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Abstract
9H[Z� HYL� [OL� WYLMLYYLK� L_WLYPTLU[HS� Z\IQLJ[Z� HJYVZZ� THU`� ÄLSKZ� VM�
neuroscience, for which these large and behaviorally-complex rodents 
occupy a favorable position that jointly optimizes accessibility for 
experimental intervention and richness of experimental readout. Yet 
application of new optogenetic tools in the rat system has been slower 
than in the mouse system until recently, due in part to technical challenges. 
These challenges have now largely been overcome, and the neuroscience 
community is applying optogenetic techniques to the rat system for fast, 
ZWLJPÄJ��HUK�WV[LU[�THUPW\SH[PVU�VM�UL\YHS�JPYJ\P[�LSLTLU[Z�PU�[OL�JVU[L_[�VM�
diverse readouts ranging from physiology to imaging to behavior. Here we 
provide an overview of the optogenetic tools and techniques best suited 
for rat optogenetics, and review current literature employing optogenetics 
in this way for application to fundamental systems neuroscience, and to 
models of neurological and psychiatric disease. 
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0U[YVK\J[PVU

,_WLYPTLU[HS�PU]LZ[PNH[PVUZ�PU�UL\YVZJPLUJL�[OH[�YLX\PYL�T\S[PWSL�

LSLJ[YVKLZ� MVY� JOYVUPJ� TVUP[VYPUN� VY� THUPW\SH[PVU� VM� UL\YHS�

HJ[P]P[ �̀�VY�I\SR`�OHYK^HYL�MVY�WOHYTHJVSVNPJHS�PU[LY]LU[PVUZ�HUK�

TLHZ\YLTLU[Z��HYL�VM[LU�WLYMVYTLK�TVZ[� YLHKPS`� PU� YH[Z��;OLPY�

SHYNL�IYHPU�ZPaL��YLSH[P]L�[V�TPJL��HSSV^Z�MVY�TVYL�WYLJPZL�[HYNL[PUN�

VM�WOHYTHJVSVNPJHS�HNLU[Z��]PYHS�]LJ[VYZ��M490�YLNPVUZ�VM�PU[LYLZ[��

VY� YLJVYKPUN� LSLJ[YVKLZ�� HUK� [OLPY� YLSH[P]L� Z[YLUN[O� LUHISLZ�

[OL� \ZL� VM� TVYL� J\TILYZVTL� YLJVYKPUN�� WOHYTHJVSVNPJHS�� VY�

VW[VNLUL[PJ� OHYK^HYL�� 4VYLV]LY�� H� SHYNL� HYYH`� VM� PTWVY[HU[�

ILOH]PVYHS�[HZRZ�LP[OLY�HYL�ILZ[�WLYMVYTLK�PU�YH[�TVKLSZ�VY�OH]L�

ILLU� ]HSPKH[LK� HUK� VW[PTPaLK� LZWLJPHSS`� ^LSS� PU� YH[� TVKLSZ��

PUJS\KPUN� [HZRZ� YLSH[PUN� [V� YL^HYK� B���D�� ZLUZVY`� Z`Z[LTZ� B�D��

^VYRPUN�TLTVY`�B5��D��HUK�KLJPZPVU�THRPUN�B��9D�� 0U�WHY[PJ\SHY��

\ZPUN�Z[HUKHYK� SHIVYH[VY`�Z[YHPUZ�� [OL�]PZ\HS�HJ\P[`�VM� YH[Z�OHZ�

ILLU�TLHZ\YLK�[V�IL�HWWYV_PTH[LS`�[^PJL�[OH[�VM�TPJL�B��D��HUK�

YH[�WLYMVYTHUJL�PU�TLTVY`�[LZ[Z��Z\JO�HZ�[OL�4VYYPZ�̂ H[LY�THaL��

HSZV�JVTWHYLZ�MH]VYHIS`�B��D��-VY�[OLZL�HUK�THU`�V[OLY�YLHZVUZ��

PU]LZ[PNH[PVUZ�PU�[OL�YH[�Z`Z[LT�WYVTPZL�[V�JVU[PU\L�[V�JVU[YPI\[L�

PU�M\UKHTLU[HS�^H`Z�[V�V\Y�\UKLYZ[HUKPUN�VM�H�IYVHK�YHUNL�VM�

JVTWSL_�ILOH]PVYZ��PUJS\KPUN�ZVJPHS�B�����D�HUK�JVNUP[P]L�[HZRZ�

B��9������D��HUK�JSPUPJHSS`�YLSL]HU[�WH[OVSVNPLZ��PUJS\KPUN�VILZP[`�

B��D�� HKKPJ[PVU� B�����D�� HUK� V[OLY� UL\YVWZ`JOPH[YPJ� KPZLHZLZ

B�����D���

6W[VNLUL[PJ�[LJOUVSVNPLZ��^OPJO�LUHISL�MHZ[�HUK�WYLJPZL�

JVU[YVS� V]LY� [HYNL[LK� JPYJ\P[� LSLTLU[Z� ^P[OPU� PU[HJ[� [PZZ\L�

HUK� ILOH]PUN� THTTHSZ� B�����D�� PU� WYPUJPWSL� WYV]PKL� H� UL^�

KPTLUZPVU� MVY�L_WLYPTLU[HS� PU]LZ[PNH[PVU� [OH[�^V\SK�KV]L[HPS�

^P[O� [OL� Z[YVUN� MV\UKH[PVUZ� HUK� [OL� UL^� VWWVY[\UP[PLZ� MVY�

UL\YVZJPLUJL� PU� [OL� YH[� Z`Z[LT�� /V^L]LY�� HWWSPJH[PVU� VM�

VW[VNLUL[PJZ�[V�[OL�YH[�Z`Z[LT�OHZ�SHNNLK�ILOPUK�HWWSPJH[PVUZ�

[V�[OL�TV\ZL�Z`Z[LT�I`�ZL]LYHS�̀ LHYZ��9LJLU[S �̀�HZ�VW[VNLUL[PJ�

[LJOUVSVNPLZ� OH]L� JVU[PU\LK� [V� IL� YLÄULK� HSVUN� ^P[O� UL^�

JSHZZLZ� VM� NLUL[PJ� THUPW\SH[PVU� B��D�� [OL� UL\YVZJPLUJL�

JVTT\UP[`� OHZ� HKHW[LK� VW[VNLUL[PJZ� [V� HKKYLZZ� � H� ]HYPL[`�

VM� X\LZ[PVUZ� PU� YH[� TVKLSZ�� ;V� LMMLJ[P]LS`� \[PSPaL� TPJYVIPHS�

VWZPU�IHZLK�VW[VNLUL[PJ�[LJOUPX\LZ�PU�[OPZ�^H �̀�PU]LZ[PNH[VYZ�

T\Z[� JVUZPKLY� ��� VWZPU� ZLSLJ[PVU�� ��� VWZPU� [HYNL[PUN� [V� [OL�

JLSS� WVW\SH[PVU�VM� PU[LYLZ[�� HUK���� PU[LNYH[PVU�VM�VW[VNLUL[PJ�

JVU[YVS� ^P[O� YLHKV\[Z� �L�N�� ILOH]PVYHS�� LSLJ[YVWO`ZPVSVNPJHS��

HUK� PTHNPUN�� PU� [OL� JVU[L_[� VM� [OL� \UPX\L� JVUZ[YHPU[Z� HUK�

VWWVY[\UP[PLZ�VM�[OL�YH[�TVKLS��/LYL�^L�YL]PL^�[OLZL�NLULYHS�

JVUZPKLYH[PVUZ�HZ�^LSS�HZ�YLJLU[�Z[\KPLZ�[OH[�HYL�HK]HUJPUN�YH[�

VW[VNLUL[PJZ�PU�UL\YHS�Z`Z[LTZ�

���6WZPU�ZLSLJ[PVU�HUK�NLULYHS�JVUZPKLYH[PVUZ

(�Z`Z[LTH[PJ�JVTWHYH[P]L�Z[\K`�VM�J\YYLU[S`�H]HPSHISL�VWZPUZ�MVY�

VW[VNLUL[PJ�HWWSPJH[PVU�OHZ�ILLU�W\ISPZOLK�WYL]PV\ZS`�B��D��/LYL�

^L�YL]PL^�THQVY�VWZPU�JH[LNVYPLZ��-PN\YL°���HUK�JLY[HPU�NLULYHS�

JVUZPKLYH[PVUZ��PUJS\KPUN�[OVZL�PKLU[PÄLK�HUK�HKKYLZZLK�PU�[OL�

JVTWYLOLUZP]L�Z[\K �̀�HUK�[HRL�ZWLJPHS�UV[L�VM�WHYHTL[LYZ�^P[O�

WHY[PJ\SHY�YLSL]HUJL�[V�[OL�YH[�Z`Z[LT�
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TV\ZL�IYHPU�TH`�WYV]PKL�IV[O�JOHSSLUNLZ�HUK�VWWVY[\UP[PLZ·

MHJPSP[H[PUN�PU�ZVTL�JHZLZ�[OL�PTWSHU[H[PVU�VM�T\S[PWSL�ÄILYVW[PJ�

PU[LYMHJLZ�� ^OPSL� H[� [OL� ZHTL� [PTL� PUJYLHZPUN� [OL� UL[� ZPaL� VM�

IYHPU� HYLH� [OH[� T\Z[� IL� JVU[YVSSLK� �HSYLHK`� SHYNL� PU� [OL� YH[�

Z`Z[LT���

:L]LYHS� JSHZZLZ� VM� JVU[YVS� L_WLYPTLU[� HYL� PTWVY[HU[� PU�

VW[VNLUL[PJZ� [V� LUZ\YL� [OH[� VIZLY]LK� LMMLJ[Z� HYL� ZWLJPÄJHSS`�

K\L�[V�VW[PJHS�YLJY\P[TLU[�VM�VWZPUZ� PU�[HYNL[LK�JLSSZ��-PYZ[��^L�

OH]L�JH\[PVULK� [OH[�WV^LYM\S�HUK�WYVSVUNLK� SPNO[�KLSP]LY`�JHU�

JH\ZL�OLH[PUN�LMMLJ[Z�[OH[�JV\SK��PU�WYPUJPWSL��HS[LY�UL\YHS�HJ[P]P[`�

L]LU�PU�UVU�L_WYLZZPUN�JLSSZ��HUK�^L�OH]L�WYV]PKLK�X\HU[P[H[P]L�

LZ[PTH[LZ� VM� [OL� THNUP[\KL� VM� [OPZ� LMMLJ[� B��D�� ;OPZ� WV[LU[PHS�

JH]LH[�JHU�IL�HKKYLZZLK�I`�THPU[HPUPUN�TVKLYH[L�PU[LUZP[`�B��] 

VY�W\SZLK�SPNO[�WYV[VJVSZ�HUK�I`�PUJS\KPUN�L_WLYPTLU[HS�JVOVY[Z�

PU�^OPJO�UV�VWZPU� PZ�L_WYLZZLK�I\[�HSS�V[OLY�THUPW\SH[PVUZ�HYL�

WLYMVYTLK�� PUJS\KPUN� �PM� YLSL]HU[�� Z\YNLY �̀� ]PYHS� [YHUZK\J[PVU��

OHYK^HYL� PTWSHU[H[PVU�� HUK� SPNO[� KLSP]LY`� B��D�� :PTPSHY� JVU[YVSZ�

HYL�\ZLM\S�MVY�PKLU[PM`PUN�HUK�VY�JVYYLJ[PUN�MVY�JVUMV\UKZ�SPURLK�

[V�HU`�ZLUZVY`�WLYJLW[PVU�VM�[OL�SPNO[��MVY�L_HTWSL��YLZWVUZL�[V�

SHZLY�SPNO[�HZ�P[�ZJH[[LYZ�[OYV\NO�[OL�IYHPU�HUK�PTWPUNLZ�VU�[OL�

IHJR�VM�[OL�YL[PUH��B��D��

;OL� JOHUULSYOVKVWZPUZ� �*O9�� L�N�� *O9�"� -PN\YL° ��� HYL�

SPNO[�HJ[P]H[LK�JH[PVU�JOHUULSZ� [OH[�JHU�IL�\ZLK� [V�KLWVSHYPaL�

UL\YVUZ�^P[O�TPSSPZLJVUK�WYLJPZPVU�HUK�[OLYLI`�KYP]L�WYLJPZLS`�

[PTLK� HJ[PVU� WV[LU[PHSZ� B�����D�� ,UNPULLYLK� ]LYZPVUZ� PUJS\KL�

TVKPÄJH[PVU�MVY�MHZ[LY�KLHJ[P]H[PVU�HM[LY�SPNO[�VMM��[V�LUHISL�[OL�

KYP]PUN�VM� YLSPHISL� MHZ[� ZWPRPUN�\W� [V����/a�VY�IL`VUK� B��D��VY��

JVU]LYZLS �̀� TVKPÄJH[PVU� MVY� ZSV^LY� KLHJ[P]H[PVU� HM[LY� SPNO[�VMM�

�^OPJO�PU�[\YU�HSSV^Z�LSPJP[H[PVU�VM�Z\I�[OYLZOVSK�KLWVSHYPaH[PVUZ���

Z[HISL�V]LY�L]LU� [LUZ�VM�TPU\[LZ��� [V�IL�LSPJP[LK�HM[LY�H�ZPUNSL�

TPSSPZLJVUK�ZJHSL� W\SZL� VM� SPNO[� B� ���D"� [OLZL� ¸Z[LW�M\UJ[PVU�

VWZPUZ¹�OH]L�ILLU�\ZLK�[V�LUOHUJL�[OL�L_JP[HIPSP[`�VM�H�UL\YHS�

WVW\SH[PVU�V]LY�WYVSVUNLK�L_WLYPTLU[HS�ZLZZPVUZ�̂ P[OV\[�KYP]PUN�

ZWPRPUN�KPYLJ[S`� B� D���7V[LU[PHSS`� YLSL]HU[� [V� YH[� YLZLHYJO�� [OLZL�

ZSV^LY� VWZPUZ� HSZV� OH]L� [OL� WYVWLY[`� VM� YLUKLYPUN� L_WYLZZPUN�

JLSSZ� ZLUZP[P]L� [V� SPNO[� H[�T\JO� SV^LY� SL]LSZ� �I`� ZL]LYHS� VYKLYZ�

VM�THNUP[\KL��JVTWHYLK�^P[O�JVU]LU[PVUHS�*O9Z�B� ���������D"�

[OPZ� WOLUVTLUVU� JHYYPLZ� ^P[O� P[� [OL� WV[LU[PHS� [V� YLJY\P[� SHYNLY�

[PZZ\L� ]VS\TLZ� �H� OPNOS`� YLSL]HU[� JVUZPKLYH[PVU� PU� SHYNLY�

IYHPULK� YVKLU[Z�� H[� H� NP]LU� L_WLYPTLU[HS� SPNO[� WV^LY� KLUZP[ �̀�

;OLZL� VWZPUZ� HSZV� OLSW� LUHISL� TVYL� SVUN�[LYT� HUK� JVTWSL_�

ILOH]PVYHS�L_WLYPTLU[Z�WHY[PJ\SHYS`�^LSS�Z\P[LK�[V�[OL�YH[�Z`Z[LT��

MVY�L_HTWSL�I`�HSSV^PUN�YPJO�HUK�PU[LYHJ[P]L�ZVJPHS�HUK�WO`ZPJHS�

[HZRZ� [V� WYVJLLK� V]LY� THU`� TPU\[LZ� ^P[O� UV� VW[VNLUL[PJ�

OHYK^HYL�PU�WSHJL�B� D��

6WZPUZ� HSZV� JHU� IL� \ZLK� [V� PUOPIP[� VY�TVK\SH[L� UL\YVUZ��

/HSVYOVKVWZPUZ� �/9�� L�N��5W/9"� -PN\YL° ��� HYL� SPNO[� HJ[P]H[LK�

JOSVYPKL�W\TWZ�B���� D�[OH[��I`�W\TWPUN�JOSVYPKL�PVUZ�PU[V�[OL�JLSS��

JHU�O`WLYWVSHYPaL�HUK�[OLYLMVYL�PUOPIP[�UL\YVUZ��(U�HTILY�SPNO[�

HJ[P]H[LK�MVYT�KLYP]LK�MYVT�[OL�HYJOHLIHJ[LYP\T�Natronomonas 

pharaonis,�\WVU�LUNPULLYPUN� MVY� PTWYV]LK�L_WYLZZPVU� B�����D��

OHZ� ILLU� ZOV^U� [V� IL� \ZLM\S� MVY� VW[VNLUL[PJ� PUOPIP[PVU�

TLKPH[LK� JVU[YVS� VM� ILOH]PVY� PU� THTTHSZ� B��������������]

PUJS\KPUN� YH[Z� B��D�� (UV[OLY� JSHZZ� VM� O`WLYWVSHYPaPUN� VWZPUZ�

PUJS\KLZ� [OL� IHJ[LYPVYOVKVWZPUZ� B���� �������� D�� <WVU�

PSS\TPUH[PVU�� [OLZL� WYV[LPUZ� W\TW� WYV[VUZ� V\[� VM� [OL� JLSS��

[OLYLI`� O`WLYWVSHYPaPUN� UL\YVUZ� HUK� PUOPIP[PUN� ZWPRPUN��

-PUHSS �̀�KPZ[PUJ[�MYVT�KPYLJ[�LSLJ[YPJHS�JVU[YVS�VM�UL\YVUZ�� SPNO[�

HJ[P]H[LK� WYV[LPUZ� JHSSLK� VW[V?9Z� OH]L� ILLU� LUNPULLYLK� [V�

TPTPJ�[OL�HJ[P]P[`�VM�LUKVNLUV\Z�.�WYV[LPU�JV\WSLK�YLJLW[VYZ�

�.7*9Z��B��D��-\ZPVUZ�VM�[OL�L_[YHJLSS\SHY�HUK�[YHUZTLTIYHUL�

KVTHPUZ�VM�IV]PUL�YOVKVWZPU�^P[O�PU[YHJLSS\SHY� SVVWZ�VM�[OL�Į� 
�MVY�.X� ZPNUHSPUN�� VY�ȕ�� �MVY�.Z� ZPNUHSPUN�� HKYLULYNPJ� YLJLW[VYZ�

YLWYVK\JL� RL`� ZWLJPÄJ� HZWLJ[Z� VM� [OL� UH[P]L�.7*9� ZLJVUK�

TLZZLUNLY� ZPNUHSPUN�� PU� YLZWVUZL� [V� SPNO[� YH[OLY� [OHU� SPNHUK�

B��D�� 9LJLU[S �̀� ZPTPSHY� Z[YH[LNPLZ� OH]L� SLK� [V� H� SPNO[�HJ[P]H[LK�

KVWHTPUL�+��YLJLW[VY�B��D�HUK�SPNO[�HJ[P]H[LK�YLJY\P[TLU[�VM�.i 

ZPNUHSPUN�B��D��(U�PTWVY[HU[�JH]LH[�YLSL]HU[�[V�YH[�^VYR�PZ�[OH[��

MVY�Z\JO�IPVJOLTPJHS�UL\YVTVK\SH[PVU��HZ�^LSS�HZ�MVY�LSLJ[YPJHS�

PUOPIP[PVU�SVZZ�VM�M\UJ[PVU� VW[VNLUL[PJZ�� [V� LUZ\YL� Z\JJLZZM\S�

TVKPÄJH[PVU�VM�UH[P]L�ZPNUHSPUN�P[�TH`�IL�PTWVY[HU[�[V�JVU[YVS�

YLSL]HU[� Z[Y\J[\YLZ�VU�IV[O� ZPKLZ�VM� [OL�IPSH[LYHSS`� Z`TTL[YPJ�

THTTHSPHU� IYHPU� �PU� JVU[YHZ[� [V� NHPU�VM�M\UJ[PVU� ^VYR� ^P[O�

*O9Z�^OLYL�KLSP]LYPUN�[OL�UV]LS�UL\YHS�ZPNUHS�VU�VUS`�VUL�ZPKL�

VM�[OL�IYHPU�TH`�IL�L_WLYPTLU[HSS`�Z\P[HISL�[V�TVKPM`�ILOH]PVY���

0U�[OPZ�YLNHYK�[OL�SHYNLY�ZPaL�VM�[OL�YH[�IYHPU�JVTWHYLK�^P[O�[OL�

Figure 1.  Single-component optogenetic tool categories. Four major 
classes of opsin commonly used in optogenetics experiments, 
each encompassing light sensation and effector function 
within a single gene, include: 1) channelrhodopsins (ChR), 
which are light-activated cation channels that give rise to 
inward (excitatory) currents under physiological conditions; 
2) halorhodopsins (NpHR shown), which are inhibitory 
(outward-current) chloride pumps; 3) bacteriorhodopsins 
and proteorhodopsins (BR/PR), proton pumps that tend to 
be inhibitory and include archaerhodopsins; and 4) optoXRs, 
which modulate secondary messenger signaling pathways. 
Adapted with permission from ref. 220.
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Figure 1: The opsins
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VM�[OPZ�HK]HU[HNL�MVY�[OL�YH[�Z`Z[LT�PZ�[OH[��MVY�JVU[YVSSPUN�SHYNL�

YLNPVUZ�VM�[OL�IYHPU��YLZLHYJOLYZ�TH`�OH]L�[V�JVUZPKLY�T\S[PWSL�

PUQLJ[PVUZ�VY�SHYNLY�]VS\TLZ�VM�]PY\Z�[V�LUZ\YL�HKLX\H[L�ZWH[PHS�

L_[LU[�VM�[YHUZK\J[PVU��

-\Y[OLY� ZWLJPÄJP[`� JHU� IL� VI[HPULK� PU� JLY[HPU� JHZLZ� I`�

\ZPUN� JLSS�Z\I[`WL� ZWLJPÄJ� WYVTV[LYZ�� (S[OV\NO� TVZ[� Z\JO�

NLUL[PJ�JVU[YVS�YLNPVUZ�HYL�[VV�SHYNL�[V�WHJRHNL�PU[V�((=�VY�3=��

JLSS�Z\I[`WL� ZWLJPÄJ� VWZPU� L_WYLZZPVU� OHZ� ILLU� Z\JJLZZM\SS`�

KLTVUZ[YH[LK� PU� �MVY� L_HTWSL�� YH[� ZLYV[VUPU� B59D�� ZVTH[VZ[H[PU�

B��D�� *H4200Į� B��D�� HUK� .-(7� B��D�L_WYLZZPUN� JLSSZ� \ZPUN� [OPZ�
TL[OVK� B��D�� (U� PTWVY[HU[� JH\[PVUHY`� UV[L� PZ� [OH[� H� WYVTV[LY�

MYHNTLU[� ZOV^PUN� ZWLJPÄJP[`� PU� VUL� ZWLJPLZ� VY� PU� VUL� ]PY\Z�

[`WL�TH`�UV[�ZOV^�[OL�ZHTL�ZWLJPÄJP[`�PU�HUV[OLY�WYLWHYH[PVU��

;OL� ZWLJPÄJP[`� HUK� WLUL[YHUJL� VM� JLSS�[`WL� ZWLJPÄJ� WYVTV[LY�

Z[YH[LNPLZ�]HYPLZ�HJYVZZ�ZWLJPLZ��HJYVZZ�IYHPU� YLNPVUZ�^P[OPU�H�

ZWLJPLZ��HUK�L]LU�HJYVZZ�]PYHS� [P[LYZ�^OLU�HSS�V[OLY�JVUKP[PVUZ�

HYL�TH[JOLK�B��D��(Z�H�YLZ\S[��LHJO�WYVTV[LY�Z[YH[LN`�T\Z[�IL�

]HSPKH[LK�HZ�P[�^PSS�IL�\ZLK�L_WLYPTLU[HSS`�HUK�PU�[OL�IYHPU�YLNPVU�

HUK�ZWLJPLZ�VM�PU[LYLZ[��

(�TVYL�NLULYHSPaHISL�HWWYVHJO��^OPJO�OHZ�ZLLU�^PKLZWYLHK�

\ZL�PU�ILOH]PUN�TPJL�V]LY�[OL�WHZ[�ML^�̀ LHYZ�B���� ������������D�

PU]VS]LZ� [OL� PU[YVK\J[PVU� VM� ]PY\ZLZ� �LUNPULLYLK� ZV� [OH[� VWZPU�

L_WYLZZPVU�PZ�*YL�YLJVTIPUHZL�KLWLUKLU[��PU[V�TV\ZL�KYP]LY�SPUL�

Z\IQLJ[Z��PU�^OPJO�*YL�PZ�WYLZLU[�VUS`�PU�[OL�JLSS�[`WL�VM�PU[LYLZ[���

;OV\NO�[OPZ�TL[OVK� PZ�Z\JJLZZM\S� PU�TPJL� �HUK�NYV^PUN� PU�\ZL�

HUK� WV[LU[PHS� HZ� YLJVTIPUHZL�KYP]LY� TV\ZL� SPULZ� HYL� YHWPKS`�

NLULYH[LK�HYV\UK�[OL�^VYSK���[OLYL�OHK�ILLU�\U[PS�YLJLU[S`�SP[[SL�

VWWVY[\UP[`� [V�HWWS`� [OPZ�HWWYVHJO� PU� YH[Z�ZPUJL� [OLYL�^LYL�UV�

ZWLJPÄJ�*YL�KYP]LY�YH[�SPULZ��/V^L]LY��VW[VNLUL[PJ�ZWLJPÄJP[`�PU�

YH[Z�UV^�JHU�IL�HJOPL]LK�PU�]LYZH[PSL�MHZOPVU�[OPZ�^H �̀�HZ�ZOV^U�

^P[O�[OL�ÄYZ[�ZWLJPÄJ�*YL�KYP]LY�YH[�SPULZ�B��D��6UL�VM�[OLZL�SPULZ�

L_WYLZZLZ� *YL� \UKLY� [OL� [`YVZPUL�O`KYV_`SHZL� �;/�� WYVTV[LY�

YLNPVU�� HSSV^PUN� MVY� KVWHTPUL� UL\YVU�ZWLJPÄJ� [HYNL[PUN� PU� [OL�

]LU[YHS�[LNTLU[HS�HYLH��=;(��HUK�Z\IZ[HU[PH�UPNYH��:5���HZ�^LSS�HZ�

UVYLWPULWOYPUL�UL\YVU�ZWLJPÄJ�[HYNL[PUN�PU�[OL�SVJ\Z�JVLY\SL\Z�

�3*��B��D��(UV[OLY�VM�[OLZL�SPULZ�L_WYLZZLZ�*YL�\UKLY�H�JOVSPUL�

HJL[`S[YHUZMLYHZL��*O(;��WYVTV[LY�YLNPVU��HSSV^PUN�MVY�[HYNL[PUN�

VM� HJL[`SJOVSPUL�L_WYLZZPUN� UL\YVUZ� PU� [OL� TLKPHS� ZLW[\T��

U\JSL\Z�HJJ\TILUZ��HUK�U\JSL\Z�IHZHSPZ�B��D��(Z�[OPZ�[LJOUPX\L�

HWWLHYZ� [V� IL� NLULYHSPaHISL�� [OLYL�^PSS� SPRLS`� IL� H� WYVSPMLYH[PVU�

VM�Z\JO�NLUL[PJ�[VVSZ�MVY�YH[Z�PU�[OL�ULHY�M\[\YL��4VYLV]LY��V[OLY�

YLJVTIPUHZLZ� �L�N�� -SW�� HUK� ]LYZH[PSL� NLUVTPJ� [HYNL[PUN� [VVSZ�

�;(3,5Z�� AU�ÄUNLY�YLSH[LK� [VVSZ�� HUK� V[OLY� Z[YH[LNPLZ� B�����]) 

JHU�UV^�IL�IYV\NO[�[V�ILHY�PU�YH[Z�

(UH[VTPJHS� �UVU�NLUL[PJ�� [HYNL[PUN� Z[YH[LNPLZ� HYL� HSZV�

]LYZH[PSL� HUK� LMMLJ[P]L�� HUK� Z\P[HISL� MVY� [OL� YH[� Z`Z[LT�� -VY�

L_HTWSL�� PUKP]PK\HS� SH`LYZ� VM� JVY[L_� OH]L� KPZ[PUJ[� JVUULJ[P]P[`�

HUK� M\UJ[PVUHS� WYVWLY[PLZ� B��� �D� [OH[� TH`� OLSW� NP]L� YPZL� [V�

[OL� O`WV[OLZPaLK� JOHYHJ[LYPZ[PJZ� VM� [OL� JHUVUPJHS� JVY[PJHS�

TPJYVJPYJ\P[� B �� �D�� I\[� ^P[OV\[� VW[VNLUL[PJZ� P[� PZ� KPMÄJ\S[� [V�

JH\ZHSS`� THUPW\SH[L� PUKP]PK\HS� SH`LYZ� B� ���D�� ;OL� MHJPSP[`� ^P[O�

^OPJO�VUL�JHU�Z[PT\SH[L�HUK� YLJVYK� PU�T\S[PWSL� YLNPVUZ� PU� YH[Z�

^V\SK� YLUKLY� [OLZL� HUPTHSZ� ]HS\HISL� MVY� M\[\YL� PU]LZ[PNH[PVU�

VM� [OPZ� MHZJPUH[PUN� [VWPJ�� I\[� [YHUZNLUPJ� Z[YH[LNPLZ� MVY� JVY[PJHS�

SH`LY� [HYNL[PUN� KV� UV[� `L[� L_PZ[� PU� YH[Z�� /V^L]LY�� PU�\[LYV�

:LJVUK�� V]LYL_WYLZZPVU� VM� HU`� MVYLPNU� WYV[LPU� JV\SK�

JH\ZL�HS[LYLK�Z[Y\J[\YL�� M\UJ[PVU��VY�Z\Y]P]HS�VM�OVZ[�JLSSZ��HUK�

VWZPUZ�WYV]PKL�UV�L_JLW[PVU�[V�[OPZ�Y\SL��/V^L]LY��VW[VNLUL[PJ�

TL[OVKZ� KV� PU[YPUZPJHSS`� WYV]PKL� H� WV^LYM\S� TLHUZ� [V� JVU[YVS�

MVY�Z\JO�LMMLJ[Z�I`�HSSV^PUN�SPNO[�VU�HUK�SPNO[�VMM�HZZLZZTLU[�VM�

WO`ZPVSVN`�VY�ILOH]PVY� PU�LHJO�L_WLYPTLU[HS�Z\IQLJ[� [V�LUZ\YL�

UVYTHS�IHZLSPUL�ILOH]PVY�PU�[OL�ZHTL�HUPTHS�H[�]PY[\HSS`�[OL�ZHTL�

[PTL�� 4VYLV]LY�� V]LYL_WYLZZPVU� VM� JVU[YVS� WYV[LPUZ� PU� WHYHSSLS�

L_WLYPTLU[HS� HUPTHSZ� HSSV^Z� [OL� L_WLYPTLU[LY� [V� LUZ\YL� [OH[�

SPNO[�LMMLJ[Z�HYL�UV[�VIZLY]LK�VUS`�ILJH\ZL�[OL�HUPTHS�VY�[PZZ\L�

PZ�PU�HU�\U\Z\HS�Z[H[L�PTWVZLK�I`�VWZPU�L_WYLZZPVU��-S\VYLZJLU[�

WYV[LPUZ��?-7Z��HYL�TVZ[�VM[LU�LTWSV`LK�HZ�[OPZ�JVU[YVS�WYV[LPU��

ZPUJL�VWZPUZ�HYL�VM[LU�L_WYLZZLK�HZ�?-7�M\ZPVUZ"�VUNVPUN�^VYR�

PZ�MVJ\ZLK�VU�KL]LSVWPUN�WOV[VJ\YYLU[�U\SS�VWZPUZ�MVY�PTWYV]LK�

L_WLYPTLU[HS�JVU[YVS�W\YWVZLZ�B��D��

;OPYK�HUK�ÄUHSS �̀�HU`�MVYT�VM�Z[YVUN�UL\YHS�HJ[P]P[`��YHUNPUN�

MYVT� WO`ZPVSVNPJHS�� [V� LSLJ[YPJHSS`�KYP]LU�� [V� VW[VNLUL[PJHSS`�

PUK\JLK�� JHU� JH\ZL� [YHUZPLU[� �ZLJVUKZ�ZJHSL�� ZOPM[Z� PU� [OL�

L_[YHJLSS\SHY� VY� PU[YHJLSS\SHY� PVUPJ� TPSPL\"� ^L� OH]L� JH\[PVULK 

B55���D�[OH[�L_WLYPTLU[HS�HZZLZZTLU[Z�HUK�ILOH]PVYHS�L_WVZ\YLZ�

[OLYLMVYL� PU� TVZ[� JHZLZ� ZOV\SK� IL� JHYYPLK� V\[� K\YPUN�� YH[OLY�

[OHU� PTTLKPH[LS`� HM[LY�� VW[VNLUL[PJ� VY� LSLJ[YPJHS� Z[PT\SH[PVU�

[V� LUZ\YL� [OH[� HZZLZZTLU[Z� HYL� VWLYH[P]L� K\YPUN� [OL� RUV^U�

VW[VNLUL[PJ� JVU[YVS� WLYPVK� YH[OLY� [OHU�K\YPUN� H� WLYPVK� VM� SLZZ�

^LSS�KLÄULK� YLJV]LY �̀� /LYL� HNHPU� VW[VNLUL[PJ� [VVSZ� WYV]PKL� H�

\UPX\LS`�WV^LYM\S�^H`� [V� [YHJR�HU`� Z\JO�LMMLJ[Z�� LUHISPUN� �MVY�

L_HTWSL��LSLJ[YVWO`ZPVSVNPJHS�PU[LYYVNH[PVU�H[�[OL�ZHTL�[PTL�HZ�

VW[VNLUL[PJ�Z[PT\SH[PVU�[V�[YHJR�L]VS\[PVU�VM� PVU�IHSHUJL�ZOPM[Z�

�Z\JO�LSLJ[YPJHS� YLJVYKPUN�^V\SK�IL� PU[LYMLYLK�^P[O�I`�HY[PMHJ[Z�

HYPZPUN� MYVT� LSLJ[YPJHS� Z[PT\SH[PVU�� KPZJ\ZZLK� PU� TVYL� KL[HPS�

ILSV^���;OPZ�JSHZZ�VM�JH]LH[��HZ�^P[O�[OL�WYL]PV\Z�[^V�JSHZZLZ�VM�

JVU[YVS�L_WLYPTLU[��HWWSPLZ�[V�[OL�YH[�HZ�^P[O�HU`�L_WLYPTLU[HS�

Z`Z[LT�

���6WZPU�[HYNL[PUN�

(S[OV\NO� YH[Z� OH]L� SVUN� ZLY]LK� HZ� H� JY\JPHS� L_WLYPTLU[HS�

Z`Z[LT� MVY�UL\YVZJPLUJL��NLUL[PJ�HUK�TVSLJ\SHY� [VVSZ� Z\P[HISL�

MVY�[HYNL[PUN�KLÄULK�JLSS�WVW\SH[PVUZ�PU�YH[Z�OH]L�SHNNLK�ILOPUK�

[OVZL� PU� [OL� TV\ZL� Z`Z[LT�� /V^L]LY�� [OLYL� UV^� HYL� THU`�

TL[OVKZ� [V� [HYNL[� ZWLJPÄJ� UL\YHS� WVW\SH[PVUZ� PU� YH[Z�� L]LU�

^P[OV\[�[YHUZNLULZPZ��-PN\YL°�H�J��B��D��,P[OLY�HKLUV�HZZVJPH[LK�

]PY\ZLZ� �((=�� VY� SLU[P]PY\ZLZ� �3=�� JHU� IL� LUNPULLYLK� [V� JHYY`�

HU�VWZPU� �MVY� L_HTWSL�� \UKLY� [OL� JVU[YVS� VM� H� NLULYHS� UL\YVU�

ZWLJPÄJ�WYVTV[LY�Z\JO�HZ�[OL�O\THU�Z`UHWZPU�WYVTV[LY�O:`U��

VY�HU�HZ[YVNSPHS�ZWLJPÄJ�WYVTV[LY�Z\JO�HZ�.-(7�B��D���HUK�JHU�

[OLU� IL� PUQLJ[LK� PU[V� H� [HYNL[� IYHPU� YLNPVU� [V� [YHUZK\JL� SVJHS�

JLSS� IVKPLZ�� ,]LU� [OPZ� ZPTWSL� HWWYVHJO� WYV]PKLZ� HU� PTTLUZL�

ZWH[PHS�ZWLJPÄJP[`� HK]HU[HNL� IL`VUK� LSLJ[YPJHS� Z[PT\SH[PVU��

ZPUJL�((=�HUK�LZWLJPHSS`�3=�KV�UV[�LMÄJPLU[S`�[YHUZK\JL�H_VUZ��

HUK� [OLYLMVYL� ^PSS� ZLUZP[PaL� MVY� Z[PT\SH[PVU� SVJHS� JLSSZ� HUK� UV[�

ÄILYZ�VM�WHZZHNL��;OL� SHYNLY� YH[�IYHPU�TH`�WYV]PKL�L]LU�TVYL�
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HUK� ��� H_VUHS� WYVQLJ[PVU� WH[O^H`� �-PN\YL° �L�P��� ;OPZ� HWWYVHJO�

Figure 2.  Optogenetic targeting and experimental design suitable for the rat system. Panels A-C illustrate rat-compatible strategies for transducing 
the cell population of interest with an opsin. These include A) transduction of cell bodies via viral injection, B) single or dual-virus retrograde 
Z[YH[LNPLZ�MVY�WYVQLJ[PVU�ZWLJPÄJ�VWZPU�L_WYLZZPVU��HUK�*��PU�\[LYV�LSLJ[YVWVYH[PVU�MVY�JVY[PJHS�SH`LY�ZWLJPÄJ�L_WYLZZPVU��7HULSZ�+�-�PSS\Z[YH[L�
WVZZPISL�JVUÄN\YH[PVUZ�MVY�VW[PJHS�Z[PT\SH[PVU��PUJS\KPUN�+��PSS\TPUH[PVU�H[�[OL�ZP[L�VM�[YHUZK\JLK�JLSS�IVKPLZ��,��PSS\TPUH[PVU�VM�KV^UZ[YLHT�
projections, F) illuminating multiple distinct populations of cells at the same or different locations, which can express opsins sensitive to 
KPMMLYLU[�^H]LSLUN[OZ� VM� SPNO[�� 7HULSZ�.�0� PSS\Z[YH[L� JVTIPUH[PVUZ� VM� LSLJ[YPJHS� YLJVYKPUN�^P[O� VW[PJHS� Z[PT\SH[PVU�� 7VZZPISL� JVUÄN\YH[PVUZ�
include: G) recording at the site of optical stimulation, H) recording downstream of optical stimulation, I) recording at transduced cell bodies, 
while stimulating downstream projections. Adapted with permission from ref. 28, 220.
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WV[LU[PHSZ�� HSSV^PUN� MVY� VW[PJHS� [HNNPUN� I`� WYVQLJ[PVU� WH[[LYU��

[OV\NO�JHYL�T\Z[�IL�[HRLU� PU�JVUZPKLYPUN�]HYPHUJL� PU� SH[LUJ`�

VM� HU[PKYVTPJ� ZWPRL� WYVWHNH[PVU� PU� [OL� JVU[L_[� VM� WVZZPISL�

VY[OVKYVTPJ� HUK� YLJ\YYLU[� TLJOHUPZTZ�� (UK� PU� `L[� HUV[OLY�

JVUÄN\YH[PVU��UL\YHS�YLJVYKPUNZ��L�N��LSLJ[YPJHS�VY�]VS[HTTL[YPJ��

JHU�IL�THKL�WVZ[Z`UHW[PJHSS`�[V�VW[PJHS�JLSS�IVK`�Z[PT\SH[PVU�

�-PN\YL° �O�� B��D�� ;OPZ� HYYHUNLTLU[� JVTIPULZ� JH\ZHS� JLSS�[`WL�

ZWLJPÄJ� THUPW\SH[PVUZ� H[� VUL� UVKL� VM� H� UL\YHS� JPYJ\P[� ^P[O�

ZPT\S[HULV\Z� YLJVYKPUN� VM� WV[LU[PHS� LMMLJ[Z� H[� H� KV^UZ[YLHT�

UVKL�VY� SH`LY��WYV]PKPUN�H�UV]LS�^PUKV^� PU[V� [OL�^VYRPUNZ�VM�

JVTWSL_� UL\YHS� JPYJ\P[Y �̀� )LNPUUPUN� PU� ��� � B��D�� HSS� [OYLL� VM�

[OLZL� T\S[P�WYVIL� JVUÄN\YH[PVUZ� UV^� OH]L� ILLU� ZOV^U� [V�

IL� ^LSS�Z\P[LK� [V� [OL� KPTLUZPVUZ� VM� [OL� YH[� Z`Z[LT�� HUK� HYL�

J\YYLU[S`�^PKLS`�HWWSPLK�B�������������D���

3.2 Readouts: integrating freely-moving behavior with 
optogenetics in rats

(S[OV\NO� [OL� ZPaL� HUK� Z[YLUN[O� VM� YH[Z� JHU� MHJPSP[H[L� JVTWSL_�

VW[VNLUL[PJ� L_WLYPTLU[H[PVU�� [OLZL� ZHTL� JOHYHJ[LYPZ[PJZ�

PTWS`�[OH[�ZWLJPHS�JHYL�PZ�YLX\PYLK�^OLU�KLZPNUPUN�[OL�YLSL]HU[�

LX\PWTLU[�� -VY� L_HTWSL�� HS[OV\NO� TPJL� JHU� JHYY`� YLSH[P]LS`�

SP[[SL�^LPNO[��TPJL�HYL�HSZV�\USPRLS`�[V�KHTHNL�VY�KLZ[YV`�ÄILY�

VW[PJ� WH[JO� JVYKZ�� ^OLYLHZ� YH[Z� JHU� HUK� ^PSS� W\SS� HWHY[� HUK�

JOL^� [OYV\NO� L]LU�OLH]PS`� QHJRL[LK� JVYKZ��+P]LYZL�ILOH]PVYHS�

YPNZ�JHU��OV^L]LY��IL�V\[Ä[[LK�MVY�VW[VNLUL[PJ�L_WLYPTLU[H[PVU�

PU�YH[Z� B�����D� �-PN\YL°���� 0U�H�[`WPJHS�HYYHUNLTLU[��H�JVTW\[LY�

VY� Z[HUK�HSVUL� M\UJ[PVU� NLULYH[VY� PZ� \ZLK� [V� JVU[YVS� [OL� SPNO[�

ZV\YJL��SHZLY�VY�3,+�IHZLK���^OPJO�PZ�JVUULJ[LK�[V�H�ÄILY�VW[PJ�

WH[JOJVYK����������TT�PU�KPHTL[LY���;OPZ�PU�[\YU�JVUULJ[Z�[V�HU�

VW[PJHS�JVTT\[H[VY��HSSV^PUN�[OL�YH[�[V�YV[H[L� PU�[OL�ILOH]PVYHS�

HWWHYH[\Z�^P[OV\[�[HUNSPUN�[OL�WH[JOJVYK��(�ZLJVUK�WH[JOJVYK�

JVUULJ[Z� [OL� VW[PJHS� JVTT\[H[VY� [V� [OL� ÄILY� JHUU\SH� [OH[� PZ�

PTWSHU[LK� VU� [OL� YH[�� HUK� JHU� IL� WYV[LJ[LK� MYVT�TLJOHUPJHS�

KHTHNL�^P[O� [OL� ZHTL� [`WL� VM� SPNO[^LPNO[�TL[HS� ZWYPUN� VM[LU�

\ZLK� [V�WYV[LJ[� PU�]P]V�TPJYVKPHS`ZPZ�LX\PWTLU[� �7SHZ[PJZ�6UL��

WHY[� �@���������-��� ;OPZ� WH[JOJVYK� HZZLTIS`� JHU� IL� RLW[�

V\[� VM� YLHJO� VM� [OL� YH[� I`� Z\WWVY[� ^P[O� H� JV\U[LY�^LPNO[LK�

VM�JLSSZ�L_HJ[S`�VUL�Z`UHWZL�YL[YVNYHKL�B �D��/V^L]LY��P[�T\Z[�IL�

JH\[PVULK�[OH[�[OLZL�]PY\ZLZ�[LUK�[V�L_OPIP[�\UZ[HISL�L_WYLZZPVU�

VY�[V_PJP[`�V]LY�^LLRZ�VY�L]LU�KH`Z��YLX\PYPUN�JHYLM\S�[PTPUN�HUK�

PU[LYWYL[H[PVU� VM� L_WLYPTLU[Z�� ,TLYNPUN� TL[OVKZ� [OH[� H]VPK�

[V_PJP[`�HUK�PUZ[HIPSP[`�VM�]PY\Z�TLKPH[LK�NLUL�L_WYLZZPVU�PUJS\KL�

K\HS�]PY\Z�Z[YH[LNPLZ� PU�^OPJO�HU�((=�JHYY`PUN�H� YLJVTIPUHZL�

KLWLUKLU[�VWZPU�JVUZ[Y\J[�PZ�PUQLJ[LK�PU�[OL�\WZ[YLHT�JLSS�IVK`�

YLNPVU� �-PN\YL°�I�� HUK�HUV[OLY� ]PY\Z� JHYY`PUN� [OL� YLJVTIPUHZL�

PZ�PUQLJ[LK�PU[V�[OL�[HYNL[�WVW\SH[PVU�[LYTPUHS�ÄLSK��;OPZ�ZLJVUK�

]PY\Z�JHU�IL����HUV[OLY�((=�]PH�^OPJO�[OL�LUJVKLK�YLJVTIPUHZL�

PZ�KLSP]LYLK� MYVT�WVZ[Z`UHW[PJ� [V�WYLZ`UHW[PJ�JLSS� HZ�H�WYV[LPU�

M\ZLK�[V�H� [YHUZJLSS\SHYS`� [YHUZWVY[LK� SLJ[PU�Z\JO�HZ�>.(�B��D��

VY����H�JHUPUL�HKLUV]PY\Z��*(=���^OPJO�TV]LZ�YL[YVNYHKLS`�^P[O�

LMÄJPLUJ`�JVTWHYHISL�[V�/:=��B99D�I\[�^P[O�Z[HISL�L_WYLZZPVU�

�������� VM� IHZLSPUL� ZP_� TVU[OZ� WVZ[�PUQLJ[PVU�� B99D�� ;OYV\NO�

TL[OVKZ�Z\JO�HZ�[OLZL��ZWLJPÄJ�UL\YHS�JLSSZ�HUK�WYVQLJ[PVUZ�JHU�

IL�[HYNL[LK�MVY�VW[VNLUL[PJ�JVU[YVS�^P[O�]LYZH[PSP[ �̀�Z[HIPSP[ �̀�HUK�

[VSLYHIPSP[`�PU�[OL�YH[�Z`Z[LT��

���9LHKV\[Z

;OL� JHWHJP[`� VM� VW[VNLUL[PJZ� MVY� ZWH[PHSS`��� NLUL[PJHSS`��� HUK�

[LTWVYHSS`�WYLJPZL� JPYJ\P[� THUPW\SH[PVU� JHU� IL� PU[LNYH[LK�

WHY[PJ\SHYS`�^LSS� PU�YH[�^P[O�T\S[PWSL� SH`LYZ�VM�YLHKV\[�� PUJS\KPUN�

LSLJ[YVWO`ZPVSVN �̀�JVTWSL_�ILOH]PVY��M490��HUK�JLSS\SHY�PTHNPUN��

0U� [OPZ� ZLJ[PVU�� ^L� KPZJ\ZZ� WYHJ[PJHS� JVUZPKLYH[PVUZ� HUK�

L_WLYPTLU[HS� WVZZPIPSP[PLZ� MVY� [OLZL� ]HYPV\Z� YLHKV\[�TVKHSP[PLZ�

PUJVYWVYH[PUN�VW[VNLUL[PJZ�PU�YH[Z��

3.1 Readouts: integrating electrophysiology with 
optogenetics in rats

<USPRL� LSLJ[YPJHS� Z[PT\SH[PVU�� ^OPJO� Z\MMLYZ� MYVT� Z[PT\SH[PVU�

HY[PMHJ[� JVUZ[YHPU[Z�� VW[VNLUL[PJ� Z[PT\SH[PVU� PU� WYPUJPWSL� HSSV^Z�

ZPT\S[HULV\Z� in vivo UL\YHS�THUPW\SH[PVU�HUK� YLJVYKPUN� PU� YLHS�

[PTL�B55D"�[OL�^VYK�¸VW[YVKL¹�^HZ�PU[YVK\JLK�PU�[OPZ�JVU[L_[�[V�

KLZJYPIL� HU� PU[LNYH[LK� KL]PJL� MVY� VW[VNLUL[PJ� Z[PT\SH[PVU� HUK�

YLJVYKPUN� B��D�� 9H[� WYVWVY[PVUZ� MHJPSP[H[L� [OL� PTWSHU[H[PVU� VM�

T\S[PWSL� PUKP]PK\HS� SPNO[� N\PKLZ� VY�T\S[P�ÄILY� HYYH`Z� HSVUN�^P[O�

OPNO�[OYV\NOW\[�UL\YHS�YLJVYKPUN�KL]PJLZ�B�������������D��YLHS�

[PTL� TLHZ\YLTLU[� VM� UL\YVTVK\SH[VY� JVUJLU[YH[PVUZ�� HUK�

VY� JHUU\SH�IHZLK� WOHYTHJVSVNPJHS� THUPW\SH[PVUZ� B��D·HSS�

PU� MYLLS`�TV]PUN� HUPTHSZ�� ;OL� HK]LU[� VM� JOYVUPJ�� PTWSHU[HISL�

LSLJ[YVKLZ� MVY� MHZ[�ZJHU� J`JSPJ� ]VS[HTTL[Y`� B���D� VWLUZ�

HUV[OLY� WV[LU[PHS� H]LU\L� MVY� JPYJ\P[� KPZZLJ[PVU�� HSSV^PUN� [OL�

TLHZ\YLTLU[� VM� JH[LJOVSHTPULZ·PUJS\KPUN� KVWHTPUL��

ZLYV[VUPU�� VY� UVYLWPULWOYPUL� B���D·^P[O� Z\I�ZLJVUK�WYLJPZPVU�

PU� MYLLS`�ILOH]PUN� HUPTHSZ�� >OPSL� [OLYL� JHU� IL� LSLJ[YPJHS�

YLJVYKPUN� HY[PMHJ[Z� HYPZPUN� MYVT� KPYLJ[� PSS\TPUH[PVU� VM� TL[HSSPJ�

YLJVYKPUN�^PYLZ�B����������D�[OH[�PU�ZVTL�JHZLZ�JHU�JVTWSPJH[L�

SVJHS�ÄLSK�WV[LU[PHS�YLJVYKPUNZ�B���D��[OLZL�LMMLJ[Z�HYL�\USPRLS`�[V�

HK]LYZLS`�PUÅ\LUJL�L_[YHJLSS\SHY�ZWPRL�YLJVYKPUNZ��HUK�Z[YH[LNPLZ�

MVY�TP[PNH[PVU�VM�[OLZL�WOV[V]VS[HPJ�LMMLJ[Z�OH]L�ILLU�PKLU[PÄLK�

B���D�� 4HU`� NYV\WZ� OH]L� UV^� KLZPNULK� HUK� [LZ[LK� VW[YVKL�

KL]PJLZ� HUK� JVUÄN\YH[PVUZ� [OH[� HWWLHY� Z\P[HISL� MVY� [OL� YH[�

WYLWHYH[PVU��-PN\YL°�N�P��-PN\YL°���B���� ����������� D��
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Figure 3.  Integrating optogenetics with electrophysiology in rats. Several groups have developed optrode devices for simultaneous optical manipulation 
HUK�UL\YHS�YLJVYKPUN"�MV\Y�JSHZZLZ�VM�VW[YVKL�KL]PJL�PUJS\KL!�(��[OL�VW[L[YVKL��^OPJO�JVTIPULZ�HU�VW[PJHS�ÄILY�^P[O�MV\Y�I\UKSLZ�VM�KYP]HISL�
tetrodes (adapted from ref. 74; multiple additional optetrode devices have been designed and fabricated [29,101,106-109]); B) the multisite 
silicon probe optrode [106], which allows for illumination patterns across many recording sites (adapted with permission from reference 106); 
C) the chronic multisite optrode [29,101D��H�ZL[�VM�Ä_LK�TPJYV^PYLZ�I\UKSLK�^P[O�HU�VW[PJHS�ÄILY��LUHISPUN�SVJHS�T\S[P\UP[�HUK�3-7�YLJVYKPUNZ"�
HUK�+��[OL�VW[YVKL�T\S[PLSLJ[YVKL�HYYH`�B109], for recording and stimulation across many cortical units (adapted with permission from reference 
109).

Figure 4.  0U[LNYH[PUN�VW[VNLUL[PJZ�̂ P[O�ILOH]PVY�PU�YH[Z��+P]LYZL�ILOH]PVYHS�YPNZ�JHU�IL�V\[Ä[[LK�MVY�YH[�VW[VNLUL[PJ�L_WLYPTLU[H[PVU��(��;OL�MVYJLK�Z^PT�
test has been automated with magnetic induction-based detection of kicks combined with optogenetic stimulation and electrical recording 
(adapted with permission from ref. 26). B) Operant behavior in rats can also be combined with optogenetics [16,31]. The chamber itself is 
TVKPÄLK�[V�HJJVTTVKH[L�[OL�LU[Y`�VM�ÄILY�VW[PJZ�HUK�YLJVYKPUN�^PYLZ��HUK�[OL�Z[PT\SH[PVU�YLJVYKPUN�HZZLTIS`� PZ�RLW[�V\[�VM� [OL�YLHJO�
of the rat with a counter-weighted lever arm (adapted with permission from ref. 31). C) Optogenetic manipulations can also be combined 
^P[O�ILOH]PVY� PU�VWLU�ÄLSKZ�VY� SHYNL�THaLZ� B115,116]. In these experiments, an elastic band, rather than a lever arm, is used to support 
Z[PT\SH[PVU�YLJVYKPUN�LX\PWTLU[��=PKLV�YLJVYKPUN�JVTIPULK�^P[O�J\Z[VT�VY�JVTTLYJPHSS`�H]HPSHISL�ZVM[^HYL�JHU�IL�\ZLK�[V�Z`UJOYVUPaL�
optical stimulation with behavior.
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6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

�

���D� LUHISL� UL^� WVZZPIPSP[PLZ� MVY� JLSS�[`WL�ZWLJPÄJ� YLHKV\[�

PUMVYTH[PVU�� :WLJ[YHS� HUK� RPUL[PJ� WYVWLY[PLZ� VM� [OL� UL^LY�

JOHUULSYOVKVWZPUZ�� Z\JO� HZ� [OL�*�=�� MHTPS`� B���� ��������] 

PU�^OPJO�WLHR�L_JP[H[PVU�PZ�YLKZOPM[LK�H^H`�MYVT�IV[O�[OL�M\YH�

�� HUK� .*H47� ZWLJ[YH� LZWLJPHSS`� PU� [OL� PUMYHYLK� [^V�WOV[VU�

IHUK�� LUHISL� HKKP[PVUHS� WVZZPIPSP[PLZ� MVY� HSS�VW[PJHS� JPYJ\P[�

PU[LYYVNH[PVU�

���(WWSPJH[PVUZ

/LYL�̂ L�TV]L�IL`VUK�L_WLYPTLU[HS�HUK�[LJOUPJHS�JVUZPKLYH[PVUZ�

[V� YL]PL^� [OL� Z\JJLZZM\S� HWWSPJH[PVUZ� HUK� ZJPLU[PÄJ� ÄUKPUNZ�

VI[HPULK�^P[O�YH[�VW[VNLUL[PJZ�

4.1 Applications: behavioral conditioning and reward in 
the rat

>L�ILNPU�̂ P[O�H�ZLYPLZ�VM�WHWLYZ�PU�̂ OPJO�VW[VNLUL[PJ�[VVSZ�̂ LYL�

\ZLK�[V�KPZZLJ[�ILOH]PVYHS�JVUKP[PVUPUN�HUK�YL^HYK�JPYJ\P[Y`� PU�

[OL�YH[�

Self-Stimulation Reward
,HYS`� YLZLHYJO� PU[V� [OL� UL\YHS� Z\IZ[YH[LZ� VM� YL^HYK� PUJS\KLK�

Z[\KPLZ� VM� PU[YHJYHUPHS� ZLSM�Z[PT\SH[PVU� �0*::�� PU� YH[Z� B�D�� ;OPZ�

YLZLHYJO� KLTVUZ[YH[LK� [OH[� YH[Z� ^PSS� ^VYR� MVY� KPYLJ[� LSLJ[YPJHS�

Z[PT\SH[PVU�VM�JLY[HPU�IYHPU�YLNPVUZ��HUK�WYV]PKLK�[OL�ÄYZ[�JS\LZ�

YLNHYKPUN� Z[Y\J[\YLZ�TLKPH[PUN� ILOH]PVYHS� YLPUMVYJLTLU[�� :P[LZ�

LMMLJ[P]L� MVY� 0*::� Z[YVUNS`� V]LYSHW� ^P[O� THQVY� WYVQLJ[PVUZ� VM�

[OL� KVWHTPUL� �+(�� Z`Z[LT� B�D�� HUK� SLZPVUZ� VM� +(� UL\YVUZ� VY�

KY\NZ�[OH[�ISVJR�+(�UL\YV[YHUZTPZZPVU�KPTPUPZO�0*::�ILOH]PVY�

B�� ����D��[VNL[OLY�Z\NNLZ[PUN�[OH[�+(�TLKPH[LZ�Z\Z[HPULK�0*::��

,SLJ[YPJHS�Z[PT\SH[PVU�YLJY\P[Z�H�ZWH[PHSS`�JVTWSL_�WVW\SH[PVU�VM�

UL\YVUZ�B�������D��OV^L]LY��HUK�UV[�HSS�ZP[LZ�[OH[�Z\WWVY[�0*::�

YLJLP]L�KLUZL�+(�PUULY]H[PVU�B���D��>P[O�[OL�HK]LU[�VM�;/!!*YL�

[YHUZNLUPJ� YH[Z� KPZJ\ZZLK� HIV]L� B��D�� P[� ILJHTL� WVZZPISL� [V�

KPYLJ[S`� [LZ[� [OL� JH\ZHS� PTWHJ[� VM� H� [LTWVYHSS`�WYLJPZL� +(�

UL\YVU�ZPNUHS� PU�TVKLSZ�VM�JVUKP[PVUPUN�YLPUMVYJLTLU[� SLHYUPUN�

HUK� 0*::��9LWSHJPUN�JSHZZPJHS�LSLJ[YPJHS�Z[PT\SH[PVU�VM� [OL�=;(�

^P[O�VW[VNLUL[PJ�Z[PT\SH[PVU�ZWLJPÄJ�[V�SVJHS�;/���+(��UL\YVUZ��

P[�^HZ�MV\UK�[OH[�WOHZPJ�VW[PJHS�Z[PT\SH[PVU�VM�=;(�+(�UL\YVUZ�

^HZ� Z\MÄJPLU[� MVY� [OL� HJX\PZP[PVU� HUK� THPU[LUHUJL� VM� YVI\Z[�

0*::� ILOH]PVY�� HUK� [OH[� Z[PT\SH[PVU� VM� [OL� KVWHTPULYNPJ� =;(�

WYVQLJ[PVU�[V�[OL�U\JSL\Z�HJJ\TILUZ��5(J��^HZ�P[ZLSM�Z\MÄJPLU[�

[V�Z\WWVY[�0*::��

6]LY�[OL�SHZ[�[^V�KLJHKLZ��P[�OHZ�ILLU�^PKLS`�O`WV[OLZPaLK�

[OH[� +(� ZPNUHSZ� JV\SK� IL� \ZLK� MVY� SLHYUPUN� HUK� MVY� YL^HYK�

WYLKPJ[PVU� B�������D�� HUK� P[� OHZ� ILLU� WVZ[\SH[LK� [OH[� [OL�

ÄYPUN� VM� +(� UL\YVUZ� YLWYLZLU[Z� [OL� YL^HYK� WYLKPJ[PVU� LYYVY� VM�

JSHZZPJHS� [LTWVYHS� KPMMLYLUJL� SLHYUPUN� B���D�� <U[PS� YLJLU[S �̀�

OV^L]LY�� YLZLHYJOLYZ� OH]L� ILLU� \UHISL� [V� THUPW\SH[L� +(�

UL\YVUZ�^P[O�[OL�[LTWVYHS�ZWLJPÄJP[`�ULLKLK�[V�HKKYLZZ�[OL�YVSL�

VM� +(� PU� [OLZL� SLHYUPUN�TVKLSZ�� *\YYLU[� YLZLHYJO� \[PSPaPUN� [OL�

;/!!*YL�[YHUZNLUPJ�YH[Z� PU�JVTIPUH[PVU�^P[O�[LTWVYHSS`�WYLJPZL�

VW[VNLUL[PJ�L_JP[H[PVU�VY�PUOPIP[PVU�PU�[OLZL�JSHZZPJHS�[HZRZ�B���] 

PZ�ILNPUUPUN� [V�JHZ[� SPNO[�VU� SVUN�OLSK�WYLKPJ[PVUZ�Z\YYV\UKPUN�

KVWHTPUL�ZPNUHSPUN��SLHYUPUN��HUK�YL^HYK��

HYT� �-PN\YL° �I�� VY�^P[O� HU� LSHZ[PJ� IHUK� Z\ZWLUKLK� HIV]L� [OL�

ILOH]PVYHS�HWWHYH[\Z��-PN\YL°�J���

;OPZ� Z`Z[LT� JHU� HSZV� IL� \ZLK� [V� Z\WWVY[� YLJVYKPUN�

LX\PWTLU[� Z\JO� HZ� OLHKZ[HNL� ^PYLZ� VY� TPJYVKPHS`ZPZ� [\IPUN��

HUK�OHZ�ILLU�ZOV^U�[V�^VYR�L]LU�PU�JOHSSLUNPUN�LU]PYVUTLU[Z��

Z\JO� HZ� [OL� MVYJLK� Z^PT� [LZ[� �^P[O� HWWYVWYPH[L�^H[LYWYVVÄUN��

B��D�� LUJSVZLK� VWLYHU[� JOHTILYZ� B�����D�� HUK� SHYNL� THaLZ�

B���D� �-PN\YL° ���� *SVZLK�SVVW� Z`Z[LTZ� HYL� HSZV� LTLYNPUN��

JVTIPUPUN� LSLJ[YVWO`ZPVSVNPJHS� YLJVYKPUN� ^P[O� VW[VNLUL[PJZ�

[V� LUHISL� [OL� [YPNNLYPUN� VM� VW[PJHS� Z[PT\SH[PVU� VY� PUOPIP[PVU�

IHZLK�UV[�VUS`�VU�ILOH]PVYHS�L]LU[Z�B�����D��I\[�HSZV�VU�UL\YHS�

L]LU[Z� B���D�� :PT\S[HULV\Z� ]PKLV� YLJVYKPUN�� JVTIPULK� ^P[O�

JVTTLYJPHS� VY� J\Z[VT� ZVM[^HYL�� HSSV^Z� Z`UJOYVUPaH[PVU� VM�

UL\YHS�YLJVYKPUNZ�^P[O�ILOH]PVY�HZ�^LSS�HZ�[OL�[YPNNLYPUN�VM�SHZLY�

Z[PT\SH[PVU�IHZLK�VU�ILOH]PVYHS�L]LU[Z��-PN\YL°�J���(KKP[PVUHSS �̀�

THNUL[PJ� PUK\J[PVU�IHZLK� TL[OVKZ� B�����D� JHU� IL� \ZLK� [V�

WPJR� \W�TPSSPZLJVUK�YLZVS\[PVU� ILOH]PVYHS� L]LU[Z� Z\JO� HZ� WH^�

TV]LTLU[Z� PU� [OL�ZL[[PUN�VM� ZPT\S[HULV\Z�VW[VNLUL[PJ�JVU[YVS�

HUK�LSLJ[YPJHS�YLJVYKPUN�PU�[OL�YH[�

3.3 Readouts: integrating imaging with optogenetics in 
rats

-\UJ[PVUHS� THNUL[PJ� YLZVUHUJL� PTHNPUN� �M490�� OHZ� ILJVTL� H�

\ZLM\S� �HUK�^PKLS`� \ZLK�� YLHK�V\[� VM� O\THU� HUK� L_WLYPTLU[HS�

HUPTHS� IYHPU� HJ[P]P[ �̀� )LJH\ZL� [OL� M490�TLHZ\YLK� ISVVK�

V_`NLUH[PVU�SL]LS�KLWLUKLU[��)63+��ZPNUHS�PZ�HU�PUKPYLJ[�TLHZ\YL�

VM�HJ[P]P[`�YLS`PUN�VU�H�[LTWVYHSS`�JVTWSL_�OLTVK`UHTPJ�YLZWVUZL�

[V�SVJHS�IYHPU�TL[HIVSPZT��[OL�KLNYLL�[V�^OPJO�[OL�JVTWSL_�)63+�

ZPNUHS� JV\SK� IL� JH\ZHSS`� LSPJP[LK� I`� HJ[P]P[`� WH[[LYUZ� PU� KLÄULK�

SVJHS�JLSS�[`WLZ�OHK�ILLU�\UJSLHY��0U������P[�̂ HZ�KLTVUZ[YH[LK�[OH[�

VW[VNLUL[PJ�L_JP[H[PVU�VM�ZWPRPUN�PU�WYPUJPWHS�JLSS�IVKPLZ�Z\MÄJLK�

[V� PUP[PH[L� H� YVI\Z[� SVJHS� WVZP[P]L� )63+� ZPNUHS� ^P[O� JSHZZPJHS�

[LTWVYHS� K`UHTPJZ� B��D"� [OPZ� HWWYVHJO�^HZ� UHTLK� VM490� B��D��

4VZ[� \ZLM\SS �̀� P[� ^HZ� MV\UK� B��D� [OH[� \WVU� VW[PJHSS`� Z[PT\SH[PUN�

WYPUJPWHS�JLSSZ�PU�YH[�WYPTHY`�TV[VY�JVY[L_��WVZP[P]L�)63+�ZPNUHSZ�

JV\SK� IL� TLHZ\YLK� KV^UZ[YLHT� PU� [OHSHT\Z�� PUKPJH[PUN� VM490�

\[PSP[`� MVY� M\UJ[PVUHS� JPYJ\P[� THWWPUN� ZPUJL� HJ[P]H[PVU� VM� V[OLY�

UL[^VYRZ�HUK�JPYJ\P[� LSLTLU[Z�VJJ\YZ�HZ�KPJ[H[LK�I`�HJ[P]P[`�VM�

[OL�VW[VNLUL[PJHSS`�[HYNL[LK�JVTWVULU[Z�B������D��4HU`�NYV\WZ�

OH]L�UV^�TLHZ\YLK�VM490�ZPNUHSZ��PUJS\KPUN�PU�[OL�TV\ZL��^OPJO�

^PSS� MHJPSP[H[L� HWWSPJH[PVU� [V� [YHUZNLUPJ� HUPTHSZ� B�� ����D�� 9H[Z�

TH`�WYV]PKL�H�\UPX\L�HK]HU[HNL�MVY�VM490�ZPUJL�[OL�T\JO�SHYNLY�

ZWH[PHS� KPTLUZPVUZ� VM� [OL� IYHPU� ^PSS� PTWYV]L� [OL� YLZVS\[PVU� I`�

VM490�VM�ZTHSSLY�Z[Y\J[\YLZ�HUK�ZPNUHSZ�H[�H�NP]LU�ÄLSK�Z[YLUN[O�

HUK�ZJHUULY�JVUÄN\YH[PVU��

(Z� TL[OVKZ� MVY� VM490� PTWYV]L� HSVUNZPKL� NLUL[PJ� HUK�

VW[VNLUL[PJ� [HYNL[PUN� PU� YH[Z� B���D�� VM490� ^PSS� JVU[PU\L� [V�

KL]LSVW�HZ�H�[VVS�MVY�[OL�JOHYHJ[LYPaH[PVU�VM�JH\ZHS�HUK�ZWLJPÄJ�

M\UJ[PVUHS� JVUULJ[P]P[`� PU� H^HRL� HUK� L]LU� ILOH]PUN� HUPTHSZ��

IV[O� PU� UVYTHS� M\UJ[PVUPUN� HUK� PU� KPZLHZL�TVKLSZ�� )\[� V[OLY�

PTHNPUN�TVKHSP[PLZ� HSZV� JHU� IL� PU[LNYH[LK�^P[O� VW[VNLUL[PJZ�

PU� YH[� VY� TV\ZL�� VWLYH[PUN� H[� ZTHSSLY� ZWH[PHS� HUK� MHZ[LY�

[LTWVYHS� ZJHSLZ�� -VY� L_HTWSL�� VYNHUPJ� K`L�IHZLK� PTHNPUN�

OHZ� ILLU� JVTIPULK� ^P[O� VW[VNLUL[PJ� JVU[YVS� B�������D�� HUK�

PTWYV]LK�NLUL[PJHSS`�LUJVKLK�ZLUZVYZ�MVY�UL\YHS�HJ[P]P[`�B����
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Z\NNLZ[LK� ZPUJL� [OL� SH[L� � ��Z� B� ��� D�� 6]LY� [OL� SHZ[� ML^�

KLJHKLZ�� PUJYLHZPUN� HUH[VTPJHS� B�������D�� SLZPVU� B�������D��

HUK�TPJYVZ[PT\SH[PVU� B���D� L]PKLUJL�OHZ�JVU[PU\LK� [V� Z\WWVY[�

HZZPNUTLU[� VM� [OPZ� OVTVSVN �̀� HUK� YLJLU[� LSLJ[YVWO`ZPVSVNPJHS�

L]PKLUJL� B� D� OHZ� SLU[� M\Y[OLY� JYLKLUJL� [V� [OPZ� O`WV[OLZPZ�� ;V�

KPYLJ[S`�[LZ[�[OL�YVSL�VM�[OL�YVKLU[�-6-�PU�ILOH]PVY��H�YLJLU[�YH[�

VW[VNLUL[PJ�Z[\K`�B���D�\[PSPaLK�H�TLTVY`�N\PKLK�VYPLU[PUN�[HZR��

PU�^OPJO�YH[Z�^LYL�[YHPULK�[V�KPZ[PUN\PZO�IL[^LLU�H�¸SVUN¹�HUK�H�

¸ZOVY[¹�ZLYPLZ�VM�JSPJRZ��;OL�H\[OVYZ�LTWSV`LK�5W/9�TLKPH[LK�

PUOPIP[PVU� VM� [OL� -6-� [V� IPHZ� ILOH]PVY�� JVTWHYPUN� H� TLTVY`�

KLWLUKLU[�^P[O�H�UVU�TLTVY`�KLWLUKLU[�]LYZPVU�VM� [OL� [HZR��

HUK�HSZV�[LZ[LK�MVY�HU�LMMLJ[�VM�PUOPIP[PVU�VM�[OL�Z\WLYPVY�JVSSPJ\S\Z��

^OPJO�YLJLP]LZ�H�KPYLJ[�WYVQLJ[PVU�MYVT�-6-�B���D��:\YWYPZPUNS �̀�

HS[OV\NO� IPHZ� ^HZ� VUS`� WYLZLU[� PU� [OL� TLTVY`� KLWLUKLU[�

]LYZPVU�VM�[OL�[HZR��[OL�LMMLJ[�VM�PUOPIP[PVU�^HZ�TVYL�WYVUV\UJLK�

PM�KLSP]LYLK�K\YPUN�[OL�J\L�WLYPVK�[OHU�K\YPUN�[OL�TLTVY`�WLYPVK��

PSS\Z[YH[PUN� [OL� WV^LY� VM� WYLJPZLS`�[PTLK� VW[VNLUL[PJ� PUOPIP[PVU�

MVY�[OL�WYVIPUN�VM�JVTWSL_�IYHPU�JPYJ\P[Y`�HUK�ILOH]PVY�PU�[OL�YH[��

,_WSVYH[PVU�HUK�LUJVKPUN
;OL� JHUVUPJHS� [YPZ`UHW[PJ� OPWWVJHTWHS� JPYJ\P[� OHZ� ILLU�

Z\NNLZ[LK� [V� VWLYH[L� PU� [^V�KPZ[PUJ[� Z[H[LZ!� VUL� MVY� LUJVKPUN�

^OPSL� [OL� HUPTHS� PZ� HJ[P]L� HUK� VUL� MVY� JVUZVSPKH[PVU�^OPSL� [OL�

HUPTHS�PZ�YLZ[PUN�B������ D��;V�[LZ[�[OPZ�[^V�Z[H[L�TVKLS��2LTLYL�

L[�HS��L_WYLZZLK�*O9��PU�L_JP[H[VY`�JLSSZ�VM�[OL�YH[�KLU[H[L�N`Y\Z�

�+.�� B���D��;OL�H\[OVYZ� [OLU�VW[PJHSS`�Z[PT\SH[LK�+.�JLSSZ�HUK�

YLJVYKLK�MYVT�[OL�V[OLY��KV^UZ[YLHT��OPWWVJHTWHS�Z\IÄLSKZ�VM�

[OL�[YPZ`UHW[PJ�JPYJ\P[�^OPSL�[OL�YH[�L_WSVYLK�H�UV]LS�LU]PYVUTLU[��

0U[LYLZ[PUNS �̀�[OL�Z[YLUN[O�VM�VW[PJHSS`�L]VRLK�L_JP[H[PVU�^HZ�UV[�

ZPTWS`�IPUHY`�VY�IHZLK�VU�̂ OL[OLY�[OL�YH[�̂ HZ�Y\UUPUN�VY�YLZ[PUN��

0UZ[LHK�� [OL� Z[YLUN[O� VM� L]VRLK� L_JP[H[PVU� ]HYPLK� ZTVV[OS`�

^P[O� [OL� YH[»Z� ZWLLK�� -\Y[OLYTVYL�� [OPZ� TVK\SH[PVU� ZLLTZ� [V�

IL� SPTP[LK� [V�H�KPZ[HS�Z[LW� PU� [OL�JPYJ\P[�� [OL�:JOHMMLY�JVSSH[LYHS�

WH[O^H �̀� HUK� ^HZ� LUOHUJLK� PU� H� UV]LS� LU]PYVUTLU[� YLSH[P]L�

[V� H� MHTPSPHY� LU]PYVUTLU[�� ;OPZ� Z[\K`� PSS\Z[YH[LK� [OL� \ZL� VM� YH[�

VW[VNLUL[PJZ� MVY�H�UV]LS�RPUK�VM� M\UJ[PVUHS�� [HYNL[LK�� YLHS�[PTL�

JPYJ\P[�THWWPUN� PU�^OPJO� [OL�Z[YLUN[O�VM�KLÄULK�WYVQLJ[PVUZ� PZ�

[YHJRLK�K\YPUN�JVTWSL_�ILOH]PVY�PU[LNYH[PUN�HZWLJ[Z�VM�TLTVY �̀�

UV]LS[`�KL[LJ[PVU��L_WSVYH[PVU��SVJVTV[PVU��HUK�JVU[L_[�

+LJPZPVU�THRPUN
(S[OV\NO�ZLUZVY`�KLJPZPVU�THRPUN�PZ�WLYOHWZ�TVZ[�L_[LUZP]LS`�

Z[\KPLK� PU� [OL� JVU[L_[� VM� WYPTH[L� ]PZPVU� B�������D�� T\S[PWSL�

YLZLHYJOLYZ� OH]L� Z\JJLZZM\SS`� \[PSPaLK� VSMHJ[VY`� VY� H\KP[VY`�

Z[PT\SP�[V�Z[\K`�ZLUZVY`�KLJPZPVU¶THRPUN�PU�YH[�TVKLSZ�B��9����D��

6UL� YLJLU[� Z[\K`� B���D� KL]LSVWLK� HU� H\KP[VY`� ¸[VUL� JSV\K¹�

[HZR��PU�^OPJO�YH[Z�HYL�WYLZLU[LK�^P[O�H�TP_[\YL�VM�OPNO�HUK�SV^�

[VULZ�� ;OL� YH[Z� PUKPJH[L�^OL[OLY� [OL� JSV\K� PZ� ¸OPNO¹� VY� ¸SV �̂¹�

HUK�ILOH]PVY�ZTVV[OS`�]HYPLZ�^P[O�[OL�JVTWVZP[PVU�VM�[OL�[VUL�

JSV\K��0U�[OPZ�Z[\K �̀�[OL�H\[OVYZ�\ZLK�H�YL[YVNYHKL�]PYHS�Z[YH[LN`�

[V�L_WYLZZ�TPJYVIPHS�VWZPUZ�PU�UL\YVUZ�WYVQLJ[PUN�MYVT�H\KP[VY`�

JVY[L_� �(��� [V� [OL� Z[YPH[\T�� :[PT\SH[PVU� VM� [OPZ� JVY[PJVZ[YPH[HS�

WYVQLJ[PVU�^HZ� MV\UK� [V� IPHZ� ILOH]PVYHS� JOVPJL� PU� H� [VUV[VWPJ�

MHZOPVU��^OPSL� PUOPIP[PVU� VM� [OL�WYVQLJ[PVU�IPHZLK� JOVPJL� PU� [OL�

VWWVZP[L�KPYLJ[PVU��;OLZL�YLZ\S[Z�ZOV^�[OH[�[OL�WYVQLJ[PVU�MYVT�

Addiction
0[� OHZ� ILLU� WVZ[\SH[LK� [OH[� HKKPJ[PVU� JH\ZLZ� WH[OVSVNPJHS�

WSHZ[PJP[`� PU� [OL� TLZVSPTIPJ� +(� Z`Z[LT� B���D"� TVYLV]LY� [OL�

5(J�� H� THQVY� WYVQLJ[PVU� [HYNL[� MVY� =;(� +(� UL\YVUZ�� OHZ�

YLJLP]LK� H[[LU[PVU� HZ� H� WV[LU[PHS� SVJ\Z� MVY� UL\YHS� WYVJLZZLZ�

\UKLYS`PUN� HKKPJ[PVU� B�������������D�� ,]PKLUJL� MYVT� O\THU�

UL\YVPTHNPUN�HUK�YVKLU[�WOHYTHJVSVN`�OHZ�HSZV�PTWSPJH[LK�[OL�

WYLMYVU[HS� JVY[L_� �7-*�� PU� HKKPJ[PVU� HUK� V[OLY� PTW\SZL�JVU[YVS�

KPZVYKLYZ� B�������D�� <U[PS� YLJLU[S �̀� OV^L]LY�� [OL� YVSL� VM� [OL�

KPYLJ[�WYVQLJ[PVU�MYVT�7-*�[V�[OL�5(J�PU�KY\N�ZLLRPUN�ILOH]PVY�

YLTHPULK�\URUV^U��0U�H�YLJLU[�Z[\K`�B95D��YH[Z�^LYL�[YHPULK�V]LY�

THU`�KH`Z�[V�ZLSM�HKTPUPZ[LY�JVJHPUL��(M[LY�H�[LU�KH`�L_[PUJ[PVU�

WLYPVK�� YH[Z� ^LYL� [OLU� [LZ[LK� LP[OLY� MVY� JVJHPUL�PUK\JLK� VY�

JVJHPUL�J\L�PUK\JLK� YLPUZ[H[LTLU[� VM� KY\N�ZLLRPUN� ILOH]PVY��

;OL�H\[OVYZ�ZOV^LK�[OH[�VW[VNLUL[PJ�PUOPIP[PVU�VM�LP[OLY�[OL�7-*�

VY� [OL� 5(J�^HZ� Z\MÄJPLU[� [V� PUOPIP[� YLPUZ[H[LTLU[� VM� JVJHPUL�

ZLLRPUN��HUK�[OH[�Z[YPRPUNS �̀�PUOPIP[PVU�VM�[OL�WYVQLJ[PVU�MYVT�7-*�

[V�5(J�^HZ�P[ZLSM�Z\MÄJPLU[�[V�ISVJR�[OL�KY\N�ZLLRPUN�ILOH]PVY�

PU� YH[Z��;OPZ�Z[\K`�VWLUZ� [OL�KVVY� [V� M\Y[OLY�LS\JPKH[PVU�VM� [OL�

JPYJ\P[Y`� ULJLZZHY`� [V� THPU[HPU� HKKPJ[P]L� ILOH]PVYZ�� HUK� TH`�

Z\NNLZ[�PUZPNO[Z�PU[V�O\THU�KPZLHZL�HUK�[YLH[TLU[��

Anti-reward
0U� HKKP[PVU� [V� JPYJ\P[Z� TLKPH[PUN� YLPUMVYJLTLU[� VY� YL^HYK��

YHWPK� HK]HUJLZ� HYL� HSZV� VJJ\YYPUN� PU� [OL� Z[\K`� VM� H]LYZPVU��

KPZHWWVPU[TLU[�VY�¸HU[P�YL^HYK¹��:[\KPLZ� PU�IV[O�WYPTH[LZ�HUK�

YVKLU[Z� Z\NNLZ[� [OH[� UL\YVUZ� PU� [OL� SH[LYHS� OHILU\SH� �3/I��

JHU� LUJVKL� [OPZ� ¸HU[P�YL^HYK¹� ZPNUHS� B�������D�� ;OPZ� ÄUKPUN� PZ�

VM�IV[O�ZJPLU[PÄJ�HUK�JSPUPJHS� PU[LYLZ[��HZ�PUW\[Z�[V�[OL�3/I�HYL�

WV[LU[PH[LK� PU� HUPTHS� TVKLSZ� VM� SLHYULK� OLSWSLZZULZZ� B���D��

[OL� 3/I� PZ� H� WV[LU[PHS� [HYNL[� MVY� KLLW� IYHPU� Z[PT\SH[PVU� �+):��

PU� YLMYHJ[VY`� KLWYLZZPVU� B���D�� HUK� [OL� 3/I� JHU� PUOPIP[� =;(�

+(�UL\YVUZ� �^OPJO�OH]L�ILLU� SPURLK� [V�KLWYLZZPVU� B��������]) 

KPZ`UHW[PJHSS`� ]PH� [OL� YVZ[YVTLKPHS� [LNTLU[HS� U\JSL\Z� �VY� ¸[HPS�

VM� [OL� =;(¹�� B�������D�� ;OL� 3/I� JV\SK� PU� [\YU� YLJLP]L� HU[P�

YL^HYK�ZPNUHSZ�MYVT�UL\YVUZ�PU�[OL�NSVI\Z�WHSSPK\Z�PU[LYUH��.7P��

JVYYLZWVUKPUN� [V� [OL� LU[VWLK\UJ\SHY� U\JSL\Z�,75� PU� YVKLU[Z��

B���D�� HUK�H� YLJLU[� Z[\K`�\ZLK� YH[�VW[VNLUL[PJZ� [V� PU]LZ[PNH[L�

[OPZ� WVZZPIPSP[`� B �D�� ;OL� H\[OVYZ� L_WYLZZLK�*O9�� PU� ,75� HUK�

VW[PJHSS`� Z[PT\SH[LK� ,75� H_VU� [LYTPUHSZ� PU� 3/I� K\YPUN� WH[JO�

JSHTW�YLJVYKPUNZ�VM�3/I�JLSSZ��VIZLY]PUN�[OH[�[OL�WYVQLJ[PVU�MYVT�

,75� [V� 3/I� PZ� JOPLÅ`� L_JP[H[VY �̀� ;OL� H\[OVYZ� HSZV� MV\UK� [OH[�

Z[PT\SH[PVU�VM�[OPZ�WYVQLJ[PVU�^HZ�P[ZLSM�H]LYZP]L�PU�H�JVUKP[PVULK�

WSHJL�WYLMLYLUJL�[LZ[�PU�YH[Z��WYV]PKPUN�HKKP[PVUHS�L]PKLUJL�[OH[�

[OL�,75�3/I�WYVQLJ[PVU�JHYYPLZ�HU�¸HU[P�YL^HYK¹�ZPNUHS��-PUHSS �̀�P[�

^HZ�VIZLY]LK�[OH[�ZLYV[VUPU��I\[�UV[�KVWHTPUL��KLJYLHZLK�[OL�

HTWSP[\KL�VM� SPNO[�L]VRLK�L_JP[H[VY`�J\YYLU[Z� PU�3/I��WYV]PKPUN�

PUZPNO[� PU[V� VWWVZPUN� PU[LYHJ[PVUZ� IL[^LLU� ZLYV[VUPU� HUK�

KVWHTPUL�PU�YL^HYK�B�� D�

4.2 Applications: cognition in the rat
Memory-guided orienting
/VTVSVN`� IL[^LLU� [OL� WYPTH[L� MYVU[HS� L`L� ÄLSKZ� �-,-�� ^OPJO�

WSH`�HU�PTWVY[HU[�YVSL�PU�NHaL�JVU[YVS��VYPLU[H[PVU��HUK�H[[LU[PVU�

B�������D�� HUK� [OL� YH[� MYVU[HS� VYPLU[PUN� ÄLSKZ� �-6-�� OHZ� ILLU�
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6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

9

JHTL�PU���� ��̂ OLU�JLSS�[`WL�[HYNL[LK�JVU[YVS�VM�5W/9�PU�TV\ZL�

OPWWVJHTW\Z�^HZ�KLTVUZ[YH[LK� [V� PUOPIP[�LWPSLW[PMVYT�HJ[P]P[`�

B��D�� 3H[LY� ^VYR� IYV\NO[� VW[VNLUL[PJZ� [V� YH[�TVKLSZ� PU� ^OPJO�

LWPSLWZ`� PZ� PUP[PH[LK� I`� H� WOV[V[OYVTIV[PJ� TVKLS� VM� JVY[PJHS�

Z[YVRL� B���D�� :[YVRL� PZ� HTVUN� [OL�TVYL� JVTTVU�L[PVSVNPLZ� VM�

LWPSLWZ`� B���D�� ^P[O� ������ VM� Z[YVRL� WH[PLU[Z� L_WLYPLUJPUN�

ZLPa\YL� VUZL[�^P[OPU� Ä]L� `LHYZ� B���D"�TVYLV]LY�� JVY[PJHS� Z[YVRL�

SLHKZ� [V�LWPSLW[PMVYT�L]LU[Z� PU� [OHSHT\Z�� PUJYLHZLK�L_JP[HIPSP[`�

PU� [OHSHTVJVY[PJHS� JLSSZ�� HUK� ,,.� ZPNUH[\YLZ� ZPTPSHY� [V� [OVZL�

VM� JVY[PJV[OHSHTPJ� HIZLUJL� ZLPa\YLZ�� (S[OV\NO� H� YVSL� MVY�

[OHSHTVJVY[PJHS� WYVQLJ[PVUZ� OHK� WYL]PV\ZS`� ILLU� Z\NNLZ[LK�

PU� O\THU� JHZLZ� VM� MVJHS� LWPSLWZ`� B���D�� HUK� H� JH\ZHS� YVSL� MVY�

[OL� [OHSHT\Z�OHK�ILLU�Z\NNLZ[LK�I`� SLZPVU�Z[\KPLZ� B���D�� [OL�

YVSL�VM�[OHSHTVJVY[PJHS�WYVQLJ[PVUZ�PU�MVJHS�LWPSLWZ`�^HZ�WVVYS`�

\UKLYZ[VVK��0U�[OPZ�YLJLU[�YH[�VW[VNLUL[PJZ�Z[\K`�B���D��ZLPa\YL�

HJ[P]P[`� ^HZ� KL[LJ[LK� PU� YLHS� [PTL� MYVT� LSLJ[YVWO`ZPVSVNPJHS�

YLJVYKPUNZ��HUK�ZLPa\YLZ�JV\SK�IL�[LYTPUH[LK�PU�YLHS�[PTL�[OYV\NO�

VW[VNLUL[PJ� PUOPIP[PVU�VM� [OHSHTVJVY[PJHS�UL\YVUZ��6W[VNLUL[PJ�

HWWYVHJOLZ� OH]L� HSZV� L_[LUKLK� [V� H� TVKLS� VM� MVJHS� JVY[PJHS�

LWPSLWZ`� PUK\JLK� I`� SVJHS� PUQLJ[PVU� VM� [L[HU\Z� [V_PU� B���D�� (Z�

PU� O\THU� JHZLZ� VM� LWPSLWZPH� WHY[PHSPZ� JVU[PU\H� B���D�� MVSSV^PUN�

[OPZ�[YLH[TLU[��YH[Z�L_OPIP[LK�HSTVZ[�JVU[PU\V\Z��KY\N�YLZPZ[HU[�

ZLPa\YL� HJ[P]P[ �̀� ;OL� [L[HU\Z� [V_PU� PUQLJ[PVU� HSZV� LUOHUJLK� [OL�

PU[YPUZPJ�L_JP[HIPSP[`�VM�SH`LY�=�W`YHTPKHS�UL\YVUZ�HUK�PUJYLHZLK�

[OL�PUJPKLUJL�VM�,,.�TVUP[VYLK�LWPSLW[PMVYT�L]LU[Z"�TVYLV]LY��

SVJHS�� HJ\[L� VW[VNLUL[PJ� PUOPIP[PVU� H[� [OL� ZLPa\YL� MVJ\Z� ^HZ�

Z\MÄJPLU[�[V�YLK\JL�OPNO�MYLX\LUJ`�,,.�WV^LY��;VNL[OLY��[OLZL�

ÄUKPUNZ�MYVT�LWPSLWZ`�TVKLSZ�IV[O�PTWYV]L�V\Y�\UKLYZ[HUKPUN�

VM�[OL�JH\ZHS� PTWHJ[�VM�KLÄULK�JPYJ\P[�LSLTLU[Z�PU�LWPSLW[PMVYT�

HJ[P]P[`�HUK�Z\NNLZ[�WVZZPISL�UL^� [OLYHWL\[PJ�H]LU\LZ� MVY� [OL�

[YLH[TLU[�VM�ZLPa\YLZ�

4.4 Applications: Psychiatric disease-related pathology 
in the rat

Habit circuitry relevant to compulsive behaviors
/HIP[Z� HYL� H� MHZJPUH[PUN� JSHZZ� VM� HSTVZ[�H\[VTH[PJ� ILOH]PVYZ�

[OH[� JHU� IL� Z\YWYPZPUNS`� HUK� MY\Z[YH[PUNS`� YLZPZ[HU[� [V� JOHUNL��

HUK�^OLU�THSHKHW[P]L� PU� [OLPY� PUÅ\LUJL�VU�ILOH]PVY� HYL� SPURLK�

[V� THQVY� O\THU� OLHS[O� PZZ\LZ�� PUJS\KPUN� VIZLZZP]L�JVTW\SZP]L�

KPZVYKLY��HKKPJ[PVU��HUK�VILZP[ �̀�,]PKLUJL�MYVT�YVKLU[�Z[\KPLZ�OHZ�

PTWSPJH[LK�[OL�KVYZVSH[LYHS�Z[YPH[\T�B�� ����D�HUK�[OL�PUMYHSPTIPJ�

YLNPVU�B�������D�VM�TLKPHS�WYLMYVU[HS�JVY[L_��03��PU�OHIP[�L_WYLZZPVU��

;V� L_HTPUL� [OL� KLNYLL� [V� ^OPJO� KLLWS`�PUNYHPULK� ILOH]PVYZ�

HYL�Z\IQLJ[� [V�JVY[PJHS�JVU[YVS��:TP[O�L[�HS��V]LY[YHPULK� YH[Z� PU�H�

[�THaL�HS[LYUH[PVU�[HZR�\U[PS�ILOH]PVY�OHK�ILJVTL�OHIP[\HS�B���] 

HUK�THSHKHW[P]L�PU�[OL�ZLUZL�VM�UV�SVUNLY�ILPUN�YL^HYK�YLSH[LK��

;OL�H\[OVYZ�[OLU�L_WYLZZLK�5W/9�PU�WYPUJPWHS�JLSSZ�VM�03�JVY[L_�

HUK�KLTVUZ[YH[LK�[OH[�VUSPUL�PUOPIP[PVU�VM�03�JLSSZ�KPZY\W[LK�[OPZ�

LZ[HISPZOLK� OHIP[\HS� ILOH]PVY�� [`WPJHSS`� ^P[OPU� Q\Z[� [OYLL� THaL�

Y\UZ��;OPZ�PU[YPN\PUN�ÄUKPUN�MYVT�YH[�VW[VNLUL[PJZ�Z\NNLZ[LK�[OH[�

OHIP[\HS�ILOH]PVY�JHU�IL�KLLWS`�PUNYHPULK�� PUZLUZP[P]L�[V�YL^HYK�

KL]HS\H[PVU�� HSTVZ[� H\[VTH[PJ·HUK� Z[PSS� \UKLY� JVY[PJHS� JVU[YVS��

^P[O� WYVMV\UK� PTWSPJH[PVUZ� MVY� M\UKHTLU[HS� \UKLYZ[HUKPUN� VM�

JVY[PJVZ[YPH[HS� PU[LYHJ[PVUZ�� HUK�^P[O� Z\IZ[HU[PHS� PTWSPJH[PVUZ� MVY�

[OL�\UKLYZ[HUKPUN�HUK�[YLH[TLU[�VM�O\THU�KPZLHZL��

(��[V�Z[YPH[\T�OLSWZ�TLKPH[L�KLJPZPVU�THRPUN�PU�[OPZ�[HZR��HUK�

PSS\Z[YH[L�[OL�\ZL�VM�VW[VNLUL[PJ�WYVQLJ[PVU�[HYNL[PUN�MVY�JVTWSL_�

ILOH]PVYHS�[HZRZ�PU�[OL�YH[��

4.3   Applications: Neurological disease-related pathology 
in the rat

;OL�WV[LU[PHS�\[PSP[`�VM�LSLJ[YPJHS�Z[PT\SH[PVU�PU�[OL�Z[\K`�VM�UL\YHS�

M\UJ[PVU�^HZ�KLTVUZ[YH[LK�HZ�LHYS`�HZ�������^OLU�-YP[ZJO�HUK�

/P[aPN�KVJ\TLU[LK�T\ZJSL�JVU[YHJ[PVUZ�PU�YLZWVUZL�[V�LSLJ[YPJHS�

Z[PT\SH[PVU�VM�TV[VY�JVY[L_� PU� [OL�KVN� B���D��*VY[PJHS�LSLJ[YPJHS�

Z[PT\SH[PVU�^HZ�[YHUZSH[LK�[V�O\THUZ�Q\Z[�MV\Y�`LHYZ�SH[LY��^OLU�

)HY[OVSV^� Z\JJLZZM\SS`� \ZLK� [OL� TL[OVK� [V� NLULYH[L� T\ZJSL�

JVU[YHJ[PVUZ�PU�WH[PLU[�4HY`�9HMMLY[`�B���D��;OL�[OLYHWL\[PJ�\ZL�

VM�LSLJ[YPJHS�Z[PT\SH[PVU�KPK�UV[�KL]LSVW�\U[PS�T\JO�SH[LY��OV^L]LY"�

MVY�L_HTWSL��[OL�\ZL�VM�JOYVUPJ�Z[PT\SH[PVU�MVY�HSSL]PH[PVU�VM�TV[VY�

KPZVYKLYZ�^HZ�ÄYZ[�YLWVY[LK�PU�� ���BYL]PL^LK�PU�YLM�����D��:PUJL�

[OLU��[OLYHWL\[PJ�\ZL�VM�LSLJ[YPJHS�Z[PT\SH[PVU�OHZ�L_WHUKLK�[V�

PUJS\KL� [YLH[TLU[� MVY� THU`�TV]LTLU[� KPZVYKLYZ� B����� �D� HZ�

^LSS� HZ� MVY� JOYVUPJ� WHPU� B� �D�� LWPSLWZ`� B� �D� HUK� WZ`JOPH[YPJ�

KPZLHZLZ� B� �����D�� +LZWP[L� L_[LUZP]L� \ZL�� [OL� LMMLJ[Z� VM�

LSLJ[YPJHS�Z[PT\SH[PVU�YLTHPU�WVVYS`�\UKLYZ[VVK�B�������D��:PUJL�

YH[�TVKLSZ�MVY�THU`�VM�[OL�YLSL]HU[�KPZLHZLZ�L_PZ[��VW[VNLUL[PJ�

Z[\KPLZ� PU�[OLZL�YH[�TVKLSZ�TH`� PTWYV]L�V\Y�\UKLYZ[HUKPUN�VM�

[OL� L[PVSVN`� VM� [OLZL� KP]LYZL� KPZVYKLYZ� HUK�TH`� HSZV� WYV]PKL�

PUZPNO[�PU[V�[YLH[TLU[�TLJOHUPZTZ��

7HYRPUZVU»Z�+PZLHZL
7HYRPUZVU»Z� +PZLHZL� �7+�� PZ� H� KLIPSP[H[PUN� TV]LTLU[� KPZVYKLY��

THYRLK� I`� IYHK`RPULZPH�� [YLTVY�� HUK� YPNPKP[ �̀� ;OL� ]HZ[�THQVYP[`�

VM�WH[PLU[Z�HSZV�L_OPIP[�JVTVYIPK�Z`TW[VTZ�HUK�ZPNUZ��PUJS\KPUN�

KLWYLZZPVU�� KLTLU[PH�� HU_PL[ �̀� HUK� ZSLLW� KPZ[\YIHUJLZ� B���D��

(S[OV\NO�KVWHTPULYNPJ�TLKPJH[PVUZ�HYL�OPNOS`�LMMLJ[P]L�MVY�THU`�

7+�WH[PLU[Z�� [OLZL�TLKPJH[PVUZ�ILJVTL� SLZZ�LMÄJHJPV\Z�HZ� [OL�

KPZLHZL� WYVNYLZZLZ�� HUK� YHUKVTPaLK� JVU[YVSSLK� Z[\KPLZ� OH]L�

ZOV^U� MH]VYHISL� V\[JVTLZ� MVY� KLLW� IYHPU� Z[PT\SH[PVU� �+):��

B� ��� �D��)V[O�NSVI\Z�WHSSPK\Z�Z[PT\SH[PVU�HUK��TVYL�JVTTVUS`��

Z\I[OHSHTPJ�U\JSL\Z� �:;5��Z[PT\SH[PVU�HYL�\ZLK� B� �D��I\[� PU�UV�

JHZL�OHZ� P[�ILLU�JSLHY�OV^�[OL�+):�PZ�^VYRPUN�VY�^OPJO�JPYJ\P[�

LSLTLU[�PZ�[OL�KPYLJ[�[HYNL[�VM�+):�PU�NP]PUN�YPZL�[V�[OL�[OLYHWL\[PJ�

LMMLJ[��0U[LYLZ[PUNS �̀�\ZPUN�H�YVKLU[�TVKLS�VM�:;5�+):�[YLH[TLU[�

VM� WHYRPUZVUPZT�� P[� ^HZ� MV\UK� [OH[� ULP[OLY� KPYLJ[� VW[VNLUL[PJ�

L_JP[H[PVU�VY�PUOPIP[PVU�VM�SVJHS�JLSS�IVKPLZ�^HZ�Z\MÄJPLU[�[V�YLZ[VYL�

UVYTHS�ILOH]PVY�B��D��/V^L]LY��Z[PT\SH[PVU�VM�WYPTHY`�TV[VY�JVY[L_�

�4���WYVQLJ[PVUZ� [V�:;5��VY�KPYLJ[�Z[PT\SH[PVU�VM�4��JLSS�IVKPLZ�

^HZ�Z\MÄJPLU[�[V�PTWYV]L�ILOH]PVY��Z\NNLZ[PUN�[OH[�[OL�PUP[PHS�KPYLJ[�

[HYNL[�VM�+):�PU�[OL�:;5�PZ�HMMLYLU[�H_VUZ��PUJS\KPUN�[OVZL�MYVT�

TV[VY�JVY[L_��;OLZL�ÄUKPUNZ�^LYL�SH[LY�Z\WWVY[LK�I`�V[OLY�YH[�7+�

^VYR�B���D�HUK�[VNL[OLY�[OLZL�ÄUKPUNZ�MYVT�[OL�YH[�SP[LYH[\YL�TH`�

WVPU[�[V�KLLWLY�\UKLYZ[HUKPUN�HUK�YLÄULK�HWWSPJH[PVU�VM�+):�HZ�

H�[YLH[TLU[�TVKHSP[`�MVY�*5:�KPZLHZL��

,WPSLWZ`
(UV[OLY� KPZVYKLY� [OH[� OHZ� WYV]LU� HTLUHISL� [V� Z[\K`� HUK�

[YLH[TLU[�[OYV\NO�UL\YHS�Z[PT\SH[PVU��PUJS\KPUN�PU�YVKLU[�TVKLSZ��

PZ� LWPSLWZ �̀� ;OL� ÄYZ[� HWWSPJH[PVU� VM� VW[VNLUL[PJZ� [V� LWPSLWZ`�
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HM[LY� PUK\J[PVU� VM� H� KLWYLZZLK�SPRL� Z[H[L� ^P[O� JOYVUPJ� TPSK�

Z[YLZZ� B��D��6W[VNLUL[PJ�Z[PT\SH[PVU�VM�=;(�+(�UL\YVUZ�^HZ�

MV\UK� [V� PUJYLHZL� LZJHWL� �HU[PKLWYLZZLK�SPRL�� ILOH]PVY� PU�

[OL� -:;"� TVYLV]LY�� [OL� PUJYLHZL� PU� LZJHWL�YLSH[LK� ILOH]PVY�

^HZ� JVYYLSH[LK�^P[O� [OL� U\TILY� VM�5(J� UL\YVUZ�TVK\SH[LK�

I`� VW[PJHS� Z[PT\SH[PVU� VM� [OL� =;(� B��D�� (KKP[PVUHSS �̀� 5(J�

UL\YVUZ� ^LYL� MV\UK� [V� LUJVKL� LZJHWL�YLSH[LK� ILOH]PVYZ��

HUK� VW[VNLUL[PJ� KYP]L� VM� =;(�+(� UL\YVUZ� TVK\SH[LK� [OL�

UL\YHS�LUJVKPUN�VM�[OPZ�KLWYLZZPVU�YLSH[LK�HJ[PVU�PU�5(J�B��D��

;VNL[OLY�^P[O�L]PKLUJL� [OH[� [OL�5(J�HUK�JSVZLS`�JVUULJ[LK�

YLNPVUZ�TH`�IL�Z\P[HISL�[HYNL[Z�MVY�KLLW�IYHPU�Z[PT\SH[PVU�PU�

JSPUPJHS� [YLH[TLU[� VM� KLWYLZZPVU� B���D�� [OLZL� ÄUKPUNZ� PU� YH[�

VW[VNLUL[PJ� TVKLSZ� OH]L� OLSWLK� PSS\TPUH[L� [OL� \UKLYS`PUN�

UL\YHS�JPYJ\P[Y`�[OH[�TH`�JH\ZL��JVYYLJ[��HUK�LUJVKL�JVTWSL_�

KLWYLZZPVU�YLSH[LK�ILOH]PVYZ�PU�[OL�THTTHSPHU�IYHPU�

���:\TTHY`

/LYL� ^L� OH]L� YL]PL^LK� NLULYHS� JVUZPKLYH[PVUZ� HZ� ^LSS� HZ�

ZWLJPÄJ� W\ISPZOLK� Z[\KPLZ� MVJ\ZLK� VU� YH[� VW[VNLUL[PJZ� PU�

UL\YHS� Z`Z[LTZ�� -VY� YLHZVUZ�KPZJ\ZZLK� �PUJS\KPUN� [OL� UH[\YHS�

HK]HU[HNLZ� VM� [OL� YH[� TVKLS�� [OL� SVUN� OPZ[VY`� VM� WPVULLYPUN�

KL]LSVWTLU[�HUK�]HSPKH[PVU�VM�YH[�ILOH]PVYHS�[HZRZ�HUK�YLHKV\[�

TL[OVKZ��HUK�VUNVPUN�YHWPK�HK]HUJLZ�UV[�VUS`�PU�VW[VNLUL[PJZ�

I\[�HSZV�PU�YH[�NLUL[PJ�[VVSZ���̂ L�L_WLJ[�[OPZ�ÄLSK�VM�UL\YVZJPLUJL�

[V�JVU[PU\L�[V�NYV^�YHWPKS �̀�;VNL[OLY�^P[O�HZZVJPH[LK�LUHISPUN�

[LJOUVSVNPLZ�� YH[�VW[VNLUL[PJZ�^PSS� SPRLS`�WSH`�H�JY\JPHS� YVSL� PU�

JVU[YPI\[PUN� [V� V\Y� KLLWLUPUN� \UKLYZ[HUKPUN� VM� OV^� KP]LYZL�

JSHZZLZ� VM� UL\YHS� JPYJ\P[� JVTWVULU[Z� PU[LYHJ[� [V� NP]L� YPZL� [V�

JVTWSL_� ILOH]PVYZ�� WH[OVSVNPJHS� JVUKP[PVUZ�� HUK� [OLYHWL\[PJ�

YLZWVUZLZ��

(JRUV^SLKNTLU[Z

>L� [OHUR� 4LSPZZH� >HYKLU�� ;VT� +H]PKZVU�� ;HSPH� 3LYULY�� 1VOU�

/\N\LUHYK��HUK�1LHUUL�7Ha�MVY�HK]PJL�HUK�N\PKHUJL�HZ�^LSS�HZ�

[OL�LU[PYL�+LPZZLYV[O�3HIVYH[VY`�MVY�Z\WWVY[��2�A��̂ HZ�Z\WWVY[LK�

I`� [OL�5:-�.9-7��2�+��^HZ�Z\WWVY[LK�I`� [OL�>PLNLYZ�-HTPS`�

-\UK�� 504/�� 50+(�� [OL� +(97(� 9,7(09� 7YVNYHT�� [OL� 2LJR�

-V\UKH[PVU�� [OL� 4J2UPNO[� -V\UKH[PVU�� [OL� .H[ZI`� *OHYP[HISL�

-V\UKH[PVU�� [OL� :U`KLY� -V\UKH[PVU�� [OL�>VV� -V\UKH[PVU� HUK�

[OL� (SILY[� @\� HUK� 4HY`� )LJOTHU� -V\UKH[PVU�� (SS� [VVSZ� HUK�

TL[OVKZ�KLZJYPILK�HYL�KPZ[YPI\[LK�HUK�Z\WWVY[LK�MYLLS`��^^ �̂

VW[VNLUL[PJZ�VYN��

Motivation circuitry relevant to depressive behaviors
4HQVY� KLWYLZZP]L� KPZVYKLY� �4++�� PZ� OPNOS`� WYL]HSLU[�� HMMLJ[PUN�

����VM�TLU�HUK�����VM�^VTLU�H[�ZVTL�WVPU[�PU�[OLPY�SPML[PTLZ�

B���D�� 4++� PZ� HSZV� OPNOS`� JVTVYIPK� ^P[O� V[OLY� JSHZZLZ� VM�

KPZVYKLYZ��PUJS\KPUN�HU_PL[`�HUK�Z\IZ[HUJL�HI\ZL�B���D��*\YYLU[�

MYVU[�SPUL� [YLH[TLU[Z� MVY� KLWYLZZPVU� OH]L� H� ZSV^� �^LLRZ�SVUN��

[OLYHWL\[PJ� VUZL[� [PTL� JV\YZL� HUK� HYL� PULMMLJ[P]L� PU� THU`�

WH[PLU[Z"�PU�MHJ[��SLZZ�[OHU�OHSM�VM�Z\MMLYLYZ�^OV�ZLLR�JHYL�YLWVY[�

HKLX\H[L� [YLH[TLU[� B���D�� -\Y[OLYTVYL�� YLZLHYJOLYZ� YLTHPU�

KP]PKLK�VU� [OL�WYPTHY`�L[PVSVN`� MVY�KLWYLZZPVU��^P[O� SP[[SL�KLLW�

\UKLYZ[HUKPUN� HUK� THU`� M\UKHTLU[HSS`� KPMMLYLU[� TVKLSZ� VM�

KPZLHZL�JH\ZHSP[`�B���D��

9LNHYKSLZZ�VM�KLWYLZZPVU�L[PVSVN �̀�TVUVHTPUL�TVK\SH[VYZ�

JHU�WSH`�H�YVSL�PU�[YLH[TLU[�B���D��HUK�THU`�JSPUPJHSS`�LMMLJ[P]L�

HU[PKLWYLZZHU[Z�ISVJR�[OL�YL\W[HRL�VM�ZLYV[VUPU�H[�[OL�Z`UHWZL�

�L�N��::90Z��VY�V[OLY^PZL�PUJYLHZL�[OL�H]HPSHIPSP[`�VM�TVUVHTPULZ�

�L�N��4(60Z�� B���D�� 0U[LYLZ[PUNS �̀� Z[PT\SH[PVU� VM� [OL� Z\INLU\HS�

Z\IJHSSVZHS�YLNPVUZ�VM�[OL�WYLMYVU[HS�JVY[L_�OHZ�HSZV�ILLU�ZOV^U�

[V�PTWYV]L�Z`TW[VTZ�PU�JSPUPJHSS`�KLWYLZZLK�WH[PLU[�WVW\SH[PVUZ�

B� ���  D��H�ZLLTPUNS`�\UYLSH[LK�[YLH[TLU[�MYVT�[OL�WLYZWLJ[P]L�

VM�TVUVHTPULYNPJ�TLKPJH[PVUZ�� HS[OV\NO� [OL� WYLMYVU[HS� JVY[L_�

PZ�RUV^U�[V�ZLUK�HUK�YLJLP]L�WYVQLJ[PVUZ�[V�HUK�MYVT�IYHPUZ[LT�

TVUVHTPULYNPJ� YLNPVUZ� B�������D��� (� YLJLU[� YH[� VW[VNLUL[PJZ�

WHWLY� B��D� PUKLLK� WYV]PKLK� H� JH\ZHS� SPUR� IL[^LLU� WYLMYVU[HS�

JPYJ\P[Y`�HUK�ZLYV[VULYNPJ�U\JSLP�PU�KLWYLZZPVU�YLSH[LK�ILOH]PVYZ��

I`� Z`UJOYVUPaPUN� UL\YHS� YLJVYKPUN� HUK� VW[VNLUL[PJZ� ^P[O� [OL�

THNUL[PJ�PUK\J[PVU�IHZLK�TPSSPZLJVUK�ZJHSL�ILOH]PVYHS�YLHKV\[Z�

UV[LK�HIV]L��PU�[OL�MVYJLK�Z^PT�[LZ[��-:;��H�JSHZZPJHS�HUK�^LSS�

]HSPKH[LK�TVKLS�VM�ILOH]PVYHS�KLZWHPY���;OL�H\[OVYZ�MV\UK�[OH[�

VW[VNLUL[PJHSS`� Z[PT\SH[PUN� L_JP[H[VY`� JLSSZ� PU� [OL� YH[� 7-*� KPK�

UV[�JOHUNL�ILOH]PVY�PU�[OL�-:;��I\[�[OH[�VW[VNLUL[PJ�Z[PT\SH[PVU�

VM� [OL� WYVQLJ[PVU� MYVT� 7-*� [V� [OL� ZLYV[VULYNPJ� KVYZHS� YHWOL�

U\JSL\Z��+95��PUJYLHZLK��HUK�VW[VNLUL[PJ�PUOPIP[PVU�KLJYLHZLK��

HU[PKLWYLZZLK�SPRL�LZJHWL�ILOH]PVYZ�PU�[OL�-:;�B��D��*VU]LYZLS �̀�
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