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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[��
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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 �̀�

Z[PT\SH[PUN� [OL�WYVQLJ[PVU� MYVT�7-*�[V�3/I·H�U\JSL\Z�RUV^U�

[V� OH]L� PUOPIP[VY`� LMMLJ[Z� VU� KV^UZ[YLHT� KVWHTPULYNPJ� HUK�

ZLYV[VULYNPJ� UL\YVUZ� HZ� KPZJ\ZZLK� HIV]L� B������ ��� D·�

PUJYLHZLK�L_WYLZZPVU�VM�[OL�KLWYLZZP]L�WOLUV[`WL��P�L��YLK\JLK�

LZJHWL�YLSH[LK�ILOH]PVY�PU�[OL�-:;��B��D��

(UV[OLY�YLJLU[�WHWLY�PU[LNYH[LK�THU`�VM�[OL�[LJOUVSVNPLZ�

KLZJYPILK� HIV]L�� PUJS\KPUN� [OL� YH[� VW[VNLUL[PJ� -:;� [HZR�

B��D�� [OL� ;/!!*YL� YH[Z� B��D�� HUK�T\S[P\UP[�YLJVYKPUN� YLHKV\[Z�

Z\P[HISL� MVY� PU[LNYH[PVU�^P[O�VW[VNLUL[PJ�JVU[YVS�� [V�L_HTPUL�

[OL� YVSL� VM� =;(�+(� UL\YVUZ� PU� KLWYLZZP]L� ILOH]PVYZ� B��] 

References

B�D� 6SKZ�� 1�� � 4PSULY�� 7�� 7VZP[P]L� YLPUMVYJLTLU[� WYVK\JLK� I`�

electrical stimulation of septal area and other regions of rat 

IYHPU��1V\YUHS�VM�*VTWHYH[P]L�HUK�7O`ZPVSVNPJHS�7Z`JOVSVN`�

47, 419–427 (1954).

B�D� *VYIL[[��+���>PZL��9��0U[YHJYHUPHS�ZLSM�Z[PT\SH[PVU�PU�YLSH[PVU�

to the ascending dopaminergic systems of the midbrain: a 

moveable electrode mapping study. Brain Research 185, 

1–15 (1980).

[3] Flagel, S. B. et al. A selective role for dopamine in stimulus-

reward learning. Nature 469, 53–7 (2011).

B�D� 6[Ha\��.��/���;HP��3��/���@HUN��@���AHKVY��(��4��,UNHNPUN�PU�

an auditory task suppresses responses in auditory cortex. 

Nature Neuroscience 12, 646–54 (2009).

B�D� 7VU[LJVY]V��4��1���:HONHS��(���:[LJRSLY��;��-\Y[OLY�KL]LSVWTLU[Z�

in the measurement of working memory in rodents. Brain 

Research: Cognitive brain research 3, 205–13 (1996).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

��

B��D� >PSSULY�� 7��� 4\ZJH[�� 9�� � 7HWW�� 4�� *OYVUPJ� TPSK� Z[YLZZ�

induced anhedonia: a realistic animal model of depression. 

Neuroscience and Biobehavioral Reviews 16, 525–34 

(1992).

B��D� .YHKPUHY\�� =���4VNYP��4��� ;OVTWZVU��2��9���/LUKLYZVU�� 1��

4���+LPZZLYV[O��2��6W[PJHS�KLJVUZ[Y\J[PVU�VM�WHYRPUZVUPHU�

neural circuitry. Science 324, 354–9 (2009).

B��D� >HYKLU��4��9��L[�HS��(�WYLMYVU[HS�JVY[L_¶IYHPUZ[LT�UL\YVUHS�

projection that controls response to behavioural challenge. 

Nature 492, 428–432 (2012).

B��D� ;̀ L��2��4��L[�HS��+VWHTPUL�UL\YVUZ�TVK\SH[L�UL\YHS�LUJVKPUN�

and expression of depression-related behavior. Nature 493, 

537-41 (2012).

B��D� @PaOHY�� 6��� -LUUV�� 3�� ,��� +H]PKZVU�� ;�� 1��� 4VNYP�� 4�� �

+LPZZLYV[O��2��6W[VNLUL[PJZ� PU�UL\YHS�Z`Z[LTZ��5L\YVU�����

9–34 (2011).

B� D� @PaOHY�� 6�� L[� HS�� 5LVJVY[PJHS� L_JP[H[PVU�PUOPIP[PVU� IHSHUJL� PU�

information processing and social dysfunction. Nature 477, 

171–8 (2011).

B��D� +LPZZLYV[O�� 2�� 6W[VNLUL[PJZ� HUK� WZ`JOPH[Y`!� HWWSPJH[PVUZ��

challenges, and opportunities. Biological Psychiatry 71, 

1030–2 (2012).

B��D� >P[[LU�� 0�� )�� L[� HS�� 9LJVTIPUHZL�KYP]LY� YH[� SPULZ!� [VVSZ��

techniques, and optogenetic application to dopamine-

mediated reinforcement. Neuron 72, 721–33 (2011).

B��D� 4H[[PZ�� 1��� ;̀ L�� 2�� � -LYLUJaP�� ,�� 7YPUJPWSLZ� MVY� HWWS`PUN�

optogenetic tools derived from direct comparative analysis of 

microbial opsins. Nature Methods 9, 159–172 (2012).

B��D� )V`KLU��,��:���AOHUN��-���)HTILYN��,���5HNLS��.���+LPZZLYV[O��

2��4PSSPZLJVUK�[PTLZJHSL��NLUL[PJHSS`�[HYNL[LK�VW[PJHS�JVU[YVS�

of neural activity. Nature Neuroscience 8, 1263–8 (2005).

B��D� .\UH`KPU��3��(�� L[� HS��<S[YHMHZ[�VW[VNLUL[PJ�JVU[YVS��5H[\YL�

Neuroscience 13, 387–392 (2010).

B��D� )LYUK[�� (��� @PaOHY�� 6��� .\UH`KPU�� 3��� /LNLTHUU�� 7�� �

+LPZZLYV[O�� 2�� )P�Z[HISL� UL\YHS� Z[H[L� Z^P[JOLZ�� 5H[\YL�

Neuroscience 12, 229–34 (2009).

B��D� -LUUV��3���@PaOHY��6���+LPZZLYV[O��2��;OL�KL]LSVWTLU[�HUK�

application of optogenetics. Annual Review of Neuroscience 

34, 389–412 (2011).

B��D� 4H[Z\UV�@HNP�� (�� � 4\RVOH[H�� @�� ;̂ V� WVZZPISL� YVSLZ�

of bacteriorhodopsin: a comparative study of strains 

of Halobacterium halobium differing in pigmentation. 

Biochemical and Biophysical Research Communications 78, 

237–243 (1977).

B��D� 3HU`P�� 1�� 2�� � 6LZ[LYOLS[�� +�� 0KLU[PÄJH[PVU� VM� [OL� YL[PUHS�

IPUKPUN� WYV[LPU� PU� OHSVYOVKVWZPU�� ;OL� 1V\YUHS� VM�)PVSVNPJHS�

Chemistry 257, 2674–7 (1982).

B� D� AOHUN�� -�� L[� HS�� ;OL� TPJYVIPHS� VWZPU� MHTPS`� VM� VW[VNLUL[PJ�

tools. Cell 147:1446-1457 (2011).

B��D� .YHKPUHY\�� =��� ;OVTWZVU�� 2�� � +LPZZLYV[O�� 2�� L5W/9!� H�

Natronomonas halorhodopsin enhanced for optogenetic 

applications. Brain Cell Biology 36, 129–139 (2008).

B��D� .YHKPUHY\�� =�� L[� HS�� 4VSLJ\SHY� HUK� JLSS\SHY� HWWYVHJOLZ� MVY�

diversifying and extending optogenetics. Cell 141, 154–65 

(2010).

B�D� +LHJVU��9��4��1���9H^SPUZ��1��5��7��;�THaL�HS[LYUH[PVU�PU�[OL�

rodent. Nature Protocols 1, 7–12 (2006).

B�D� 1HKOH]�� :�� 7��� 2LTLYL�� *��� .LYTHU�� 7��>�� � -YHUR�� 3��4��

Awake hippocampal sharp-wave ripples support spatial 

memory. Science 336, 1454–8 (2012).

B�D� <JOPKH��5���4HPULU��A��-��:WLLK�HUK�HJJ\YHJ`�VM�VSMHJ[VY`�

discrimination in the rat. Nature Neuroscience 6, 1224–9 

(2003).

B D� 2LWLJZ��(���<JOPKH��5���AHYP^HSH��/��(���4HPULU��A��-��5L\YHS�

correlates, computation and behavioural impact of decision 

JVUÄKLUJL��5H[\YL���������¶����������

B��D� 7Y\ZR �̀� .�� ;��� >LZ[�� 7�� >�� � +V\NSHZ�� 9�� 4�� )LOH]PVYHS�

HZZLZZTLU[�VM�]PZ\HS�HJ\P[`�PU�TPJL�HUK�YH[Z��=PZPVU�9LZLHYJO�

40, 2201–9 (2000).

B��D� -YPJR��2���:[PSSULY��,���)LYNLY�:^LLUL �̀�1��4PJL�HYL�UV[�SP[[SL�

rats: species differences in a one-day water maze task. 

Neuroreport 11, 3461–3465 (2000).

B��D� 7LKLYZLU��*��(���(ZJOLY��1��(���4VUYVL��@��3���7YHUNL��(��

1��6_`[VJPU� PUK\JLZ�TH[LYUHS�ILOH]PVY� PU�]PYNPU�MLTHSL�YH[Z��

Science 216, 648–50 (1982).

B��D� >LH]LY��0��*��.��L[�HS��,WPNLUL[PJ�WYVNYHTTPUN�I`�TH[LYUHS�

behavior. Nature Neuroscience 7, 847–54 (2004).

B��D� )HY[HS�� 0�� )�� (��� +LJL[ �̀� 1�� �4HZVU�� 7�� ,TWH[O`� HUK� WYV�

social behavior in rats. Science 334, 1427–1430 (2011).

B��D� :HKKVYPZ�� 4�� 7��� .HSSHNOLY�� 4�� � :JOVLUIH\T�� .�� 9HWPK�

associative encoding in basolateral amygdala depends on 

connections with orbitofrontal cortex. Neuron 46, 321–31 (2005).

B��D� :[LPUILYN� ,�� ,�� L[� HS�� 6W[VNLUL[PJZ� PU� [YHUZNLUPJ� YH[Z!�

LZ[HISPZOPUN� JH\ZHS� YVSLZ� MVY� =;(� KVWHTPUL� UL\YVUZ� PU�

learned appetitive behaviors. Program Number 208.01. 2012 

:VJPL[`�MVY�5L\YVZJPLUJL�4LL[PUN�7SHUULY��5L^�6YSLHUZ��3(!�

Society for Neuroscience. (2012). 

B��D� :JOVLUIH\T��.���:L[SV �̂�)���:HKKVYPZ��4��7���.HSSHNOLY��

4�� ,UJVKPUN� WYLKPJ[LK� V\[JVTL� HUK� HJX\PYLK� ]HS\L� PU�

orbitofrontal cortex during cue sampling depends upon 

input from basolateral amygdala. Neuron 39, 855–67 

(2003).

B��D� ;HRHOHZOP��@��2��L[�HS��,_WLJ[HUJ`�YLSH[LK�JOHUNLZ� PU�ÄYPUN�

of dopamine neurons depend on orbitofrontal cortex. Nature 

Neuroscience 14, 1590–1597 (2011).

B� D� ,YSPJO��1��*���)PHSLR��4���)YVK �̀�*��+��(�JVY[PJHS�Z\IZ[YH[L�

for memory-guided orienting in the rat. Neuron 72, 330–43 

(2011).

B��D� -LSZLU�� .�� � 4HPULU�� A�� -�� 5L\YHS� Z\IZ[YH[LZ� VM� ZLUZVY`�

guided locomotor decisions in the rat superior colliculus. 

Neuron 60, 137–48 (2008).

B��D� 1VOUZVU�� 7�� 4�� � 2LUU �̀� 7�� 1�� +VWHTPUL� +�� YLJLW[VYZ� PU�

addiction-like reward dysfunction and compulsive eating in 

obese rats. Nature Neuroscience 13, 635–41 (2010).

B��D� =HUKLYZJO\YLU�� 3�� 1�� 4�� 1�� � ,]LYP[[�� )�� 1�� +Y\N� ZLLRPUN�

becomes compulsive after prolonged cocaine self-

administration. Science 305, 1017–9 (2004).

B��D� 7OPSSPWZ��7��,��4���:[\ILY��.��+���/LPLU��4��3���>PNO[THU��9��

4���*HYLSSP��9��4��:\IZLJVUK�KVWHTPUL�YLSLHZL�WYVTV[LZ�

cocaine seeking. Nature 422, 614–8 (2003).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



K. Zalocusky, K. Deisseroth

��

B� D� )LUaLROYV\MH��2���3P\��)���;LZJOLTHJOLY��(��.���2HZWHYV]��

S. Targeting central serotonergic neurons with lentiviral 

]LJ[VYZ� IHZLK� VU� H� [YHUZJYPW[PVUHS� HTWSPÄJH[PVU� Z[YH[LN �̀�

.LUL�;OLYHW`��������¶������ ���

B��D� ;HU��>��L[�HS��:PSLUJPUN�WYL)�[aPUNLY�JVTWSL_�ZVTH[VZ[H[PU�

expressing neurons induces persistent apnea in awake rat. 

Nature Neuroscience 11, 538–40 (2008).

B��D� 3LL�� 1�� /�� L[� HS�� .SVIHS� HUK� SVJHS� M490� ZPNUHSZ� KYP]LU� I`�

UL\YVUZ�KLÄULK�VW[VNLUL[PJHSS`�I`�[`WL�HUK�^PYPUN��5H[\YL�

465, 788–92 (2010).

B��D� 5H[OHUZVU��1��3���@HUHNH^H��@���6IH[H��2���*HSSH^H �̀�,��

M. Preferential labeling of inhibitory and excitatory cortical 

neurons by endogenous tropism of adeno-associated 

virus and lentivirus vectors. Neuroscience 161, 441–50 

(2009).

B��D� ;ZHP�� /�� *�� L[� HS�� 7OHZPJ� ÄYPUN� PU� KVWHTPULYNPJ� UL\YVUZ� PZ�

Z\MÄJPLU[� MVY�ILOH]PVYHS� JVUKP[PVUPUN��:JPLUJL����������¶��

(2009).

B��D� :VOHS�� =�� :��� AOHUN�� -��� @PaOHY�� 6�� � +LPZZLYV[O�� 2��

Parvalbumin neurons and gamma rhythms enhance cortical 

circuit performance. Nature 459, 698–702 (2009).

B��D� 2YH]P[a�� (�� =� L[� HS�� 9LN\SH[PVU� VM� WHYRPUZVUPHU� TV[VY�

behaviours by optogenetic control of basal ganglia circuitry. 

Nature 466, 622–6 (2010).

B��D� 3VIV��4��2��L[�HS��*LSS� [`WL�ZWLJPÄJ� SVZZ�VM�)+5-�ZPNUHSPUN�

mimics optogenetic control of cocaine reward. Science 330, 

385–90 (2010).

B��D� ,UNSPZO�� +�� -�� L[� HS�� .()(LYNPJ� JPYJ\P[Z� TLKPH[L� [OL�

reinforcement-related signals of striatal cholinergic 

interneurons. Nature Neuroscience 15, 123–130 (2011).

B��D� ,SSLUKLY��;��1���/\LY[H�6JHTWV��0���+LPZZLYV[O��2���*HWVNUH��

4�� �)VSHT�� 1�� 7��+PMMLYLU[PHS�TVK\SH[PVU� VM� L_JP[H[VY`� HUK�

inhibitory striatal synaptic transmission by histamine. The 

1V\YUHS�VM�5L\YVZJPLUJL����������¶����������

[69] Carlén, M. et al. A critical role for NMDA receptors in 

parvalbumin interneurons for gamma rhythm induction and 

behavior. Molecular Psychiatry 17, 537–48 (2012).

[70] Brown, M. T. C. et al. Drug-driven AMPA receptor redistribution 

TPTPJRLK�I`�ZLSLJ[P]L�KVWHTPUL�UL\YVU�Z[PT\SH[PVU��736:�

65,����L�������������

B��D� /H\ILUZHR�� >�� L[� HS�� .LUL[PJ� KPZZLJ[PVU� VM� HU� HT`NKHSH�

microcircuit that gates conditioned fear. Nature 468, 270–6 

(2010).

B��D� *HY[LY��4��,��L[�HS��;\UPUN�HYV\ZHS�̂ P[O�VW[VNLUL[PJ�TVK\SH[PVU�

of locus coeruleus neurons. Nature Neuroscience 13, 1526–

33 (2010).

B��D� +VTPUNVZ��(�� 0�� L[� HS�� 3LW[PU� YLN\SH[LZ� [OL� YL^HYK� ]HS\L�VM�

nutrient. Nature Neuroscience 14, 1562–1568 (2011).

B��D� (UPRLL]H�� 7�� L[� HS�� 6W[L[YVKL!� H� T\S[PJOHUULS� YLHKV\[�

for optogenetic control in freely moving mice. Nature 

Neuroscience 15, 163–70 (2012).

B��D� .LL�� :�� L[� HS�� :`UHW[PJ� HJ[P]P[`� \UTHZRZ� KVWHTPUL� +��

YLJLW[VY�TVK\SH[PVU�VM�H�ZWLJPÄJ�JSHZZ�VM� SH`LY�=�W`YHTPKHS�

UL\YVUZ�PU�WYLMYVU[HS�JVY[L_��;OL�1V\YUHS�VM�5L\YVZJPLUJL�����

4959–71 (2012).

B��D� >P[[LU��0��)��L[�HS��*OVSPULYNPJ�PU[LYUL\YVUZ�JVU[YVS� SVJHS�JPYJ\P[�

activity and cocaine conditioning. Science 330, 1677–81 (2010).

B��D� ;HU��2��9��L[�HS��.()(�UL\YVUZ�VM�[OL�=;(�KYP]L�JVUKP[PVULK�

place aversion. Neuron 73, 1173–1183 (2012).

B��D� ;̀ L��2��4��L[�HS��(T`NKHSH�JPYJ\P[Y`�TLKPH[PUN�YL]LYZPISL�HUK�

bidirectional control of anxiety. Nature 471, 358–62 (2011).

B��D� :[\ILY��.��+��L[�HS��,_JP[H[VY`�[YHUZTPZZPVU�MYVT�[OL�HT`NKHSH�

to nucleus accumbens facilitates reward seeking. Nature 

475, 377–380 (2011).

B��D� 6LZ[LYOLS[�� +�� � :[VLJRLUP\Z�� >�� -\UJ[PVUZ� VM� H� UL^�

photoreceptor membrane. Proceedings of the National 

Academy of Sciences 70, 2853–7 (1973).

B��D� 6LZ[LYOLS[��+���:[VLJRLUP\Z��>��9OVKVWZPU�SPRL�WYV[LPU�MYVT�

the purple membrane of Halobacterium halobium. Nature 

New Biology 233, 149–152 (1971).

B��D� 0OHYH�� 2�� L[� HS�� ,]VS\[PVU� VM� [OL� HYJOHLHS� YOVKVWZPUZ!�

evolution rate changes by gene duplication and functional 

KPMMLYLU[PH[PVU�� 1V\YUHS� VM� 4VSLJ\SHY� )PVSVN`� ����� ���¶���

(1999).

[49] Chow, B. Y. et al. High-performance genetically targetable 

optical neural silencing by light-driven proton pumps. Nature 

463, 98–102 (2010).

B��D� (PYHU�� 9�� +��� ;OVTWZVU�� 2�� 9��� -LUUV�� 3�� ,��� )LYUZ[LPU��

/�� � +LPZZLYV[O�� 2�� ;LTWVYHSS`� WYLJPZL� PU� ]P]V� JVU[YVS� VM�

intracellular signalling. Nature 458, 1025–9 (2009).

B��D� -LUUV��3���(PYHU��9���)LYUZ[LPU��/���+LPZZLYV[O��2��6W[PJHS�

control of dopamine receptor signaling. Program Number 

686.7. 2009 Society for Neuroscience Meeting Planner. 

*OPJHNV��03!�:VJPL[`�MVY�5L\YVZJPLUJL������ ���

B��D� 6O�� ,��� 4HLQPTH�� ;��� 3P\�� *��� +LULYPZ�� ,�� � /LYSP[aL�� :��

Substitution of 5-HT1A receptor signaling by a light-activated 

.� WYV[LPU�JV\WSLK� YLJLW[VY�� ;OL� 1V\YUHS� VM� )PVSVNPJHS�

Chemistry 285, 30825–36 (2010).

B��D� 2YH]P[a�� (�� =�� 6^LU�� :�� -�� � 2YLP[aLY�� (�� *�� 6W[VNLUL[PJ�

PKLU[PÄJH[PVU� VM� Z[YPH[HS� WYVQLJ[PVU� UL\YVU� Z\I[`WLZ� K\YPUN�

PU� ]P]V� YLJVYKPUNZ�� )YHPU� 9LZLHYJO� �(K]HUJLK� 6USPUL�

Publication) (2012).

B��D� 3LL�� :�� @��� )LYUK[�� (��� 7LYY �̀� *��� 9HTHRYPZOUHU�� *��

� +LPZZLYV[O�� 2�� 5V]LS� VWZPU� KLZPNU� N\PKLK� I`� [OL�

channelrhodopsin crystal structure. Program No. 208.04. 

2012 Society for Neuroscience Meeting Planner. New 

6YSLHUZ��3(!�:VJPL[`�MVY�5L\YVZJPLUJL���������

B��D� .YHKPUHY\��=��L[�HS��;HYNL[PUN�HUK�YLHKV\[�Z[YH[LNPLZ�MVY�MHZ[�

VW[PJHS� UL\YHS� JVU[YVS� PU� ]P[YV� HUK� PU� ]P]V�� ;OL� 1V\YUHS� VM�

Neuroscience 27, 14231–8 (2007).

B��D� ;¥UULZLU�� 1��� :¥YLUZLU�� (�� ;��� +LPZZLYV[O�� 2��� 3\UKILYN��

*���2VRHPH��4��6W[VNLUL[PJ�JVU[YVS�VM�LWPSLW[PMVYT�HJ[P]P[ �̀�

Proceedings of the National Academy of Sciences 106, 

12162–7 (2009).

B��D� -LYLUJaP�� ,�� � +LPZZLYV[O�� 2�� >OLU� [OL� LSLJ[YPJP[`� �HUK�

the lights) go out: transient changes in excitability. Nature 

Neuroscience 15, 1058–60 (2012).

B��D� 9HPTVUKV��1�=��L[�HS��6W[VNLUL[PJ�ZPSLUJPUN�Z[YH[LNPLZ�KPMMLY�

in their effects on inhibitory synaptic transmission. Nature 

Neuroscience 15,1102-4 (2012).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

��

[93] Saito, T. In vivo electroporation in the embryonic mouse 

central nervous system. Nature Protocols 1, 1552–8 (2006).

B �D� :OHILS��:��1���7YV\S_��*��+���;YPHZ��(���4\YWO �̀�9��;���4HSPUV �̂�

R. Input to the lateral habenula from the basal ganglia is 

excitatory, aversive, and suppressed by serotonin. Neuron 

74, 475–481 (2012).

B �D� :[LMHUPR��4��;��L[�HS��6W[VNLUL[PJ�PUOPIP[PVU�VM�JVJHPUL�ZLLRPUN�

in rats. Addiction Biology 18, 50–3 (2012).

B �D� <NVSPUP��.��(K]HUJLZ�PU�]PYHS�[YHUZUL\YVUHS�[YHJPUN��1V\YUHS�VM�

Neuroscience Methods 194, 2–20 (2010).

B �D� )LPLY�� 2�� ;�� L[� HS�� (U[LYVNYHKL� VY� YL[YVNYHKL� [YHUZZ`UHW[PJ�

labeling of CNS neurons with vesicular stomatitis virus 

vectors. Proceedings of the National Academy of Sciences 

108, 15414–9 (2011).

B �D� 6ZHRHKH�� -�� L[� HS��5L^� YHIPLZ� ]PY\Z� ]HYPHU[Z� MVY�TVUP[VYPUN�

HUK� THUPW\SH[PUN� HJ[P]P[`� HUK� NLUL� L_WYLZZPVU� PU� KLÄULK�

neural circuits. Neuron 71, 617–31 (2011).

B  D� :V\KHPZ�*���:RHUKLY�5����2YLTLY��,��1��3VUN�[LYT� PU�]P]V�

transduction of neurons throughout the rat central nervous 

Z`Z[LT� \ZPUN� UV]LS� OLSWLY�KLWLUKLU[� *(=��� ]LJ[VYZ�� ;OL�

-(:,)�1V\YUHS������ �����������

B���D� )LYUZ[LPU�� 1�� .�� � )V`KLU�� ,�� :�� 6W[VNLUL[PJ� [VVSZ� MVY�

analyzing the neural circuits of behavior. Trends in Cognitive 

Sciences 15, 592–600 (2011).

B���D� 7Ha��1��;��L[�HS��*SVZLK�SVVW�VW[VNLUL[PJ�JVU[YVS�VM�[OHSHT\Z�

as a tool for interrupting seizures after cortical injury. Nature 

Neuroscience 16, 64–70 (2012).

B���D� *SHYR�� 1�� L[� HS��� 1�� *OYVUPJ� TPJYVZLUZVYZ� MVY� SVUNP[\KPUHS��

subsecond dopamine detection in behaving animals. Nature 

Methods 7, 126–129 (2009).

B���D� 1VOU�� *�,�� � 1VULZ�� :�9�� -HZ[� ZJHU� J`JSPJ� ]VS[HTTL[Y`� VM�

dopamine and serotonin in mouse brain slices. In: Michael 

(*�� )VYSHUK� 34�� LKP[VYZ�� ,SLJ[YVJOLTPJHS� 4L[OVKZ� MVY�

5L\YVZJPLUJL�� *OHW[LY� ��� �*9*� 7YLZZ!� )VJH� 9H[VU�� -3��

2007). 

B���D� *HYKPU�� 1�� (�� L[� HS�� ;HYNL[LK� VW[VNLUL[PJ� Z[PT\SH[PVU�

HUK� YLJVYKPUN� VM� UL\YVUZ� PU� ]P]V� \ZPUN� JLSS�[`WL�ZWLJPÄJ�

expression of Channelrhodopsin-2. Nature Protocols 5, 247–

54 (2010).

[105] Becquerel, A. Recherches sur les effets de la radiation 

chimique de la lumière solaire, au moyen des courants 

électriques. CR Acad. Sci  9,145–149 (1839).

[106] Royer, S. et al. Multi-array silicon probes with integrated 

VW[PJHS� ÄILYZ!� SPNO[�HZZPZ[LK� WLY[\YIH[PVU� HUK� YLJVYKPUN� VM�

SVJHS� UL\YHS� JPYJ\P[Z� PU� [OL� ILOH]PUN� HUPTHS�� ;OL� ,\YVWLHU�

1V\YUHS�VM�5L\YVZJPLUJL�������� ¶ ���������

B���D�>HUN�� 1�� L[� HS�� 0U[LNYH[LK� KL]PJL� MVY� JVTIPULK� VW[PJHS�

neuromodulation and electrical recording for chronic in 

]P]V�HWWSPJH[PVUZ��1V\YUHS�VM�5L\YHS�,UNPULLYPUN� ���������

(2012).

[108] Halassa, M. M. et al. Selective optical drive of thalamic 

reticular nucleus generates thalamic bursts and cortical 

spindles. Nature Neuroscience 14, 1118–20 (2011).

B�� D� AOHUN�� 1�� L[� HS�� (� TPJYVLSLJ[YVKL� HYYH`� PUJVYWVYH[PUN� HU�

optical waveguide device for stimulation and spatiotemporal 

[76] Threlfell, S. et al. Striatal dopamine release is triggered by 

synchronized activity in cholinergic interneurons. Neuron 75, 

58–64 (2012).

[77] Chaudhury, D. et al. Rapid regulation of depression-related 

behaviours by control of midbrain dopamine neurons. Nature 

493, 532–536 (2012).

B��D� 3HTTLS�� :�� L[� HS�� 0UW\[�ZWLJPÄJ� JVU[YVS� VM� YL^HYK� HUK�

aversion in the ventral tegmental area. Nature 491, 212–217 

(2012).

B� D� 6SZLU�� :�� 9��� )VY[VUL�� +�� :��� (KLZUPR�� /�� � :JHUaPHUP��4��

.HPU�JVU[YVS�I`�SH`LY�ZP_� PU�JVY[PJHS�JPYJ\P[Z�VM�]PZPVU��5H[\YL�

483, 47–52 (2012).

B��D� 3L[aR\Z��1��1��L[�HS��(�KPZPUOPIP[VY`�TPJYVJPYJ\P[�MVY�HZZVJPH[P]L�

fear learning in the auditory cortex. Nature 480, 331–5 (2011).

B��D� :HUQHUH�� 5�� ,�� L[� HS�� (� [YHUZJYPW[PVU� HJ[P]H[VY�SPRL� LMMLJ[VY�

toolbox for genome engineering. Nature Protocols 7, 171–92 

(2012).

B��D� AOHUN�� -��� *VUN�� 3��� 3VKH[V�� :�� � 2VZ\YP�� :�� ,MÄJPLU[�

JVUZ[Y\J[PVU� VM� ZLX\LUJL�ZWLJPÄJ� ;(3� LMMLJ[VYZ� MVY�

modulating mammalian transcription. Nature Biotechnology 

29, 149–154 (2011).

B��D� )YPNNZ�� (�� >�� L[� HS�� 0[LYH[P]L� JHWWLK� HZZLTIS`!� YHWPK� HUK�

ZJHSHISL� Z`U[OLZPZ� VM� YLWLH[�TVK\SL� +5(� Z\JO� HZ� ;(3�

effectors from individual monomers. Nucleic Acids Research 

40, e117 (2012).

B��D� *VUN�� 3��� AOV\�� 9��� 2\V�� @�� *��� *\UUPMM�� 4�� � AOHUN�� -��

*VTWYLOLUZP]L� PU[LYYVNH[PVU� VM� UH[\YHS� ;(3,� +5(�IPUKPUN�

modules and transcriptional repressor domains. Nature 

Communications 3, 968 (2012).

B��D� -VSL �̀� 1��,�� L[� HS��9HWPK�T\[H[PVU�VM� LUKVNLUV\Z� aLIYHÄZO�

NLULZ� \ZPUN� aPUJ� ÄUNLY� U\JSLHZLZ� THKL� I`� 6SPNVTLYPaLK�

7VVS�,5NPULLYPUN��67,5���736:�65,����L��������� ��

B��D� :HUKLY�� 1�� +��� 4HLKLY�� 4�� 3�� � 1V\UN�� 1�� 2�� ,UNPULLYPUN�

KLZPNULY� U\JSLHZLZ�^P[O� J\Z[VTPaLK� JSLH]HNL� ZWLJPÄJP[PLZ��

Current Protocols in Molecular Biology Chapter 12, 12.13.1–

12.13.16 (2011).

B��D� 9HOTHU��:��/���4HLKLY��4��3��� 1V\UN�� 1��2���*H[OVTLU��

;��APUJ�ÄUNLY�U\JSLHZLZ�MVY�ZVTH[PJ�NLUL�[OLYHW`!� [OL�UL_[�

MYVU[PLY��/\THU�.LUL�;OLYHW`����� ��¶����������

[88] Ramon y Cajal, S. Comparative study of the sensory areas 

VM� [OL� O\THU� JVY[L_�� ���  ��� O[[W!��IVVRZ�NVVNSL�JVT�

IVVRZ&PK$�+]�a>N� [Z*�

B� D� /\ILS�� +�� /�� �>PLZLS�� ;�� 5�� <UPMVYTP[`� VM� TVURL`� Z[YPH[L�

JVY[L_!�H�WHYHSSLS�YLSH[PVUZOPW�IL[^LLU�ÄLSK�ZPaL��ZJH[[LY��HUK�

THNUPÄJH[PVU�MHJ[VY��;OL�1V\YUHS�VM�*VTWHYH[P]L�5L\YVSVN`�

158, 295–305 (1974).

B �D� :aLU[HNV[OHP��1��;OL�UL\YVU�UL[^VYR�VM�[OL�JLYLIYHS�JVY[L_!�

a functional interpretation. Proceedings of the Royal Society 

VM�3VUKVU��:LYPLZ�)�������� ¶������ ����

B �D� +V\NSHZ�� 9�� 1��� 4HY[PU�� 2�� � >OP[[LYPKNL�� +�� (� JHUVUPJHS�

microcircuit for neocortex. Neural Computation 1, 480–488 

(1989).

B �D� )HZ[VZ��(���<ZYL �̀�>���(KHTZ��9���4HUN\U��.��*HUVUPJHS�

microcircuits for predictive coding. Neuron 76, 695–711 

(2012).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



K. Zalocusky, K. Deisseroth

��

B���D� /VYPRH^H��2��L[�HS��:WVU[HULV\Z�UL[^VYR�HJ[P]P[`�]PZ\HSPaLK�

by ultrasensitive Ca(2+) indicators, yellow Cameleon-Nano. 

Nature Methods 7, 729–32 (2010).

B���D� (RLYIVVT��1��L[�HS��6W[PTPaH[PVU�VM�H�.*H47�JHSJP\T�PUKPJH[VY�

MVY�UL\YHS�HJ[P]P[`�PTHNPUN��;OL�1V\YUHS�VM�5L\YVZJPLUJL�����

13819–13840 (2012).

[127] Prakash, R. et al. Two-photon optogenetic toolbox for 

fast inhibition, excitation and bistable modulation. Nature 

Methods 9, 1171–9 (2012).

[128] Packer, A. M. et al. Two-photon optogenetics of dendritic 

spines and neural circuits. Nature Methods 9, 1202–5 (2012).

B�� D� -PIPNLY��/���3L7PHUL��-��;OL�YVSL�VM�KVWHTPUL�PU�PU[YHJYHUPHS�

ZLSM�Z[PT\SH[PVU�VM�[OL�]LU[YHS�[LNTLU[HS�HYLH��;OL�1V\YUHS�VM�

Neuroscience 7, 3888–96 (1987).

B���D� .LYTHU��+�� �)V^KLU��+��*H[LJOVSHTPUL� Z`Z[LTZ� HZ� [OL�

neural substrate for intracranial self-stimulation: a hypothesis. 

Brain Research 73, 381–419 (1974).

B���D� /PZ[LK��4�� /��� )VUPU�� =�� � 9LPK�� 9�� *�� +PYLJ[� HJ[P]H[PVU� VM�

sparse, distributed populations of cortical neurons by 

electrical microstimulation. Neuron 63, 508–522 (2009).

B���D� 3VNV[OL[PZ��5��2��L[�HS��;OL�LMMLJ[Z�VM�LSLJ[YPJHS�TPJYVZ[PT\SH[PVU�

on cortical signal propagation. Nature Neuroscience 13, 

1283–91 (2010).

B���D� >PZL�� 9�� (�� � 9VTWYL�� 7�� 7�� )YHPU� KVWHTPUL� HUK� YL^HYK��

Annual Review of Psychology 40, 191–225 (1989).

B���D� 4PYLUV^PJa��1���:JO\S[a��>��7YLMLYLU[PHS�HJ[P]H[PVU�VM�TPKIYHPU�

dopamine neurons by appetative rather than aversive stimuli. 

Nature 379, 449–451 (1996).

B���D� -PVYPSSV��*��+���5L^ZVTL��>��;���:JO\S[a��>��;OL�[LTWVYHS�

precision of reward prediction in dopamine neurons. Nature 

Neuroscience 11, 966–973 (2008).

B���D� :JO\S[a��>��7YLKPJ[P]L� YL^HYK� ZPNUHS� VM� KVWHTPUL�UL\YVUZ��

1V\YUHS�VM�5L\YVWO`ZPVSVN`������¶�����  ���

B���D� ;VISLY��7��5���-PVYPSSV��*��+���:JO\S[a��>��(KHW[P]L�JVKPUN�VM�

reward value by dopamine neurons. Science 307, 1642–5 

(2005).

B���D� :JO\S[a�� >�� .L[[PUN� MVYTHS� ^P[O� KVWHTPUL� HUK� YL^HYK��

Neuron 36, 241–63 (2002).

B�� D� :JO\S[a��>���+H`HU��7���4VU[HN\L��7��9��(�UL\YHS�Z\IZ[YH[L�

of prediction and reward. Science 275, 1593–1599 (1997).

B���D� :JO\S[a�� >��� (WPJLSSH�� 7�� � 3Q\UNILYN�� ;�� 9LZWVUZLZ� VM�

monkey dopamine neurons to reward and conditioned stimuli 

during successive steps of learning a delayed response task. 

;OL�1V\YUHS�VM�5L\YVZJPLUJL����� ��¶�����  ���

B���D� :\[[VU�� 9�� � )HY[V�� (�� 9LPUMVYJLTLU[� 3LHYUPUN!� (U�

Introduction. (The MIT Press: Cambridge, MA, 1998).

B���D� :[LPUILYN� ,�� ,�� L[� HS�� 6W[VNLUL[PJZ� PU� [YHUZNLUPJ� YH[Z!�

LZ[HISPZOPUN� JH\ZHS� YVSLZ� MVY� =;(� KVWHTPUL� UL\YVUZ� PU�

learned appetitive behaviors. Submitted (2013).

B���D� 2H\LY��1���4HSLURH��9��*��:`UHW[PJ�WSHZ[PJP[`�HUK�HKKPJ[PVU��

Nature Reviews Neuroscience 8, 844–58 (2007).

B���D� *HYKPUHS�� 9�� 5��� 7LUUPJV[[�� +�� 9��� :\NH[OHWHSH�� *�� 3���

9VIIPUZ��;��>���,]LYP[[��)��1�� 0TW\SZP]L�JOVPJL� PUK\JLK� PU�

rats by lesions of the nucleus accumbens core. Science 292, 

2499–501 (2001).

electrical recording of neural activity. Annual International 

*VUMLYLUJL�VM�[OL�0,,,�,UNPULLYPUN�PU�4LKPJPUL�HUK�)PVSVN`�

Society 2009, 2046–9 (2009).

B���D� *VOLU��1��@���/HLZSLY��:���=VUN��3���3V^LSS��)��)���<JOPKH��5��

5L\YVU�[`WL�ZWLJPÄJ� ZPNUHSZ� MVY� YL^HYK� HUK�W\UPZOTLU[� PU�

the ventral tegmental area. Nature 482, 85–88 (2012).

B���D� 3HTTLS��:���0VU��+��0���9VLWLY��1���4HSLURH��9��*��7YVQLJ[PVU�

ZWLJPÄJ� TVK\SH[PVU� VM� KVWHTPUL� UL\YVU� Z`UHWZLZ� I`�

aversive and rewarding stimuli. Neuron 70, 855–862 (2011).

B���D� 3HTTLS�� :�� L[� HS�� <UPX\L� WYVWLY[PLZ� VM� TLZVWYLMYVU[HS�

neurons within a dual mesocorticolimbic dopamine system. 

Neuron 57, 760–73 (2008).

B���D�.\UH`KPU�� 3�� L[� HS�� )PKPYLJ[PVUHS� TVK\SH[PVU� VM� ZVJPHS�

behavior by optogenetic tuning of mesolimbic dopamine 

circuitry. Program No. 306.05. 2011 Society for 

5L\YVZJPLUJL�4LL[PUN� 7SHUULY��>HZOPUN[VU�+�*�!� :VJPL[`�

for Neuroscience. (2011).

B���D� 2PT��:��L[�HS��6W[VNLUL[PJ�KPZZLJ[PVU�VM� [OL� M\UJ[PVU�VM� [OL�

amygdala-BNST circuitry in anxiety. Program No. 208.06. 

2012 Society for Neuroscience Meeting Planner. New 

6YSLHUZ��3(!�:VJPL[`�MVY�5L\YVZJPLUJL���������

B���D� 2LTLYL��*��L[�HS��,UJVKPUN�[V�JVUZVSPKH[PVU!�HU�VW[VNLUL[PJ�

probe reveals continuous modulation of hippocampal 

information processing by behavioral state. Program No. 

100.8. 2010 Society for Neuroscience Meeting Planner. San 

Diego, CA: Society for Neuroscience. (2010). 

B���D� :TP[O�� 2��� =PYR\K�� (��� +LPZZLYV[O�� 2�� � .YH`IPLS�� (�� 4��

Reversible online control of habitual behavior by optogenetic 

perturbation of medial prefrontal cortex. PNAS 109, 18932–7 

(2012).

B���D� 3LVWVSK��+��(�� M490�\UKLY� [OL�ZWV[SPNO[��5H[\YL���������¶

701 (2010).

B���D� 2HOU��0��L[�HS��*OHYHJ[LYPaH[PVU�VM�[OL�M\UJ[PVUHS�490�YLZWVUZL�

temporal linearity via optical control of neocortical pyramidal 

UL\YVUZ��;OL�1V\YUHS�VM�5L\YVZJPLUJL����������¶ ���������

[119] Desai, M. et al. Mapping brain networks in awake mice 

\ZPUN�JVTIPULK�VW[PJHS�UL\YHS�JVU[YVS�HUK� M490��1V\YUHS�VM�

Neurophysiology 105, 1393–405 (2011).

B���D� -LYLUJaP��,��(���.SV]LY��.���+LPZZLYV[O��2��VM490�YLÄULTLU[!�

OPNO� YLZVS\[PVU� )63+� M490� PU� JVTIPUH[PVU� ^P[O� Z[HISL�

optogenetic stimulation for characterization of neural circuits 

in awake rodents. Program No. 208.03. 2012 Society for 

5L\YVZJPLUJL�4LL[PUN�7SHUULY��5L^�6YSLHUZ��3(!�:VJPL[`�MVY�

Neuroscience. (2012).

B���D� AOHUN��-��L[�HS��4\S[PTVKHS�MHZ[�VW[PJHS�PU[LYYVNH[PVU�VM�UL\YHS�

circuitry. Nature 446, 633–9 (2007).

B���D� AOHUN��@���6LY[ULY��;��6W[PJHS�PUK\J[PVU�VM�Z`UHW[PJ�WSHZ[PJP[`�

using a light-sensitive channel. Nature Methods 4, 139–141 

(2006).

B���D�(PYHU�� 9��� 4LS[aLY�� 3��� 9V �̀� 4�� � .VUN�� @�� /PNO�ZWLLK�

imaging reveals neurophysiological links to behavior in 

an animal model of depression. Science 317, 819–823 

(2007).

B���D� AOHV��@���(YHRP��:���>\��1��(U�L_WHUKLK�WHSL[[L�VM�NLUL[PJHSS`�

encoded Ca2+ indicators. Science 557, 1888–1891 (2011).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

��

B���D� )Y\JL�� *�� � .VSKILYN�� 4�� 7YPTH[L� -YVU[HS� ,`L� -PLSKZ�� 00��

Physiological and anatomical correlates of electrically evoked 

L`L�TV]LTLU[Z�� 1V\YUHS� VM� 5L\YVWO`ZPVSVN`� ���� ���¶����

(1985).

B���D� )Y\JL�� *�� � .VSKILYN�� 4�� 7YPTH[L� MYVU[HS� L`L� ÄLSKZ�� 0��

:PUNSL� UL\YVUZ� KPZJOHYNPUN� ILMVYL� ZHJJHKLZ�� 1V\YUHS� VM�

Neurophysiology 53, 603–635 (1985).

[162] Ferrier, D. The Croonian lectures on cerebral localisation. 

)YP[PZO�4LKPJHS�1V\YUHS������¶������ ���

B���D� )PHUJOP��3��;OL�M\UJ[PVUZ�VM�[OL�MYVU[HS�SVILZ��)YHPU������ �¶

522 (1895).

B���D� :JOHSS�� 1�� =PZ\VTV[VY� HYLHZ� VM� [OL� MYVU[HS� SVIL�� *LYLIYHS�

cortex 12, 527–638 (1997).

B���D� ;LOV]UPR��,��1���:VTTLY��4��(���*OV\��0��/���:SVJ\T��>��4���

:JOPSSLY��7��/��,`L�ÄLSKZ�PU�[OL�MYVU[HS�SVILZ�VM�WYPTH[LZ��)YHPU�

Research Reviews 32, 413–48 (2000).

B���D� 4VVYL�� ;�� � -HSSHO�� 4�� 4PJYVZ[PT\SH[PVU� VM� [OL� MYVU[HS� L`L�

ÄLSK� HUK� P[Z� LMMLJ[Z� VU� JV]LY[� ZWH[PHS� H[[LU[PVU�� 1V\YUHS� VM�

Neurophysiology 91, 152–62 (2004).

B���D� 4VVYL��;���-HSSHO��4��*VU[YVS�VM�L`L�TV]LTLU[Z�HUK�ZWH[PHS�

attention. Proceedings of the National Academy of Sciences 

98, 1273–6 (2001).

B���D� 4VVYL�� ;�� � (YTZ[YVUN�� 2�� 4�� :LSLJ[P]L� NH[PUN� VM� ]PZ\HS�

signals by microstimulation of frontal cortex. Nature 421, 

370–373 (2003).

B�� D� 3LVUHYK��*��;OL�WYLMYVU[HS�JVY[L_�VM�[OL�YH[��)YHPU�9LZLHYJO�

12, 321–343 (1969).

B���D� 9LLW��9��3��(MMLYLU[�JVUULJ[PVUZ�VM�TLKPHS�WYLJLU[YHS�JVY[L_�

PU�[OL�YH[��5L\YVZJPLUJL�3L[[LYZ��� �����¶������ ����

B���D�9LLW�� 9�� 3��� *VY^PU�� 1�� =�� /HZOPTV[V�� (�� � >H[ZVU�� 9��

;�� ,MMLYLU[� JVUULJ[PVUZ� VM� [OL� YVZ[YHS� WVY[PVU� VM� TLKPHS�

agranular cortex in rats. Brain Research Bulletin 19, 203–21 

(1987).

B���D� :[\LZZL�� :�� � 5L^THU�� +�� 7YVQLJ[PVUZ� MYVT� [OL� TLKPHS�

agranular cortex to brain stem visuomotor centers in rats. 

,_WLYPTLU[HS�)YHPU�9LZLHYJO��������¶������  ���

B���D� *V^L �̀�(���)VaLR��;��*VU[YHSH[LYHS�¸ULNSLJ[¹�HM[LY�\UPSH[LYHS�

dorsomedial prefrontal lesions in rats. Brain Research 72, 

53–63 (1974).

B���D� *YV^UL��+���7H[OYPH��4��:VTL�H[[LU[PVUHS�LMMLJ[Z�VM�\UPSH[LYHS�

frontal lesions in the rat. Behavioural Brain Research 6, 25–

39 (1982).

B���D� *YV^UL��+��7���9PJOHYKZVU��*��4���+H^ZVU��2��(��7HYPL[HS�

HUK� MYVU[HS� L`L� ÄLSK� ULNSLJ[� PU� [OL� YH[�� )LOH]PV\YHS� )YHPU�

Research 22, 227–31 (1986).

B���D� :PUUHTVU�� /��4�� �.HSLY�� )�� :�� /LHK�TV]LTLU[Z� LSPJP[LK�

by electrical stimulation of the anteromedial cortex of the rat. 

7O`ZPVSVN`��)LOH]PVY��������¶ ���� ����

B���D�2VWLJ��*���)Y\U[VU��)��� AHSVJ\ZR �̀�2��(���+LPZZLYV[O��

2���)YVK �̀�*��0U]LZ[PNH[PUN�[OL�[PTPUN�VM�MYVU[HS�JVY[L_�

involvement in short-term memory and decision making 

using halorhodopsin electrophysiology. Program 

No. 599.18. 2012 Society for Neuroscience Meeting 

7SHUULY�� 5L^� 6YSLHUZ�� 3(!� :VJPL[`� MVY� 5L\YVZJPLUJL��

(2012).

B���D� 5PJVSH��:��4���:\YTLPLY��1���4HSLURH��9��*��+VWHTPULYNPJ�

modulation of neuronal excitability in the striatum and nucleus 

accumbens. Annual Review of Neuroscience 23, 185–215 

(2000).

B���D� +HSSL �̀� 1�� >�� L[� HS�� 5\JSL\Z� HJJ\TILUZ� +���� YLJLW[VYZ�

predict trait impulsivity and cocaine reinforcement. Science 

315, 1267–70 (2007).

B���D� (KYPHUP�� >�� L[� HS�� 0UJYLHZLK� PTW\SZP]L� ILOH]PVY� HUK�

risk proneness following lentivirus-mediated dopamine 

transporter over-expression in rats’ nucleus accumbens. 

Neuroscience 159, 47–58 (2009).

B���D� 3P\�� 2�� � :[LRL[LL�� 1�� +�� 9LWLH[LK� L_WVZ\YL� [V� JVJHPUL�

alters medial prefrontal cortex dopamine D2-like receptor 

modulation of glutamate and dopamine neurotransmission 

^P[OPU� [OL� TLZVJVY[PJVSPTIPJ� Z`Z[LT�� 1V\YUHS� VM�

Neurochemistry 119, 332–341 (2011).

B�� D� :JOVLUIH\T�� .��� 9VLZJO�� 4�� 9�� � :[HSUHRLY�� ;�� (��

6YIP[VMYVU[HS� JVY[L_�� KLJPZPVU�THRPUN� HUK� KY\N� HKKPJ[PVU��

Trends in neurosciences 29, 116–24 (2006).

B���D� 2HSP]HZ�� 7�� >��� =VSRV �̂� 5�� � :LHTHUZ�� 1�� <UTHUHNLHISL�

motivation in addiction: a pathology in prefrontal-accumbens 

glutamate transmission. Neuron 45, 647–50 (2005).

B���D� .VSKZ[LPU��9��A���=VSRV �̂�5��+��+`ZM\UJ[PVU�VM�[OL�WYLMYVU[HS�

JVY[L_� PU� HKKPJ[PVU!� UL\YVPTHNPUN� ÄUKPUNZ� HUK� JSPUPJHS�

implications. Nature Reviews Neuroscience 12, 652–69 

(2011).

B���D� 3LJV\Y[PLY�� 3�� � 2LSS �̀� 7�� /�� (� JVUK\J[VY� OPKKLU� PU� [OL�

orchestra? Role of the habenular complex in monoamine 

transmission and cognition. Neuroscience and Biobehavioral 

Reviews 31, 658–72 (2007).

B���D� 4H[Z\TV[V��4���/PRVZHRH��6��3H[LYHS�OHILU\SH�HZ�H�ZV\YJL�

of negative reward signals in dopamine neurons. Nature 447, 

1111–1115 (2007).

B���D� 3P��)��L[�HS��:`UHW[PJ�WV[LU[PH[PVU�VU[V�OHILU\SH�UL\YVUZ� PU�

the learned helplessness model of depression. Nature 470, 

535–9 (2011).

[155] Sartorius, A. et al. Remission of major depression under 

deep brain stimulation of the lateral habenula in a therapy-

refractory patient. Biological Psychiatry 67, e9–e11 (2010).

B���D� /VUN��:���1OV\��;��*���:TP[O��4���:HSLLT��2��:���/PRVZHRH��

6�� 5LNH[P]L� YL^HYK� ZPNUHSZ� MYVT� [OL� SH[LYHS� OHILU\SH� [V�

dopamine neurons are mediated by the rostromedial 

[LNTLU[HS�U\JSL\Z�PU�WYPTH[LZ��1V\YUHS�VM�5L\YVZJPLUJL�����

11457–11471 (2011).

B���D� 1OV\�� ;�� *��� -PLSKZ�� /�� 3��� )H_[LY�� 4�� .��� :HWLY�� *�� )�� �

Holland, P. C. The rostromedial tegmental nucleus (RMTg), a 

.()(LYNPJ�HMMLYLU[�[V�TPKIYHPU�KVWHTPUL�UL\YVUZ��LUJVKLZ�

aversive stimuli and inhibits motor responses. Neuron 61, 

786–800 (2009).

B���D� /VUN��:���/PRVZHRH��6��;OL�NSVI\Z�WHSSPK\Z�ZLUKZ�YL^HYK�

related signals to the lateral habenula. Neuron 60, 720–9 

(2008).

B�� D� +H �̂�5�+���2HRHKL��:����+H`HU��7��6WWVULU[� PU[LYHJ[PVUZ�

between serotonin and dopamine. Neural Networks 15, 603-

16 (2002).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



K. Zalocusky, K. Deisseroth

��

B� �D� .YLLUILYN��)��+��L[�HS��+LLW�IYHPU�Z[PT\SH[PVU�VM�[OL�]LU[YHS�

PU[LYUHS� JHWZ\SL�� ]LU[YHS� Z[YPH[\T� MVY� VIZLZZP]L�JVTW\SZP]L�

disorder: worldwide experience. Molecular Psychiatry 15, 

64–79 (2010).

B� �D� .YLLUILYN�� )�� +�� L[� HS�� ;OYLL�`LHY� V\[JVTLZ� PU� KLLW�

brain stimulation for highly resistant obsessive-compulsive 

disorder. Neuropsychopharmacology 31, 2384–93 (2006).

B� �D� (ILSZVU�� 1�� 3�� L[� HS�� +LLW� IYHPU� Z[PT\SH[PVU� MVY� YLMYHJ[VY`�

obsessive-compulsive disorder. Biological Psychiatry 57, 

510–6 (2005).

[198] Mayberg, H. S. et al. Deep brain stimulation for treatment-

resistant depression. Neuron 45, 651–60 (2005).

B�  D� /VS[aOLPTLY�� 7�� � 2LSSL �̀� 4�� :\IJHSSVZHS� JPUN\SH[L� KLLW�

brain stimulation for treatment-resistant unipolar and bipolar 

KLWYLZZPVU�� (YJOP]LZ� VM� .LULYHS� 7Z`JOPH[Y`� � �� ���¶����

(2012).

B���D� )L^LYUPJR��)��/���2H`ZLY��:���:[\YT��=���:JOSHLWMLY��;��,��3VUN�

term effects of nucleus accumbens deep brain stimulation in 

[YLH[TLU[�YLZPZ[HU[�KLWYLZZPVU!�L]PKLUJL�MVY�Z\Z[HPULK�LMÄJHJ �̀�

Neuropsychopharmacology 37, 1975–85 (2012).

B���D� :O\STHU�� 3�� 4��� ;HIHJR�� 9�� 3��� )LHU�� 1�� � >LPULY�� >�� 1��

Comorbidity of the nonmotor symptoms of Parkinson’s 

disease. Movement Disorders 16, 507–510 (2001).

B���D� 3P��8��L[�HS��;OLYHWL\[PJ�KLLW�IYHPU�Z[PT\SH[PVU�PU�WHYRPUZVUPHU�

YH[Z�KPYLJ[S`�PUÅ\LUJLZ�TV[VY�JVY[L_��5L\YVU���������¶�����

(2012).

B���D� (UULNLYZ�� 1�� -���/H\ZLY��>��(��� 3LL�� 1��9���9VJJH��>��(��

Incidence of acute symptomatic seizures in Rochester, 

4PUULZV[H��� ���� ����,WPSLWZPH��������¶�����  ���

B���D� )\YU�� 1�� L[� HS�� ,WPSLW[PJ� ZLPa\YLZ� HM[LY� H� ÄYZ[� Z[YVRL!� [OL�

6_MVYKZOPYL� *VTT\UP[`� :[YVRL� 7YVQLJ[�� )41� �*SPUPJHS�

research ed.) 315, 1582–7 (1997).

B���D� +L[YL��1��(���(SZVW��+��*���(N\PYYL��.��2���:WLYSPUN��4��9��

Coupling of cortical and thalamic ictal activity in human partial 

epilepsy: demonstration by functional magnetic resonance 

PTHNPUN��,WPSLWZPH��������¶�����  ���

B���D� 4VUKYHNVU�� :�� � 3HTHYJOL�� 4�� :\WWYLZZPVU� VM� TV[VY�

ZLPa\YLZ� HM[LY� ZWLJPÄJ� [OHSHTV[VT`� PU� JOYVUPJ� LWPSLW[PJ�

TVURL`Z��,WPSLWZ`�9LZLHYJO�������¶�����  ���

B���D� >`RLZ�� 9�� *�� L[� HS�� 6W[VNLUL[PJ� HUK� WV[HZZP\T� JOHUULS�

gene therapy in a rodent model of focal neocortical epilepsy. 

Science Translational Medicine 4, 161 (2012).

B���D� *VJRLYLSS��6��*���9V[O^LSS�� 1��� ;OVTWZVU��7��+���4HYZKLU��

*�� +�� � :OVY]VU�� :�� +�� *SPUPJHS� HUK� WO`ZPVSVNPJHS� MLH[\YLZ�

VM�LWPSLWZPH�WHY[PHSPZ�JVU[PU\H��*HZLZ�HZJLY[HPULK�PU�[OL�<2��

Brain 119, 393–407 (1996).

B�� D� @PU��/��/���2UV^S[VU��)�� 1�� ;OL� YVSL� VM� [OL�IHZHS� NHUNSPH�

in habit formation. Nature Reviews Neuroscience 7, 464–76 

(2006).

B���D� ,]LYP[[��)��1���9VIIPUZ��;��>��5L\YHS�Z`Z[LTZ�VM�YLPUMVYJLTLU[�

for drug addiction: from actions to habits to compulsion. 

Nature Neuroscience 8, 1481–9 (2005).

B���D� ;YPJVTP��,���)HSSLPUL��)��>���6»+VOLY[ �̀�1��7��(�ZWLJPÄJ�YVSL�

for posterior dorsolateral striatum in human habit learning. 

;OL�,\YVWLHU�1V\YUHS�VM�5L\YVZJPLUJL�� ������¶������� ��

B���D� )\aZmRP��.���/VY]m[O��A���<YPVZ[L��9���/L[RL�� 1���>PZL��2��

High-frequency network oscillation in the hippocampus. 

Science 256, 1025–7 (1992).

B�� D�+H]PKZVU�� ;�� 1��� 2SVVZ[LYTHU�� -�� � >PSZVU�� 4�� (��

Hippocampal replay of extended experience. Neuron 63, 

497–507 (2009).

B���D�:HSaTHU��*��+���)YP[[LU��2��/���5L^ZVTL��>��;��*VY[PJHS�

TPJYVZ[PT\SH[PVU� PUÅ\LUJLZ� WLYJLW[\HS� Q\KNLTLU[Z� VM�

motion direction. Nature 346, 174–177 (1990).

B���D� :OHKSLU��4���5L^ZVTL��>��5L\YHS�)HZPZ�VM�H�7LYJLW[\HS�

+LJPZPVU� PU� [OL� 7HYPL[HS� *VY[L_� �� (YLH� 307� �� VM� [OL� 9OLZ\Z�

4VURL �̀�1V\YUHS�VM�5L\YVWO`ZPVSVN`������ ��¶� ����������

B���D� AUHTLUZRP �̀� 7��� ?PVUN�� 8�� � AHKVY�� (�� (\KP[VY`� KLJPZPVUZ�

controlled by optogenetic manipulation of corticostriatal 

projections. Program No. 699.21. 2012 Society for 

5L\YVZJPLUJL�4LL[PUN�7SHUULY��5L^�6YSLHUZ��3(!�:VJPL[`�MVY�

Neuroscience. (2012).

B���D� -YP[ZJO��.�� �/P[aPN�� ,��<LILY� KPL� LSLR[YPZJOL� ,YYLNIHYRLP[�

KLZ� .YVZZOPYUZ�� (YJO� (UH[� 7O`ZPVS� >PZZLU� ���� �������

(1870).

B���D� )HY[OVSV �̂�9��,_WLYPTLU[HS� PU]LZ[PNH[PVUZ�PU[V�[OL�M\UJ[PVUZ�

VM� [OL� O\THU� IYHPU�� ;OL� (TLYPJHU� 1V\YUHS� VM� [OL�4LKPJHS�

:JPLUJLZ�*???0=�����¶�����������

B���D� .PSKLUILYN��7��3��,]VS\[PVU�VM�UL\YVTVK\SH[PVU��:[LYLV[HJ[PJ�

and Functional Neurosurgery 83, 71–9 (2005).

B���D� =LYJ\LPS�� 3��� 2YHJR�� 7�� � 7VSSHR�� 7�� 9LZ\S[Z� VM� KLLW� IYHPU�

stimulation for dystonia: a critical reappraisal. Movement 

Disorders 17, S89–S93 (2002).

B���D� 2VSSLY��>�� *��� 3`VUZ�� 2�� ,���>PSRPUZVU�� :�� )��� ;YVZ[LY�� (�� 0��

� 7HO^H�� 9�� 3VUN�[LYT� ZHML[`� HUK� LMÄJHJ`� VM� \UPSH[LYHS�

deep brain stimulation of the thalamus in essential tremor. 

Movement disorders 16, 464–8 (2001).

B���D� 6UKV�� >��� 1HURV]PJ�� 1��� :JO^HY[a�� 2��� (STHN\LY�� 4�� �

:PTWZVU��9��2��<UPSH[LYHS�[OHSHTPJ�KLLW�IYHPU�Z[PT\SH[PVU�MVY�

refractory essential tremor and Parkinson’s disease tremor. 

Neurology 51, 1063–1069 (1998).

B�� D� 7HWH]HZZPSPV\�� ,�� L[� HS�� ;OHSHTPJ� KLLW� IYHPU� Z[PT\SH[PVU�

for essential tremor: relation of lead location to outcome. 

Neurosurgery 54, 1120–1130 (2004).

B� �D� /\Y�� 2�� L[� HS�� 7HSSPKHS� ]LYZ\Z� Z\I[OHSHTPJ� KLLW�IYHPU�

Z[PT\SH[PVU� MVY� 7HYRPUZVU»Z� KPZLHZL�� ;OL� 5L^� ,UNSHUK�

1V\YUHS�VM�4LKPJPUL����������¶�� ���������

B� �D� >LH]LY�� -�� 4�� L[� HS�� )PSH[LYHS� +LLW� )YHPU� :[PT\SH[PVU� ]Z�

best medical therapy for patients with advanced Parkinson 

KPZLHZL!� H� YHUKVTPaLK� JVU[YVSSLK� [YPHS�� 1(4(� ����� ��¶���

(2009).

B� �D� )�[aLS��2��L[�HS��(�YHUKVTPaLK�[YPHS�VM�KLLW�IYHPU�Z[PT\SH[PVU�

MVY� 7HYRPUZVU»Z� KPZLHZL�� ;OL� 5L^� ,UNSHUK� 1V\YUHS� VM�

Medicine 355, 896–908 (2006).

B� �D� 2\THY��2���;V[O��*���5H[O��9��2��+LLW�IYHPU�Z[PT\SH[PVU�MVY�

intractable pain: a 15-year experience. Neurosurgery 40, 

736–46 (1997).

B� �D� /HUKMVY[O�� (�� L[� HS�� =HN\Z� ULY]L� Z[PT\SH[PVU� [OLYHW`� MVY�

partial-onset seizures. A randomized active-control trial. 

Neurology 51, 48–55 (1998).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM



6W[VNLUL[PJZ�PU�[OL�ILOH]PUN�YH[!�PU[LNYH[PVU�VM�
KP]LYZL�UL^�[LJOUVSVNPLZ�PU�H�]P[HS�HUPTHS�TVKLS

��

B���D�=LY[LZ�� 9�� 7�� +PMMLYLU[PHS� WYVQLJ[PVUZ� VM� [OL� PUMYHSPTIPJ�

and prelimbic cortex in the rat. Synapse 51, 32–58 

(2004).

B���D�3VKNL�� +�� 1�� ;OL� TLKPHS� WYLMYVU[HS� HUK� VYIP[VMYVU[HS�

cortices differentially regulate dopamine system function. 

Neuropsychopharmacology 36, 1227–1236 (2011).

B�� D�:V\YHUP�� +��� ,P[HU�� 9��� .VYKVU�� 5�� � .VLSTHU�� .�� ;OL�

habenula couples the dopaminergic and the serotonergic 

systems: application to depression in Parkinson’s 

KPZLHZL��,\YVWLHU�1V\YUHS�VM�5L\YVZJPLUJL���������¶ �

(2012).

B���D� ;̀ L�� 2�4�� � +LPZZLYV[O�� 2�� 6W[VNLUL[PJ� PU]LZ[PNH[PVU� VM�

neural circuits underlying brain disease in animal models. 

Nature Reviews Neuroscience 13, 251-66 (2012). 

B���D� 2PSSJYVZZ�� :�� � *V\[\YLH\�� ,�� *VVYKPUH[PVU� VM� HJ[PVUZ� HUK�

habits in the medial prefrontal cortex of rats. Cerebral Cortex 

13, 400–8 (2003).

B���D� *V\[\YLH\��,���2PSSJYVZZ��:��0UHJ[P]H[PVU�VM�[OL�PUMYHSPTIPJ�WYLMYVU[HS�

cortex reinstates goal-directed responding in overtrained rats. 

Behavioural Brain Research 146, 167–174 (2003).

B���D� 2LZZSLY��9���)LYNS\UK��7���+LTSLY��6��;OL�LWPKLTPVSVN`�VM�

THQVY�KLWYLZZP]L�KPZVYKLY��1(4(��� ���� �¶������������

B���D� 2LZZSLY��9���*OP\��>��7YL]HSLUJL��ZL]LYP[ �̀�HUK�JVTVYIPKP[`�VM�

���TVU[O�+:4�0=�KPZVYKLYZ�PU�[OL�UH[PVUHS�JVTVYIPKP[`�Z\Y]L`�

YLWSPJH[PVU��(YJOP]LZ�VM�.LULYHS�7Z`JOPH[Y`��������¶�����������

B���D�)LSTHRLY��9��/���(NHT��.��4HQVY�KLWYLZZP]L�KPZVYKLY��

;OL� 5L^� ,UNSHUK� 1V\YUHS� VM� 4LKPJPUL� ����� ��¶���

(2008).

Authenticated | deissero@stanford.edu author's copy
Download Date | 3/9/13 2:01 AM


