +'�� ZKLFK�� DV� WKH� GLVHDVH� SURJUHVVHV�� ZLOO� WULJJHU� SKHQRW\SLFDO�Ϯϴϳ�

FKDQJHV��LQFOXGLQJ�PRWRU�LQIOH[LELOLW\���,QWHUHVWLQJO\��WKLV�PRWRU�SKHQRW\SH�LQ�+'�SDWLHQWV�KDV�EHHQ�Ϯϴϴ�

GHVFULEHG�LQ�UHODWLRQ�WR�FRJQLWLYH�DQG�VSDWLDO�SHUFHSWLRQ�WDVNV��+DQHV�HW�DO��������%URXZHUV�HW�DO��Ϯϴϵ�

�������PRVW�OLNHO\�GXH�WR�DQ�HIIHFW�RQ�PXOWLSOH�FRUWLFRVWULDWDO�FLUFXLWV���ϮϵϬ�

%HKDYLRUDO� LQIOH[LELOLW\�UHIHUV� WR�WKH�LQDELOLW\�WR�VZLWFK�RQJRLQJ�EHKDYLRU� LQ�UHVSRQVH�WR�Ϯϵϭ�

HQYLURQPHQWDO�GHPDQGV��5DJR]]LQR��������%URZQ�DQG�7DLW���������,Q�+'��WKLV�FDQ�EH�PDQLIHVW��LQ�ϮϵϮ�
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SDUW�� DV� VWHUHRW\SHG� EHKDYLRU� LQ� ZKLFK� D� SDUWLFXODU� VHW� RI� PRWRU� FRPPDQGV� DUH� UHSHWLWLYHO\�Ϯϵϯ�

H[HFXWHG���6WHUHRW\SLF�EHKDYLRUV�DUH�REVHUYHG�LQ�VHYHUDO�QHXURSDWKRORJLFDO�FRQGLWLRQV�UHODWHG�WR�Ϯϵϰ�

FRUWLFRVWULDWDO�G\VIXQFWLRQ��LQFOXGLQJ�+'��&ULWWHQGHQ�HW�DO��������=LNH�HW�DO��������&\U�HW�DO��������Ϯϵϱ�

&KHQ� HW� DO�� ������� � 7KH� SOXV�VKDSHG�PD]H� SURYLGHV� D� TXDQWLILDEOH�PHDVXUH� RI� VWHUHRW\S\� DV� D�Ϯϵϲ�

GHFUHDVHG�SURSHQVLW\� WR� WXUQ� LQWR� WKH� OHIW�RU� ULJKW�DUP�DQG� LQVWHDG� WR�FRQWLQXH�VWUDLJKW� LQWR� WKH�Ϯϵϳ�

RSSRVLWH�DUP��+RQJ�HW�DO������E����%\�VWXG\LQJ�/)3�FKDQJHV�LQ�WKH�FRQGLWLRQDO�%(�PRGHO�GXULQJ�Ϯϵϴ�

SOXV�PD]H�WXUQLQJ��ZH�FDQ�DVVHVV�WKH�UROH�RI�0��mHTT�LQ�WKH�GHYHORSPHQW�RI�PRWRU�LQIOH[LELOLW\�Ϯϵϵ�

DV�+'�SURJUHVVHV��ϯϬϬ�

%HFDXVH�PRWRU�LQIOH[LELOLW\�LQ�%$&+'�PLFH�GHYHORSV�ZLWK�DJLQJ��ZH�HYDOXDWHG�0��DQG�ϯϬϭ�

'6�/)3�FKDQJHV�LQ�WKH�ROGHVW�PLFH��������ZHHNV�RI�DJH��DV�WKH\�HQWHUHG�DQG�H[LWHG�WKH�FKRLFH�ϯϬϮ�

SRLQW���,Q�0���%$&+'�PLFH�VKRZHG�D�VLJQLILFDQW�GHFUHDVH�LQ�DOSKD��EHWD��DQG�ORZ�JDPPD�SRZHU�ϯϬϯ�

WKDW�ZDV�DW� OHDVW�SDUWLDOO\�UHYHUVHG�LQ�%(�PLFH�� �$OWKRXJK�WKH�FRPELQHG�G\VUHJXODWLRQ�RI� WKHVH�ϯϬϰ�

IUHTXHQF\�EDQGV�PD\�FRQWULEXWH�WR�WKH�GHFUHDVH�LQ�%$&+'�WXUQLQJ��D�FKDQJH�LQ�EHWD�DFWLYLW\�VWDQGV�ϯϬϱ�

RXW�EHFDXVH�RI�LWV�OLQN�WR�PRWRU�FRQWURO��)HLQJROG�HW�DO����������7KH�SUHFLVH�UROH�RI�WKHVH�0��UK\WKPV�ϯϬϲ�

LQ�EHKDYLRU�UHPDLQV�VSHFXODWLYH��KRZHYHU��DQG�WKHLU�EHKDYLRUDO�UHOHYDQFH�VKRXOG�EH�HYDOXDWHG�LQ�ϯϬϳ�

IROORZ�XS�ZRUN���,Q�'6��VXUSULVLQJO\��WKH�%(�PRGHO�IDLOHG�WR�UHYHUVH�WKH�VLJQLILFDQW�GHFUHDVH�LQ�DOO�ϯϬϴ�

WKH�IUHTXHQF\�EDQGV�ZH�HYDOXDWHG��DQG�HYHQ�SURPRWHG�D�IXUWKHU�GHFUHDVH�EHORZ�%$&+'�SRZHU�ϯϬϵ�

IRU� EHWD� DV� ZHOO� DV� WKHWD� DQG� ORZ� JDPPD�� � 7KHVH� FKDQJHV� LQ� '6� DFWLYLW\� PD\� UHSUHVHQW� D�ϯϭϬ�

FRPSHQVDWRU\�UHVSRQVH�WR�WKH�VXSSUHVVLRQ�RI�PKWW�LQ�FRUWLFDO�RXWSXWV��ϯϭϭ�

$OWKRXJK�'6�LQYROYHPHQW�LQ�WKH�LPSURYHG�EHKDYLRUDO�UHVSRQGLQJ�LQ�%(�PLFH�LV�XQFOHDU��LW�ϯϭϮ�

LV�XQOLNHO\�WKDW�WKH�RVFLOODWLRQV�ZH�UHFRUGHG�LQ�'6�FDQ�EH�H[SODLQHG�E\�YROXPH�FRQGXFWLRQ�IURP�ϯϭϯ�

0���VHH�/DOOD�HW�DO����������7KH�GLVSDULW\�EHWZHHQ�0��DQG�'6�DFWLYLW\�DW�DOO�WKH�IUHTXHQF\�EDQGV�ϯϭϰ�

ZH�VWXGLHG�DUJXHV�DJDLQVW�WKLV�H[SODQDWLRQ���7KH�GLVSDULW\��KRZHYHU��LV�GLIILFXOW�WR�UHFRQFLOH�ZLWK�D�ϯϭϱ�
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GLUHFW�PRQRV\QDSWLF�FRQQHFWLRQ�EHWZHHQ�0��DQG�'6���,Q�IDFW��D�FRPPRQ�YLHZ�RI�FRUWLFRVWULDWDO�ϯϭϲ�

FRQQHFWLYLW\�LV�WKDW�FRUWH[�GULYHV�VWULDWXP�WR�VKDSH�PRWRU�RXWSXW���%\�LQWHJUDWLQJ�VHQVRULPRWRU�DQG�ϯϭϳ�

UHZDUG� LQIRUPDWLRQ�� FRUWH[� LV� WKRXJKW� WR� PHGLDWH� VLWXDWLRQDO� UHVSRQGLQJ�� ZKLOH� VWULDWXP�ϯϭϴ�

FRQVROLGDWHV�OHDUQHG�URXWLQHV�LQWR�KDELWV��*UD\ELHO��������+RZH�HW�DO����������%XW�VWULDWXP��ZKLFK�ϯϭϵ�

DOVR�LQWHJUDWHV�VHQVRULPRWRU�DQG�UHZDUG�LQIRUPDWLRQ��FDQ�EH�MXVW�DV�FULWLFDO�LQ�VKDSLQJ�EHKDYLRU�ϯϮϬ�

�%DU�*DG�HW�DO��������+RXN�DQG�:LVH���������6WULDWXP��IRU�H[DPSOH��UHVSRQGV�PRUH�UDSLGO\�WKDQ�ϯϮϭ�

FRUWH[� GXULQJ� DVVRFLDWLYH� OHDUQLQJ�� DQG� VWULDWDO� UHVSRQVHV� HPHUJH� ILUVW� DV� OHDUQLQJ� RFFXUV�ϯϮϮ�

�3DVXSDWK\�DQG�0LOOHU���������7KXV��DOWKRXJK�WKH�QHXUDO�FRUUHODWHV�RI�EHKDYLRU�KDYH�EHHQ�REVHUYHG�ϯϮϯ�

LQ�FRUWH[�DQG�VWULDWXP��WKH�XQGHUO\LQJ�GULYHU�UHFHLYHU�G\QDPLFV�UHPDLQ�XQFOHDU���(TXDOO\�LPSRUWDQW�ϯϮϰ�

LV�RXU�ILQGLQJ�WKDW�FRUWLFRVWULDWDO�FRPPXQLFDWLRQ�FDQ�EH�ELGLUHFWLRQDO�GHSHQGLQJ�RQ�EHKDYLRUDO�VWDWH�ϯϮϱ�

�1DNKQLNLDQ� HW� DO�� ������� LQGLFDWLQJ� WKDW� HIIHFWLYH� FRQQHFWLYLW\� EHWZHHQ� FRUWH[� DQG� VWULDWXP� LV�ϯϮϲ�

QHLWKHU�XQLGLUHFWLRQDO�QRU�VWDWLF����ϯϮϳ�

:H�FDQQRW�DWWULEXWH�D�FKDQJH�LQ�LQGLYLGXDO�0��IUHTXHQF\�EDQGV�WR�D�SDUWLFXODU�QHXURQDO�ϯϮϴ�

SRSXODWLRQ� VLQFH�PXOWLSOH� FHOO� W\SHV� DUH� OLNHO\� WR� FRQWULEXWH�� LQFOXGLQJ� S\UDPLGDO� QHXURQV� DQG�ϯϮϵ�

LQWHUQHXURQV� DV� ZHOO� DV� LQSXWV� IURP� RWKHU� VWUXFWXUHV� VXFK� DV� WKDODPXV�� � 9DULRXV� UHVHDUFK�ϯϯϬ�

DSSURDFKHV�� IRU� H[DPSOH�� KDYH� VXJJHVWHG� WKDW� WKH� GHOWD� RVFLOODWLRQ�� ZKLFK� FRQVLVWHQWO\� VKRZV�ϯϯϭ�

FKDQJHV�LQ�+'��PLJKW�RULJLQDWH�IURP�ERWK�WKDODPXV�DQG�IURP�DQ�LQWULQVLF�FHOO�SRSXODWLRQ�ZLWKLQ�ϯϯϮ�

FRUWH[�VXFK�DV�LQWHUQHXURQV��$P]LFD�HW�DO��������&DUUDFHGR�HW�DO��������+DOO�HW�DO����������,Q�IDFW��ϯϯϯ�

LPSDLUHG� LQWHUQHXURQ�IXQFWLRQ�KDV�EHHQ�GHVFULEHG� LQ�+'��DQG�D�FRPSXWDWLRQDO�PRGHO�RI�QHXUDO�ϯϯϰ�

DFWLYLW\�LQ�+'�PLFH�LQGLFDWHV�D�UHRUJDQL]DWLRQ�RI�FRUWLFR�VWULDWDO�GULYH�UHODWHG�WR�DOWHUHG�V\QDSWLF�ϯϯϱ�

FRXSOLQJ�PHGLDWHG�LQ�SDUW�E\�LQWHUQHXURQ�DFWLYLW\��1D]H�HW�DO����������,Q�%$&+'�PLFH��SURJUHVVLYH�ϯϯϲ�

FKDQJHV�LQ�VSRQWDQHRXV�LQKLELWRU\�DQG�H[FLWDWRU\�SRVWV\QDSWLF�FXUUHQWV�SDUDOOHO�WKH�ZRUVHQLQJ�+'�ϯϯϳ�

SKHQRW\SH��6SDPSDQDWR�HW�DO����������&KDQJHV�LQ�WKH�GRSDPLQH�V\VWHP�DOVR�KDYH�EHHQ�OLQNHG�WR�ϯϯϴ�
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G\VIXQFWLRQDO�FRUWLFRVWULDWDO�QHXURQDO�SURFHVVLQJ�LQ�+'�DQG�WKH�GHYHORSPHQW�RI�PRWRU�LQIOH[LELOLW\�ϯϯϵ�

�&KHQ�HW�DO��������� �'RZQ�UHJXODWLRQ�RI�H[SUHVVLRQ�DQG�IXQFWLRQLQJ�RI�GRSDPLQH�UHFHSWRUV�DQG�ϯϰϬ�

WUDQVSRUWHUV�KDYH�EHHQ�UHSRUWHG�IRU�ERWK�+'�SRVWPRUWHP�EUDLQV�DQG�WUDQVJHQLF�PRGHOV�LQFOXGLQJ�ϯϰϭ�

WKH�5�����5�����DQG�<$&����PRXVH�DQG�WKH�%$&+'�UDW�PRGHO��IRU�D�UHYLHZ�VHH�5DQJHO�%DUDMDV�ϯϰϮ�

DQG�5HEHF����������+RZHYHU��D�SRVVLEOH�XS�UHJXODWLRQ�RI�GRSDPLQH�DFWLYLW\�HDUO\�LQ�+'��ZKLFK�ϯϰϯ�

PD\�DFFRXQW�IRU�VLJQV�RI�FKRUHD��FRPSOLFDWH�GRSDPLQH�LQYROYHPHQW����ϯϰϰ�

7KH� SOXV�PD]H� LV� D� KLSSRFDPSDO�GHSHQGHQW� EHKDYLRU� LQ� ZKLFK� QDYLJDWLRQ�� FRGLQJ� WKH�ϯϰϱ�

VHTXHQFH� RI� HYHQWV�� DQG� VSDWLDO� ZRUNLQJ� PHPRU\� DUH� LQYROYHG� �0F'RQDOG� DQG� :KLWH��ϯϰϲ�

��������$OWKRXJK�HYLGHQFH�LQGLFDWHV�WKDW�LPSDLUHG�V\QDSWLF�SODVWLFLW\�RFFXUV�LQ�WKH�KLSSRFDPSXV�ϯϰϳ�

LQ�+'�PLFH��0XUSK\�HW�DO��������0LOQHUZRRG�HW�DO��������.RORG]LHMF]\N�HW�DO���������LW�LV�XQNQRZQ�ϯϰϴ�

LI� LPSDLUHG� KLSSRFDPSDO� IXQFWLRQLQJ�PLJKW� DOVR� FRQWULEXWH� WR� GHFUHDVHG�PRWRU� LQIOH[LELOLW\� LQ�ϯϰϵ�

%$&+'�PLFH�DQG�ZKHWKHU�WKH�ODFN�RI�H[SUHVVLRQ�RI�PXWDQW�KXQWLQJWLQ�LQ�WKH�FRQGLWLRQDO�%(�PRGHO�ϯϱϬ�

ZRXOG� LPSURYH� HLWKHU� KLSSRFDPSDO� DFWLYLW\� DQG�RU� WXUQLQJ� SUREDELOLW\���1RQHWKHOHVV�� WKLV� LV� DQ�ϯϱϭ�

LQWHUHVWLQJ�TXHVWLRQ�WKDW�GHVHUYHV�WR�EH�HYDOXDWHG��ϯϱϮ�

&RKHUHQFH�DQDO\VLV�SURYLGHV�D�PHDVXUH�RI�WKH�GHJUHH�RI�V\QFKURQ\�EHWZHHQ�0��DQG�'6�ϯϱϯ�

DFURVV�WKH�SRZHU�VSHFWUXP���2XU�UHVXOWV�LQGLFDWH�WKDW�DV�IUHTXHQF\�LQFUHDVHV�VLJQLILFDQW�UHGXFWLRQV�ϯϱϰ�

LQ�0��'6�V\QFKURQ\�RFFXU�LQ�:7��%(��DQG�%$&+'�PLFH���$�VLPLODU�UHVXOW�KDV�EHHQ�UHSRUWHG�IRU�ϯϱϱ�

WKH�5����PRXVH�PRGHO��+RQJ�HW�DO������E����,QWHUHVWLQJO\��KRZHYHU��WKH�GHFOLQH�LQ�V\QFKURQ\�LQ�ϯϱϲ�

%(�PLFH�LV�QRW�DV�VWHHS�DV�LQ�:7�DQG�%$&+'��LQGLFDWLQJ�D�VWURQJHU�0��'6�FRKHUHQFH�SDUWLFXODUO\�ϯϱϳ�

DW�DOSKD��EHWD��DQG�ORZ�JDPPD�IUHTXHQF\�EDQGV���&RKHUHQFH�DQDO\VLV�WKDW�LQFOXGHV�GRZQVWUHDP�ϯϱϴ�

VWUXFWXUHV� LQ� EDVDO� JDQJOLD� DQG� SDUWV� RI� WKDODPXV� PD\� VKHG� DGGLWLRQDO� OLJKW� RQ� WKH� 0��'6�ϯϱϵ�

LQWHUDFWLRQ�GXULQJ�+'�����ϯϲϬ�
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2XU�FRKHUHQFH�SKDVH�DQDO\VLV�UHYHDOHG�D�VLJQLILFDQW�FKDQJH�LQ�WKH�DOSKD�DQG�ORZ�JDPPD�ϯϲϭ�

EDQGV�� � ,Q� WKH�DOSKD�EDQG��%(�PLFH�ZHUH� LQWHUPHGLDWH�EHWZHHQ�:7�DQG�%$&+'��EXW�VWURQJO\�ϯϲϮ�
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