
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Characterization of habenular neurocircuitry. A potential novel target for treating
depression.

Jester-Broms, Jonas

2018

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Jester-Broms, J. (2018). Characterization of habenular neurocircuitry. A potential novel target for treating
depression. [Doctoral Thesis (compilation), Department of Clinical Sciences, Lund]. Lund University, Faculty of
Medicine.

Total number of authors:
1

Creative Commons License:
CC BY-NC-ND

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/5b3e01f3-2b66-4a5c-84d4-931dcbdb39d3


Download date: 04. May. 2026



JO
N

A
S JESTER

-B
R

O
M

S  
 

C
haracterization of habenular neurocircuitry 

 2018:139

Department of Clinical Sciences, Lund

Lund University, Faculty of Medicine 
Doctoral Dissertation Series 2018:139

ISBN 978-91-7619-707-3
ISSN 1652-8220

Characterization of habenular 
neurocircuitry
a potential novel target for treating depression
JONAS JESTER-BROMS 
FACULTY OF MEDICINE | LUND UNIVERSITY

Habenula and circuit psychiatry
Novel tools and technologies in neuroscience are currently reshaping our 
understanding of the brain. Anatomical and functional mapping of the brain 
circuits that constitute the mind is now possible at an unprecedented level of 
detail, using the current molecular biological toolbox. Careful dissection of 
the complex circuitry involved in psychiatric syndromes such as depression, is 
probably necessary for making significant progress in the understanding of 
the neurobiological mechanisms. In this thesis, I focus on a specific brain area, 
the habenula, which appears to be implicated in depression. The localization 
and pharmacology of GPR151, a receptor that can possibly be targeted for 
modulating habenular activity, is investigated. Furthermore inhibitory neurons 
within the habenula are identified and classified, something that previously 
has largely been overlooked. This thesis is only a small contribution to a field 
that is likely to expand tremendously within the coming decades, the field of 
circuit psychiatry.
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"CTUSBDU

*O UIF MBTU EFDBEF
 UIFSF IBT CFFO BO FYQMPTJPO PG JOUFSFTU XJUIJO UIF QTZDIJBUSJD SFTFBSDI DPNNVOJUZ JO B TNBMM
EJFODFQIBMJD CSBJO SFHJPO DBMMFE UIF IBCFOVMB� *U IBT CFFO VODPWFSFE BT B LFZ SFHVMBUPS PG NPOPBNJOFSHJD USBOT�
NJTTJPO
 QMBZJOH B GVOEBNFOUBM SPMF JO EFDJTJPO NBLJOH
 CFIBWJPSBM nFYJCJMJUZ
 JOIJCJUPSZ DPOUSPM
 TMFFQ
 QBJO BOE
BOBMHFTJB� 1FSUVSCBUJPO PG UIF IBCFOVMBS OFVSPDJSDVUSZ JO BOJNBMT QSPEVDF FĊFDUT UIBU NJNJD SFXBSET BOE QVOJTI�
NFOUT
 BOJNBMT BDUJWFMZ TFFL IBCFOVMB JOBDUJWBUJPO XIJMF BWPJEJOH BDUJWBUJPO� 'SPN B QTZDIJBUSJD WJFXQPJOU
 UIF
IBCFOVMB JT B QSPNJTJOH UBSHFU GPS EJTFBTFT MJLF EFQSFTTJPO
 ESVH EFQFOEFODF BOE "%)%� (JWFO UIBU UIF NPSQIPM�
PHZ BOE DPOOFDUJWJUZ PG UIF IBCFOVMB JT IJHIMZ DPOTFSWFE UISPVHIPVU UIF WFSUFCSBUF TVCQIZMVN
 BOJNBM SFTFBSDI
JT CPUI WBMJE BOE OFDFTTBSZ UP NBQ UIF DJSDVJUSZ BOE OFVSPOBM QPQVMBUJPOT UIBU DPOTUJUVUF UIF IBCFOVMBS DPNQMFY�
%VF UP UIF TNBMM TJ[F BOE QPTJUJPO PG UIF IBCFOVMB
 UFDIOJRVFT GPS NPEVMBUJOH UIJT CSBJO BSFB JO IVNBOT BSF CPUI
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	(QSðôð
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FYQSFTTJOH UIF PSQIBO (�QSPUFJO DPVQMFE SFDFQUPS (QSðôð� 8F IBWF BMTP QFSGPSNFE JOJUJBM TDSFFOJOH FYQFSJNFOUT
XJUI UIF BJN PG JEFOUJGZJOH MJHBOET UP UIF SFDFQUPS� 0VS SFTVMUT JOEJDBUF UIBU (QSðôð DBO QPTTJCMZ NPEVMBUF B CSBJO
OFUXPSL QSPWJEJOH B MJOL CFUXFFO UIF CBTBM GPSFCSBJO BOE OFVSPNPEVMBUPSZ CSBJO TUFN UBSHFUT
 B DJSDVJUSZ XJUI B
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DPVQMFE SFDFQUPS (QSðôð JO UIF NPVTF CSBJO� � � � � � � � � � � � � � � � � ðïð
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-JTU PG QVCMJDBUJPOT

ɨJT UIFTJT JT CBTFE PO UIF GPMMPXJOH QVCMJDBUJPOT
 SFGFSSFE UP CZ UIFJS 3PNBO OVNFSBMT�

Ě $POTFSWFE FYQSFTTJPO PG UIF (QSðôð SFDFQUPS JO IBCFOVMBS BYPOBM QSPKFDUJPOT PG
WFSUFCSBUFT�
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"DLOPXMFEHFNFOUT

* XBOU UP FYQSFTT NZ VUNPTU HSBUJUVEF BOE MPWF UP UIF GPMMPXJOH QFPQMF� :PV IBWF BMM CFFO
B QBSU PG NZ MJGF EVSJOH UIF ðï ZFBST UIBU * IBWF CFFO EPJOH SFTFBSDI BOE * XPVME MJLF UP
UIBOL ZPV GPS UIF GVO XF�WF IBE BOE XIBU JT UP DPNF�

/".& ,&:803%4
+FTUFS�#SPNT
 4 � +FTUFS�#SPNT
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FU BM� GPSNFS .16�1/6 NFNCFST
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1PQVMBS TVNNBSZ JO &OHMJTI

.BKPS EFQSFTTJWF EJTPSEFS JT B EFCJMJUBUJOH BOE QPUFOUJBMMZ MFUBM TZOESPNF XJUI TZNQUPNT
JODMVEJOH EFQSFTTFE NPPE
 EJNJOJTIFE JOUFSFTU JO EBJMZ BDUJWJUJFT
 GFFMJOHT PG XPSUIMFTTOFTT
BOE DPHOJUJWF JNQBJSNFOU� *O PSEFS UP VOEFSTUBOE UIF VOEFSMZJOH DBVTFT BOE UP EFWFMPQ
OPWFM USFBUNFOUT
 JU JT OFDFTTBSZ UP SFTFBSDI UIF DIBOHFT JO UIF CSBJO UIBU PDDVS JO EFQSFTTFE
JOEJWJEVBMT� 0OF PG UIF CSBJO BSFBT UIBU IBT DPNF JOUP GPDVT EVSJOH UIF MBTU EFDBEFT JT UIF
IBCFOVMB� ɨF IBCFOVMB SFDFJWFT JOGPSNBUJPO GSPN UIF GSPOUBM QBSUT PG UIF CSBJO BOE JO
UVSO
 NPEVMBUFT QBSUT PG UIF CSBJOTUFN� *U JT BDUJWBUFE CZ TUSFTT
 QBJO BOE EJTBQQPJOUNFOU
BOE IBT CFFO PCTFSWFE UP CF TUSVDUVSBMMZ BOE GVODUJPOBMMZ EZTSFHVMBUFE JO EFQSFTTJPO�

(QSðôð JT B ( QSPUFJOoDPVQMFE SFDFQUPS XJUI VOLOPXO MJHBOE
 BOE JT BMNPTU FYDMVTJWFMZ
GPVOE JO UIF IBCFOVMB� ɨJT GBDU NBLFT UIJT SFDFQUPS B QPUFOUJBM ESVH UBSHFU GPS TFMFDUJWFMZ
NPEVMBUJOH IBCFOVMBS GVODUJPO
 XIJDI DPVME IBWF JNQMJDBUJPOT GPS USFBUJOH EFQSFTTJPO� *O
UIJT UIFTJT
 XF NBQ UIF FYQSFTTJPO QBUUFSO PG (QSðôð BT XFMM BT DIBSBDUFSJ[F UIF DPOOFDUJWJUZ
PG UIF OFVSPOT UIBU FYQSFTT UIJT SFDFQUPS� 8F mOE UIBU UIF QBUUFSO PG (QSðôð FYQSFTTJPO
JT SFNBSLBCMZ DPOTFSWFE UISPVHIPVU UIF WFSUFCSBUF MJOFBHF� (QSðôð JT QSFTFOU JO IBCFOVMBS
BYPOT DPOUBDUJOH NJECSBJO BOE CSBJOTUFN TUSVDUVSFT XJUI XFMM FTUBCMJTIFE SPMFT JO HPBM�
PSJFOUFE CFIBWJPS
 TUSFTT
 QBJO BOE EFQSFTTJPO� 8F BMTP NBQQFE UIF JOQVU UP UIF (QSðôð
FYQSFTTJOH OFVSPOT
 ZJFMEJOH B DPNQMFUF NBQ PG UIF DJSDVJUT UIBU BSF QPTTJCMZ NPEVMBUFE CZ
(QSðôð� 8F IBWF BMTP QFSGPSNFE FYQFSJNFOUT XJUI UIF BJN PG JEFOUJGZJOH UIF OBUVSBM MJHBOE
UP UIJT SFDFQUPS� 6OGPSUVOBUFMZ
 XF EJE OPU mOE BOZ QSPNJTJOH DBOEJEBUFT JO UIFTF JOJUJBM
FĊPSUT� 8F IBWF BMTP GVSUIFS DIBSBDUFSJ[FE B QSFWJPVTMZ PWFSMPPLFE OFVSPOBM DFMM UZQF JO UIF
IBCFOVMB
 UIF JOIJCJUPSZ JOUFSOFVSPOT
 XIJDI XBT VOUJM SFDFOUMZ BTTVNFE OPU UP CF QSFTFOU
JO UIJT TUSVDUVSF�

0VS IPQF JT UIBU B DIBSBDUFSJ[BUJPO PG IBCFOVMBS DJSDVJUT BOE QPTTJCMF NFBOT PG NPEVMBUJOH
JUT BDUJWJUZ
 NBZ IFMQ UP EFWFMPQ OFX USFBUNFOU PQUJPOT GPS NBKPS EFQSFTTJWF EJTPSEFS JO UIF
GVUVSF�
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1PQVMÊSWFUFOTLBQMJH TBNNBOGBUUOJOH QÌ TWFOTLB

%FQSFTTJPO ÊS FO TWÌSU IBOEJLBQQBOEF PDI QPUFOUJFMMU MJWTIPUBOEF TKVLEPN TPN LBSBLUÊ�
SJTFSBT BW TPSH
�LÊOTMPS BW UPNIFU PDI NFOJOHTMÚTIFU� 'ÚS BUU CÊUUSF GÚSTUÌ IVS EFQSFTTJPO
VQQLPNNFS PDI GÚS BUU LVOOB VUWFDLMB OZB
 NFS TQFDJmLB CFIBOEMJOHBS
 ÊS EFU OÚEWÊOEJHU
BUU GÚSTUÌ TKVLEPNFOT OFVSPCJPMPHJ� &UU IKÊSOPNSÌEF TPN EFU TFOBTUF EFDFOOJFU IBS SÚOU
NZDLFU VQQNÊSLTBNIFU CMBOE EFQSFTTJPOTGPSTLBSF ÊS IBCFOVMB� 0NSÌEFU LPQQMBS TBNNBO
PNSÌEFO J EF GSÊNSF EFMBSOB BW IKÊSOBO NFE IKÊSOTUBNNFO PDI BLUJWFSBT CMBOE BOOBU WJE
TUSFTT
 TNÊSUB PDI CFTWJLFMTF� "WWJLFMTFS J IBCFOVMBT TUPSMFL PDI GVOLUJPO IBS QÌWJTBUT IPT
QBUJFOUFS TPN ESBCCBUT BW EFQSFTTJPO�

(QSðôð ÊS FO (oQSPUFJOoLPQQMBE SFDFQUPS NFE PLÊOE MJHBOE
 TPN mOOT OÊTUBO VUFTMV�
UBOEF J IBCFOVMB� %FUUB GBLUVN HÚS EFU NÚKMJHU BUU WJB EFOOB SFDFQUPS FWFOUVFMMU LVOOB
QÌWFSLB IBCFOVMBT GVOLUJPO
 WJMLFU TLVMMF LVOOB MJOESB EFQSFTTJWB TZNUPN� 7J IBS J EFUUB
BSCFUF HKPSU FO FYUFOTJW LBSUMÊHHOJOH BW EF OFSWDFMMFS TPN QSPEVDFSBS (QSðôð� * EFO GÚSTUB
TUVEJFO
 EÊS WJ VOEFSTÚLUF (QSðôð�QSPUFJOFUT MPLBMJTBUJPO GBOO WJ JOUSFTTBOU OPH BUU (QSðôð�
OFVSPOFOT QSPKFLUJPOTNÚOTUFS ÊS FWPMVUJPOÊSU LPOTFSWFSBU� 6UUSZDLFU IPT NVT PDI SÌUUB WBS
J EFU OÊSNBTUF JEFOUJTLU NFE EFU IPT [FCSBmTL
 PDI WJ LBO LPOTUBUFSB BUU EFOOB SFDFQUPST MP�
LBMJTBUJPO 	PDI NÚKMJHFO ÊWFO EFTT GVOLUJPO
 WBSJU PGÚSÊOESBE J OÊSNBSF FO IBMW NJMKBSE ÌS�
7J WJTBEF J EFOOB TUVEJF BUU OFVSPO WJMLB QSPEVDFSBS (QSðôð J IBCFOVMB LPOUBLUBS PNSÌEFO
J IKÊSOTUBNNFO NFE WÊMFUBCMFSBE CFUZEFMTF GÚS NPUJWBUJPOTTUZSU CFUFFOEF
 TUSFTT
 TNÊSUB
PDI EFQSFTTJPO� * EFO BOESB TUVEJFO LBSUMBEF WJ JTUÊMMFU WJMLB IKÊSOPNSÌEFO TPN CJESBS NFE
JOnÚEFU BW JOGPSNBUJPO UJMM (QSðôð�DFMMFSOB� *ONÊSLOJOH BW EFTTB OFSWDFMMFS HKPSEFT NFE
IKÊMQ BW FO OZVUWFDLMBE UFLOJL EÊS WJ BOWÊOEFS FUU NPEJmFSBU SBCJFTWJSVT� 4ÌMFEFT IBS WJ OV
FO HPE CJME BW EF OFSWDFMMTOÊUWFSL TPN FWFOUVFMMU LBO QÌWFSLBT WJE NPEVMFSJOH BW (QSðôð�
7J IBS ÊWFO VUGÚSU JOJUJBMB GÚSTÚL BUU UB SFEB QÌ WJMLB TVCTUBOTFS J IKÊSOBO TPN BLUJWFSBS SF�
DFQUPSO� 6UJGSÌO TMÊLUTLBQ NFMMBO PMJLB SFDFQUPSFS JEFOUJmFSBEF WJ PMJLB LBOEJEBUNPMFLZMFS
TPN WJ UJMMTBUUF UJMM PEMBEF DFMMFS TPN QSPEVDFSBS (QSðôð� %FTTWÊSSF GBOO WJ JOHFU TUÚE GÚS BUU
EF LBOEJEBUNPMFLZMFS TPN WJ VOEFSTÚLUF LBO BLUJWFSB (QSðôð�

7J IBS ÊWFO J EFUUB BSCFUF UJUUBU OÊSNBSF QÌ PMJLB OFSWDFMMTUZQFS J IBCFOVMB� &O TPSUT OFSWDFM�
MFS TPN WFSLBS IÊNNBOEF QÌ BOESB OFSWDFMMFS USPEEFT UJMMT GÚS CBSB IFMU OZMJHFO JOUF FYJTUFSB
J IBCFOVMB� 7J LVOEF NFE FO LÊOTMJH NFUPE GÚS BUU NÊSLB JO EFTTB IÊNNBOEF OFSWDFMMFS
CFTLSJWB EFSBT VUTFFOEF� ½LBOEF LVOTLBQ LSJOH EFTTB OFSWDFMMFS LBO CJESB UJMM GÚSTUÌFMTFO
BW IVS IBCFOVMB CFBSCFUBS JOGPSNBUJPO PDI IVS PMJLB OFSWDFMMFS JOPN IBCFOVMB TBNWFSLBS�

7J IPQQBT BUU FO CSFE LBSBLUÊSJTFSJOH BW IBCFOVMB
 NFE BWTFFOEF QÌ EFTT TUSVLUVS PDI GVOL�
UJPO QÌ TJLU LBO MFEB UJMM VUWFDLMJOH BW OZB LMBTTFS BW MÊLFNFEFM GÚS CFIBOEMJOH BW QTZLJB�
USJTLB UJMMTUÌOE�
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*OUSPEVDUJPO

ð %FQSFTTJPO

ð�ð $MJOJDBM QSFTFOUBUJPO BOE FQJEFNJPMPHZ

.PPE EJTPSEFST JT B DBUFHPSZ PG QTZDIJBUSJD EJTPSEFST UIBU BĊFDUT UIF NPPE
 XIJDI NBZ
CF EFTDSJCFE BT B TVTUBJOFE GFFMJOH UIBU UFOE UP JOnVFODF PVS EFDJTJPO NBLJOH
 UIPVHIU
QSPDFTTFT
 NPUJWBUJPO BOE TPDJBM JOUFSBDUJPOT
 BNPOH PUIFS UIJOHT� .PPE SFHVMBUJPO JT UIVT
DSVDJBM GPS OPSNBM GVODUJPOJOH BOE XFMM�CFJOH� *OEFFE
 EJTPSEFST UIBU DBVTF EZTSFHVMBUJPO
PG NPPE
 PGUFO IBWF EFCJMJUBUJOH BEWFSTF FĊFDUT PO UIF MJGF DPVSTF PG UIF BĊFDUFE JOEJWJEVBM�

'PS B QBUJFOU UP CF EJBHOPTFE XJUI .BKPS %FQSFTTJWF %JTPSEFS 	.%%
 BDDPSEJOH UP UIF
%JBHOPTUJD BOE 4UBUJTUJDBM .BOVBM PG .FOUBM %JTPSEFST ô 	%4.�ô
 B OVNCFS PG DSJUFSJB
NVTU CF NFU 	"NFSJDBO 1TZDIJBUSJD "TTPDJBUJPO
 ñïðò
� ɨF QBUJFOU NVTU EJTQMBZ EFQSFTTFE
NPPE
 BOE�PS EJNJOJTIFE QMFBTVSF PS JOUFSFTU JO EBJMZ MJGF BDUJWJUJFT� "EEJUJPOBM DSJUFSJB
BSF� DIBOHF JO BQQFUJUF PS CPEZ XFJHIU� TMFFQ EJTUVSCBODF� QTZDIPNPUPS BHJUBUJPO PS SF�
UBSEBUJPO� GBUJHVF� GFFMJOHT PG XPSUIMFTTOFTT PS JOBQQSPQSJBUF HVJMU� DPHOJUJWF JNQBJSNFOU�
BOE SFDVSSFOU UIPVHIUT PG EFBUI PS TVJDJEF� "U MFBTU mWF PG UIF DSJUFSJB BCPWF NVTU CF NFU
BOE BU MFBTU POF PG UIF mSTU UXP DSJUFSJB NVTU CF JODMVEFE� "MTP
 UIF TZNQUPNT NVTU DBVTF
DMJOJDBMMZ TJHOJmDBOU EJTUSFTT PS JNQBJSNFOU
 BOE NBZ OPU CF BUUSJCVUBCMF UP TVCTUBODF VTF
PS QTZDIPUJD EJTFBTF� 'PS .%% EJBHOPTJT
 OP NBOJD PS IZQPNBOJD FQJTPEFT 	BCOPSNBMMZ
FMFWBUFE NPPE
 TIPVME IBWF CFFO QSFTFOU
 XIJDI JOTUFBE JNQMJFT CJQPMBS EJTPSEFS�

ɨF MJGF�UJNF QSFWBMFODF PG .%% JT BSPVOE ðõǷ XIJMF B NVDI MPXFS QSFWBMFODF PG óǷ JT
PCTFSWFE GPS CJQPMBS EJTPSEFS 	UZQF * BOE **
 	,FTTMFS FU BM�
 ñïïô
� ɨF SFQPSUFE QSFWBMFODF
PG EFQSFTTJPO WBSJFT BDSPTT EJĊFSFOU DPVOUSJFT BOE DVMUVSFT 	,FTTMFS BOE #SPNFU
 ñïðò
� *O
DPVOUSJFT XJUI MPX QSFWBMFODF
 UIF JNQBJSNFOU JT PGUFO HSFBUFS
 XIJDI TVHHFTUT B DVMUVS�
BMMZ EFUFSNJOFE EJĊFSFODF JO SFQPSU UISFTIPME SBUIFS UIBO USVF EJĊFSFODF JO QSFWBMFODF PG
EFQSFTTJWF TZNQUPNT 	4JNPO FU BM�
 ñïïñ� $IBOH FU BM�
 ñïï÷
�

4FWFSF EFQSFTTJPO JT B MJGF�UISFBUFOJOH EJTFBTF
 BT NBOZ BT õï�öïǷ PG QBUJFOUT FYQFSJFODF TVJ�

ð



DJEBM JEFBT XIJMF BSPVOE ðï�ðôǷ EJF BT B SFTVMU PG DPNQMFUFE TVJDJEF 	.ÚMMFS
 ñïïò
� "QBSU
GSPN UIF TVĊFSJOH BTTPDJBUFE XJUI UIF DPOEJUJPO
 EFQSFTTJPO JT BMTP EFCJMJUBUJOH GPS QFS�
TPOBM EFWFMPQNFOU BOE SFMBUJPOTIJQT� #FJOH EJBHOPTFE XJUI B NPPE EJTPSEFS EFDSFBTFT UIF
QSPCBCJMJUZ UP DPNQMFUF FEVDBUJPO
 JODSFBTF NBSJUBM EJTTBUJTGBDUJPO BOE SJTL PG EJWPSDF
 JT
BTTPDJBUFE XJUI OFHBUJWF QBSFOUJOH CFIBWJPS
 JODSFBTF SJTL PG VOFNQMPZNFOU
 BOE NBZ MFBE
UP B MPXFS IPVTF�IPME JODPNF 	,FTTMFS BOE #SPNFU
 ñïðò
� .BOZ PG UIF OFHBUJWF FĊFDUT PG
EFQSFTTJPO BSF BMTP JO UIFNTFMWFT SJTL GBDUPST
 XIJDI NBZ GVSUIFS EFFQFO UIF TFWFSJUZ PG UIF
EJTFBTF�

ð�ñ 1BUIPHFOFTJT PG EFQSFTTJPO

&YQMBOBUJPOT FYJTU� UIFZ IBWF FYJTUFE GPS BMM UJNF�
UIFSF JT BMXBZT B XFMM�LOPXO TPMVUJPO UP FWFSZ IVNBO QSPCMFN

� OFBU
 QMBVTJCMF
 BOE XSPOH�
� )� -� .FODLFO

ɨF EJBHOPTUJD DSJUFSJB GPS .%% BSF QSPCMFNBUJD JO UIF TFOTF UIBU BSPVOE ðôïï DPNCJOB�
UJPOT PG UIF TZNQUPNT BCPWF BSF QPTTJCMF BOE UIBU UXP JOEJWJEVBMT NBZ CF EJBHOPTFE XJUI
UIF TBNF EJTPSEFS CVU OPU TIBSF BOZ TZNQUPNT BU BMM 	0TUFSHBBSE FU BM�
 ñïðð
� ɨJT JOEJDBUFT
UIBU UIF QPQVMBUJPO PG .%% QBUJFOUT JT WFSZ IFUFSPHFOPVT
 XIJDI TIPVME CF LFQU JO NJOE
XIFO EJTDVTTJOH UIF DBVTF PS DBVTFT 	FUJPMPHZ
 PG EFQSFTTJPO�

)JTUPSJDBMMZ BOE BU QSFTFOU
 NBOZ JEFBT PO XIBU DBVTFT EFQSFTTJPO FYJTU� %PFT UIF NVMUJ�
UVEF PG IZQPUIFTFT JNQMZ UIBU XF BSF nZJOH CMJOE XIFO XF UBML BCPVU EFQSFTTJPO PS USFBU
QFPQMF XJUI BOUJEFQSFTTJWF USFBUNFOU PS QTZDIPUIFSBQZ *U DPVME SBUIFS CF BSHVFE UIBU UIJT
JT B SFnFDUJPO PG UIF DPNQMFY OBUVSF PG EFQSFTTJPO� #FMPX * XJMM HJWF BO BDDPVOU GPS TFW�
FSBM IZQPUIFTFT
 UIBU XIFO DPOTJEFSFE BT QBSUT PG B CSPBEFS QJDUVSF
 MFU ZPV BQQSFDJBUF UIF
IFUFSPHFOJD BOE NVMUJGBDUPSJBM OBUVSF PG UIJT QTZDIJBUSJD EJTPSEFS�

ɧF NPOPBNJOF IZQPUIFTJT PG EFQSFTTJPO

.POPBNJOFT BSF B DMBTT PG OFVSPUSBOTNJUUFST UIBU BSF EFSJWFE GSPN BSPNBUJD BNJOP BDJET
BOE JODMVEF BESFOBMJOF
 OPSBESFOBMJOF
 EPQBNJOF
 IJTUBNJOF BOE TFSPUPOJO� ɨF IZQPUIF�
TJT UIBU EFQSFTTJPO SFTVMUT GSPN JNCBMBODFT PG NPOPBNJOF TJHOBMJOH EBUFT CBDL BMNPTU õï
ZFBST 	SFWJFXFE JO #BVNFJTUFS FU BM�
 ñïïò
� *U XBT QSFDJQJUBUFE CZ UXP EJTDPWFSJFT EVSJOH
UIF ðøôïT� ɨF mSTU XBT UIF SFQPSUFE EFQSFTTPHFOJD FĊFDU PG SFTFSQJO
 B DPNQPVOE JTPMBUFE
GSPN SPPU PG UIF 3BVWPMmB TFSQFOUJOB QMBOU
 XIJDI IBE QSFWJPVTMZ CFFO VTFE USBEJUJPOBMMZ
JO *OEJBO NFEJDJOF 	'JH� ð
� 3FTFSQJOF JOIJCJU UIF WFTJDVMBS NPOPBNJOF USBOTQPSUFST UIBU
BSF SFTQPOTJCMF GPS QBDLBHF BOE TUPSBHF PG NPOPBNJOFT JOUP TZOBQUJD WFTJDMFT 	)FOSZ BOE

ñ



4DIFSNBO
 ðø÷ø
� #Z JOIJCJUJOH UIF USBOTQPSUFS
 UIF NPOPBNJOFT BSF JOTUFBE EFHSBEFE
XIJDI DBVTF MBTUJOH NPOPBNJOFSHJD EFQMFUJPO 	4IPSF FU BM�
 ðøôô� #FSUMFS FU BM�
 ðøôõ
� 3F�
TFSQJOF XBT CFJOH VTFE JO UIF ôï�õïT GPS USFBUJOH IZQFSUFOTJPO� *O TFWFSBM DMJOJDBM USJBMT

UIFSF XFSF SFQPSUT UIBU TPNF QBUJFOUT EFWFMPQFE EFQSFTTJPO BGUFS USFBUNFOU XJUI SFTFSQJOF

IFODF JU XBT GPS MPOH DPOTJEFSFE BT B EFQSFTTPHFOJD TVCTUBODF� )PXFWFS
 B SFDFOU NFUB�
BOBMZTJT GPVOE B EFQSFTTJPO QSFWBMFODF PG ðïǷ JO UIF SFTFSQJOF USFBUFE QPQVMBUJPO
 XIJDI
JT FWFO B CJU MPXFS UIBO UIF QSFWBMFODF PG ðõǷ JO UIF HFOFSBM QPQVMBUJPO 	#BVNFJTUFS FU BM�

ñïïò

 XIJDI DBTUT EPVCU PO JUT EFQSFTTPHFOJD FĊFDUT�

ɨF TFDPOE NBKPS DPOUSJCVUJPO UP UIF NPOPBNJOF IZQPUIFTJT XBT UIF QSPNJTJOH BOUJEF�
QSFTTBOU BDUJWJUZ PG UXP OFXMZ EFWFMPQFE ESVHT BHBJOTU UVCFSDVMPTJT 	3BNBDIBOESBJI FU BM�

ñïðð
� ɨFTF ESVHT XFSF JTPOJB[JE 	XIJDI JT TUJMM VTFE JO DMJOJDBM QSBDUJDF GPS USFBUJOH UVCFSDV�
MPTJT
 BOE JQSPOJB[JE� *U XBT TIPXO UIBU JQSPOJB[JE BOE 	UP B MFTTFS FYUFOU
 JTPOJB[JE JOIJCJUFE
UIF FO[ZNF SFTQPOTJCMF GPS CSFBLJOH EPXO NPOPBNJOFT JO UIF TZOBQTF
 NPOPBNJOF PYJ�
EBTF 	."0
� 8IFO ."0 JT CMPDLFE
 UIF DPODFOUSBUJPO BOE BWBJMBCJMJUZ PG NPOPBNJOFT
UIVT JODSFBTF�

ɨJT MFE UP UIF GPSNVMBUJPO PG UIF NPOPBNJOF IZQPUIFTJT PG EFQSFTTJPO
 XIJDI TUBUFT UIBU
EFQSFTTJPO JT B SFTVMU PG B NPOPBNJOF EFmDJFODZ BOE
 JO MJOF XJUI UIJT
 UIBU B SFTUPSBUJPO PG
NPOPBNJOFSHJD MFWFMT XJMM BMMFWJBUF EFQSFTTJPO 	#BVNFJTUFS FU BM�
 ñïïò
�

"MUIPVHI JU JT DFSUBJOMZ USVF UIBU UIF NPOPBNJOF IZQPUIFTJT IBT TQVSSFE SFTFBSDI BOE MFE
UP UIF EFWFMPQNFOU PG TVCTUBODFT UIBU IBWF BOUJEFQSFTTBOU BDUJWJUZ
 JU JT BU QSFTFOU DMFBS

'JHVSF �� 3BVWPMmB TFSQFOUJOB�
$SFEJU� 8FMMDPNF -JCSBSZ
 -POEPO� 8FMMDPNF *NBHFT JNBHFT!XFMMDPNF�BD�VL IUUQ���XFMMDPNFJNBHFT�PSH 3BV�
XPMmB TFSQFOUJOB )PSUVT JOEJDVT NBMBCBSJDVT
 �� WPMVNFT )FOESJL "ESJBBO 3IFFEF 5PU %SBBLFTUFJO
 WBO 1VC�
MJTIFE� ���� � ����� $PQZSJHIUFE XPSL BWBJMBCMF VOEFS $SFBUJWF $PNNPOT "UUSJCVUJPO POMZ MJDFOTF $$ #: ���
IUUQ���DSFBUJWFDPNNPOT�PSH�MJDFOTFT�CZ�����

ò



UIBU UIF NPEFM MBDLT FYQMBOBUPSZ QPXFS� %FQMFUJPO PG NPOPBNJOFT DBO CF BDIJFWFE CZ
BENJOJTUSBUJPO PG BO BNJOP�BDJE ESJOL MBDLJOH UIF NPOPBNJOF QSFDVSTPS USZQUPQIBO GPS
TFSPUPOJO EFQMFUJPO BOE QIFOZMBMBOJOFoUZSPTJOF GPS OPSBESFOBMJOF BOE EPQBNJOF EFQMFUJPO
	3VIÏ FU BM�
 ñïïö
� ɨF IZQPUIFTJT QSFEJDUT UIBU UIF EFHSFF PG EFQSFTTFE NPPE TIPVME
CF QSPQPSUJPOBM UP NPOPBNJOF MFWFMT� *OEFFE
 EFQSFTTFE QBUJFOUT JO SFNJTTJPO UFOE UP
SFMBQTF XIFO EFQMFUFE PG UIF NPOPBNJOF UIBU JT UBSHFUFE CZ UIFJS BOUJEFQSFTTJWF NFEJDBUJPO
	3VIÏ FU BM�
 ñïïö
� )PXFWFS
 EFQMFUJOH TFSPUPOJO
 OPSBESFOBMJO BOE EPQBNJOF JO IFBMUIZ
JOEJWJEVBMT PS DVSSFOUMZ EFQSFTTFE QBUJFOUT IBT OP FĊFDU PO NPPE� " TNBMM NPPE�MPXFSJOH
FĊFDU DBO CF PCTFSWFE JO IFBMUIZ JOEJWJEVBMT XJUI B GBNJMZ IJTUPSZ PG EFQSFTTJPO� (JWFO
UIBU UIFSF JT OP TJNQMF SFMBUJPOTIJQ CFUXFFO NPOPBNJOF MFWFMT BOE EFQSFTTFE NPPE
 UIJT
IZQPUIFTJT JT BU CFTU BO PWFSTJNQMJmDBUJPO� .POPBNJOFT BSF DMFBSMZ JNQPSUBOU UBSHFUT GPS
BOUJEFQSFTTJWF USFBUNFOU 	)JFSPOZNVT FU BM�
 ñïðõ

 CVU UIFZ BSF OPU UIF 	POMZ
 DVMQSJU JO
DBVTJOH EFQSFTTJPO�

#SBJO SFXBSE TZTUFN

" OFDFTTJUZ GPS BMM MJGF GPSNT JT UIF BCJMJUZ UP BEBQU UIFJS CFIBWJPVS TP UIBU PVUDPNFT UIBU
JODSFBTF UIF DIBODF PG TVSWJWBM BOE SFQSPEVDUJPO 	J�F� GPPE
 TFY
 XBSNUI
 TPDJBM JOUFSBDUJPO

TBGF FOWJSPONFOUT
 BSF NBYJNJ[FE XIJMF PVUDPNFT UIBU QVU TVSWJWBM BU SJTL 	J�F� JOKVSZ

IVOHFS
 TPDJBM JTPMBUJPO
 BSF NJOJNJ[FE� *O WFSUFCSBUFT
 MBSHF QBSUT PG UIJT FWBMVBUJPO BOE
DPOUSPM JT DBSSJFE PVU CZ DPNQMFY CSBJO DJSDVJUT UIBU FWBMVBUF TFOTPSZ JOGPSNBUJPO BOE PVU�
DPNFT PG BDUJPOT� ɨJT TZTUFN JT PGUFO SFGFSSFE UP BT UIF CSBJO SFXBSE TZTUFN�

ɨF LFZ DPNQPOFOUT PG UIF TZTUFN BSF B TFU PG IJHIMZ JOUFSDPOOFDUFE CSBJO BSFBT UIBU SF�
TQPOE UP TBMJFOU DVFT BOE UIBU NBZ BMTP QSPEVDF QPTJUJWF PS OFHBUJWF FYQFSJFODFT XIFO
BDUJWBUFE� ɨJT DBO CF BTTFTTFE JO BOJNBMT UISPVHI JOUSBDSBOJBM TFMG�TUJNVMBUJPO
 XIJDI IBT
BMMPXFE NBQQJOH PG UIF CSBJO BSFBT BTTPDJBUFE XJUI BĊFDUJWF FYQFSJFODF� ɨF CSBJO BSFBT
UIBU NBLF VQ UIF SFXBSE TZTUFN JODMVEF UIF OVDMFVT BDDVNCFOT
 75"
 NFEJBM QSFGSPOUBM
DPSUFY
 MBUFSBM IZQPUIBMBNVT
 MBUFSBM IBCFOVMB BOE BNZHEBMB� /VNFSPVT TUVEJFT PG EF�
QSFTTFE JOEJWJEVBMT VTJOH OPO�JOWBTJWF CSBJO JNBHJOH UFDIOJRVFT PS QPTU�NPSUFN BOBMZTJT
IBWF JEFOUJmFE WPMVNFUSJD BOE GVODUJPOBM EJTUVSCBODFT JO NBOZ PG UIFTF BSFBT 	SFWJFXFE JO
3VTTP BOE /FTUMFS
 ñïðò
� 0OF IZQPUIFTJT BSJTJOH GSPN UIF MJOL CFUXFFO UIF SFXBSE TZT�
UFN BOE EFQSFTTJPO JT UIBU UIF OFHBUJWF JOUFSQSFUBUJPO PG FYQFSJFODFT UIBU JT DPNNPO JO
EFQSFTTFE JOEJWJEVBMT JT B SFTVMU PG B EZTSFHVMBUFE SFXBSE QSPDFTTJOH 	SFWJFXFE JO 3VTTP BOE
/FTUMFS
 ñïðò
� *U JT QPTTJCMF UIBU UIJT NFDIBOJTN DPVME BDDPVOU GPS BOIFEPOJB
 UIF JOBCJMJUZ
UP FYQFSJFODF QMFBTVSF
 POF PG UIF LFZ TZNQUPNT PG EFQSFTTJPO 	)FTINBUJ BOE 3VTTP
 ñïðô
�

ó



(FOFT
 FOWJSPONFOU BOE UIFJS JOUFSBDUJPO

ɨF TUSFTToWVMOFSBCJMJUZ NPEFM PG QTZDIJBUSJD EJTFBTF XBT mSTU QSPQPTFE GPS DPODFQUVBMJ[�
JOH UIF FUJPMPHZ PG TDIJ[PQISFOJB 	;VCJO BOE 4QSJOH
 ðøöö
 CVU DBO CF BQQMJFE UP EFQSFT�
TJPO BT XFMM 	.D(VċO BOE 3JWFSB
 ñïðô
� "DDPSEJOH UP UIF NPEFM
 BMM JOEJWJEVBMT FYIJCJU
WBSZJOH TFOTJUJWJUZ UP DIBMMFOHFT BSJTJOH JO UIF FYUFSOBM FOWJSPONFOU
 TVDI BT TUSFTTGVM MJGF
FWFOUT
 JOGFDUJPO
 ESVH VTF
 TFBTPOBM WBSJBUJPO FUD
 PS GSPN UIF JOUFSOBM FOWJSPONFOU
 TVDI BT
NFUBCPMJD
 OFVSPQIZTJPMPHJDBM
 CJPDIFNJDBM BOE IPSNPOBM DIBOHFT� 8IFO UIJT UISFTIPME
JT TVSQBTTFE
 UIF IPNFPTUBUJD FRVJMJCSJVN NBJOUBJOJOH B IFBMUIZ NFOUBM TUBUF JT EJTSVQUFE
BOE B EJTFBTF FQJTPEF EFWFMPQT�

4UVEJFT PG GBNJMJFT PG EFQSFTTFE JOEJWJEVBMT IBWF FTUBCMJTIFE UIBU UIF SJTL PG EFWFMPQJOH
EFQSFTTJPO JT JODSFBTFE 	PEET SBUJP _ñ�÷
 JG B mSTU�EFHSFF SFMBUJWF JT BĊFDUFE CZ UIF EJTFBTF
	SFWJFXFE JO 4VMMJWBO FU BM�
 ñïïï
� 4JNJMBSMZ
 TUVEJFT DPNQBSJOH JEFOUJDBM BOE OPO�JEFOUJDBM
UXJOT IBWF EFNPOTUSBUFE B TVCTUBOUJBM EFHSFF PG HFOFUJD IFSFEJUZ 	FYQMBJOJOH BU MFBTU òïǷ
PG UIF WBSJBODF
 	4VMMJWBO FU BM�
 ñïïï
� (JWFO UIF mOEJOHT BCPWF
 JU JT DMFBS UIBU UIFSF BSF
HFOFUJD GBDUPST UIBU JOnVFODF UIF SJTL PG EFWFMPQJOH EFQSFTTJPO�

ɨVT
 UIF SFTFBSDI PO UIF TUSFTToWVMOFSBCJMJUZ IZQPUIFTJT IBT QSJNBSJMZ GPDVTFE PO IPX
TQFDJmD HFOFUJD WBSJBOUT JO DPNCJOBUJPO XJUI TUSFTTGVM MJGF FWFOUT NBZ DPOUSJCVUF UP UIF
EFWFMPQNFOU PG EFQSFTTJPO� *O ñïïò
 B TFNJOBM TUVEZ PO HFOFoFOWJSPONFOU JOUFSBDUJPO XBT
QVCMJTIFE SFQPSUJOH UIBU B DFSUBJO HFOFUJD WBSJBUJPO JO UIF QSPNPUFS SFHJPO PG UIF TFSPUPOJO
USBOTQPSUFS
 EFTJHOBUFE UIF TFSPUPOJO�USBOTQPSUFS�MJOLFE QPMZNPSQIJD SFHJPO 	ô�)55-13

HFOPUZQF
 NBEF JOEJWJEVBMT NPSF TVTDFQUJCMF UP TUSFTTGVM MJGF FWFOUT 	$BTQJ FU BM�
 ñïïò
�
0G JNQPSUBODF
 UIF ô�)55-13 HFOPUZQF JO JUTFMG EJE OPU JODSFBTF UIF SJTL GPS EFQSFTTJPO

CVU JOEJWJEVBMT DBSSZJOH UIF HFOPUZQF IBE B HSFBUFS SJTL PG EFWFMPQJOH EFQSFTTJPO XIFO
TVCKFDUFE UP TUSFTTGVM MJGF�FWFOUT�

ɨJT mOEJOH TQVSSFE B IVHF JOUFSFTU JO SFTFBSDI JO HFOFoFOWJSPONFOU JOUFSBDUJPO JO EF�
QSFTTJPO� )PXFWFS
 SFQMJDBUJPO BUUFNQUT PG UIF PSJHJOBM mOEJOHT PG UIF $BTQJ FU BM� 	ñïïò

TUVEZ IBWF ZJFMEFE DPOnJDUJOH SFTVMUT 	3JTDI FU BM�
 ñïïø� ,BSH FU BM�
 ñïðð
� 3FDFOUMZ
 B
MBSHF DPMMBCPSBUJWF TUVEZ JODMVEJOH ò÷÷ïñ JOEJWJEVBMT EFNPOTUSBUFE B TUSPOH FĊFDU PG TUSFTT�
GVM MJGF FWFOUT PO UIF QSFWBMFODF PG EFQSFTTJPO
 CVU OP JOUFSBDUJPO FĊFDU PG UIF ô�)55-13
HFOPUZQF DPVME CF PCTFSWFE 	$VMWFSIPVTF FU BM�
 ñïðö
�

3BUIFS UIBO TJOHMJOH PVU TQFDJmD DBOEJEBUF HFOFT
 UIF HFOFUJD WVMOFSBCJMJUZ 	BT EFNPOTUSBUFE
CZ UIF IFSJUBCJMJUZ PG EFQSFTTJPO
 JT MJLFMZ EFUFSNJOFE CZ DPNQMFY JOUFSBDUJPO CFUXFFO NVM�
UJQMF HFOFT BOE UIF EFUFDUJPO PG TVDI TFUT PG HFOFT SFRVJSFT HFOPNFoXJEF BTTPDJBUJPO TUVE�
JFT� *O PSEFS UP EFUFDU HFOFUJD WBSJBOUT UIBU JOEJWJEVBMMZ DPOUSJCVUF WFSZ MJUUMF
 IVHF TUVEZ
TBNQMFT DPOUBJOJOH NBOZ UIPVTBOET PG TUVEZ QBSUJDJQBOUT BSF SFRVJSFE� 4VDI FĊPSUT IBWF
SFDFOUMZ TVDDFTTGVMMZ JEFOUJmFE B IBOEGVM PG HFOFT UIBU FBDI DPOUSJCVUF WFSZ MJUUMF UP UIF
SJTL PG EFWFMPQJOH EFQSFTTJPO 	.VMMJOT BOE -FXJT
 ñïðö
� ɨF $0/7&3(& DPOTPSUJVN


ô



BOBMZ[JOH NPSF UIBO ôïïï $IJOFTF XPNFO XJUI SFDVSSFOU .%% JEFOUJmFE UXP HFOFUJD
WBSJBOUT UIBU XFSF BTTPDJBUFE XJUI EFQSFTTJPO SJTL
 POF DMPTF UP UIF 4*31ð HFOF 	STðñóðô÷ïï

PEET SBUJP ð�ðõö
 BOE POF JO BO JOUSPO PG UIF -)11 HFOF 	STòôøòõôðó
 PEET SBUJP ï�÷óô

	$0/7&3(& DPOTPSUJVN
 ñïðô
� ɨFTF HFOFUJD WBSJBOUT BSF NPSF DPNNPO JO FBTU "TJB
CVU SBSF 	FTQFDJBMMZ GPS UIF 4*31ð�WBSJBOU
 JO PUIFS QPQVMBUJPOT SFOEFSJOH UIFTF JOUFSFTUJOH
mOEJOHT OPO�VOJWFSTBM� "O FTUJNBUJPO PG UIF OVNCFS PG HFOFUJD WBSJBUJPOT OFFEFE UP FY�
QMBJO UIF IFSJUBCJMJUZ PG NBKPS EFQSFTTJWF EJTPSEFS BNPVOUT UP BSPVOE ñôïï MPDJ 	'MJOU BOE
,FOEMFS
 ñïðó
� " QPMZHFOFUJD EJTFBTF JOEFFE�

"ĊFDUJWF OFVSPTDJFODF

"ĊFDUJWF OFVSPTDJFODF JT B SFTFBSDI mFME BOE GSBNFXPSL XIJDI TFFLT UP JEFOUJGZ BOE JOWFT�
UJHBUF QSJNBSZ BĊFDU NPEVMBUJOH TZTUFNT JO UIF CSBJO� " QSJNBSZ BĊFDU JT BO JOTUJODUVBM
BOE FYQFSJFODFE CSBJO BDUJWJUZ� ɨF BĊFDUJWF FYQFSJFODF NBZ IBWF CFIBWJPSBM
 DPHOJUJWF
BOE QIZTJPMPHJDBM DPOTFRVFODFT GPS UIF PSHBOJTN� ɨF SPMF PG UIF QSJNPSEJBM TVCDPSUJDBM
CSBJO GPS QSPEVDJOH FNPUJPOBM BĊFDU JT FNQIBTJ[FE JO BĊFDUJWF OFVSPTDJFODF
 BOE B MFTTFS
SPMF JT BUUSJCVUFE UP UIF 	JO IVNBOT XFMM�EFWFMPQFE
 DFSFCSBM DPSUFY� *U BMTP SFDPHOJ[FT UIBU
OPO�IVNBO BOJNBMT BSF DPOTDJPVT JO UIF TFOTF UIBU UIFZ IBWF FNPUJPOBM FYQFSJFODFT
 BT
PQQPTFE UP CFIBWJPSJTUJD UIFPSJFT PG OPO�IVNBOT XIFSF UIF FYQFSJFODFT PG GPS FYBNQMF QBJO
BOE QMFBTVSF BSF OPU FNQIBTJTFE� ɨF NBJO QSPQPOFOU PG UIJT WJFX
 UIF MBUF %S� +BBL
1BOLTFQQ
 JEFOUJmFE TFWFO TVDI QSJNBSZ BĊFDU TZTUFNT UIBU BSF MBSHFMZ DPOTFSWFE JO BMM WFS�
UFCSBUF TQFDJFT 	1BOLTFQQ
 ñïïô
� ɨFTF TZTUFNT BSF PGUFO EFOPUFE JO DBQJUBMT� 4&&,*/(

'&"3
 3"(&
 -645
 $"3&
 1"/*$
 BOE 1-":�

ɨF QSJNBSZ BĊFDUT UIBU IBWF CFFO IZQPUIFTJ[FE UP CF JNQPSUBOU GPS EFWFMPQNFOU PG EFQSFT�
TJPO BSF UIF 1"/*$ BOE UIF 4&&,*/( TZTUFNT 	1BOLTFQQ BOE 8BUU
 ñïðð
� ɨF 1"/*$
TZTUFN JT BDUJWBUFE CZ TPDJBM TFQBSBUJPO
 BOE JT UIPVHIU UP NFEJBUF JTPMBUJPO�JOEVDFE EJT�
USFTT� ɨF TZTUFN FMJDJUT FNPUJPOBM QBJO BOE BJET UP GPSN BOE NBJOUBJO TPDJBM CPOET CF�
UXFFO JOEJWJEVBMT� *O PSEFS UP BDIJFWF TPDJBM SFVOJPO XIFO JTPMBUFE
 EJTUSFTT DBMMT 	DSZJOH

BSF FMJDJUFE UPHFUIFS XJUI B QBJOGVM FYQFSJFODF 	NPTU OPUBCMF JO JOGBOUT JTPMBUFE GSPN UIFJS
QBSFOUT
� &OEPHFOPVT PQJPJET IBWF TIPXO UP QMBZ BO JNQPSUBOU SPMF JO UIJT TZTUFN
 BOE JU
BQQFBST UIBU ESVHT UBSHFUJOH PQJPJE SFDFQUPST NBZ CF BT FĊFDUJWF BHBJOTU QTZDIPMPHJDBM QBJO
	SFTVMUJOH GSPN 1"/*$ BDUJWBUJPO
 BT GPS QIZTJDBM QBJO�

"DUJWBUJPO PG UIF 4&&,*/( TZTUFN JT TUSPOHMZ BQQFUJUJWF BOE ESJWFT BO FOFSHFUJD NPUJWB�
UJPO UP FYQMPSF UIF FOWJSPONFOU BOE TFFL SFTPVSDFT
 J�F� GPSBHJOH� ɨF 4&&,*/( TZTUFN JT
UJHIUMZ MJOLFE XJUI EPQBNJOF BOE EPQBNJOF SFDFQUPST
 BOE JODPSQPSBUFT XIBU JT LOPXO
 JO
CFIBWJPSJTUJD UFSNJOPMPHZ
 BT UIF SFXBSE TZTUFN� ɨF EJĊFSFODF CFUXFFO UIF BĊFDUJWF OFV�
SPTDJFODF WJFX PG UIF 4&&,*/( TZTUFN BOE UIF CFIBWJPSJTUJD WJFX PG UIF SFXBSE TZTUFN JT
UIBU BĊFDUJWF OFVSPTDJFODF FNQIBTJ[FT TVCKFDUJWF FYQFSJFODF
 XIFSF BT GPS B CFIBWJPSJTU UIF
SFXBSE TZTUFN JT JNQPSUBOU GPS PQFSBOU DPOEJUJPOJOH 	MFBSOJOH
 DPOUFYUT POMZ� "DUJWBUJPO

õ



PG UIF EPQBNJOFSHJD TZTUFN 	J�F� BTDFOEJOH EPQBNJOFSHJD mCFST JO UIF NFEJBM GPSFCSBJO
CVOEMF
 JT JOEFFE SFXBSEJOH
 JO UIF TFOTF UIBU BOJNBMT UFOE UP XPSL GPS TVDI TUJNVMBUJPO�
*U BQQFBST IPXFWFS
 UIBU UIF EPQBNJOFSHJD TZTUFN JT NBYJNBMMZ BDUJWBUFE EVSJOH UIF BOUJD�
JQBUJPO PG SFXBSE SBUIFS UIBO EVSJOH UIF DPOTVNNBUPSZ QIBTF 	1BOLTFQQ
 ñïïô
�

*O PSEFS UP FYQMBJO UIF FNPUJPOBM QBUIPMPHZ JO EFQSFTTJPO
 1BOLTFQQ BOE 8BUU 	ñïðð
 IBWF
QSPQPTFE UIBU B QSPMPOHFE BDUJWBUJPO PG UIF 1"/*$ TZTUFN NBZ MFBE UP B QFSTFWFSJOH TUBUF
PG EJTUSFTT BTTPDJBUFE XJUI FNPUJPOBM QBJO� "O BDDPNQBOZJOH SFEVDUJPO JO UIF BDUJWJUZ PG
UIF 4&&,*/( TZTUFN MFBET UP EFDSFBTFE NPUJWBUJPO BOE FOFSHZ 	BOIFEPOJB BOE GBUJHVF

XIJDI GVSUIFS EFDSFBTFT UIF DIBODF PG TQPOUFOFPVT SFWFSTBM PG UIF DPOEJUJPO 	1BOLTFQQ BOE
8BUU
 ñïðð
� 'PS USFBUJOH EFQSFTTJPO
 1BOLTFQQ QSPQPTFT UIBU BDUJWBUJPO PG QPTJUJWF QSJNBSZ
BĊFDUT 	TVDI UIF 1-": TZTUFN XIJDI JT JOWPMWFE JO QPTJUJWF TPDJBM JOUFSBDUJPOT
 NBZ CF
CFOFmDJBM�

"EBQUJWF BEWBOUBHFT PG EFQSFTTJPO 

'SPN BO FWPMVUJPOBSZ QFSTQFDUJWF
 JU JT EJċDVMU UP FYQMBJO XIZ EFQSFTTJPO
 XIJDI JT BTTP�
DJBUFE XJUI JODSFBTFE NPSCJEJUZ BOE NPSUBMJUZ
 JT TP DPNNPO JO UIF HFOFSBM QPQVMBUJPO�
*O PSEFS UP CBMBODF UIF NBMBEBQUJWF FĊFDUT PG EFQSFTTJPO
 TPNF BSHVF UIBU UIFSF NVTU CF
DPVOUFSCBMBODJOH BEWBOUBHFT�

" DPNNPO WJFX JT UIBU EFQSFTTJPO JT UIF SFTVMU PG EZTGVODUJPO JO TZTUFNT UIBU PUIFSXJTF
DBSSZ BEBQUJWF BEWBOUBHFT GPS BO PSHBOJTN 	#FSHTUSPN BOE .FBDIBN
 ñïðõ
� " WBSJBUJPO
PO UIJT UIFNF JT UIF BSHVNFOU UIBU FWFO UIPVHI UIF NBOJGFTUBUJPO PG EFQSFTTJPO JO JUTFMG JT
FWPMVUJPOBSZ NBMBEBQUJWF
 UIF BMMFMFT UIBU DBSSZ HFOFUJD SJTL GPS EFQSFTTJPO NBZ CF BEBQUJWF
JG EFQSFTTJPO OFWFS EFWFMPQT� *O UIF MPOH SVO
 TVDI SJTL BMMFMFT NBZ DBSSZ BEBQUJWF FĊFDUT
PWFS HFOFSBUJPOT
 CVU MFBE UP EJSF DPOTFRVFODFT GPS TPNF JOEJWJEVBMT� " XFMM�LOPXO FY�
BNQMF PG UIJT JT TJDLMF�DFMM BOFNJB XIFSF TQFDJmD NVUBUJPOT JO IFNPHMPCJO QSPUFDUT BHBJOTU
NBMBSJB JG QSFTFOU PO POMZ POF BMMFMF
 XIJMF MFBEJOH UP TFWFSF BOFNJB JO IPNP[ZHPVT JOEJ�
WJEVBMT� *OUFSFTUJOHMZ
 XIJMF GFDVOEJUZ SBUFT JO EFQSFTTFE JOEJWJEVBMT BSF MPXFS 	JO NBMFT

PS VODIBOHFE 	JO GFNBMFT

 JU JT JODSFBTFE JO OPO�BĊFDUFE TJCMJOHT
 XIJDI DPNQMFUFMZ DPVO�
UFSCBMBODFT UIF EJTBEWBOUBHF 	1PXFS FU BM�
 ñïðò
� ɨF JODSFBTFE GFDVOEJUZ PG TJCMJOHT PG
EFQSFTTFE JOEJWJEVBMT DPVME FYQMBJO XIZ SJTL BMMFMFT GPS EFQSFTTJPO SFNBJO TXJNNJOH JO UIF
HFOF QPPM�

ö



ñ )BCFOVMB

ǲF QBSU PG UIF CPEZ JO XIJDI UIF TPVM EJSFDUMZ FYFSDJTFT JUT GVODUJPOT JT OPU UIF IFBSU BU BMM
 PS
UIF XIPMF PG UIF CSBJO� *U JT SBUIFS UIF JOOFSNPTU QBSU PG UIF CSBJO
 XIJDI JT B DFSUBJO WFSZ

TNBMM <QJOFBM> HMBOE TJUVBUFE JO UIF NJEEMF PG UIF CSBJO�T TVCTUBODF BOE TVTQFOEFE BCPWF UIF
QBTTBHF UISPVHI XIJDI UIF TQJSJUT JO UIF CSBJO�T BOUFSJPS DBWJUJFT DPNNVOJDBUF XJUI UIPTF JO JUT
QPTUFSJPS DBWJUJFT� ǲF TMJHIUFTU NPWFNFOUT PO UIF QBSU PG UIJT HMBOE NBZ BMUFS WFSZ HSFBUMZ UIF
DPVSTF PG UIFTF TQJSJUT
 BOE DPOWFSTFMZ BOZ DIBOHF
 IPXFWFS TMJHIU
 UBLJOH QMBDF JO UIF DPVSTF PG

UIF TQJSJUT NBZ EP NVDI UP DIBOHF UIF NPWFNFOUT PG UIF HMBOE�
� ɨF 1BTTJPOT PG UIF 4PVM
 3FOÏ %FTDBSUFT

ɨF IBCFOVMBS OVDMFVT JT B QBJSFE 	CJMBUFSBM
 TUSVDUVSF UIBU JT TJUVBUFE BU UIF QPTUFSPEPS�
TBM FOE PG UIF EJFODFQIBMPO
 PO UPQ PG UIF UIBMBNVT� ɨF IBCFOVMB BOE QJOFBM HMBOE UP�
HFUIFS GPSN XIBU JT LOPXO BT UIF FQJUIBMBNVT 	'JH� ñ
� ɨF OBNF 	IBCFOVMBSJT
 -BUJO
 JT UIF
EJNJOVUJWF GPSN PG UIF -BUJO XPSE IBCFOB
 NFBOJOH TUSJQ
 SFJO PS MFBTI
 IJOUJOH BU JUT QSFWJ�
PVTMZ DPOTJEFSFE SPMF BT BO BQQFOEBHF UP UIF QJOFBM HMBOE� ɨF CBTJD DFMMVMBS NPSQIPMPHZ
BOE DPOOFDUJWJUZ PG UIF IBCFOVMB 	'JH� ò
 XBT EFTDSJCFE NPSF UIBO B DFOUVSZ BHP 	3BNØO Z
$BKBM
 ð÷øó� (BOTFS
 ð÷÷ñ
� ɨF IBCFOVMB SFDFJWFT UIF CVML PG JUT JOQVU WJB B mCFS USBDU
DBMMFE TUSJB NFEVMMBSJT BOE UIF BYPOT PG UIF IBCFOVMBS OFVSPOT GPSN UIF USBDU LOPXO BT UIF
GBTDJDVMVT SFUSPnFYVT 	PG .FZOFSU
 BOE UFSNJOBUF QSJNBSJMZ JO NFTFODFQIBMJD BOE CSBJOTUFN
TUSVDUVSFT 	EFTDSJCFE JO GVSUIFS EFUBJM CFMPX
�

ɨF IBCFOVMB JT QSFTFOU JO BMM WFSUFCSBUFT 	3BNØO Z $BKBM
 ð÷øó
� ɨF CBTJD DPOOFDUJPOT
UP BOE GSPN UIF IBCFOVMB BSF TJNJMBS JO QSJNBUFT BOE JO BODJFOU WFSUFCSBUF TQFDJFT TVDI BT
UIF MBNQSFZ BOE IBHmTI
 JOEJDBUJOH B TUSPOH FWPMVUJPOBSZ QSFTTVSF UIBU IBT DPOTFSWFE UIF
IBCFOVMBS DJSDVJUSZ TJODF JUT EFWFMPQNFOU BSPVOE ôòï NJMMJPO ZFBST BHP 	4UFQIFOTPO�+POFT
FU BM�
 ñïðñ
� 1VU JOUP FWPMVUJPOBSZ QFSTQFDUJWF
 UIF mSTU USFFT EFWFMPQFE BSPVOE óïï NJMMJPO
ZFBST BHP BOE nPXFSJOH QMBOUT BSPVOE ðóï�ñôï NJMMJPO ZFBST BHP
 MPOH BGUFS UIF FNFSHFODF
PG UIF IBCFOVMB JO WFSUFCSBUFT�

ñ�ð )BCFOVMBS BTZNNFUSZ

*O NPTU TQFDJFT
 UIF IBCFOVMB EJTQMBZT MFGUoSJHIU BTZNNFUSZ
 XJUI SFHBSET UP JUT TJ[F
 DPOOFD�
UJWJUZ BOE HFOF FYQSFTTJPO QBUUFSOT 	$PODIB BOE 8JMTPO
 ñïïð
� *O NBNNBMT UIJT BTZN�
NFUSZ JT OPU BT TUSJLJOH BT JO mTI
 BNQIJCJBOT BOE SFQUJMFT
 CVU SFDFOU SFQPSUT TVHHFTU B
NPEFTU FOMBSHFNFOU PG UIF MFGU IBCFOVMB JO IVNBOT 	"IVNBEB�(BMMFHVJMMPT FU BM�
 ñïðö
�
*O [FCSBmTI
 JU IBT CFFO EFNPOTUSBUFE UIBU UIF MFGU IBCFOVMB JT FYDJUFE CZ WJTVBM TUJNVMJ
XIJMF UIF SJHIU IBCFOVMB SFTQPOET QSFEPNJOBOUMZ UP PEPVST 	%SFPTUJ FU BM�
 ñïðó
� ɨF
TJHOJmDBODF PG UIJT BOBUPNJDBM BOE GVODUJPOBM MBUFSBMJ[BUJPO PG UIF IBCFOVMBS DJSDVJUSZ SF�

÷



'JHVSF �� -PDBUJPO PG UIF IBCFOVMB JO UIF NPVTF CSBJO
-PDBUJPO PG UIF IBCFOVMB 	NBHFOUB
 JO DPSPOBM 	UPQ
 BOE TBHJUUBM 	CPUUPN
 TFDUJPOT PG B NPVTF CSBJO� 	*NBHF DPVSUFTZ�
"MMFO .PVTF #SBJO "UMBT


NBJOT VODMFBS
 CVU JU TIPVME CF SFDPHOJ[FE JO GVUVSF TUVEJFT TP UIBU FĊFDUT UIBU NBZ POMZ
CF PCTFSWFE VOJMBUFSBMMZ BSF BQQSFDJBUFE�

ñ�ñ 4VC�OVDMFBS PSHBOJ[BUJPO BOE BOBUPNZ

*U IBT MPOH CFFO SFDPHOJ[FE UIBU UIF IBCFOVMB DPOTJTUT PG UXP EJTUJODU NFEJBM BOE MBUFSBM EJ�
WJTJPOT
 DMFBSMZ EJTUJOHVJTIFE CZ B NVDI IJHIFS DFMMVMBS EFOTJUZ JO UIF NFEJBM IBCFOVMB UIBO
JO UIF MBUFSBM IBCFOVMB� ɨF DPOOFDUJWJUZ QBUUFSOT PG UIF UXP EJWJTJPOT BSF BMTP EJTUJODU� ɨF
NFEJBM IBCFOVMB SFDFJWFT JOQVU QSJNBSJMZ GSPN UIF CFE OVDMFVT PG UIF BOUFSJPS DPNNJTTVSF

TFQUPmNCSJBM OVDMFVT
 USJBOHVMBS TFQUVN
 NFEJBM TFQUVN BOE EJBHPOBM CBOE PG #SPDB
 BMM
MPDBUFE JO UIF GPSFCSBJO 	2JO BOE -VP
 ñïïø
� *O TPNF OPO�NBNNBMJBO TQFDJFT
 UIF NFEJBM
IBCFOVMB SFDFJWF JOQVU EJSFDUMZ GSPN QSJNBSZ TFOTPSZ TUSVDUVSFT XIJMF JU BQQFBST UIBU B TIJGU
UPXBSET B NPSF JOUFHSBUFE JOQVU IBT PDDVSSFE JO NBNNBMT 	(SJMMOFS FU BM�
 ñïðö� (VHMJFM�
NPUUJ BOE $SJTUJOP
 ñïïõ
� ɨF NBJO UBSHFU PG UIF NFEJBM IBCFOVMB JO BMM WFSUFCSBUFT JT UIF
JOUFSQFEVODVMBS OVDMFVT 	*1/
 	(SJMMOFS FU BM�
 ñïðö� )FSLFOIBN BOE /BVUB
 ðøöø� /BVUB

ðøô÷
� *U JT B NJEMJOF TUSVDUVSF BU UIF WFOUSBM TVSGBDF PG UIF NJECSBJO SJDI JO JOIJCJUPSZ

ø



'JHVSF �� )BCFOVMB PG UIF SBCCJU
*MMVTUSBUJPO PG UIF IBCFOVMBS OVDMFJ CZ 3BNØO Z $BKBM� 5IF IBCFOVMB MJFT MBUFSBM UP UIF UIJSE WFOUSJDMF 	7
 BOE KVYUBQPTFE
UP UIF UIBMBNVT 	%
� *U DPOTJTUT PG B NFEJBM 	"
 BOE MBUFSBM 	#
 EJWJTJPO� 5IF IBCFOVMB SFDFJWFT JUT NBJO JOQVU WJB UIF
TUSJB NFEVMMBSJT 	B
 C
 BOE UIF BYPOT PG UIF IBCFOVMBS OFVSPOT USBWFM UPXBSET UIF WFOUSBM NJECSBJO BOE CSBJOTUFN WJB
UIF GBTDJDVMVT SFUSPnFYVT 	$
� 	*NBHF DPVSUFTZ� 3BNØO Z $BKBM 	����



("#"FSHJD OFVSPOT� ɨF *1/ UBSHFUT CPUI GPSFCSBJO BSFBT TVDI BT UIF IJQQPDBNQVT
 EJBH�
POBM CBOE PG #SPDB
 TFQUVN BOE QSFPQUJD BSFB BT XFMM BT CSBJOTUFN BSFBT TVDI BT UIF QPOUJOF
DFOUSBM HSFZ
 EPSTBM SBQIF BOE EPSTBM UFHNFOUVN 	.PSMFZ
 ðø÷õ� 4IJCBUB BOE 4V[VLJ
 ðø÷ó
�

(JWFO UIF TNBMM TJ[F PG UIF IBCFOVMB
 UIFSF JT B SFNBSLBCMF OVNCFS PG TVCEJWJTJPOT SFBEJMZ
EJTUJOHVJTIBCMF CZ EJĊFSFODFT JO HFOF BOE QSPUFJO FYQSFTTJPO BT XFMM BT NPSQIPMPHJDBM DSJ�
UFSJB 	"OESFT FU BM�
 ðøøø� (FJTMFS FU BM�
 ñïïò� 1BOEFZ FU BM�
 ñïð÷
� 5XP NBKPS QPQVMBUJPOT
PG OFVSPOT GPSN UIF NBKPSJUZ PG UIF NFEJBM IBCFOVMBS DFMMT� ɨF EPSTBM EJWJTJPO DBO CF
JEFOUJmFE CZ FYQSFTTJPO PG UBDIZLJOJO ð 	QSFDVSTPS UP TVCTUBODF 1
 BOE UBSHFUT UIF MBUFSBM
TVCOVDMFVT PG UIF *1/ 	$VFMMP FU BM�
 ðøö÷
 	OPUF UIBU UIF JO UIF SFGFSFODF
 UIF UBSHFU JT
NJTJEFOUJmFE BT UIF WFOUSBM UFHNFOUBM BSFB
� ɨF WFOUSBM EJWJTJPO JODMVEF B MBSHF QPQVMB�
UJPO PG DIPMJOFSHJD OFVSPOT QSPEVDJOH BYPOT UIBU USBWFM JO BO FOJHNBUJD TQJSBMJOH QBUUFSO
UISPVHI UIF *1/ CFGPSF UFSNJOBUJOH JO UIF DFOUSBM TVCOVDMFVT 	#JBODP FU BM�
 ñïï÷
�

"QBSU GSPN UIFTF QPQVMBUJPOT
 UIFSF BSF TNBMMFS HSPVQT PG OFVSPOT JEFOUJmBCMF CZ FYQSFTTJPO
PG JOUFSMFVLJO ð÷ 	4VHBNB FU BM�
 ñïïñ
 BOE UIF ��PQJPE SFDFQUPS 	"J[BXB FU BM�
 ñïðñ
�

.PTU JG OPU BMM NFEJBM IBCFOVMBS OFVSPOT QSPEVDF HMVUBNBUF BOE BSF FYDJUBUPSZ 	"J[BXB
FU BM�
 ñïðñ
� *U IBT CFFO EFNPOTUSBUFE UIBU UIF DIPMJOFSHJD OFVSPOT JO UIF IBCFOVMB DP�
SFMFBTF BDFUZMDIPMJOF BOE HMVUBNBUF GSPN UIF TBNF OFVSPOT POUP UIF JOUFSQFEVODVMBS OFV�

ðï



SPOT 	3FO FU BM�
 ñïðð
� *OUFSFTUJOHMZ
 EJĊFSFOU JOUFOTJUZ BOE QBUUFSO PG OFVSPOBM mSJOH HJWF
SJTF UP EJĊFSFODFT JO UIF USBOTNJUUFST SFMFBTFE
 JNQMZJOH UIBU UIF OFVSPDIFNJDBM QIFOPUZQFT
PG IBCFOVMBS OFVSPOT BSF NPSF nVJE BOE EZOBNJD UIBO QSFWJPVTMZ SFDPHOJ[FE�

ɨF MBUFSBM IBCFOVMB DBO CF TVCEJWJEFE JO VQ UP UFO TVCOVDMFJ VTJOH NPSQIPMPHJDBM BOE
DZUPDIFNJDBM DSJUFSJB 	"OESFT FU BM�
 ðøøø� (FJTMFS FU BM�
 ñïïò� 8BHOFS FU BM�
 ñïðóC
� *U
SFDFJWFT JUT NBJO JOQVU GSPN B DPOUJOVPVT CBOE PG OFVSPOT TUSFUDIJOH GSPN UIF MBUFSBM QSF�
PQUJD BSFB UP UIF MBUFSBM IZQPUIBMBNJD BSFB 	)FSLFOIBN BOE /BVUB
 ðøöö� "J[BXB FU BM�

ñïðò� :FUOJLPĊ FU BM�
 ñïðô
� 0UIFS QSPNJOFOU BĊFSFOUT BSJTF JO UIF CBTBM HBOHMJB 	HMPCVT
QBMMJEVT QBST JOUFSOB � FOUPQFEVODVMBS OVDMFVT

 OVDMFVT PG UIF EJBHPOBM CBOE PG #SPDB BT
XFMM BT UIF WFOUSBM UFHNFOUBM BSFB 	75"
 BOE NFEJBO SBQIF OVDMFVT� .PTU OFVSPOT JO UIF
MBUFSBM IBCFOVMB BQQFBS UP CF FYDJUBUPSZ CBTFE PO UIF IJHI FYQSFTTJPO PG UIF WFTJDVMBS HMV�
UBNBUF USBOTQPSUFS ñ BOE ò 	"J[BXB FU BM�
 ñïðñ� )FS[PH FU BM�
 ñïïó
� ɨF NBJO FĊFSFOU
DPOOFDUJPOT PG MBUFSBM IBCFOVMBS OFVSPOT UBSHFU CSBJOTUFN BSFBT JODMVEJOH UIF SPTUSPNFEJBM
UFHNFOUBM OVDMFVT
 UIF NFEJBO BOE EPSTBM SBQIF BOE UIF QPOUJOF DFOUSBM HSFZ 	2VJOB FU BM�

ñïðó
� ɨFSF BQQFBST UP CF B TVCTUBOUJBM EFHSFF PG PWFSMBQ CFUXFFO UIF CSBJOTUFN UBSHFUT PG
UIF MBUFSBM IBCFOVMB BOE UIF *1/ 	0I FU BM�
 ñïðó
� ɨF MBUFSBM IBCFOVMB BMTP FYIJCJU NJOPS
QSPKFDUJPOT UP UIF 75" BOE UIF QPTUFSJPS BOE MBUFSBM IZQPUIBMBNJD BSFBT 	)FSLFOIBN BOE
/BVUB
 ðøöø� 2VJOB FU BM�
 ñïðó
�

ɨF DPNQMFUF GPSFCSBJO�IBCFOVMBS�CSBJOTUFN DJSDVJUSZ JT DPMMFDUJWFMZ LOPXO BT UIF EPSTBM
EJFODFQIBMJD DPOEVDUJPO BOE DPOTUJUVUFT POF PG UIF NBKPS EFTDFOEJOH QBUIXBZT JO UIF CSBJO
	4VUIFSMBOE
 ðø÷ñ
�

ñ�ò 'VODUJPO

ɨF PWFSBMM JOIJCJUPSZ JOnVFODF UIBU UIF IBCFOVMB FYFSUT PO TFSPUPOFSHJD
 OPSBESFOFSHJD
BOE EPQBNJOFSHJD TJHOBMJOH JO UIF WFOUSBM NJECSBJO BOE UIF CSBJOTUFN IBT MPOH CFFO SFD�
PHOJ[FE 	,BMÏO FU BM�
 ðø÷øC
B� /JTIJLBXB FU BM�
 ðø÷õ
� ɨFTF NPOPBNJOFSHJD CSBJO TUFN
BSFBT QSPEVDF QSPKFDUJPOT UIBU UFSNJOBUF JO NPTU BSFBT PG UIF CSBJO
 UIVT DBQBCMF PG FYDFSU�
JOH BO 	BMNPTU
 HMPCBM OFVSPNPEVMBUPSZ JOnVFODF� ɨF JOnVFODF UIBU UIF IBCFOVMB IBWF
PO UIF USBOTNJTTJPO JO UIF JNNFOTFMZ CSBODIJOH NPOPBNJOFSHJD TZTUFNT NBZ CF B SFBTPO
XIZ UIF IBCFOVMB DBO CF JOWPMWFE JO UIF NVMUJUVEF PG CSBJO GVODUJPOT BOE CFIBWJPST BT
EFTDSJCFE CFMPX�

"EBQUJWF CFIBWJPS BOE SFXBSE

#BTFE PO TFMG�TUJNVMBUJPO FYQFSJNFOUT JO SBUT
 JU IBT MPOH CFFO SFDPHOJ[FE UIBU UIF IBCF�
OVMB DPOTUJUVUFT QBSU PG UIF BĊFDUJWF DJSDVJUSZ PG UIF CSBJO 	4VUIFSMBOE BOE /BLBKJNB
 ðø÷ð
�
*O ñïïö
 JU XBT TIPXO JO TJOHMF�DFMM SFDPSEJOHT JO NPOLFZT UIBU MBUFSBM IBCFOVMBS OFV�
SPOT SFTQPOE UP PNJTTJPOT PG FYQFDUFE SFXBSET BT XFMM BT VOFYQFDUFE BWFSTJWF TUJNVMBUJPO


ðð



QSPEVDJOH BO JOWFSTF JNBHF PG UIF GBNPVT SFXBSE QSFEJDUJPO FSSPS SFTQPOTFT PCTFSWFE JO
EPQBNJOFSHJD OFVSPOT JO UIF 75" 	.BUTVNPUP BOE )JLPTBLB
 ñïïö
� ɨJT mOEJOH MFE UP
SFOFXFE JOUFSFTU JO UIF SPMF PG UIF MBUFSBM IBCFOVMB JO SFXBSE BOE BEBQUJWF CFIBWJPS� 4VC�
TFRVFOUMZ
 VTJOH B SFDFOUMZ EFWFMPQFE UFDIOJRVF GPS OFVSPOBM TUJNVMBUJPO 	PQUPHFOFUJDT
 JU
XBT EFNPOTUSBUFE UIBU BDUJWBUJPO PG IBCFOVMBS OFVSPOT QSPEVDF TUSPOH BWFSTJWF SFTQPOTFT
JO NJDF BOE SBUT 	4UBNBUBLJT BOE 4UVCFS
 ñïðñ� 4IBCFM FU BM�
 ñïðñ
� 4JNJMBSJMZ
 JOIJCJUJPO PG
UIF IBCFOVMB CZ TUJNVMBUJOH JOIJCJUPSZ JOQVU GSPN UIF 75" UP UIF IBCFOVMB QSPEVDF UIF
PQQPTJUF FĊFDU 	4UBNBUBLJT FU BM�
 ñïðò
� "U MFBTU B QBSU PG UIF BWFSTJWF SFTQPOTF QSPEVDFE
CZ IBCFOVMBS TUJNVMBUJPO JT DPOWFZFE CZ B OFXMZ JEFOUJmFE OVDMFVT JO UIF CSBJOTUFN
 UIF
SPTUSPNFEJBM UFHNFOUBM OVDMFVT
 XIJDI SFDFJWFT TUSPOH JOOFSWBUJPO GSPN UIF MBUFSBM IBCF�
OVMB 	+IPV FU BM�
 ñïïøC� 4UBNBUBLJT BOE 4UVCFS
 ñïðñ
� ɨJT OVDMFVT DPOUBJOT JOIJCJUPSZ
("#"FSHJD OFVSPOT UIBU NBJOMZ UBSHFU NJECSBJO BOE CSBJOTUFN BSFBT TVDI BT UIF 75"

NFEJBM BOE MBUFSPEPSTBM UFHNFOUBM OVDMFVT
 EPSTBM SBQIF BOE MPDVT DPFSVMFVT�

&YQFSJNFOUT JNQMZ UIBU UIF IBCFOVMB NBZ VTF UIJT SFXBSE JOGPSNBUJPO JO PSEFS UP EZ�
OBNJDBMMZ BEBQU CFIBWJPS JO SFTQPOTF UP TVC�PQUJNBM PVUDPNFT
 FTQFDJBMMZ JO TUSFTTGVM BOE
EFNBOEJOH DPOEJUJPOT 	ɨPSOUPO BOE %BWJFT
 ðøøð� #BLFS FU BM�
 ñïðô
 ñïðõ� #BLFS BOE
.J[VNPSJ
 ñïðö
� 0OF GVODUJPO PG UIF MBUFSBM IBCFOVMB NBZ CF UP DPNQBSF JOGPSNBUJPO
BCPVU UIF DVSSFOU SFTQPOTF PVUDPNF 	GSPN QSFGSPOUBM DPSUJDBM BSFBT

 XJUI JOGPSNBUJPO PG
UIF DVSSFOU JOUFSOBM TUBUF 	GSPN TVCDPSUJDBM BSFBT
 BOE VQEBUF CFIBWJPS BDDPSEJOHMZ UISPVHI
NBOJQVMBUJPO PG UIF NPOPBNJOFSHJD 75" BOE EPSTBM SBQIF 	ɨPSOUPO BOE &WBOT
 ðø÷ñ�
.J[VNPSJ BOE #BLFS
 ñïðö
�

4USFTT

.BOZ BDVUF TUSFTTPST 	SFTUSBJOU TUSFTT
 TXJN TUSFTT
 OPWFM FOWJSPONFOU
 JOKFDUJPO PG MJUIJVN
DIMPSJEF
 BOE DISPOJD TUSFTTPST 	DISPOJD TPDJBM TUSFTT
 JODSFBTF UIF BDUJWJUZ PG MBUFSBM IBCFOV�
MBS OFVSPOT 	8JSUTIBGUFS FU BM�
 ðøøó� $IBTUSFUUF FU BM�
 ðøøð� .BUTVEB FU BM�
 ðøøõ
� "DUJWBUFE
OFVSPOT 	BT NFBTVSFE CZ VQ�SFHVMBUJPO PG UIF JNNFEJBUF FBSMZ HFOF D'PT
 BSF QSJNBSJMZ
MPDBUFE JO UIF NFEJBM QBSU PG UIF MBUFSBM IBCFOVMB
 BOE FTQFDJBMMZ DPODFOUSBUFE JO UIF QBS�
WPDFMMVMBS TVCOVDMFVT 	8JSUTIBGUFS FU BM�
 ðøøó
� $ISPOJD USFBUNFOU XJUI JNJQSBNJOF
 B
USJDZDMJD BOUJEFQSFTTBOU
 EPFT OPU IPXFWFS BOUBHPOJ[F UIF VQ�SFHVMBUJPO PG D'PT BGUFS BDVUF
TXJN TUSFTT 	%VODBO FU BM�
 ðøøõ
�

"OJNBMT VOEFS IJHI DPHOJUJWF EFNBOE TIPX IJHIFS TUSFTT MFWFMT BGUFS CMPDLJOH FYDJUBUPSZ
JOQVU UP UIF MBUFSBM IBCFOVMB 	.BUIJT FU BM�
 ñïðö
� ɨJT JNQMJFT UIBU POF SPMF PG UIF MBUFSBM
IBCFOVMB NBZ CF UP BEBQU CFIBWJPS JO TUSFTTGVM TJUVBUJPOT
 SBUIFS UIBO KVTU QSPNPUJOH BO
BWFSTJWF SFTQPOTF� 'VSUIFSNPSF JU IBT CFFO TIPXO UIBU DPHOJUJWF EFmDJUT EVF UP IBCFOVMBS
MFTJPOT BSF BDDFOUVBUFE EVSJOH TUSFTT 	ɨPSOUPO BOE &WBOT
 ðø÷ñ� ɨPSOUPO BOE #SBECVSZ

ðø÷ø� ɨPSOUPO FU BM�
 ðøøï
�

ðñ



"HHSFTTJWF CFIBWJPS

%JĊFSFOU TVCOVDMFJ XJUIJO UIF IBCFOVMBS DPNQMFY PG [FCSBmTI SFHVMBUF CFIBWJPS JO TPDJBM
DPOnJDUT EJĊFSFOUMZ 	$IPV FU BM�
 ñïðõ
� ɨF QSPCBCJMJUZ PG XJOOJOH B TPDJBM DPOnJDU XBT JO�
DSFBTFE CZ JOBDUJWBUJPO PG UIF NFEJBM EPSTBM IBCFOVMB XIJMF JU XBT EFDSFBTFE CZ JOBDUJWBUJPO
PG UIF MBUFSBM EPSTBM IBCFOVMB�

"HHSFTTJPO�SFMBUFE SFXBSE JO EPNJOBOU NJDF BQQFBST UP CF SFHVMBUFE CZ B ("#"FSHJD QSP�
KFDUJPO GSPN UIF CBTBM GPSFCSBJO 	TIFMM PG UIF OVDMFVT BDDVNCFOT
 EJBHPOBM CBOE PG #SPDB
BOE TFQUVN
 UP UIF MBUFSBM IBCFOVMB 	(PMEFO FU BM�
 ñïðõ
� *OBDUJWBUJPO PG UIJT QBUIXBZ
JODSFBTFT BUUBDL TFWFSJUZ JO BHHSFTTJWF NJDF
 CVU BMTP QPUFOUJBUFT OPO�TPDJBM SFXBSEJOH FYQF�
SJFODFT TVDI BT DPDBJOF BENJOJTUSBUJPO
 JOEJDBUJOH B HFOFSBM SFXBSE QPUFOUJBUJOH FĊFDU�

$JSDBEJBO SIZUINT BOE TMFFQ

" TFQBSBUF MJOF PG SFTFBSDI IBT JNQMJDBUFE UIF IBCFOVMB JO SFHVMBUJPO PG DJSDBEJBO SIZUINT
BOE TMFFQ 	SFWJFXFE JO #B×P�0UÈMPSB BOE 1JHHJOT
 ñïðö
� .BOZ PSHBOJTNT EZOBNJDBMMZ
BEBQU UIFJS CFIBWJPSBM SFQFSUPBS EFQFOEJOH PO UIF UJNF PG EBZ
 J�F QIZTJPMPHJDBM BOE CFIBW�
JPSBM QSPDFTTFT BSF JOnVFODFE CZ UIF _ñó IPVS DJSDBEJBO SIZUIN� ɨF FYQSFTTJPO PG D'PT JO
UIF NFEJBM EJWJTJPO PG MBUFSBM IBCFOVMB JO SBUT
 JT IJHIFTU EVSJOH UIF EBZ 	JOBDUJWF QFSJPE

BOE TVCTJEFT EVSJOH UIF OJHIU 	BDUJWF QFSJPE
 	$IBTUSFUUF FU BM�
 ðøøð
� ɨF TBNF OFVSPOBM
QPQVMBUJPO BQQFBST UP FYQSFTT UIF DMPDL HFOF 1&3ñ JO B DJSDBEJBO QBUUFSO UIBU JT JOEFQFO�
EFOU PG FYUFSOBM DVFT� ɨF QSFTFODF PG DJSDBEJBO SFHVMBUFE OFVSPOT JO UIF MBUFSBM IBCFOVMB
JOEJDBUFT UIBU EJVSOBM JOGPSNBUJPO NJHIU CF VTFE CZ UIF IBCFOVMB GPS PQUJNJ[JOH CFIBWJPS�

-FTJPOT PG UIF IBCFOVMB PS UIF GBTDJDVMVT SFUSPnFYVT EJTSVQUT SBQJE FZF�NPWFNFOU TMFFQ
	3&.

 B QIFOPNFOPO UIBU NJHIU CF NFEJBUFE UISPVHI EPXOTUSFBN FĊFDUT PO UIF TFSP�
UPOFSHJD SBQIF OVDMFJ 	7BMKBLLB FU BM�
 ðøø÷� "J[BXB FU BM�
 ñïðò
� *OUFSFTUJOHMZ
 3&. TMFFQ
EJTSVQUJPO JT DPNNPOMZ PCTFSWFE JO EFQSFTTFE JOEJWJEVBMT�

ñ�ó )BCFOVMB JO EFQSFTTJPO

ɨF IBCFOVMB BQQFBST UP QBSUBLF JO B SBOHF PG CSBJO GVODUJPOT UIBU BSF DPNNPOMZ EJTSVQUFE
JO EFQSFTTJPO� .BOZ TUVEJFT IBWF UIVT CFFO DPOEVDUFE UP JOWFTUJHBUF JG EJĊFSFODFT JO IBCF�
OVMB TUSVDUVSF BOE GVODUJPO DBO CF PCTFSWFE JO QBUJFOUT TVĊFSJOH GSPN EFQSFTTJPO� ɨJT
RVFTUJPO IBT BMTP CFFO BEESFTTFE JO B MBSHF OVNCFS PG QSFDMJOJDBM TUVEJFT FNQMPZJOH EJĊFS�
FOU BOJNBM NPEFMT PG EFQSFTTJPO�

ðò



$MJOJDBM TUVEJFT

7PMVNFUSJD DIBOHFT PG UIF IBCFOVMB JO EFQSFTTJPO

ɨF CSBJO JT B QMBTUJD PSHBO UIBU EZOBNJDBMMZ BEBQUT UP nVDUVBUJPOT JO UIF JOUFSOBM BOE FY�
UFSOBM FOWJSPONFOU 	.D&XFO
 ñïðñ
� 4VDI BEBQUBUJPOT JODMVEF TUSVDUVSBM NPEJmDBUJPOT PG
OFVSPOT
 JODMVEJOH EFOESJUJD CSBODIJOH
 DIBOHFT JO TZOBQUJD EFOTJUZ BOE QSPMJGFSBUJPO PG
OFVSPOT
 HMJB BOE FOEPUIFMJVN
 XIJDI NBZ MFBE UP WPMVNFUSJD DIBOHFT JO TQFDJmD CSBJO BS�
FBT� " QPTU�NPSUFN TUVEZ PG WPMVNFUSJD EJĊFSFODFT CFUXFFO B NJYFE TBNQMF PG EFQSFTTFE
JOEJWJEVBMT 	CJQPMBS BOE NBKPS EFQSFTTJWF EJTPSEFS
 BOE NBUDIFE DPOUSPMT GPVOE B EFDSFBTFE
WPMVNF PG UIF NFEJBM BOE MBUFSBM IBCFOVMB JO UIF SJHIU IFNJTQIFSF 	3BOGU FU BM�
 ñïðï
� 6T�
JOH ò5 .3*
 POF TUVEZ GPVOE B EFDSFBTF JO CJMBUFSBM IBCFOVMB WPMVNFT JO OPO�NFEJDBUFE
QBUJFOUT XJUI CJQPMBS EFQSFTTJPO DPNQBSFE UP IFBMUIZ DPOUSPMT 	4BWJU[ FU BM�
 ñïðð
� *O UIF
TBNF TUVEZ
 B EFDSFBTF JO WPMVNF XBT PCTFSWFE JO UIF SJHIU IBCFOVMB JO GFNBMF QBUJFOUT
XJUI .%%� " SFDFOU ò5 .3* TUVEZ DPNQBSJOH IBCFOVMB WPMVNFT PG IFBMUIZ WPMVOUFFST
BOE .%% QBUJFOUT DPVME OPU SFQSPEVDF UIJT mOEJOH
 BMUIPVHI OP TFY�TQFDJmD TUSBUJmDBUJPO
XBT QFSGPSNFE 	-BXTPO FU BM�
 ñïðõ
� " TUVEZ PG IBCFOVMB WPMVNFT BU EJĊFSFOU TUBHFT PG
.%% EFUFDUFE B TNBMM JODSFBTF PG IBCFOVMBS XIJUF NBUUFS WPMVNF JO NFEJDBUFE GFNBMF
QBUJFOUT XJUI mSTU�FQJTPEF .%%� "QBSU GSPN UIJT mOEJOH
 OP PUIFS FĊFDUT DPVME CF PC�
TFSWFE 	$BSDFMMFS�4JOESFV FU BM�
 ñïðô
� *O OPO�NFEJDBUFE
 CVU OPU JO NFEJDBUFE
 QBUJFOUT
XJUI .%%
 B TJHOJmDBOU DPSSFMBUJPO CFUXFFO EFQSFTTJWF TZNQUPN TFWFSJUZ 	BT NFBTVSFE CZ
)".%�ðö BOE #%*�** TDPSFT
 BOE IBCFOVMB WPMVNF XBT PCTFSWFE JO B TUVEZ FNQMPZJOH
IJHI�mFME 	ö5
 .3* 	4DINJEU FU BM�
 ñïðö
� /P HSPVQ EJĊFSFODFT DPVME CF EFUFDUFE CF�
UXFFO UIF .%% QBUJFOUT BOE UIF DPOUSPMT IPXFWFS� "OPUIFS TUVEZ VTJOH ò5 .3* EFUFDUFE
BO JODSFBTF JO MFGU IBCFOVMBS WPMVNF JO OPO�NFEJDBUFE .%% QBUJFOUT
 BOE BMTP GPVOE B
QPTJUJWF BTTPDJBUJPO CFUXFFO MFGU IBCFOVMBS WPMVNF BOE BOIFEPOJB TFWFSJUZ 	-JV FU BM�
 ñïðö
�

*O TVNNBSZ
 TUVEJFT JOWFTUJHBUJOH WPMVNFUSJD EJĊFSFODFT JO IBCFOVMBS WPMVNF JO .%%
QBUJFOUT IBWF ZJFMEFE DPOnJDUJOH SFTVMUT BOE GVUVSF TUVEJFT TIPVME CF DBSSJFE PVU XJUI MBSHFS
TUVEZ TBNQMFT JODMVEJOH WBSJBCMFT TVDI BT EJTFBTF TFWFSJUZ
 NFEJDBUJPO TUBUVT
 TFY BOE CSBJO
IFNJTQIFSF�

)BCFOVMBS GVODUJPO JO EFQSFTTJPO

"T NFOUJPOFE BCPWF
 JO QBUJFOUT UIBU SFTQPOE UP BOUJEFQSFTTJWF TFSPUPOJO SFVQUBLF JO�
IJCJUPST
 USZQUPQIBO EFQMFUJPO DBO FMJDJU EFQSFTTJWF TZNQUPNT� " TNBMM TUVEZ JOWFTUJHBUFE
UIF FĊFDU PG USZQUPQIBO EFQMFUJPO PO IBCFOVMBS CMPPE�nPX 	VTJOH QPTJUSPO FNJTTJPO UP�
NPHSBQIZ
 1&5
 JO .%% QBUJFOUT JO SFNJTTJPO 	.PSSJT FU BM�
 ðøøø
� )BCFOVMBS CMPPE�
nPX XBT OFHBUJWFMZ DPSSFMBUFE XJUI QMBTNB USZQUPQIBO MFWFMT BOE QPTJUJWFMZ DPSSFMBUFE XJUI
TFWFSJUZ PG EFQSFTTJWF TZNQUPNT� $PWBSJBUJPO CFUXFFO UIF IBCFOVMBS BOE UIF TFSPUPOFSHJD
EPSTBM SBQIF CMPPE�nPX XBT FWJEFOU JO QBUJFOUT XJUI MBSHF JODSFBTFT JO EFQSFTTJWF TZNQUPNT
BGUFS USZQUPQIBO EFQMFUJPO� "OPUIFS TUVEZ PG USZQUPQIBO EFQMFUJPO JO .%% QBUJFOUT JO

ðó



SFNJTTJPO VTJOH GVODUJPOBM NBHOFUJD SFTPOBODF JNBHJOH 	G.3*
 EJE OPU PCTFSWF BO FĊFDU
PO NPPE JO FJUIFS QBUJFOUT PS DPOUSPMT 	3PJTFS FU BM�
 ñïïø
� )PXFWFS
 BO JODSFBTF JO MFGU
IBCFOVMBS CMPPE�PYZHFO�MFWFM EFQFOEFOU 	#0-%
 TJHOBM XBT PCTFSWFE JO .%% QBUJFOUT
CVU OPU JO DPOUSPM TVCKFDUT�

6TJOH G.3*
 BO JODSFBTF XBT PCTFSWFE JO IBCFOVMBS #0-% TJHOBM BU QSFTFOUBUJPO PG B DVF
TJHOBMJOH BO JNNJOFOU FMFDUSJD TIPDL JO IFBMUIZ WPMVOUFFST XIJMF JO .%% QBUJFOUT UIF
#0-% TJHOBM JOTUFBE XBT EFDSFBTFE 	-BXTPO FU BM�
 ñïðõ
� ɨJT mOEJOH JNQMJFT B EJTSVQUFE
IBCFOVMBS GVODUJPO JO .%% QBUJFOUT EVSJOH QSPDFTTJOH PG BWFSTJWF JOGPSNBUJPO
 B EZTGVOD�
UJPO UIBU DPVME JOIJCJU BWPJEBODF PG OFHBUJWF TUJNVMJ�

6TJOH B UBTL XJUI NPOFUBSZ HBJO PS MPTT
 POF TUVEZ GPVOE BUUFOVBUFE #0-% SFBDUJWJUZ
PG UIF MFGU IBCFOVMB PG .%% QBUJFOUT DPNQBSFE UP DPOUSPMT 	'VSNBO BOE (PUMJC
 ñïðõ
�
4JNJMBSMZ
 JO BOPUIFS G.3* TUVEZ PG SFXBSE QSPDFTTJOH
 B USFOE UPXBSET CMVOUFE SFTQPOTF JO
UIF MFGU IBCFOVMBS #0-% TJHOBM JO .%% QBUJFOUT EVSJOH SFXBSE PS QVOJTINFOU GFFECBDL
XBT PCTFSWFE 	-JV FU BM�
 ñïðö
�

1BUJFOUT XJUI USFBUNFOU SFTJTUBOU EFQSFTTJPO TIPX EFDSFBTFE XIJUF NBUUFS JOUFHSJUZ 	GSBD�
UJPOBM BOJTPUSPQZ
 JO BĊFSFOU mCFST UP UIF SJHIU IBCFOVMB DPNQBSFE UP SFTQPOEFST 	(PT�
OFMM FU BM�
 ñïð÷
� ɨF TBNF TUVEZ BMTP SFQPSUFE EJĊFSFODFT CFUXFFO SFTQPOEFST BOE OPO�
SFTQPOEFST JO UIF GVODUJPOBM DPOOFDUJWJUZ CFUXFFO UIF IBCFOVMB BOE CSBJOoTUFN BSFBT JO�
DMVEJOH UIF NFEJBO SBQIF BOE MPDVT DPFSVMFVT�

*OGVTJPO XJUI LFUBNJOF
 BO /.%" SFDFQUPS BOUBHPOJTU XIJDI IBT SFDFOUMZ HBJOFE JOUFS�
FTU BT B SBQJE BDUJOH BOUJEFQSFTTBOU
 SFEVDF HMVDPTF NFUBCPMJTN JO UIF SJHIU IBCFOVMB PG
VONFEJDBUFE USFBUNFOU SFTJTUBOU .%% QBUJFOUT 	$BSMTPO FU BM�
 ñïðò
�

*O B QBUJFOU XJUI TFWFSF USFBUNFOU�SFTJTUBOU .%% JNQMBOUFE XJUI CJMBUFSBM EFFQ CSBJO TUJN�
VMBUJPO FMFDUSPEFT JO UIF IBCFOVMB
 SFNJTTJPO XBT BDIJFWFE BGUFS ó NPOUIT PG IJHI�WPMUBHF
TUJNVMBUJPO� ɨF QBUJFOU SFNBJOFE JO SFNJTTJPO VOUJM UIF TUJNVMBUJPO XBT BDDJEFOUBMMZ EJT�
DPOUJOVFE XIFSFVQPO UIF QBUJFOU SFMBQTFE� 3FNJTTJPO XBT BHBJO BDIJFWFE BGUFS ò NPOUIT
PG DPOUJOVFE TUJNVMBUJPO 	4BSUPSJVT FU BM�
 ñïðï
� 8IFUIFS UIF EJTFBTF UJNF�DPVSTF PG UIJT
QBUJFOU JT CFTU FYQMBJOFE CZ B SFBM BOUJEFQSFTTJWF FĊFDU PG IBCFOVMBS %#4 PS UIF DZDMJD OBUVSF
PG UIF EJTFBTF
 SFNBJOT UP CF EFUFSNJOFE�

.PTU PG UIF TUVEJFT JOWFTUJHBUJOH IBCFOVMBS GVODUJPO JO .%% QBUJFOUT IBWF CFFO TNBMM

XIJDI QSFDMVEFT BOZ EFmOJUF DPODMVTJPOT UP CF ESBXO� /POFUIFMFTT
 UIF SFTVMUT PG UIFTF
FYQFSJNFOUT JOEJDBUF UIBU UIF IBCFOVMBS GVODUJPO NJHIU CF EJTSVQUFE JO .%% BOE UIBU
MBUFSBMJUZ DPVME CF BO JNQPSUBOU GBDUPS�

ðô



1SFDMJOJDBM TUVEJFT

*O DPOUSBTU UP UIF NFBHFS SFTVMUT PCUBJOFE GSPN .%% QBUJFOUT
 UIFSF JT TUSPOH TVQQPSU PG
IBCFOVMBS EZTGVODUJPO JO TUVEJFT FNQMPZJOH BOJNBM NPEFMT PG EFQSFTTJPO�

"O FBSMZ TUVEZ JOWFTUJHBUJOH NFUBCPMJD DIBOHFT 	VTJOH ðó$�ñ�EFPYZHMVDPTF BVUPSBEJPHSB�
QIZ
 JO UISFF EJĊFSFOU SBU NPEFMT PG EFQSFTTJPO GPVOE SPCVTU JODSFBTFT PG MBUFSBM IBCFOVMBS
NFUBCPMJTN JO BMM NPEFMT 	$BMEFDPUU�)B[BSE FU BM�
 ðø÷÷
� ɨF JODSFBTF JO NFUBCPMJTN XBT
QSFWFOUFE CZ QSFUSFBUNFOU XJUI USBOZMDZQSPNJOF
 B NPOPBNJOF PYJEBTF JOIJCJUPS VTFE JO
UIF DMJOJDBM USFBUNFOU PG .%%� .BOZ TUVEJFT IBWF TJODF SFQMJDBUFE UIF mOEJOH PG IBCFOVMBS
IZQFSBDUJWJUZ JO SPEFOU NPEFMT PG EFQSFTTJPO�

" DPNNPO NPEFM GPS EFQSFTTJWFoMJLF CFIBWJPS JO SPEFOUT JT UIF MFBSOFE IFMQMFTTOFTT NPEFM�
ɨF BOJNBMT BSF TVCKFDUFE UP VODPOUSPMMBCMF BOE JOFTDBQBCMF NJME GPPU�TIPDLT� "GUFS UIJT
JOJUJBM DPOEJUJPOJOH
 UIF BOJNBMT BSF BHBJO TVCKFDUFE UP GPPUoTIPDLT
 CVU XJUI B QPTTJCJMJUZ
UP FTDBQF� "OJNBMT UIBU EJTQMBZ MFBSOFE IFMQMFTTOFTT EP OPU BDU PO UIJT FTDBQF PQQPSUVOJUZ�

6TJOH 1&5 UP NFBTVSF HMVDPTF VUJMJ[BUJPO
 BO BTTPDJBUJPO CFUXFFO IBCFOVMBS NFUBCPMJTN
BOE MFBSOFE IFMQMFTTOFTT CFIBWJPS IBWF CFFO EFNPOTUSBUFE 	.JSSJPOF FU BM�
 ñïðó
�

4JNJMBSMZ
 BO FMFDUSPQIZTJPMPHJDBM TUVEZ JOWFTUJHBUJOH UIF MBUFSBM IBCFOVMBS OFVSPOT QSPKFDU�
JOH UP UIF 75"
 TIPXFE BO JODSFBTFE TQPOUBOFPVT BDUJWJUZ JO UIFTF DFMMT
 UIBU XBT QPTJUJWFMZ
DPSSFMBUFE XJUI UIF EFHSFF PG IFMQMFTT CFIBWJPS 	-J FU BM�
 ñïðð
� %FFQ CSBJO TUJNVMBUJPO
PG UIF MBUFSBM IBCFOVMB XBT TIPXO UP BNFMJPSBUF IFMQMFTTOFTT JO UIF MFBSOFE IFMQMFTTOFTT
QBSBEJHN� ɨF EFFQ CSBJO TUJNVMBUJPO QSPUPDPM FNQMPZFE 	ðòï)[ CVSTUT
 XBT TIPXO UP
MFBE UP B TVQQSFTTJPO PG FYDJUBUPSZ TZOBQUJD BDUJWJUZ JO UIFTF DFMMT UIBU SFUVSOFE UP OPSNBM
MFWFMT BU DFTTBUJPO PG UIF TUJNVMBUJPO�

*O B SBU TUSBJO UIBU IBWF CFFO DPOUJOVPVTMZ CSFE GPS IFMQMFTT CFIBWJPS 	DPOHFOJUBMMZ IFMQ�
MFTT SBU

 NVMUJQMF TUVEJFT IBWF TIPXO BO JODSFBTF JO IBCFOVMBS NFUBCPMJTN 	4IVNBLF FU BM�

ñïïò� 4IVNBLF BOE (PO[BMF[�-JNB
 ñïðò
� *OUFSFTUJOHMZ
 B EFDSFBTFE IBCFOVMBS NFUBCPMJTN
XBT PCTFSWFE JO SBUT USFBUFE XJUI UIF DPNNPO BOUJEFQSFTTJWF NFEJDBUJPO nVPYFUJOF 	4IV�
NBLF FU BM�
 ñïðï
� *O POF TUVEZ PG UIF DPOHFOJUBMMZ IFMQMFTT SBU TUSBJO
 BO VQ�SFHVMBUJPO PG
UIF β JTPGPSN PG $Bñ��DBMNPEVMJO�EFQFOEFOU QSPUFJO LJOBTF ** 	β�$BN,**
 XBT PCTFSWFE
JO UIF MBUFSBM IBCFOVMB 	-J FU BM�
 ñïðò
� ɨJT mOEJOH XBT SFQSPEVDFE JO UIF BDVUF MFBSOFE
IFMQMFTTOFTT NPEFM BT XFMM BT JO UIF DISPOJD VOQSFEJDUBCMF TUSFTT NPEFM PG EFQSFTTJPO� ɨF
QSPUFJO MFWFMT PG β�$BN,** XBT SFEVDFE BGUFS USFBUNFOU XJUI JNJQSBNJOF
 B USJDZDMJD BO�
UJEFQSFTTBOU� 0WFS�FYQSFTTJPO PG β�$BN,** JO UIF MBUFSBM IBCFOVMB PG XJME�UZQF NJDF BOE
SBUT JODSFBTFE TQPOUBOFPVT TQJLJOH SBUFT JO UIF IBCFOVMBS OFVSPOT BOE JOEVDFE EFQSFTTJWF�
MJLF CFIBWJPS� ,OPDL�EPXO PG β�$BN,** QSPEVDFE UIF PQQPTJUF FĊFDU
 MFBEJOH UP SF�
EVDFE EFQSFTTJWF�MJLF CFIBWJPS� ɨF EPXOTUSFBN FĊFDUT PG β�$BN,** JODMVEF α�BNJOP�
ò�IZESPYZ�ô�NFUIZM�ó�JTPYB[PMFQSPQJPOJD BDJE 	".1"
 SFDFQUPS VQSFHVMBUJPO
 XIJDI JT B

ðõ



NBKPS DPNQPOFOU JO HMVUBNBUFSHJD 	FYDJUBUPSZ
 TJHOBMJOH
 FYQMBJOJOH UIF QPUFOUJBUJPO PG
UIFTF OFVSPOT� *O UIF DPOHFOJUBMMZ IFMQMFTT SBU TUSBJO
 B TIJGU UPXBSET B NPSF HMVUBNBUFSHJD
QIFOPUZQF XBT PCTFSWFE JO HMVUBNBUF�("#" DP�SFMFBTJOH OFVSPOT JO UIF FOUPQFEVODVMBS
OVDMFVT QSPKFDUJOH UP UIF MBUFSBM IBCFOVMB 	4IBCFM FU BM�
 ñïðó
� ɨJT TIJGU DPVME CF OPSNBM�
J[FE CZ BENJOJTUSBUJPO PG UIF TFSPUPOJO SFVQUBLF JOIJCJUPS DJUBMPQSBN�

/FVSPOBM IZQFS�FYDJUBCJMJUZ JO UIF MBUFSBM IBCFOVMB NBZ BMTP CF JOEVDFE CZ MPDBM JOIJCJUJPO
PG UIF HMJBM HMVUBNBUF USBOTQPSUFS (-5�ð 	$VJ FU BM�
 ñïðó
� ɨJT MFBET UP SFEVDFE DMFBSBODF
PG HMVUBNBUF GSPN UIF TZOBQUJD DMFGU BOE JODSFBTFE HMVUBNBUFSHJD TJHOBMJOH� *O NJDF
 UIJT
BĊFDUT WBSJPVT CFIBWJPST MJOLFE UP EFQSFTTJWF MJLF CFIBWJPS
 JODMVEJOH EJTSVQUFE SBQJE�FZF
NPWFNFOU TMFFQ
 XIJDI JT B TZNQUPN DPNNPOMZ PCTFSWFE JO QBUJFOUT XJUI .%%�

.JDF XJUI MFBSOFE IFMQMFTTOFTT FYIJCJU IZQFS�FYDJUBCJMJUZ PG MBUFSBM IBCFOVMBS OFVSPOT 	-FDDB
FU BM�
 ñïðõ
� ɨJT IZQFS�FYDJUBCJMJUZ JT QBSUMZ EVF UP SFEVDFE ("#"#�SFDFQUPS TJHOBMJOH

NFEJBUFE CZ EF�QIPTQIPSZMBUJPO PG B TFSJOF SFTJEVF PO UIF SFDFQUPS� *OUFSFTUJOHMZ
 MPDBM JO�
IJCJUJPO PG ("#"# EF�QIPTQIPSZMBUJPO JO UIF IBCFOVMB
 MFBET UP BNFMJPSBUJPO PG EFQSFTTJWF
MJLF CFIBWJPS JO UIJT NPVTF NPEFM�

" TVCTFU PG IBCFOVMBS OFVSPOT UBSHFU UIF DBVEBM EPSTBM SBQIF 	2VJOB FU BM�
 ñïðó

 B CSBJO
TUFN BSFB JO XIJDI UIF TFSPUPOFSHJD TJHOBMJOH JODSFBTF BGUFS JO�FTDBQBCMF DPNQBSFE UP FT�
DBQBCMF GPPU�TIPDLT 	"NBU FU BM�
 ñïïð
� -FTJPOJOH UIF IBCFOVMB QSFWFOUT UIF TVSHF PG TFSP�
UPOJO JO UIJT BSFB�

*O DPODMVTJPO
 MBUFSBM IBCFOVMBS TJHOBMJOH JT QPUFOUJBUFE JO SPEFOU NPEFMT PG EFQSFTTJPO

NFEJBUFE CZ CPUI JODSFBTFE FYDJUBUPSZ 	HMVUBNBUFSHJD
 BOE EFDSFBTFE JOIJCJUPSZ 	("#"FS�
HJD
 UPOF� ɨF IBCFOVMBS EZTGVODUJPO JO EFQSFTTJPO BQQFBST UP BĊFDU CPUI TFSPUPOFSHJD
	DBVEBM EPSTBM SBQIF
 BOE EPQBNJOFSHJD 	75"
 TZTUFNT�

ò ( QSPUFJOoDPVQMFE SFDFQUPS ðôð

( QSPUFJOoDPVQMFE SFDFQUPST 	(1$3T
 DPNQSJTF B MBSHF GBNJMZ PG USBOTNFNCSBOF SFDFQUPST
XJUI BSPVOE ÷ïï EJĊFSFOU NFNCFST JO IVNBOT 	'SFESJLTTPO FU BM�
 ñïïò
� "MUIPVHI B WBSJFUZ
PG TJHOBMJOH QBUIXBZT IBWF CFFO JEFOUJmFE JO UIJT DMBTT PG SFDFQUPST
 UIF QSJODJQBM QBUIXBZ
BDUT WJB TFDPOE NFTTFOHFS TZTUFNT NFEJBUFE CZ JOUFSBDUJPO CFUXFFO UIF (1$3 BOE B TNBMM
QSPUFJO DPNQMFY LOPXO BT UIF ( QSPUFJO� 6QPO JOUFSBDUJPO XJUI BO FYUSBDFMMVMBS MJHBOE
NPMFDVMF
 UIF DPOGPSNBUJPO PG UIF (1$3 DIBOHFT XIJDI BMMPXT BDUJWBUJPO PG JOUSBDFMMVMBS (
QSPUFJOT� ɨF BDUJWBUFE ( QSPUFJO NFEJBUFT EPXOTUSFBN FĊFDUT XIJDI SBOHF GSPN DIBOHFT
JO JOUSBDFMMVMBS JPO DPODFOUSBUJPO UP SFHVMBUJPO PG HFOF FYQSFTTJPO� .FNCFST PG UIF (1$3
GBNJMZ BSF PGUFO UBSHFUFE GPS ESVH EFWFMPQNFOU
 BSPVOE òóǷ PG ESVHT BQQSPWFE CZ UIF
GFEFSBM ESVH BENJOJTUSBUJPO JO UIF 64
 NPEVMBUF (1$3 BDUJWJUZ 	)BVTFS FU BM�
 ñïðö
�

ðö



'PS TPNF PG UIF IVNBO (1$3T
 UIF FOEPHFOPVT MJHBOET IBWF CFFO JEFOUJmFE XIJMF UIF
NBKPSJUZ SFNBJO wPSQIBOw�

*O ñïïò BOE ñïïó
 UISFF SFTFBSDI HSPVQT JOEFQFOEFOUMZ EJTDPWFSFE B OFX (1$3 JO UIF
IVNBO
 NPVTF BOE SBU 	#FSUIPME FU BM�
 ñïïò� *HOBUPW FU BM�
 ñïïó� 7BTTJMBUJT FU BM�
 ñïïò
�
"MUIPVHI JOJUJBMMZ BTTJHOFE EJĊFSFOU OBNFT 	(QSðôð
 1(3ö
 ("-3ó
 (1$3�ñïòö
 BOE
HBMBOJO�SFDFQUPS MJLF

 UIF SFDFQUPS XJMM JO UIJT UIFTJT CF SFGFSSFE UP BT (QSðôð 	'JH� ó
�

%VSJOH FNCSZPOJD EFWFMPQNFOU
 (QSðôð BQQFBST UP CF FYQSFTTFE JO B WBSJFUZ PG TVCDPSUJDBM
CSBJO TUSVDUVSFT BOE DSBOJBM OFSWF OVDMFJ CVU JO UIF BEVMU PSHBOJTN UIF USBOTDSJQUJPO JO UIF
DFOUSBM OFSWPVT TZTUFN JT MBSHFMZ SFTUSJDUFE UP UIF IBCFOVMBS OVDMFVT 	*HOBUPW FU BM�
 ñïïó

	'JH� ô
� 4PNF BEEJUJPOBM BSFBT
 NPTU OPUBCMZ UIF QBSBWFOUSJDVMBS BOE DFOUSBM UIBMBNJD OVDMFJ
FYIJCJU B NVDI MPXFS FYQSFTTJPO JO UIF BEVMU CSBJO� (QSðôð FWPMWFE GSPN B DPNNPO BODFTUPS
PG BMMBUPTUBUJO
 LJTTQFQUJO BOE HBMBOJO SFDFQUPST 	-JV FU BM�
 ñïðï
� *O B EPDUPSBM UIFTJT PG 2JO
	ñïðð

 UIF mSTU JOWFTUJHBUJPO PG (QSðôð QSPUFJO FYQSFTTJPO XBT QFSGPSNFE JO XIJDI (QSðôð
FYQSFTTJPO XBT SFQPSUFE JO HMVUBNBUFSHJD NFEJBM IBCFOVMBS OFVSPOT QSPKFDUJOH UPXBSET UIF
*1/� ɨJT QBUUFSO PG (QSðôð QSPUFJO FYQSFTTJPO XBT DPOmSNFE BOE FYUFOEFE JO PVS XPSL
	#SPNT FU BM�
 ñïðó

 EFTDSJCFE GVSUIFS JO UIJT UIFTJT�

ɨF QSPUFJO TFRVFODF PG (QSðôð JT NPTU TJNJMBS UP UIBU PG UIF NFNCFST JO HBMBOJO SFDFQ�
UPS GBNJMZ
 (BM3ð
 (BM3ñ BOE (BM3ò 	_ðõǷ JEFOUJUZ
 _òïǷ TJNJMBSJUZ
� ɨF TJNJMBSJUZ UP

'JHVSF �� "NJOP BDJE TFRVFODF PG IVNBO (QS����
5IF TFDPOEBSZ TUSVDUVSF PG UIF (QS��� QSPUFJO
 XFSF UIF DPMPS PG FBDI BNJOP BDJE SFnFDUT JUT DIFNJDBM QSPQFSUZ� 5IF
QSPUFJO TUBSUT XJUI UIF BNJOP�UFSNJOVT 	/�UFSN
 XIJDI JT MPDBUFE BU UIF FYUSBDFMMVMBS TJEF PG UIF DFMM NFNCSBOF� 5IF
BNJOP BDJE DIBJO UIFO USBOTWFSTFT UIF NFNCSBOF TFWFO UJNFT
 GPSNJOH JOUSBDFMMVMBS 	*$-
 BOE FYUSBDFMMVMBS 	&$-
 MPPQT
CFGPSF UFSNJOBUJOH JOUSBDFMMVMBSMZ XJUI UIF DBSCPYZM�UFSNJOVT 	$�UFSN
� 	*NBHF DPVSUFTZ� (1$3EC�PSH


ð÷



'JHVSF �� (QS��� N3/" FYQSFTTJPO�
7JTVBMJ[BUJPO PG (QS��� N3/" VTJOH JO TJUV IZCSJEJ[BUJPO JO B DPSPOBM TFDUJPO UISPVHI UIF EJFODFQIBMPO PG BO BEVMU
NPVTF� 5IF FYQSFTTJPO PG (QS��� JT FOSJDIFE JO UIF WFOUSBM QBSU PG UIF NFEJBM IBCFOVMB 	.)C
 BOE JO UIF MBUFSBM
IBCFOVMB 	-)C
� " XFBL FYQSFTTJPO JT BMTP EFUFDUBCMF JO UIF QBSBWFOUSJDVMBS OVDMFVT 	175
� 	*NBHF DPVSUFTZ� "MMFO
.PVTF #SBJO "UMBT


HBMBOJO SFDFQUPST DPVME JOEJDBUF UIBU UIF FOEPHFOPVT MJHBOE PG (QSðôð JT B QFQUJEF SFTFN�
CMJOH HBMBOJO
 XIJDI JT B OFVSPQFQUJEF JOWPMWFE JO EJWFSTF GVODUJPOT TVDI BT DPHOJUJPO
 TMFFQ

OPDJDFQUJPO
 FOFSHZ NFUBCPMJTN BOE SFQSPEVDUJPO 	.FDIFOUIBMFS
 ñïï÷
� ɨJT IZQPUIFTJT
IBT CFFO FYQMPSFE JO BTTBZT NFBTVSJOH MJHBOEoJOEVDFE (QSðôð BDUJWBUJPO CZ RVBOUJGZJOH
JOEVDFE TFDPOE NFTTFOHFS QSPEVDUJPO 	*HOBUPW FU BM�
 ñïïó� 2JO
 ñïðð� 'POUFT
 ñïðô
� "M�
UIPVHI *HOBUPW FU BM� 	ñïïó
 PCTFSWFE B XFBL BDUJWBUJPO PG (QSðôð EVSJOH JODVCBUJPO XJUI
HBMBOJO
 UIJT XBT BU OPO�QIZTJPMPHJDBM NJDSPNPMBS MJHBOE DPODFOUSBUJPOT� 3FDFOUMZ
 B MBSHF
IJHI�UISPVHIQVU TDSFFOJOH FĊPSU BU 4DSJQQT 3FTFBSDI *OTUJUVUF 	'MPSJEB
 64"
 XBT JOJUJBUFE
BJNJOH UP mOE TNBMM NPMFDVMF NPEVMBUPST PG UIJT SFDFQUPS� ɨF JOUFSFTU JO UIJT SFDFQUPS
TUFNT GSPN UIF SFTUSJDUFE FYQSFTTJPO QBUUFSO JO UIF IBCFOVMB
 BOE UIF QPUFOUJBM PG TFSWJOH
BT B UBSHFU GPS USFBUJOH QTZDIJBUSJD DPOEJUJPOT�

,PCBZBTIJ FU BM� 	ñïðò
 XBT mSTU UP QVCMJTI B TUVEZ UIBU JOWFTUJHBUFE UIF GVODUJPO PG UIF
(QSðôð QPQVMBUJPO� ɨFZ QFSGPSNFE TFMFDUJWF BCMBUJPO PG (QSðôð�FYQSFTTJOH OFVSPOT JO NJDF
BOE SBO BO FYUFOTJWF BSSBZ PG CFIBWJPSBM UFTUT JO PSEFS UP EFUFDU QIFOPUZQJD EFmDJUT� ɨF
BCMBUFE NJDF TIPXFE TJHOT PG DPNQVMTJWF BOE JNQVMTJWF CFIBWJPS
 GBJMVSF UP IBCJUVBUF UP
SFQFBUFE FYQPTVSF UP B OPWFM FOWJSPONFOU
 JODSFBTFE BOYJFUZ BOE TUSPOH EFWBMVBUJPO PG
SFXBSET UIBU SFRVJSF XBJUJOH PS QIZTJDBM FĊPSU� "EEJUJPOBMMZ
 UIF BCMBUFE NJDF EJTQMBZFE
B EBNQFOFE SFTQPOTF UP OJDPUJOF
 XIJDI NBZ CF BUUSJCVUFE UP UIF IJHI DPODFOUSBUJPO PG
OJDPUJOF SFDFQUPST JO UIF NFEJBM IBCFOVMB�

ɨF TFOTJUJWJUZ UP OJDPUJOF IBT BMTP CFFO JOWFTUJHBUFE JO NJDF XIFSF UIF (QSìðì HFOF IBT
CFFO FYDJTFE 	'POUFT
 ñïðô
� ɨF (QSðôð LOPDLPVU NJDF TIPX B IJHIFS TFOTJUJWJUZ UP OJDPUJOF
DPNQBSFE UP DPOUSPMT
 BOE BMTP FYIJCJU JODSFBTFE BOYJFUZ BOE TPNBUJD XJUIESBXBM TZNQUPNT

ðø



BU DFTTBUJPO BGUFS DISPOJD OJDPUJOF BENJOJTUSBUJPO�

*O B TUVEZ JO [FCSBmTI
 $IPV FU BM� 	ñïðõ
 JOWFTUJHBUFE IPX TJMFODJOH PG B (QSðôð FYQSFTTJOH
QPQVMBUJPO JO UIF NFEJBM QBSU PG UIF EPSTBM IBCFOVMB 	E)C.
 JOnVFODFE BHHSFTTJWF CFIBW�
JPS� ɨF E)C.�TJMFODFE mTI TIPXFE JODSFBTFE BHHSFTTJWF CFIBWJPS BOE XBT NPSF MJLFMZ UP
XJO mHIUT�

0VUTJEF PG UIF DFOUSBM OFSWPVT TZTUFN
 (QSìðì FYQSFTTJPO DBO BMTP CF EFUFDUFE JO EPSTBM SPPU
HBOHMJB 	*HOBUPW FU BM�
 ñïïó� )PMNFT FU BM�
 ñïðö
� " TUSPOH VQSFHVMBUJPO PG (QSìðì N3/"
XBT PCTFSWFE JO B OFSWF JOKVSZ NPEFM PG OFVSPQBUIJD QBJO 	)PMNFT FU BM�
 ñïðö
� )PXFWFS

(QSðôð LOPDLPVU NJDF EP OPU EJTQMBZ BOZ DIBOHFT JO QBJO�SFMBUFE CFIBWJPST DPNQBSFE UP
XJME�UZQF DPOUSPMT� ɨF TJHOJmDBODF BOE GVODUJPO PG (QSìðì FYQSFTTJPO JO UIF EPSTBM SPPU
HBOHMJB SFNBJOT UP CF EFUFSNJOFE�

" SFDFOU TUVEZ GPVOE UIBU B QSFEJDUFE MPTT�PG�GVODUJPO WBSJBOU JO UIF (QSðôð HFOF QSPUFDUFE
BHBJOTU PCFTJUZ BOE EJBCFUFT JO IVNBOT 	&NEJO FU BM�
 ñïð÷
� ɨJT mOEJOH JOEJDBUFT B SPMF
PG (QSðôð JO NFUBCPMJD DPOUSPM�

ñï



"JNT PG UIF UIFTJT

ɨF HFOFSBM BJN PG UIJT UIFTJT XBT UP DIBSBDUFSJ[F QPQVMBUJPOT PG OFVSPOT JO UIF IBCFOVMB
UIBU IBWF JNQPSUBODF GPS VOEFSTUBOEJOH BOE USFBUJOH QTZDIJBUSJD EJTFBTF
 XJUI B TQFDJBM GPDVT
PO .BKPS %FQSFTTJWF %JTPSEFS� 4QFDJmD BJNT GPS FBDI SFTFBSDI QBQFS BSF MJTUFE CFMPX�

* $IBSBDUFSJ[F UIF QSPUFJO FYQSFTTJPO QBUUFSO PG (QSðôð�

** .BQ UIF JOQVUT UP UIF (QSðôð�FYQSFTTJOH OFVSPOBM QPQVMBUJPO�

*** *OWFTUJHBUF QPUFOUJBM OFVSPQFQUJEF MJHBOET UP (QSðôð�

*7 %FUFDU BOE DIBSBDUFSJ[F IBCFOVMBS ("#"FSHJD OFVSPOT�

ñð





.BUFSJBMT BOE NFUIPET

ó %FTDSJQUJPO PG NBUFSJBMT BOE NFUIPET FNQMPZFE JO UIJT UIFTJT

'PS GVMM EFUBJMT PO UIF FYQFSJNFOUBM QSPDFEVSFT
 QMFBTF TFF UIF DPSSFTQPOEJOH NBUFSJBMT BOE NFUI�
PET TFDUJPO PG FBDI QBQFS�

ó�ð "OJNBMT

.JDF BOE SBUT XFSF IPVTFE XJUI BE MJCJUVN BDDFTT UP TUBOEBSE MBC DIPX BOE XBUFS JO B SPPN
BJS DPOEJUJPOFE BU ññ¡$oñò¡$ XJUI B TUBOEBSE ðñ�IS MJHIU�EBSL DZDMF 	MJHIUT PO ö�ïï BN
 PĊ
ö�ïï QN
� " NBYJNVN PG mWF NJDF PS UISFF SBUT XFSF IPVTFE QFS DBHF� "MM BOJNBMT IBE
SFBDIFE BEVMU BHF 	�÷ XFFLT PME
 XIFO JODMVEFE JO UIF FYQFSJNFOUT� (QSðôð LOPDLPVU NJDF
	(QSðôðUNð%HFO� QBQFS *

 XIFSF B MBD; SFQPSUFS HFOF XBT JOTFSUFE JO QMBDF PG UIF (QSðôð FYPO

XFSF PCUBJOFE GSPN %FMUBHFO 	4BO .BUFP
 $"
 64"
� ɨFZ XFSF CBDLDSPTTFE UP $ôö#-�õ+
GPS FJHIU HFOFSBUJPOT� 8JME UZQF $ôö#-�õ+ NJDF BOE (BEñ�*3&4�$SF NJDF 	QBQFS ***
 XFSF
PCUBJOFE GSPN ɨF +BDLTPO -BCPSBUPSZ 	#BS )BSCPS
 .&
 64"
� 8JME�UZQF $SM�8* 8JTUBS
SBUT XFSF PCUBJOFE GSPN $IBSMFT 3JWFS 	4VM[GFME
 (FSNBOZ


ó�ñ 4UFSFPUBYJD TVSHFSZ

*O UXP FYQFSJNFOUT 	QBQFST ** BOE *7
 XF VTFE TUFSFPUBYJD TVSHFSZ UP NBLF MPDBM JOKFDUJPOT PG
BEFOPBTTPDJBUFE WJSVT 	""7
 JO UIF IBCFOVMB PG NJDF� 6TJOH B UISFF EJNFOTJPOBM DPPSEJOBUF
TZTUFN
 JOUSBDSBOJBM JOKFDUJPOT DBO CF NBEF XJUI IJHI QSFDJTJPO� ɨF NJDF XFSF BOFTUIFUJ[FE
XJUI JTPnVSBOF BOE QMBDFE JO B TUFSFPUBYJD GSBNF� ɨF TDBMQ XBT MPDBMMZ BOFTUIFUJ[FE XJUI
CVQJWBDBJOF
 UIF TDVMM FYQPTFE
 BOE B DSBOJPUPNZ XBT NBEF VTJOH B EFOUBM ESJMM� " HMBTT
QJQFUUF QVMMFE UP B TNBMM EJBNFUFS XBT MPXFSFE JOUP UIF IBCFOVMB� " TNBMM BNPVOU 	�ð�M

PG ""7 WFDUPS XBT JOKFDUFE� %FUBJMT BCPVU UIF WJSBM DPOTUSVDUT DBO CF GPVOE JO UIF QBQFST�
ɨF QJQFUUF XBT MFGU JO QMBDF GPS UISFF NJOVUFT CFGPSF JU XBT SFUSBDUFE
 JO PSEFS UP QSFWFOU

ñò



CBDLnPX� ɨF XPVOE XBT TFBMFE XJUI UJTTVF BEIFTJWF BOE UIF NJDF XFSF SFUVSOFE UP UIFJS
IPNF DBHFT GPS SFDPWFSZ� ɨF HFOF DPOTUSVDU DBSSJFE CZ UIF ""7 WFDUPST BSF JOBDUJWBUF CZ
EFGBVMU
 J�F OP USBOTDSJQUJPO PDDVST 	'JH� õ
� *O QSFTFODF PG $SF SFDPNCJOBTF
 UIF DPOTUSVDU
CFDPNFT BDUJWBUFE BOE BWBJMBCMF GPS DPOTUJUVUJWF USBOTDSJQUJPO� 4JODF $SF JT USBOTDSJCFE
VOEFS UIF DPOUSPM PG TQFDJmD QSPNPUFST 	(QSðôð JO QBQFS ** BOE (BEñ JO QBQFS *7

 UIF
HFOF PG JOUFSFTU XJMM POMZ CF FYQSFTTFE CZ OFVSPOT JO UIF WJDJOJUZ PG UIF JOKFDUJPO JO XIJDI
UIFTF QSPNPUFST BSF BDUJWF� *O QBQFS **
 UIF NJDF XFSF SFPQFSBUFE BGUFS ñð EBZT VTJOH UIF
TBNF QSPDFEVSF BOE JOKFDUFE XJUI QTFVEPUZQFE SBCJFT WJSVT GPS NPOPTZOBQUJD SFUSPHSBEF
USBDJOH�

ó�ò 3FUSPHSBEF NPOPTZOBQUJD USBDJOH XJUI QTFVEPUZQFE SBCJFT WJSVT

3BCJFT JT B WJSBM EJTFBTF UIBU BĊFDUT UIF DFOUSBM OFSWPVT TZTUFN BOE DBVTFT CSBJO JOnBNNB�
UJPO BOE BMNPTU BMXBZT MFBET UP EFBUI 	'JOLF BOE $PO[FMNBOO
 ñïïô
� ɨF SBCJFT WJSVT
JT USBOTNJUUFE CZ TDSBUDIFT PS CJUFT GSPN BO JOGFDUFE BOJNBM� 0ODF JOTJEF UIF CPEZ
 UIF
SBCJFT WJSVT FOUFST QFSJQIFSBM OFSWFT BOE TUBSUT UP USBWFM JO B SFUSPHSBEF GBTIJPO UPXBSET UIF
DFOUSBM OFSWPVT TZTUFN� " DFSUBJO NFNCSBOF QSPUFJO o SBCJFT HMZDPQSPUFJO 	3(
 o BMMPXT
GPSNBUJPO PG OFX WJSBM QBSUJDMFT BOE FOBCMFT JU UP DSPTT TZOBQTFT PO JUT XBZ UP UIF CSBJO� ɨF
VOJRVF DIBSBDUFSJTUJDT PG UIF SBCJFT WJSVT IBWF CFFO FYQMPJUFE GPS USBDJOH OFVSPOBM DJSDVJUSZ
	&UFTTBNJ FU BM�
 ñïïï� 8BMM FU BM�
 ñïðï� 8JDLFSTIBN FU BM�
 ñïïö
�

#Z EFMFUJOH 3( GSPN UIF SBCJFT HFOPNF
 UIF SBCJFT WJSVT DBOOPU GPSN OFX WJSBM QBSUJDMFT

TJODF CVEEJOH GSPN UIF IPTU DFMM�NFNCSBOF SFRVJSFT 3(� #Z SFQMBDJOH 3( XJUI BOPUIFS

'JHVSF �� 5IF EPVCMF�nPYFE JOWFSTF PQFO SFBEJOH GSBNF 	%*0
 DPOTUSVDU�
5IF %*0 DPOTUSVDU IBT CFFO EFWFMPQFE UP FOBCMF FYQSFTTJPO PG B UBSHFU HFOF
 POMZ JO DFMMT UIBU BMTP FYQSFTT $SF SF�
DPNCJOBTF� 5IF UBSHFU HFOF 	HSFFO nVPSFTDFOU QSPUFJO
 ('1
 JT JOTFSUFE JO SFWFSTF PSJFOUBUJPO BGUFS B TUSPOH QSPNPUFS
	$"(
� 5IF UBSHFU HFOF JT nBOLFE CZ UXP SFDPNCJOBUJPO TJUFT 	-PY1 BOE -PY����
 PO FBDI FOE� $SF JT DBQBCMF PG JO�
WFSUJOH UIF DPOTUSVDU FJUIFS CZ SFDPNCJOBUJPO CFUXFFO UXP -PY1 TJUFT PS CFUXFFO UXP -PY���� TJUFT
 CVU OPU CFUXFFO
TJUFT PG EJGGFSFOU JEFOUJUZ� "GUFS UXP TVCTFRVFOU SFDPNCJOBUJPOT
 UIF SFTVMUJOH DPOTUSVDU DPOUBJOT UIF UBSHFU HFOF JO
GPSXBSE PSJFOUBUJPO NBLJOH JU BWBJMBCMF GPS USBOTDSJQUJPO�

ñó



FOWFMPQF QSPUFJO 	&OW"
 EFSJWFE GSPN BO BWJBO TBSDPNB MFVLPTJT WJSVT
 WJSBM QBSUJDMFT DBO
BHBJO CF QSPEVDFE� ɨFTF NPEJmFE &OW"�DPBUFE WJSBM QBSUJDMFT 	QTFVEPUZQFE SBCJFT WJSVT

BSF POMZ DBQBCMF PG JOGFDUJOH DFMMT FYQSFTTJOH UIF BWJBO TBSDPNB MFVLPTJT WJSVT SFDFQUPS 	57"
SFDFQUPS
� /BUJWFMZ
 BMM NBNNBMJBO DFMMT MBDL UIF 57" SFDFQUPS
 CVU JU NBZ CF TQFDJmDBMMZ
FYQSFTTFE JO DFSUBJO DFMMT VTJOH UIF $SF�-PY UFDIOJRVF BT EFTDSJCFE BCPWF 	TFF TFDUJPO ó�ñ
�
8IFO QTFVEPUZQFE SBCJFT WJSVT JT JOKFDUFE JOUP UIF CSBJO
 JU JT UIVT POMZ DBQBCMF PG JOGFDUJOH
$SF�FYQSFTTJOH OFVSPOT 	'JH� ö
� #Z BMTP JOUSPEVDJOH UIF HFOF GPS 3( JOUP UIF TBNF $SF�
FYQSFTTJOH OFVSPOT
 UIFTF DFMMT XJMM BMMPX SFUSPHSBEF USBOTQPSU XIFO JOGFDUFE CZ UIF QTFV�
EPUZQFE SBCJFT WJSVT� ɨF WJSBM QBSUJDMFT FYJU UISPVHI UIF EFOESJUFT PG UIF $SF�FYQSFTTJOH
OFVSPOT BOE FOUFS UIF QSFTZOBQUJD UFSNJOBMT PG UIF BĊFSFOU OFVSPOT� "GUFS USBWFMJOH SFUSP�
HSBEFMZ BMPOH UIF BYPO PG UIF BĊFSFOU OFVSPO
 UIF WJSBM QBSUJDMF SFBDIFT UIF DZUPTPM XIFSF JU
DBOOPU USBWFSTF BEEJUJPOBM TZOBQTFT EVF UP MBDL PG 3( FYQSFTTJPO JO UIF BĊFSFOU OFVSPO� *O
BEEJUJPO
 UIF QTFVEPUZQFE SBCJFT WJSVT DBSSJFT B HFOF GPS HSFFO nVPSFTDFOU QSPUFJO 	('1

XIJDI FOBCMFT EFUFDUJPO PG UIF JOGFDUFE OFVSPOT� 0OF XFFL BGUFS JOKFDUJPO PG UIF QTFVEP�
UZQFE SBCJFT WJSVT
 UIF CSBJOT PG UIF BOJNBMT BSF SFNPWFE BOE QSFQBSFE GPS NJDSPTDPQZ BT
EFTDSJCFE CFMPX 	TFF TFDUJPO ó�ó
�

ɨVT
 UIJT JOHFOJPVT NFUIPE FOBCMFT $SF�EFQFOEFOU
 NPOPTZOBQUJD
 SFUSPHSBEF NBQQJOH
PG UIF OFVSPOT UIBU QSPKFDU POUP $SF�FYQSFTTJOH DFMMT 	8BMM FU BM�
 ñïðï� 8BUBCF�6DIJEB
FU BM�
 ñïðñ
� *O QBQFS **
 XF VTFE UIJT UFDIOJRVF UP mOE UIF NPOPTZOBQUJD BĊFSFOUT UP
(QSðôð FYQSFTTJOH OFVSPOT
 VTJOH B (QSðôð�$SF NPVTF MJOF�

ó�ó 'JYBUJPO PG NPVTF BOE SBU CSBJO UJTTVF

'JYBUJPO JT B 	DIFNJDBM PS QIZTJDBM
 QSPDFEVSF UIBU UFSNJOBUFT POHPJOH CJPDIFNJDBM SFBD�
UJPOT UIFSFCZ QSFWFOUJOH EFDBZ BOE QSFTFSWJOH UIF UJTTVF� ɨF BOJNBMT XFSF EFFQMZ BOFT�
UIFUJ[FE CZ JOKFDUJPO PG BO PWFSEPTF PG QFOUPCBSCJUBM� ɨFZ XFSF UIFSFBGUFS QFSGVTFE USBO�
TDBSEJBMMZ XJUI DPME JTPUPOJD TPEJVN DIMPSJEF TPMVUJPO GPMMPXFE CZ CVĊFSFE QBSBGPSNBMEF�
IZEF 	1'"
 óǷ
� ɨF CSBJOT XFSF UIFO EJTTFDUFE BOE QPTUmYFE JO óǷ 1'" GPS ñó IPVST
BU ó¡$� "GUFS QPTUmYBUJPO
 UIF CSBJOT XFSF JNNFSTFE JO TVDSPTF TPMVUJPO 	ñôǷ JO 1#4
 BU
ó¡$ GPS ñ�ò EBZT VOUJM PTNPUJD FRVJMJCSBUJPO IBE PDDVSSFE� ɨF CSBJOT XFSF TFDUJPOFE JO
òï�óï �N TFDUJPOT VTJOH B TMJEJOH NJDSPUPNF 	ɨFSNP 4DJFOUJmD ).óôï

 DSZPQSPUFDUFE
JO BOUJGSFF[F TPMVUJPO
 BOE TUPSFE BU �ñï¡$ VOUJM VTFE GPS JNNVOPIJTUPDIFNJTUSZ PS JO TJUV
IZCSJEJ[BUJPO�

ó�ô *O TJUV IZCSJEJ[BUJPO VTJOH 3/"TDPQF¥

*O TJUV IZCSJEJ[BUJPO JT B NFUIPE GPS WJTVBMJ[JOH TQFDJmD N3/" NPMFDVMFT JO UJTTVFT PS
DFMMT� 8F VTFE B SFDFOUMZ EFWFMPQFE 	8BOH FU BM�
 ñïðñ
 JNQSPWFE JO TJUV IZCSJEJ[BUJPO
NFUIPE DBMMFE 3/"TDPQF¥UIBU BMMPXT TQFDJmD BOE TFOTJUJWF EFUFDUJPO PG UIF N3/" PG JO�

ñô



'JHVSF �� .POPTZOBQUJD USBDJOH PG BGGFSFOU OFVSPOT VTJOH QTFVEPUZQFE SBCJFT WJSVT�
"EFOPBTTPDJBUFE WJSBM WFDUPST 	""7
 DBSSZJOH HFOFT GPS UIF BWJBO TBSDPNB MFVLPTJT WJSVT SFDFQUPS 	57"� SFE
 BOE SBCJFT
HMZDPQSPUFJO 	3(
 ZFMMPX
 FOUFS OFSWF DFMMT JO UIF WJDJOJUZ PG UIF JOUSBDSBOJBM JOKFDUJPO 	"
� 5IF HFOF DPOTUSVDUT BSF
BDUJWBUFE CZ $SF�SFDPNCJOBUJPO 	#� QVSQMF TDJTTPS

 UIVT UIF FYQSFTTJPO PG 57" BOE 3( JT UBSHFUFE UP $SF�FYQSFTTJOH
OFVSPOT POMZ� 57" BOE 3( QSPUFJO JT FYQSFTTFE PO UIF DFMM TVSGBDF 	$
� 5XP XFFLT MBUFS
 B TVCTFRVFOU JOKFDUJPO PG
QTFVEPUZQFE SBCJFT WJSVT 	HSFZ
 JT NBEF� 5IF QTFVEPUZQFE SBCJFT WJSVT MBDLT 3(
 XIJDI SFOEFST JU JODBQBCMF PG DFMMVMBS
FOUSZ� *OTUFBE JU JT DPBUFE JO B DFSUBJO FOWFMPQF QSPUFJO 	&OW"� QJOL

 XIJDI BMMPXT JU UP TFMFDUJWFMZ FOUFS DFMMT UIBU
FYQSFTT 57"� 6QPO 57"�NFEJBUFE FOUSZ JOUP UIF DFMM 	%

 UIF SBCJFT WFDUPS TUBSUT SFQMJDBUJOH BT XFMM BT QSPEVDJOH HSFFO
nVPSFTDFOU QSPUFJO 	('1� HSFFO
� 5IF IPTU DFMM FYQSFTT 3( PO JUT TVSGBDF BOE BMMPX CVEEJOH PG OFX 3(�DPBUFE SBCJFT
WJSBM QBSUJDMFT BU UIF QPTUTZOBQUJD NFNCSBOF 	&
� 5IFTF WJSBM QBSUJDMFT BSF UBLFO VQ JOUP UIF QSFTZOBQUJD UFSNJOBM PG
BO BGGFSFOU OFVSPO 	'
 BOE USBOTQPSUFE SFUSPHSBEFMZ UPXBSET UIF DFMM TPNB� 5IF SBCJFT WJSVT DBO UIFO OPU QSPQBHBUF
GVSUIFS EVF UP UIF MBDL PG 3( JO JUT HFOPNF� 5IF SBCJFT JOGFDUFE BGGFSFOU OFVSPO TUBSUT QSPEVDJOH ('1
 BMMPXJOH JU UP
CF EFUFDUFE JO B NJDSPTDPQF 	(
�

UFSFTU 	'JH� ÷
� *O CSJFG
 FJUIFS mYFE CSBJO TFDUJPOT XFSF NPVOUFE EJSFDUMZ POUP HMBTT EVSJOH
DSZPTFDUJPOJOH
 PS QSFWJPVTMZ QSFQBSFE GSFF nPBUJOH TFDUJPOT XFSF UBLFO GSPN UIF GSFF[FS

XBTIFE JO 1#4 BOE UIFO NPVOUFE POUP UIF HMBTT TMJEFT� 1SFUSFBUNFOU BOE BNQMJmDBUJPO JO
3/"TDPQF¥ñ�ô )% "TTBZ o #308/ PS 3/"TDPQF¥'MVPSFTDFOU .VMUJQMFY "TTBZ XBT DBS�
SJFE PVU BDDPSEJOH UP UIF NBOVGBDUVSFS�T JOTUSVDUJPOT� ɨJT JO TJUV IZCSJEJ[BUJPO BTTBZ XBT
VTFE UP EFUFDU (QSðôð N3/" JO QBQFS **
 (QSðôð BOE 4QY N3/" JO QBQFS ***
 BOE (BEñ
BOE $SF N3/" JO QBQFS ***�

ñõ



'JHVSF �� *O TJUV IZCSJEJ[BUJPO VTJOH 3/"TDPQF¥�
4UFQ �� 5JTTVF JT mYFE BOE NPVOUFE POUP NJDSPTDPQF HMBTT� 4UFQ �� 4QFDJmD ;�TIBQFE QSPCF QBJST CJOE UP UIF UBSHFU
N3/" 	_�� TVDI QBJST BSF VTFE UP QSPWJEF B TUSPOH TJHOBM
� 4UFQ �� "NQMJmDBUJPO QSPCFT MBCFMFE XJUI QFSPYJEBTF
FO[ZNF 	GPS DISPNPHFOJD EFUFDUJPO
 PS nVPSPQIPSFT 	GPS nVPSFTDFOU EFUFDUJPO
 IZCSJEJ[F XJUI UIF ;�QBJST BMMPXJOH
EFUFDUJPO PG UIF N3/"� 4UFQ �� 5IF TJHOBM JT EFUFDUFE VTJOH B NJDSPTDPQF� *NBHF TPVSDF� 8BOH FU BM� 	����
 -JDFOTF�
$SFBUJWF $PNNPOT #:�/$�/% ���

ó�õ *NNVOPIJTUPDIFNJTUSZ PG NPVTF BOE SBU TFDUJPOT

*NNVOPIJTUPDIFNJTUSZ JT B NFUIPE GPS WJTVBMJ[JOH QSPUFJOT JO UJTTVF VTJOH BOUJCPEJFT� "GUFS
SJOTJOH JO 1#4
 GSFF nPBUJOH CSBJO TFDUJPOT XFSF JODVCBUFE JO CMPDLJOH TPMVUJPO DPOUBJOJOH
TFSVN BOE EFUFSHFOU GPS ð IPVS� ɨF TFSVN NBUDIFE UIF TQFDJFT JO XIJDI UIF TFDPOEBSZ
BOUJCPEJFT XFSF SBJTFE� 4FDUJPOT XFSF UIFO JODVCBUFE PWFSOJHIU BU ó¡$ XJUI QSJNBSZ BO�
UJCPEJFT EJMVUFE JO CMPDLJOH TPMVUJPO� 4VCTFRVFOUMZ
 TFDUJPOT XFSF XBTIFE XJUI 1#4 BOE
JODVCBUFE GPS ñ IPVST BU SPPN UFNQFSBUVSF XJUI TFDPOEBSZ BOUJCPEJFT 	DPOKVHBUFE FJUIFS
XJUI B nVPSPQIPSF PS CJPUJO
� 4FDUJPOT XFSF UIFO XBTIFE BHBJO JO 1#4 BOE DPVOUFSTUBJOFE
XJUI UIF OVDMFBS TUBJO %"1*� ɨF TFDUJPOT XFSF mOBMMZ NPVOUFE PO 4VQFSGSPTU 1MVT HMBTT
BOE DPWFSTMJQQFE�

'PS MJHIU NJDSPTDPQZ
 CSBJO TFDUJPOT XFSF JODVCBUFE XJUI B CJPUJOZMBUFE BOUJ�NPVTF TFD�
POEBSZ BOUJCPEZ NBEF JO IPSTF 	7FDUPS -BCPSBUPSJFT
 #VSMJOHBNF
 $"
 64"

 GPMMPXFE CZ
JODVCBUJPO XJUI BWJEJO�CJPUJO�QFSPYJEBTF DPNQMFY 	7&$5"45"*/ &MJUF "#$ ,JU
 7FD�
UPS -BCPSBUPSJFT
 #VSMJOHBNF
 $"
 64"
 BOE ò
ò��EJBNJOPCFO[JEJOF 	%"#

 QSPEVDJOH B
CSPXO QSFDJQJUBUF� 'PMMPXJOH UIF %"# SFBDUJPO
 TFDUJPOT XFSF NPVOUFE
 EFIZESBUFE JO JO�
DSFBTJOH DPODFOUSBUJPOT PG FUIBOPM GPMMPXFE CZ YZMFOF BOE mOBMMZ DPWFSTMJQQFE XJUI %19�

$POGPDBM nVPSFTDFOU JNBHFT XFSF BDRVJSFE XJUI B ;FJTT -4.öïï 	;FJTT
 ɨPSOXPPE
 /:�
QBQFST *
 ***
 PS B /JLPO &DMJQTF 5J 	/JLPO *OTUSVNFOUT &VSPQF #7
 "NTUFSEBN
 /FUIFS�
MBOET� QBQFS **
 DPOGPDBM NJDSPTDPQF�

ñö



ó�ö 1SFQBSBUJPO PG [FCSBmTI CSBJO UJTTVF

*O QBQFS *
 XF QFSGPSNFE JNNVOPIJTUPDIFNJTUSZ GPS EFUFDUJOH (QSðôð JO [FCSBmTI� 5XP
BEVMU [FCSBmTI 	ö NPOUIT PME
 "# TUSBJO
 LJOEMZ EPOBUFE CZ %S� 'SFESJL &L
 XFSF SBQJEMZ
DIJMMFE JO JDF DPME XBUFS BOE TVCTFRVFOUMZ JNNFSTFE JO 1'" TPMVUJPO GPS ñó IPVST� ɨF
CSBJOT XFSF UIFO EJTTFDUFE BOE FRVJMJCSBUFE JO TVDSPTF TPMVUJPO� 4VCTFRVFOUMZ
 UIF CSBJOT
XFSF JODVCBUFE JO 1#4 DPOUBJOJOH ö�ôǷ HFMBUJO BOE ñïǷ TVDSPTF BU òö¡$ GPS ñ IPVST� ɨF
CSBJOT XFSF UIFO QMBDFE JO HFMBUJO�TVDSPTF NPVMET BOE DVU JOUP CMPDLT� ɨF CMPDLT XFSF
GSP[FO BOE DVU JO ðó �N TFDUJPOT PO B DSZPNJDSPUPNF BOE NPVOUFE PO 4VQFSGSPTU 1MVT
HMBTT� *NNVOPIJTUPDIFNJTUSZ XBT QFSGPSNFE BT GPS NPVTF BOE SBU TFDUJPOT FYDFQU UIBU
JODVCBUJPO XJUI (QSðôð BOUJCPEJFT XBT QFSGPSNFE EJSFDUMZ PO UIF HMBTT�

ó�÷ $PMPDBMJ[BUJPO BOBMZTJT

*O QBQFS *
 XF QFSGPSNFE DPMPDBMJ[BUJPO BOBMZTJT
 UP RVBOUJGZ UIF TQBUJBM PWFSMBQ CFUXFFO EJG�
GFSFOU QSPUFJO NPMFDVMFT� 5XP NFBTVSFT XFSF VTFE UP EFUFSNJOF UIF TUSFOHUI BOE SPCVTUOFTT
PG DPMPDBMJ[BUJPO� .BOEFST� DPMPDBMJ[BUJPO DPFċDJFOUT
 .ð BOE .ñ
 XIJDI BSF QSPQPSUJPOBM
UP UIF OVNCFS PG DPMPDBMJ[JOH QJYFMT JO FBDI DIBOOFM SFMBUJWF UP UIF UPUBM OVNCFS PG QJYFMT JO
UIBU DIBOOFM XFSF DBMDVMBUFE 	.BOEFST FU BM�
 ðøøò
� $PTUFT� UFTU GPS TUBUJTUJDBM TJHOJmDBODF
XBT VTFE UP EFUFSNJOF UIBU UIF DPMPDBMJ[BUJPO DPFċDJFOUT PCUBJOFE XFSF OPU EVF UP SBOEPN
FĊFDUT 	$PTUFT FU BM�
 ñïïó
�

ó�ø "OUJCPEZ DIBSBDUFSJ[BUJPO

ɨF BOUJCPEJFT VTFE JO UIF TUVEJFT XFSF DBSFGVMMZ FWBMVBUFE� 0OMZ BOUJCPEJFT XJUI LOPXO
TQFDJmD CJOEJOH UP UIF QSPUFJO PG JOUFSFTU XFSF DIPTFO 	WFSJmFE JO PVS MBC
 JO QSJPS QVC�
MJDBUJPOT PS CZ UIF NBOVGBDUVSFS
� 7BMJE NFUIPET GPS BTTFSUJOH TQFDJmDJUZ JODMVEF MBDL PG
TUBJOJOH JO LOPDL�PVU BOJNBMT
 EFUFDUJPO PG UIF FYQFDUFE CBOE JO XFTUFSO CMPU BOE DP�
MPDBMJ[BUJPO XJUI QSFWJPVTMZ WBMJEBUFE BOUJCPEJFT�

$PODFOUSBUJPOT GPS PQUJNBM TJHOBM�UP�OPJTF SBUJP XFSF PCUBJOFE GSPN UIF MJUFSBUVSF PS EFUFS�
NJOFE CZ TUBJOJOHT XJUI TFSJBM EJMVUJPOT PG UIF BOUJCPEZ� *O BMM QSFQBSBUJPOT
 TPNF TFDUJPOT
XFSF QSFQBSFE JEFOUJDBMMZ FYDFQU GPS PNJUUJOH UIF QSJNBSZ BOUJCPEZ JO PSEFS UP FOTVSF UIBU
UIF PCTFSWFE TJHOBM XBT OPU EVF UP OPO�TQFDJmD CJOEJOH PG UIF TFDPOEBSZ BOUJCPEZ�

ó�ðï 'MVP�ó DBMDJVN JNBHJOH

*O UIF MJHBOE TDSFFOJOH FYQFSJNFOUT 	TFF TFDUJPO ô�ò

 'MVP�ó DBMDJVN JNBHJOH XBT QFS�
GPSNFE JO B DFMM MJOF FYQSFTTJOH (QSðôð UPHFUIFS XJUI UXP ( QSPUFJOT 	(RJô BOE (ðõ
 UP

ñ÷



QSPWJEF B GVODUJPOBM SFBEPVU GPS MJHBOE�SFDFQUPS JOUFSBDUJPO� 6QPO TUJNVMBUJPO XJUI MJH�
BOE
 B DPOGPSNBUJPOBM DIBOHF JO UIF (QSðôð SFDFQUPS XPVME QSPNPUF EJTTPDJBUJPO PG UIF
(1$3�( QSPUFJO DPNQMFY 	CZ HVBOJOF OVDMFPUJEF FYDIBOHF
� (ðõ JT B ( QSPUFJO UIBU BT�
TPDJBUFT OPO�TQFDJmDBMMZ UP B CSPBE SBOHF PG (1$3T 	0ĊFSNBOOT BOE 4JNPO
 ðøøô

 BOE
FMJDJU JNNPCJMJ[BUJPO PG JOUSBDFMMVMBS DBMDJVN WJB UIF TP�DBMMFE (R QBUIXBZ XIFO BDUJWBUFE�
(RJô JT B DIJNFSJD ( QSPUFJO UIBU BMMPX (J DPVQMFE SFDFQUPST UIBU OPSNBMMZ TJHOBMT UISPVHI
B D".1 EFQFOFEFOU QBUIXBZ UP JOTUFBE BDU WJB UIF (R QBUIXBZ 	:PLPZBNB FU BM�
 ñïïò
�
ɨFTF DFMMT BSF JODVCBUFE JO BO BTTBZ TPMVUJPO DPOUBJOJOH UIF DBMDJVN JOEJDBUPS 'MVP�ó� ɨF
nVPSFTDFODF PG 'MVP�ó JT QSPQPSUJPOBM UP UIF DPODFOUSBUJPO PG JOUSBDFMMVMBS DBMDJVN� ɨJT
BMMPXT SFMBUJWF RVBOUJmDBUJPO PG DBMDJVN DPODFOUSBUJPO VTJOH B nVPSFTDFODF NJDSPTDPQF PS
QMBUF SFBEFS�

ñø





4VNNBSZ PG QBQFST

ô 4VNNBSZ PG QBQFST JODMVEFE JO UIF UIFTJT

ô�ð 1BQFS Ě

$POTFSWFE FYQSFTTJPO PG UIF (QSðôð SFDFQUPS JO IBCFOVMBS BYPOBM QSPKFDUJPOT PG WFSUF�
CSBUFT�

ɨF N3/" PG UIF PSQIBO ( QSPUFJOoDPVQMFE SFDFQUPS (QSðôð IBT CFFO EFNPOTUSBUFE
UP CF IJHIMZ FOSJDIFE JO UIF IBCFOVMBS OVDMFVT PG NJDF
 SBUT BOE IVNBOT� *O UIJT QB�
QFS UIF BJN XBT UP JOWFTUJHBUF UIF QSPUFJO FYQSFTTJPO QBUUFSO PG UIF (QSðôð SFDFQUPS VTJOH
JNNVOPIJTUPDIFNJTUSZ UP GVSUIFS DIBSBDUFSJ[F UIJT QPQVMBUJPO PG OFVSPOT� %JĊFSFOU QPMZ�
DMPOBM BOUJCPEJFT SBJTFE BHBJOTU UIF (QSðôð QSPUFJO XFSF PCUBJOFE GSPN DPNNFSDJBM TPVSDFT�
$PMPDBMJ[BUJPO BOBMZTJT XJUI BEEJUJPOBM JNNVOPIJTUPDIFNJDBM NBSLFST XBT DBSSJFE PVU UP
EFUFSNJOF GVSUIFS QIFOPUZQJDBM DIBSBDUFSJTUJDT PG UIF QPQVMBUJPO� *O PSEFS UP BTTFTT UIF
FWPMVUJPOBSZ DPOTFSWBUJPO PG UIF OFVSPDJSDVJUSZ FYQSFTTJOH UIF SFDFQUPS
 [FCSBmTI 	B EJT�
UBOU WFSUFCSBUF SFMBUJWF UP SPEFOUT BOE IVNBOT
 XBT BMTP JOWFTUJHBUFE� *O CSJFG
 XF GPVOE
UIBU (QSðôð XBT IFBWJMZ FYQSFTTFE JO IBCFOVMBS BYPOBM QSPKFDUJPOT UBSHFUJOH NJECSBJO BOE
CSBJOTUFN TUSVDUVSFT JODMVEJOH UIF *1/
 NFEJBO BOE EPSTBM SBQIF
 SPTUSPNFEJBM UFHNFOUBM
OVDMFVT
 SIBCEPJE OVDMFVT 	BMTP LOPXO BT UIF JOUFSQFEVODVMPUFHNFOUBM USBDU
 BOE UIF EPS�
TBM UFHNFOUVN 	'JH� ø
� $PMPDBMJ[BUJPO BOBMZTJT SFWFBMFE BTTPDJBUJPOT CFUXFFO (QSðôð BOE
DIPMJOF BDFUZM USBOTGFSBTF 	$I"5

 WFTJDVMBS HMVUBNBUF USBOTQPSUFST BOE TVCTUBODF 1 JO UIF
UBSHFU BSFBT PG UIF OFVSPOT� ɨF (QSðôð QSPUFJO FYQSFTTJPO QBUUFSO XBT SFNBSLBCMZ TJNJMBS
JO [FCSBmTI JOEJDBUJOH B TUSPOH FWPMVUJPOBSZ QSFTTVSF PO UIF DPOTFSWBUJPO PG UIJT TZTUFN JO
WFSUFCSBUFT�

òð



'JHVSF �� (QS��� QSPUFJO FYQSFTTJPO JO UIF CSBJO�
*NNVOPIJTUPDIFNJDBM WJTVBMJ[BUJPO PG (QS��� QSPUFJO FYQSFTTJPO JO DPSPOBM TFDUJPO PG B XJME�UZQF NPVTF 	"�+

 (QS���
LOPDLPVU NPVTF 	"��+�
 BOE 8JTUBS SBU 	"��+�
�

ô�ñ 1BQFS ĚĚ

.POPTZOBQUJD SFUSPHSBEF USBDJOH PG OFVSPOT FYQSFTTJOH UIF (�QSPUFJO DPVQMFE SFDFQUPS
(QSðôð JO UIF NPVTF CSBJO�

ɨF BJN PG UIJT TUVEZ XBT UP FYUFOE UIF NBQQJOH PG UIF (QSðôð FYQSFTTJOH OFVSPOT JO UIF
CSBJO UP BMTP JODMVEF UIF JODPNJOH 	BĊFSFOU
 DPOOFDUJPOT UP UIFTF DFMMT� 8F QFSGPSNFE
NPOPTZOBQUJD SFUSPHSBEF USBDJOH PG (QSðôð�FYQSFTTJOH OFVSPOT VTJOH B QTFVEPUZQFE SBCJFT
WJSVT 	4"%ǈ(�F('1	&OW"

� ɨF 4"%ǈ(�F('1	&OW"
 WFDUPS JT DBQBCMF PG USBOTEVDJOH
OFVSPOT FYQSFTTJOH UIF BWJBO TBSDPNB�MFVLPTJT WJSVT SFDFQUPS 	57"
 BOE CFJOH USBOTQPSUFE
SFUSPHSBEFMZ GSPN UIFTF OFVSPOT JG UIFZ BMTP FYQSFTT UIF SBCJFT WJSVT HMZDPQSPUFJO 	3(
� 6T�
JOH B USBOTHFOJD NPVTF MJOF 	(QSðôðo$SF
 BOE $SF EFQFOEFOU BEFOPBTTPDJBUFE WJSBM WFDUPST
XF TFMFDUJWFMZ FYQSFTTFE 57" BOE 3( JO (QSðôð�FYQSFTTJOH OFVSPOT� " TVCTFRVFOU JOKFD�
UJPO PG 4"%ǈ(�F('1	&OW"
 UIFO DBVTFE JOGFDUJPO PG (QSðôð FYQSFTTJOH OFVSPOT POMZ� ɨF
4"%ǈ(�F('1	&OW"
 XBT UIFO USBOTQPSUFE NPOPTZOBQUJDBMMZ UP BĊFSFOU OFVSPOT XIJDI
DPVME CF WJTVBMJ[FE CZ UIFJS QSPEVDUJPO PG FOIBODFE HSFFO nVPSFTDFOU QSPUFJO 	F('1
� 6T�
JOH UIJT TZTUFN
 XF EFUFDUFE (QSðôð FYQSFTTJOH OFVSPOT JO UIF IBCFOVMB
 BOE BMTP B TVCTFU
PG UIBMBNJD OVDMFJ� ɨF IBCFOVMBS (QSðôð OFVSPOT QSJNBSJMZ SFDFJWFE JOQVU GSPN UIF EJBH�
POBM CBOE OVDMFVT
 NFEJBM TFQUVN
 CFE OVDMFVT PG TUSJB UFSNJOBMJT
 WFOUSBM QBMMJEVN
 MBUFSBM
QSFPQUJD BSFB
 MBUFSBM IZQPUIBMBNJD BSFB BOE FOUPQFEVODVMBS OVDMFVT 	'JH� ðï
� " QPQVMB�
UJPO PG (QSðôð FYQSFTTJOH OFVSPOT JO UIF QBSBWFOUSJDVMBS UIBMBNJD OVDMFVT SFDFJWFE JOQVU
GSPN NBOZ PG UIF BSFBT HJWJOH SJTF UP IBCFOVMBS QSPKFDUJPOT
 CVU BMTP TPNF EJTUJODU QSP�

òñ



KFDUJPOT GSPN UIF [POB JODFSUB BOE NFEJBM QSFPQUJD BSFB XBT FWJEFOU� ɨJT QPQVMBUJPO XBT
EFNPOTUSBUFE UP QSPKFDU UP GPSFCSBJO BSFBT JODMVEJOH UIF NFEJBM QSFGSPOUBM DPSUFY
 OVDMFVT
BDDVNCFOT
 [POB JODFSUB BOE CBTPMBUFSBM BNZHEBMB� ɨJSE
 B QPQVMBUJPO PG (QSðôð OFV�
SPOT JO UIF MBUFSBM UIBMBNJD OVDMFVT SFDFJWFE JOQVU GSPN BSFBT MJOLFE UP WJTVBM QSPDFTTJOH
JODMVEJOH UIF DJOHVMBUF DPSUFY
 WJTVBM DPSUFY
 [POB JODFSUB BOE TVQFSJPS DPMMJDVMVT�

'JHVSF ��� "GGFSFOUT PG IBCFOVMBS (QS����$SF OFVSPOT�
$PSPOBM CSBJO TFDUJPOT PG B (QS����$SF NPVTF XIFSF ""7��&G�B�'-&9�57"�N$IFSSZ
 ""7��$"�'-&9�3( BOE
4"%%(�F('1	&OW"
 XBT JOKFDUFE VOJMBUFSBMMZ JO UIF IBCFOVMB� /FVSPOT DPFYQSFTTJOH F('1 BOE N$IFSSZ 	TUBSUFS
OFVSPOT� NBHFOUB PVUMJOF
 XFSF BMNPTU FYMVTJWFMZ MPDBUFE JO UIF NFEJBM BOE MBUFSBM IBCFOVMB� &('1 QPTJUJWF OFVSPOT
	HSFFO
 XFSF GPVOE UISPVHIPVU UIF CSBJO
 NPTU OPUBCMZ JO UIF NFEJBM TFQUBM OVDMFVT
 OVDMFVT PG UIF EJBHPOBM CBOE

MBUFSBM QSFPQUJD BSFB
 BOE UIF MBUFSBM IZQPUIBMBNVT 	QFEVODVMBS QBSU
� 4DBMF CBS � ���� NN

ô�ò 1BQFS ĚĚĚ

*OWFTUJHBUJOH TQFYJO BOE SFMBUFE OFVSPQFQUJEFT BT QPTTJCMF MJHBOET PG (QSðôð�

*O UIJT XPSL
 UIF BJN XBT UP JEFOUJGZ QPUFOUJBM MJHBOE DBOEJEBUFT UP (QSðôð� (JWFO UIF
UIBU (QSðôð IBT FWPMWFE GSPN B DPNNPO BODFTUPS UP UIF HBMBOJO SFDFQUPS GBNJMZ 	-JV FU BM�

ñïðï

 XF GPDVTFE PO QFQUJEFT XIJDI TIBSF SFTFNCMBODF XJUI HBMBOJO
 OBNFMZ TQFYJO BOE
LJTTQFQUJO� 6TJOH JO TJUV IZCSJEJ[BUJPO
 XF DPVME PCTFSWF MPX FYQSFTTJPO PG 4QY N3/" JO
(QSìðì FYQSFTTJOH IBCFOVMBS OFVSPOT� 3FDFQUPS BDUJWBUJPO JT VTVBMMZ BTTFTTFE CZ NFBTVS�

òò



JOH UIF DIBOHF JO DPODFOUSBUJPO PG TFDPOE NFTTFOHFST� )PXFWFS
 UIF TJHOBMJOH QBUIXBZ
PG (QSðôð JT DVSSFOUMZ OPU LOPXO� *O PSEFS UP BWPJE IBWJOH UP HVFTT UIF TFDPOE NFTTFO�
HFS QBUIXBZ PG (QSðôð XF UPPL BEWBOUBHF PG TQFDJmD (α�TVCVOJUT 	(ðõ BOE (RJô
 UIBU
DPVQMF VOTFMFDUJWFMZ UP NPTU ( QSPUFJOoDPVQMFE SFDFQUPST BOE MFBE UP BDUJWBUJPO PG UIF JO�
PTJUPM USJTQIPTQIBUF 	*1ò
 � EJBDZMHMZDFSPM 	%"(
 QBUIXBZ
 XIJDI VMUJNBUFMZ JNNPCJMJ[F
JOUSBDFMMVMBS DBMDJVN� ɨF DIBOHF JO JOUSBDFMMVMBS DBMDJVN DPODFOUSBUJPO DBO UIFO CF NFB�
TVSFE XJUI B DBMDJVN TFOTJUJWF EZF 	'MVP�ó
� 8F UIVT PCUBJOFE B DPNNFSDJBMMZ BWBJMBCMF DFMM
MJOF UIBU FYQSFTTFE (QSðôð UPHFUIFS XJUI (ðõ BOE (RJô� ɨF DFMMT XFSF DVMUVSFE PO HMBTT
TMJEFT BOE JODVCBUFE XJUI 'MVP�ó� ɨF nVPSFTDFODF XBT NPOJUPSFE JO BO FQJnVPSFTDFODF
NJDSPTDPQF XIJMF QFQUJEFT PG EJĊFSFOU DPODFOUSBUJPOT XFSF BEEFE UP UIF XFMMT� 8F DPVME
SFQSPEVDF QSFWJPVTMZ SFQPSUFE mOEJOHT 	*HOBUPW FU BM�
 ñïïó
 UIBU NJDSPNPMBS DPODFOUSB�
UJPOT PG HBMBOJO BDUJWBUF (QSðôð 	'JH� ðð
� 4JNJMBSMZ
 TQFYJO BOE LJTTQFQUJO BMTP BDUJWBUFE
(QSðôð BU IJHI DPODFOUSBUJPOT� )PXFWFS
 DPODFOUSBUJPOT PG UIJT NBHOJUVEF BSF VOMJLFMZ
UP PDDVS OBUVSBMMZ JO UIF TZOBQTFT XFSF (QSðôð JT QSFTFOU
 BOE UIVT UIF UFTUFE QFQUJEFT BSF
QSPCBCMZ OPU FOEPHFOPVT MJHBOET UP (QSðôð�

ô�ó 1BQFS Ěħ

(BEí FYQSFTTJOH JOUFSOFVSPOT JO UIF NPVTF IBCFOVMB�

*O UIJT TUVEZ
 XF JOWFTUJHBUF UIF QSFTFODF PG ("#"FSHJD JOUFSOFVSPOT JO UIF IBCFOVMBS
OVDMFVT PG UIF NPVTF CSBJO� 1SFWJPVT TUVEJFT IBWF JEFOUJmFE DIPMJOFSHJD
 TVCTUBODF 1�FSHJD
BOE HMVUBNBUFSHJD QSPKFDUJPO OFVSPOT JO UIF IBCFOVMB� )PXFWFS
 UIFSF IBT CFFO MJUUMF GPDVT
PO UIF JOUSJOTJD DPOOFDUJWJUZ JO UIF IBCFOVMB BOE UIF QSFTFODF PG ("#"FSHJD JOUFSOFVSPOT
IBT CFFO MBSHFMZ PWFSMPPLFE� 1SFWJPVT TUVEJFT PO ("#"FSHJD JOUFSOFVSPOT IBWF ZJFMEFE
DPOnJDUJOH SFTVMUT� 0OF TUVEZ GPVOE ("#" JNNVOPSFBDUJWF OFVSPOT JO UIF IBCFOVMB PG
UIF 4RVJSSFM NPOLFZ BOE BOPUIFS TUVEZ VTJOH UIF TBNF JNNVOPIJTUPDIFNJDBM UFDIOJRVF
GPVOE POMZ WFSZ GFX ("#" OFVSPOT JO UIF SBU� %VSJOH UIF QSFQBSBUJPO PG UIJT NBOVTDSJQU

BOPUIFS SFTFBSDI HSPVQ JEFOUJmFE ("#" OFVSPOT JO UIF MBUFSBM IBCFOVMB CZ EFNPOTUSBUJOH
DP�FYQSFTTJPO PG ("#"
 (BEõô BOE WFTJDVMBS ("#" USBOTQPSUFS 	7("5
 	;IBOH FU BM�

ñïðõ
 ñïð÷
� 6TJOH JO TJUV IZCSJEJ[BUJPO BOE WJSBM USBOTEVDUJPO JO B LOPDL�JO NPVTF MJOF

XF DPVME BMTP PCTFSWF B SJDI SFQFSUPJSF PG (BEñ 	POF PG UXP ("#" TZOUIFTJ[JOH JTPFO[ZNFT

FYQSFTTJOH OFVSPOT JO UIF MBUFSBM IBCFOVMB
 XJUI EJĊFSFOU NPSQIPMPHZ BOE NPMFDVMBS DIBS�
BDUFSJTUJDT 	'JH� ðñ
� ɨVT
 XF DPVME SFQMJDBUF QSFWJPVT mOEJOHT PG UIF FYJTUFODF PG (BEí FY�
QSFTTJOH OFVSPOT JO UIF IBCFOVMB
 CVU XF BMTP FYUFOE UIF DIBSBDUFSJ[BUJPO PG UIFTF OFVSPOT
UP TIPX UIBU UIFTF DFMMT NBZ CF GVSUIFS EJWJEFE JOUP TVC�DMBTTFT CBTFE PO DFMMVMBS NPSQIPM�
PHZ� ɨJT mOEJOH JT JNQPSUBOU GPS UIF VOEFSTUBOEJOH PG UIF IBCFOVMBS DJSDVJUSZ BOE BEET
UP UIF DPNQMFYJUZ PG UIJT JOUSJHVJOH OVDMFVT�

òó



'JHVSF ��� 'MVP�� DBMDJVN BTTBZ�
3FDFQUPS BDUJWBUJPO XBT NFBTVSFE BT DIBOHF JO nVPSFTDFODF VQPO QFQUJEF JODVCBUJPO
 SFMBUJWF UP UIF NBYJNBM SF�
TQPOTF BGUFS JODVCBUJPO XJUI ��ç. "51� (BMBOJO
 TQFYJO BOE LJTTQFQUJO JOEVDFE DBMDJVN NPCJMJ[BUJPO BU IJHI DPO�
DFOUSBUJPOT 	��ç.
 CVU OPU BU MPXFS DPODFOUSBUJPOT� 4QFYJO�� EJE OPU QSPEVDF BOZ SFTQPOTF�

òô



'JHVSF ��� &YBNQMFT PG TQIFSJDBM BOE OFVSPHMJBGPSN IBCFOVMBS JOUFSOFVSPOT�
�% SFDPOTUSVDUJPOT PG IBCFOVMBS (BE� FYQSFTTJOH TQIFSJDBM OFVSPOT 	"
 BOE OFVSPHMJBGPSN OFVSPOT 	#
� 4DBMF CBS �
��çN�

òõ



%JTDVTTJPO

ɨF BJN PG UIF XPSL EFTDSJCFE JO UIJT UIFTJT XBT UP FYUFOE UIF DIBSBDUFSJ[BUJPO PG IBCF�
OVMBS OFVSPOBM QPQVMBUJPOT BOE BTTPDJBUFE DJSDVJUSZ
 XJUI B TQFDJBM GPDVT PO UIF SPMF PG UIF
IBCFOVMB JO EFQSFTTJPO�

õ (QSðôð FYQSFTTJPO JO IBCFOVMBS UBSHFUT JO UIFNJECSBJO BOE CSBJO�
TUFN

1SJPS UP PVS SFTFBSDI
 UIF PSQIBO SFDFQUPS (QSðôð XBT JEFOUJmFE BOE JUT N3/" XBT GPVOE
UP CF IJHIMZ FOSJDIFE JO UIF IBCFOVMB 	7BTTJMBUJT FU BM�
 ñïïò� *HOBUPW FU BM�
 ñïïó� #FSUIPME
FU BM�
 ñïïò
� ɨF JEFB PG UBLJOH BEWBOUBHF PG UIJT ( QSPUFJOoDPVQMFE SFDFQUPS UP TQFDJm�
DBMMZ NPEVMBUF IBCFOVMBS BDUJWJUZ JOTQJSFE PVS mSTU TUVEZ 	TFF TFDUJPO ô�ð
 XIFSF UIF QSPUFJO
FYQSFTTJPO QBUUFSO PG (QSðôð XBT JOWFTUJHBUFE� 6TJOH B DPNNFSDJBMMZ BWBJMBCMF BOUJCPEZ
BOE DPOWFOUJPOBM JNNVOPIJTUPDIFNJTUSZ
 UIF FYQSFTTJPO PG (QSðôð QSPUFJO XBT BTTFTTFE
UISPVHIPVU UIF CSBJO PG NPVTF
 SBU BOE [FCSBmTI� ɨJT DPNQBSBUJWF BQQSPBDI XBT BEPQUFE
JO PSEFS UP BTTFTT UIF EFHSFF PG DPOTFSWBUJPO PO B OFVSPBOBUPNJDBM MFWFM� *O BMM PG UIF FY�
BNJOFE TQFDJFT
 TUSPOH FYQSFTTJPO PG (QSðôð XBT PCTFSWFE JO mCFST PSJHJOBUJOH JO IBCFOVMB

UIBU USBWFMMFE UISPVHI GBTDJDVMVT SFUSPnFYVT BOE UFSNJOBUFE JO UIF *1/ BOE B OVNCFS PG
EJTUJODU CSBJOTUFN OVDMFJ 	'JH� ðò
�

*1/

ɨF *1/ JT POF PG UIF BSFBT PG UIF CSBJO XJUI UIF EFOTFTU DIPMJOFSHJD JOOFSWBUJPO 	8PPMG BOE
#VUDIFS
 ðø÷ô
� ɨFTF DIPMJOFSHJD mCFST PSJHJOBUF JO UIF WFOUSBM NFEJBM IBCFOVMB
 CBTBM GPSF�
CSBJO BSFBT JODMVEJOH UIF OVDMFVT PG UIF EJBHPOBM CBOE PG #SPDB
 QSFPQUJD BSFB
 NFEJBM TFQUBM
OVDMFVT
 TVCTUBOUJB JOOPNJOBUB BOE OVDMFVT CBTBMJT
 BT XFMM BT IJOECSBJO BSFBT JODMVEJOH UIF
MBUFSPEPSTBM� BOE QFOEVODVMPQPOUJOF UFHNFOUVN� *O 1BQFS * 	TFF TFDUJPO ô�ð

 XF PCTFSWFE
TUSPOH (QSðôð JNNVOPSFBDUJWJUZ JO UIF DIPMJOFSHJD QBSU PG UIF NFEJBM IBCFOVMB� 8F BMTP
QFSGPSNFE DPMPDBMJ[BUJPO BOBMZTJT CFUXFFO DIPMJOF BDFUZMUSBOTGFSBTF 	$I"5
 BOE (QSðôð
JNNVOPSFBDUJWJUZ JO UIF *1/
 XIJDI DPOmSNFE UIF FYQSFTTJPO PG (QSðôð JO DIPMJOFSHJD
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'JHVSF ��� $POOFDUJPOT PG (QS����FYQSFTTJOH IBCFOVMBS OFVSPOT JO SPEFOUT�
#SBJO TUSVDUVSFT DPOUBJOJOH OFVSPOT UIBU TZOBQTFT POUP (QS����FYQSFTTJOH IBCFOVMBS OFVSPOT 	HSFFO
 JODMVEF UIF
NFEJBM TFQUVN 	.4

 OVDMFVT PG UIF EJBHPOBM CBOE PG #SPDB 	/%#

 MBUFSBM QSFPQUJD BSFB 	-10

 MBUFSBM IZQPUIBMBNJD
BSFB 	-)"

 CFE OVDMFVT PG UIF BOUFSJPS DPNNJTTVSF 	#"$

 FOUPQFEVODVMBS OVDMFVT 	&1
 BOE UIF CFE OVDMFVT PG TUSJB
UFSNJOBMJT 	#45
� 5IF BGGFSFOU mCFST USBWFM QSJNBSJMZ JO UIF TUSJB NFEVMMBSJT 	TN� QVSQMF
 CFGPSF SFBDIJOH UIF NFEJBM
BOE MBUFSBM IBCFOVMB 	.)C
 -)C� CMVF
� 5IF FGGFSFOU QSPKFDUJPOT USBWFM UISPVHI UIF GBTDJDVMVT SFUSPnFYVT 	GS� QVSQMF

JO B WFOUSBM�DBVEBM EJSFDUJPO UPXBSET EJGGFSFOU CSBJOTUFN BSFBT 	SFE
 JODMVEJOH UIF *1/ 	*1/

 SPTUSPNFEJBM UFHNFOUBM
OVDMFVT
 SIBCEPJE OVDMFVT 	3CE

 NFEJBO 	.O3
 BOE DBVEBM EPSTBM SBQIF 	D%3
 BT XFMM BT UIF QPOUJOF DFOUSBM HSFZ
	1$(
�

mCFST� $IPMJOFSHJD USBOTNJTTJPO JO UIF *1/ IBT CFFO PCTFSWFE UP NPEVMBUF EPQBNJOFSHJD
UVSOPWFS JO UIF OVDMFVT BDDVNCFOT BOE QSFGSPOUBM DPSUFY
 BSFBT IJHIMZ JOWPMWFE JO NPUJWB�
UJPO BOE SFJOGPSDFNFOU MFBSOJOH 	/JTIJLBXB FU BM�
 ðø÷õ
� )ZQFSBDUJWJUZ JO UIF DIPMJOFSHJD
IBCFOVMPJOUFSQFEVODVMBS QBUIXBZ DPVME UIVT CF POF QPUFOUJBM GBDUPS DPOUSJCVUJOH UP UIF
BOIFEPOJB PCTFSWFE JO EFQSFTTJPO� 'POUFT 	ñïðô
 PCTFSWFE UIBU TI3/"�NFEJBUFE JOIJCJ�
UJPO PG (QSðôð FYQSFTTJPO JO UIFTF mCFST MFE UP JODSFBTFE TFOTJUJWJUZ UP OJDPUJOF� 8IFUIFS
(QSðôð FYQSFTTJPO JO UIF IBCFOVMPJOUFSQFEVODVMBS mCFST QMBZT BOZ SPMF JO EFQSFTTJWF MJLF
CFIBWJPS JT OPU LOPXO�

3PTUSPNFEJBM UFHNFOUBM OVDMFVT

ɨF JOIJCJUPSZ JOnVFODF UIBU UIF MBUFSBM IBCFOVMBS OVDMFVT FYFSUT PO EPQBNJOFSHJD OFVSPOT
JO UIF 75" 	$ISJTUPQI FU BM�
 ðø÷õ� +J BOE 4IFQBSE
 ñïïö
 XBT MPOH B NZTUFSZ TJODF UIF
EJSFDU JOOFSWBUJPO PG IBCFOVMBS OFVSPOT POUP WFOUSBM UFHNFOUBM OFVSPOT JT RVJUF TQBSTF BOE
NBJOMZ FYDJUBUPSZ 	0NFMDIFOLP FU BM�
 ñïïø
� ɨF NJTTJOH MJOL XBT UIFO GPVOE B EFDBEF
BHP� UIF ("#"FSHJD NFTPQPOUJOF SPTUSPNFEJBM UFHNFOUBM OVDMFVT 	TPNFUJNFT SFGFSFE UP BT
UIF UBJM PG UIF 75"
 SFDFJWFT JUT NBJO JOQVU GSPN UIF MBUFSBM IBCFOVMB BOE TFOET JOIJCJUPSZ
QSPKFDUJPOT POUP EPQBNJOFSHJD 75" OFVSPOT 	+IPV FU BM�
 ñïïøC
� 'VODUJPOBMMZ
 UIF UIF
SPTUSPNFEJBM UFHNFOUBM OVDMFVT IBT TJODF CFFO JNQMJDBUFE JO BEBQUBUJPO UP BEWFSTF FWFOUT
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BOE BWPJEBODF CFIBWJPS 	&MNFS FU BM�
 ñïð÷� 4UBNBUBLJT BOE 4UVCFS
 ñïðñ� +IPV FU BM�
 ñïïøB
�
*O 1BQFS * 	TFF TFDUJPO ô�ð
 TJHOJmDBOU QSPUFJO FYQSFTTJPO PG (QSðôð XBT PCTFSWFE JO BYPO
UFSNJOBMT JO UIF SPTUSPNFEJBM UFHNFOUBM OVDMFVT� ɨJT JNQMJFT UIBU NPEVMBUJPO PG (QSðôð
NBZ JOnVFODF 75" EPQBNJOF DJSDVJUSZ
 WJB UIJT ("#"FSHJD SFMBZ�

3IBCEPJE OVDMFVT � JOUFSQFEVODVMPUFHNFOUBM USBDU PG (BOTFS

*O ð÷÷ñ
 UIF QTZDIJBUSJTU BOE OFVSPBOBUPNJTU %S� 4JHCFSU (BOTFS
 JOWFTUJHBUFE UIF OFSWPVT
TZTUFN PG UIF NPMF BOE JEFOUJmFE B mCFS USBDU UIBU IF OBNFE wEJF )BVCFOCBIO EFT (BO�
HMJPO JOUFSQFEVODVMBSFw 	(BOTFS
 ð÷÷ñ
� ɨJT USBDU
 MBUFS SFGFSSFE UP BT UIF JOUFSQFEVODV�
MPUFHNFOUBM USBDU PG (BOTFS
 EJTQMBZT TUSPOH BDFUZMDIPMJOFTUFSBTF BDUJWJUZ BT XFMM BT TVCTUBODF
1 JNNVOPSFBDUJWJUZ BOE JT OPXBEBZT SFHBSEFE BT B QBUIXBZ CFUXFFO UIF *1/ BOE UIF NF�
EJBO SBQIF
 EPSTBM SBQIF BOE UIF DBVEBM DFOUSBM HSFZ 	(SPFOFXFHFO FU BM�
 ðø÷õ
� *O PVS
NBUFSJBM 	TFF TFDUJPO ô�ð

 XF PCTFSWFE EFOTF FYQSFTTJPO PG (QSðôð JO UIJT USBDU BOE JO UIF
NFOUJPOFE UBSHFU BSFBT� 4JODF (QSðôð N3/" JT NBJOMZ FYQSFTTFE JO UIF IBCFOVMB BOE OPU
JO UIF *1/
 JU DBO CF DPODMVEFE UIBU TPNF PG UIF mCFST PG UIF JOUFSQFEVODVMPUFHNFOUBM
USBDU PSJHJOBUF JO UIF IBCFOVMB� 4PNF BVUIPST VTF UIF OBNF SIBCEPJE OVDMFVT
 SFGFSSJOH UP
UIF FMPOHBUFE 	GSPN (SFFL SIBCEPJFEFT o wMJLF B SPEw
 TIBQF PG UIJT TUSVDUVSF 	1BYJOPT BOE
8BUTPO
 ñïïõ
� 8IFUIFS UIJT TUSVDUVSF JT CFTU EFTDSJCFE BT B QSPQFS OVDMFVT PS B mCFS USBDU
SFNBJOT BO PQFO RVFTUJPO� " SFDFOU QBQFS TVHHFTUT UIBU BYPOT GSPN UIF JOUFSQFEVODVMBS
OFVSPOT GPSN TZOBQTFT JO UIF SIBCEPJE OVDMFVT 	.PSUPO FU BM�
 ñïð÷
� *U XPVME BMTP CF JO�
UFSFTUJOH UP JOWFTUJHBUF XIFUIFS (QSðôð BYPOT GSPN UIF IBCFOVMB GPSN TZOBQTFT XJUIJO UIJT
TUSVDUVSF�

3BQIF OVDMFJ

ɨF NFEJBO BOE EPSTBM SBQIF DPOUBJO UIF NBKPSJUZ PG UIF TFSPUPOFSHJD OFVSPOT JO UIF CSBJO�
*O UIF EPSTBM SBQIF
 CPUI TFSPUPOFSHJD BOE OPO�TFSPUPOFSHJD OFVSPOT BSFB BDUJWBUFE VQPO
SFXBSE 	-J FU BM�
 ñïðõ
� ɨF NFEJBO SBQIF IBT CFFO JNQMJDBUFE JO BOYJFUZ 	"OESBEF FU BM�

ñïðò
 BOE GFBS NFNPSZ DPOTPMJEBUJPO 	8BOH FU BM�
 ñïðô
� ɨF BOUJEFQSFTTJWF DMBTT PG TVC�
TUBODFT LOPXO BT UIF TFSPUPOJO SFVQUBLF JOIJCJUPST 	443*T
 UBSHFUT UIFTF TZTUFNT BOE UIF
SBQIF OVDMFJ BSF UIVT IJHIMZ JOUFSFTUJOH GSPN B QTZDIJBUSJD WJFXQPJOU� (QSðôð QSPUFJO FY�
QSFTTJPO XBT GPVOE UP CF FYDFQUJPOBMMZ IJHI JO UIF NFEJBO SBQIF
 BOE UP B MFTTFS EFHSFF
UIF EPSTBM SBQIF 	TFF TFDUJPO ô�ð
� "EEJUJPOBMMZ
 (QSðôð�FYQSFTTJOH OFVSPOT JO UIF IBCFOVMB
BQQFBSFE UP SFDFJWF SFDJQSPDBM JOOFSWBUJPO GSPN UIFTF TUSVDUVSFT 	TFF TFDUJPO ô�ñ
� 3FDFOUMZ

B TUVEZ BTTFTTJOH UIF SFTUJOH TUBUF GVODUJPOBM DPOOFDUJWJUZ CFUXFFO UIF IBCFOVMB BOE SBQIF
OVDMFJ PCTFSWFE HSFBUFS GVODUJPOBM DPVQMJOH JO QBUJFOUT XJUI USFBUNFOU SFTJTUBOU EFQSFTTJPO
	(PTOFMM FU BM�
 ñïð÷
� *G (QSðôð JT JOWPMWFE JO NPEVMBUJOH UIF BDUJWJUZ JO UIJT DJSDVJUSZ

B (QSðôð MJHBOE DPVME IBWF UIFSBQFVUJD FĊFDUT GPS UIJT HSPVQ PG QBUJFOUT
 XIFSF FĊFDUJWF
USFBUNFOU JT DVSSFOUMZ MBDLJOH�

òø



ö $POWFSHFODF PG CBTBM GPSFCSBJO JOQVU POUP (QSðôð FYQSFTTJOH
IBCFOVMBS OFVSPOT

ɨF SFUSPHSBEF USBDJOH FYQFSJNFOU EFTDSJCFE JO QBQFS ** 	TFF TFDUJPOô�ñ
 XBT EFTJHOFE UP
JOWFTUJHBUF JG (QSðôð QPTJUJWF OFVSPOT JO UIF IBCFOVMB SFDFJWFE JOQVU GSPN BOZ TQFDJmD CSBJO
BSFB� ɨJT XBT IPXFWFS OPU UIF DBTF� *OTUFBE
 BMM BSFBT UIBU QSFWJPVTMZ IBWF CFFO EFTDSJCFE
BT IBCFOVMBS BĊFSFOU TUSVDUVSFT 	2JO BOE -VP
 ñïïø� :FUOJLPĊ FU BM�
 ñïðô� )FSLFOIBN BOE
/BVUB
 ðøöö

 XFSF GPVOE UP DPOUBJO OFVSPOT UIBU DPOUBDU (QSðôð�FYQSFTTJOH DFMMT JO UIF
IBCFOVMB�

#BTBM GPSFCSBJO

" HSFBU OVNCFS PG BĊFSFOUT UP UIF (QSðôð�FYQSFTTJOH IBCFOVMBS OFVSPOT XBT PCTFSWFE JO
CBTBM GPSFCSBJO BSFBT TVDI BT UIF USJBOHVMBS BOE NFEJBM TFQUVN
 CFE OVDMFVT PG UIF BOUFSJPS
DPNNJTTVSF BOE EJBHPOBM CBOE PG #SPDB� ɨF USJBOHVMBS TFQUVN IBT MPOH CFFO SFDPHOJ[FE
BT POF PG UIF NBJO JOQVUT UP UIF NFEJBM IBCFOVMB
 BOE DPOTJTUT PG CPUI HMVUBNBUFSHJD BOE
QVSJOFSHJD QSPKFDUJPOT 	2JO BOE -VP
 ñïïø� 4QFSMÈHI FU BM�
 ðøø÷
� "CMBUJPO PG UIJT QSP�
KFDUJPO IBT BOYJPMZUJD FĊFDUT JO NJDF 	:BNBHVDIJ FU BM�
 ñïðò
� ɨF NFEJBM TFQUVN BOE UIF
EJBHPOBM CBOE PG #SPDB QSPWJEF ("#"FSHJD JOOFSWBUJPO UP UIF WFOUSBM QBSU PG UIF NFEJBM
IBCFOVMB
 UIBU JT CPUI FYDJUBUPSZ 	NFEJBUFE CZ ("#""�SFDFQUPST
 BOE JOIJCJUPSZ 	NFEJ�
BUFE CZ ("#"#�SFDFQUPST
 	$IPJ FU BM�
 ñïðõ
� ɨJT SFHJPO PG UIF NFEJBM IBCFOVMB
 XIFSF
(QSðôð FYQSFTTJPO JT EFOTF
 BMTP SFDFJWFT JOQVU GSPN UIF CFE OVDMFVT PG UIF BOUFSJPS DPN�
NJTTVSF BOE JU IBT CFFO JNQMJDBUFE JO GFBS SFTQPOTF BOE GFBS MFBSOJOH 	:BNBHVDIJ FU BM�

ñïðò
� (QSðôð FYQSFTTJPO JO IBCFOVMBS OFVSPOT SFDFJWJOH JOQVU GSPN UIFTF CBTBM GPSFCSBJO
BSFBT TVHHFTU B QPTTJCMF NPEVMBUPSZ SPMF PG (QSðôð JO GFBS BOE BOYJFUZ SFMBUFE CFIBWJPST�

-BUFSBM QSFPQUJD o MBUFSBM IZQPUIBMBNJD DPOUJOVVN

)FSLFOIBN BOE /BVUB 	ðøöö
 QSPWJEFE B EFUBJMFE NBQ PG IBCFOVMBS BĊFSFOUT JO UIF SBU�
ɨF BVUIPST OPUFE UIBU UIF NBKPSJUZ PG UIF OFVSPOT QSPKFDUJOH UIF MBUFSBM IBCFOVMB SFTJEFE
JO B DPOUJOVPVT CBOE
 TUSFUDIJOH GSPN UIF MBUFSBM QSFPQUJD BSFB UP UIF SPTUSBM POF UIJSE PG
UIF MBUFSBM IZQPUIBMBNJD BSFB� *OKFDUJPO PG BOUFSPHSBEF USBDFS JO EJĊFSFOU QBSUT PG UIJT CBOE
SFTVMUT JO EJTUJODUJWF UFSNJOBUJPO QBUUFSOT JO UIF MBUFSBM IBCFOVMB
 TVHHFTUJOH UPQPHSBQIJD
DPSSFTQPOEFODF CFUXFFO UIF -10o-)" DPOUJOVVN BOE UIF MBUFSBM IBCFOVMBS TVCOVDMFJ
	SFWJFXFE JO ;BIN BOE 3PPU
 ñïðö
� ɨF IBCFOVMB�QSPKFDUJOH OFVSPOT JO UIF MBUFSBM IZ�
QPUIBMBNVT BQQFBST UP CF PG B DPNCJOFE HMVUBNBUFSHJD�("#"FSHJD QIFOPUZQF BOE DBQBCMF
PG NPEVMBUJOH GFFEJOH BOE BWPJEBODF CFIBWJPS 	4UBNBUBLJT FU BM�
 ñïðõ
� *O PVS NBUFSJBM

BĊFSFOUT UP (QSðôð�FYQSFTTJOH IBCFOVMBS OFVSPOT XFSF PCTFSWFE JO HSFBU OVNCFST UISPVHI�
PVU UIF -10o-)" DPOUJOVVN� ɨF GVODUJPOBM UPQPHSBQIZ PG UIF -10o-)" DPOUJOVVN
SFNBJOT POF JNQPSUBOU PQFO SFTFBSDI RVFTUJPO JO IBCFOVMB SFTFBSDI�
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#BTBM HBOHMJB

ɨF HMPCVT QBMMJEVT JOUFSOB 	DPSSFTQPOEJOH UP UIF FOUPQFEVODVMBS OVDMFVT JO SPEFOUT
 QSP�
WJEFT EFOTF QSPKFDUJPOT UP MBUFSBM IBCFOVMBS OFVSPOT 	)FSLFOIBN BOE /BVUB
 ðøöö
� 4UJN�
VMBUJPO PG UIFTF QSPKFDUJPOT QSPEVDF CPUI JOIJCJUPSZ 	("#"FSHJD
 BOE FYDJUBUPSZ 	HMVUB�
NBUFSHJD
 DVSSFOUT JO MBUFSBM IBCFOVMBS OFVSPOT� " SFDFOU QBQFS EJTTFDUFE UIJT DJSDVJUSZ GVS�
UIFS TIPXJOH UIBU UIF MBUFSBM IBCFOVMB JT MJLFMZ UIF POMZ UBSHFU PG FYDJUBUPSZ OFVSPOT JO UIF
FOUPQFEVODVMBS OVDMFVT 	8BMMBDF FU BM�
 ñïðö
� 5XP EJTUJODU QPQVMBUJPOT
 B TPNBUPTUBUJO FY�
QSFTTJOH HMVUBNBUFSHJD�("#"FSHJD QSPKFDUJPO
 BOE B QBSWBMCVNJO FYQSFTTJOH HMVUBNBUFSHJD
QSPKFDUJPO XBT JEFOUJmFE� ɨJT QBMMJEPIBCFOVMBS QSPKFDUJPO BQQFBST UP CF JOIJCJUFE CZ VO�
FYQFDUFE SFXBSET BOE BDUJWBUFE CZ VOFYQFDUFE MPTT JO NPOLFZT 	)POH BOE )JLPTBLB
 ñïï÷
�
*O SPEFOUT UIJT QSPKFDUJPO QSPEVDF BWFSTJWF FĊFDUT XIFO BDUJWBUFE 	4IBCFM FU BM�
 ñïðñ
 BOE
JOUFSFTUJOHMZ
 UIF CBMBODF PG HMVUBNBUFSHJD�("#"FSHJD DP�SFMFBTF JT TIJGUFE UPXBSET B NPSF
HMVUBNBUFSHJD QIFOPUZQF JO B NPEFM PG EFQSFTTJPO BOE EVSJOH DPDBJOF XJUIESBXBM 	4IBCFM
FU BM�
 ñïðó� .FZF FU BM�
 ñïðõ
� ɨF CBMBODF CFUXFFO HMVUBNBUF BOE ("#" DBO CF SFTUPSFE
CZ BENJOJTUSBUJPO PG DJUBMPQSBN
 B DPNNPO 443* BOUJEFQSFTTBOU� ɨF IBCFOVMBS OFVSPOT
SFDFJWJOH JOQVU GSPN UIF FOUPQFEVODVMBS OVDMFVT QSPKFDU UP UIF SPTUSPNFEJBM UFHNFOUBM
OVDMFVT
 BO BSFB SJDI JO (QSðôð JNNVOPSFBDUJWJUZ 	.FZF FU BM�
 ñïðõ
�

÷ (QSðôð FYQSFTTJPO JO UIF QBSBWFOUSJDVMBS UIBMBNJD OVDMFVT BOE
JUT UBSHFUT

"MUIPVHI (QSðôð QSPUFJO FYQSFTTJPO XBT POMZ EFUFDUBCMF JO IBCFOVMBS BYPOT JO 1BQFS * 	TFF
TFDUJPO ô�ð

 XF TVCTFRVFOUMZ JEFOUJmFE UIBMBNJD OFVSPOBM QPQVMBUJPOT UIBU NBZ FYIJCJU MPX
PS USBOTJFOU N3/" FYQSFTTJPO PG (QSðôð 	TFF TFDUJPO ô�ñ
� (QSðôð N3/" FYQSFTTJPO JO UIF
QBSBWFOUSJDVMBS UIBMBNJD 	17
 OVDMFVT IBT QSFWJPVTMZ CFFO SFQPSUFE 	*HOBUPW FU BM�
 ñïïó�
8BHOFS FU BM�
 ñïðóB
 XIJDI QSPNQUFE VT UP JOWFTUJHBUF UIF DPOOFDUJWJUZ PG UIJT QPQVMB�
UJPO� ɨF BĊFSFOU JOQVU UP UIF (QSðôð�FYQSFTTJOH OFVSPOT JO UIF QBSBWFOUSJDVMBS UIBMBNJD
OVDMFVT XBT JO QBSU TJNJMBS UP UIF JOQVU UP UIF IBCFOVMBS QPQVMBUJPO BT BĊFSFOU OFVSPOT
XFSF PCTFSWFE JO UIF -10o-)" DPOUJOVVN BOE JO UIF EJBHPOBM CBOE PG #SPDB� ɨF NBKPS
JOQVUT UP UIF (QSðôð�FYQSFTTJOH 17 QPQVMBUJPO IPXFWFS
 XBT PCTFSWFE UISPVHIPVU UIF NF�
EJBM IZQPUIBMBNVT BOE UIF [POB JODFSUB� ɨF FĊFSFOU DPOOFDUJWJUZ PG UIF (QSðôð�FYQSFTTJOH
17 QPQVMBUJPO XBT TUSJLJOHMZ EJĊFSFOU GSPN UIF IBCFOVMBS QPQVMBUJPO� 'PVS NBKPS QSPKFD�
UJPO UBSHFUT XFSF JEFOUJmFE� UIF QSFMJNCJD DPSUFY
 CBTPMBUFSBM BNZHEBMB
 OVDMFVT BDDVNCFOT
BOE [POB JODFSUB� ɨFTF BTDFOEJOH QSPKFDUJPOT BSF OPU TIBSFE XJUI UIF IBCFOVMBS (QSðôð
QPQVMBUJPO XIJDI JOTUFBE QSPKFDUT FYDMVTJWFMZ UPXBSET UIF WFOUSBM NJECSBJO BOE CSBJOTUFN�
ɨF 17 IBT SFDFOUMZ CFFO JNQMJDBUFE JO PQJBUF BEEJDUJPO BOE XJUIESBXBM 	.BU[FV FU BM�

ñïðó� ;IV FU BM�
 ñïðõ

 BOE HJWFO UIBU (QSðôð BQQFBST UP NFEJBUF TFOTJUJWJUZ UP OJDPUJOF JU
JT UFNQUJOH UP TQFDVMBUF UIBU UIJT SFDFQUPS NBZ QMBZ B CSPBEFS SPMF JO BEEJDUJPO�
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ø &OEPHFOPVT MJHBOE PG (QSðôð

/FVSPBOBUPNJDBM TUVEJFT PG UIF BĊFSFOU BOE FĊFSFOU QSPKFDUJPOT PG (QSðôð�FYQSFTTJOH OFV�
SPOT NBZ POMZ QSPWJEF IJOUT UP XIBU GVODUJPOT UIJT SFDFQUPS NJHIU CF JOWPMWFE JO� *EFOUJ�
GZJOH NPMFDVMFT UIBU DBO NPEVMBUF UIF TJHOBMJOH PG UIF SFDFQUPS 	TP DBMMFE MJHBOET

 XPVME
BMMPX B NVDI NPSF EFUBJMFE GVODUJPOBM DIBSBDUFSJ[BUJPO PG (QSðôð JO OPSNBM QIZTJPMPHZ BOE
EJTFBTF�

4FWFSBM FĊPSUT UP JEFOUJGZ TVDI MJHBOET UP (QSðôð IBWF CFFO QFSGPSNFE 	*HOBUPW FU BM�
 ñïïó�
2JO
 ñïðð� 'POUFT
 ñïðô� )PMNFT FU BM�
 ñïðö
� (BMBOJO XBT PCTFSWFE UP BDUJWBUF (QSðôð
	BU IJHI DPODFOUSBUJPOT
 JO POF IFUFSPMPHPVT DFMM BTTBZ 	*HOBUPW FU BM�
 ñïïó
� )PXFWFS

UIJT mOEJOH DPVME OPU CF DPOmSNFE VTJOH B EJĊFSFOU DFMM MJOF 	)PMNFT FU BM�
 ñïðö
� 4PNF
QFQUJEF GSBDUJPOT PG QPSDJOF CSBJO FYUSBDUT XFSF BMTP PCTFSWFE UP BDUJWBUF (QSðôð
 BMUIPVHI
UIF JEFOUJUZ PG UIF QFQUJEFT JO UIFTF GSBDUJPOT XFSF OFWFS SFQPSUFE 	2JO
 ñïðð
�

(JWFO UIBU (QSðôð TIPXT TUSVDUVSBM TJNJMBSJUJFT UP NFNCFST PG UIF HBMBOJO SFDFQUPS GBNJMZ
BOE UIBU HBMBOJO JT UIF POMZ JEFOUJmFE QFQUJEF UIBU UP UIJT EBUF IBWF CFFO TIPXO UP CF
DBQBCMF PG BDUJWBUJOH (QSðôð XF DIPTF UP JOWFTUJHBUF DMPTF SFMBUJWFT UP UIJT OFVSPQFQUJEF�
4QFYJO BOE LJTTQFQUJO BSF UXP QFQUJEFT UIBU DP�FWPMWFE XJUI HBMBOJO 	,JN FU BM�
 ñïðó
�
5XP DMFBWBHF QSPEVDUT
 DBMMFE TQFYJO 	PS TQFYJO�ð
 BOE TQFYJO�ñ DBO CF EFSJWFE GSPN UIF
TQFYJO QSPIPSNPOF� *OUFSFTUJOHMZ
 XF PCTFSWFE B XFBL FYQSFTTJPO PG TQFYJO N3/" JO
NPTU (QSðôð�FYQSFTTJOH IBCFOVMBS OFVSPOT 	TFF TFDUJPO ô�ò
� 4QFYJO BOE LJTTQFQUJO XBT
GPVOE UP FMJDJU GVODUJPOBM BDUJWBUJPO PG (QSðôð JO B IFUFSPMPHPVT DFMM BTTBZ
 CVU POMZ BU OPO�
QIZTJPMPHJDBM NJDSPNPMBS DPODFOUSBUJPOT� *ODVCBUJPO XJUI TQFYJO�ñ EJE OPU SFTVMU JO BOZ
PCTFSWBCMF FĊFDU BU BOZ DPODFOUSBUJPO�

ɨF SFTVMUT GSPN PVS QJMPU TUVEZ UIVT TVHHFTU UIBU (QSðôð IBT MPTU BċOJUZ UP UIF QFQUJEFT JO
UIF HBMBOJO�TQFYJO�LJTTQFQUJO GBNJMZ EVSJOH UIF FWPMVUJPOBSZ IJTUPSZ PG UIF SFDFQUPS�

" SFDFOU TUVEZ NBQQJOH UIF OFVSPQFQUJEPNF PG UIF SBU IBCFOVMBS OVDMFVT IBT DPNQJMFE B
MJTU PG OFVSPQFQUJEFT QSFTFOU JO UIF IBCFOVMB 	:BOH FU BM�
 ñïð÷
� "QQMZJOH TJNJMBS NFUIPET
UP BSFBT FOSJDIFE JO (QSðôð QSPUFJO FYQSFTTJPO
 GPS FYBNQMF UIF *1/
 DPVME MFBE UP UIF
EJTDPWFSZ PG OFX MJHBOE DBOEJEBUFT�

'POUFT 	ñïðô
 RVBOUJmFE DZDMJD BEFOPTJOF NPOPQIPTQIBUF 	D".1
 JO UIF *1/ PG (QSðôð
LOPDLPVU NJDF� "O JODSFBTF JO D".1 XBT PCTFSWFE
 JOEJDBUJOH UIBU (QSðôð NBZ CF DPVQMFE
UP B ( QSPUFJO PG UIF (J DMBTT� 6TJOH BO POMJOF UPPM 	13&%�$061-& ñ�ïï
 GPS QSFEJDUJOH
DPVQMJOH TQFDJmDJUZ CFUXFFO B (1$3 BOE GPVS EJĊFSFOU ( QSPUFJO DMBTTFT 	(T
 (R
 (J
BOE (ðñ�ðò
 VTJOH )JEEFO .BSLPW .PEFMT
 XF BOBMZ[FE UIF (QSðôð QSPUFJO TFRVFODF JO ðñ
WFSUFCSBUF TQFDJFT 	4HPVSBLJT FU BM�
 ñïïô
� "O BTTPDJBUJPO CFUXFFO (QSðôð BOE UIF (J DMBTT
PG ( QSPUFJOT XBT DPOTJTUFOUMZ QSFEJDUFE 	'JH� ðó
�

*U JT UIVT QPTTJCMF UIBU BO BTTBZ NFBTVSJOH BDUJWBUJPO PG UIF (J�QBUIXBZ DPVME CF B CFUUFS
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'JHVSF ��� 1SFEJDUJPO PG UIF ( QSPUFJO DPVQMJOH PG (QS����
13&%�$061-&� HFOFSBUFE QPTUFSJPS QSPCBCJMJUZ 	� UP �
 UIBU (QS��� DPVQMFT UP UIF GPVS ( QSPUFJO DMBTTFT�

DIPJDF BT B GVODUJPOBM SFBEPVU GPS UIJT SFDFQUPS UIBO UIF DBMDJVN JNNPCJMJ[BUJPO BTTBZ VTFE
JO PVS XPSL 	TFF TFDUJPO ô�ó
� ɨF FYQSFTTJPO PG TQFDJmD ( QSPUFJO TVCVOJUT PS PUIFS GBDUPST
UIBU DPVME JNQBDU UIF JOUSBDFMMVMBS TJHOBMJOH DBTDBEF NBZ BMTP CF OFFEFE JO GVUVSF BTTBZT JO
PSEFS UP SFMJBCMZ RVFSZ UIF TJHOBMJOH NFDIBOJTNT PG (QSðôð�

ðï $IBSBDUFSJ[BUJPO PG ("#"FSHJD JOUFSOFVSPOT JO UIF IBCFOVMB

ɨFSF IBWF CFFO DPOnJDUJOH SFQPSUT BCPVU UIF QSFTFODF PG ("#"FSHJD JOUFSOFVSPOT JO UIF
IBCFOVMB� ɨF DPNCJOBUJPO PG B LOPDL�JO NPVTF TUSBJO FYQSFTTJOH $SF SFDPNCJOBTF VOEFS
DPOUSPM PG UIF (BEñ QSPNPUFS BOE BEFOPBTTPDJBUFE WJSVT NFEJBUFE FYQSFTTJPO PG B $SF�
EFQFOEFOU nVPSFTDFOU SFQPSUFS QSPWJEFE B TFOTJUJWF NFUIPE PG MBCFMJOH (BEñ FYQSFTTJOH
OFVSPOT JO UIF IBCFOVMB� 6TJOH UIJT BQQSPBDI XF DPVME JEFOUJGZ EJĊFSFOU DMBTTFT PG 	QSF�
TVNBCMZ
 ("#"FSHJD OFVSPOT JO UIF MBUFSBM IBCFOVMB
 CBTFE PO NPSQIPMPHJDBM BOE OFV�
SPDIFNJDBM DIBSBDUFSJTUJDT 	TFF TFDUJPO ô�ó
� 4ZOBQUJD CPVUPOT PCTFSWFE XJUIJO UIF MBUFSBM
IBCFOVMBS OVDMFVT JOEJDBUFE UIBU BU MFBTU B QBSU PG UIF (BEñ�FYQSFTTJOH OFVSPOT XFSF JO�
UFSOFVSPOT� ɨJT QJDUVSF HFUT NPSF DPNQMJDBUFE CZ UIF mOEJOHT PG UXP SFDFOU QBQFST� ;IBOH
FU BM� 	ñïð÷
 EFNPOTUSBUFE UIBU MBUFSBM IBCFOVMBS ("#"FSHJD OFVSPOT DBO QSPEVDF CSBODI�
JOH BYPOT CPUI UFSNJOBUJOH JO UIF IBCFOVMB JUTFMG CVU BMTP MFBWJOH UIF IBCFOVMB UISPVHI UIF
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GBTDJDVMVT SFUSPnFYVT� " QBQFS JOWFTUJHBUJOH OFVSPOT XJUI NJYFE HMVUBNBUFSHJD�("#"FSHJD
QIFOPUZQFT TIPXFE UIBU NPTU (BE�FYQSFTTJOH OFVSPOT JO UIF MBUFSBM IBCFOVMB BMTP FYQSFTT
7(MVUñ
 B NBSLFS FYQSFTTFE CZ TPNF HMVUBNBUFSHJD OFVSPOT 	3PPU FU BM�
 ñïð÷
� )PX UIF
("#"FSHJD OFVSPOBM QPQVMBUJPO JO UIF MBUFSBM IBCFOVMB NPEVMBUF UIF BDUJWJUZ XJUIJO BOE
PVUTJEF UIF IBCFOVMB
 BOE UIF JNQBDU PG UIF CBMBODF CFUXFFO HMVUBNBUF BOE ("#"
 SFNBJOT
BO JOUSJHVJOH PQFO SFTFBSDI RVFTUJPO�

óó



$PODMVEJOH SFNBSLT BOE GVUVSF
QFSTQFDUJWFT

/VNFSPVT TUVEJFT IBWF EFNPOTUSBUFE EZTGVODUJPO BOE BMUFSBUJPOT JO WPMVNF PG UIF IBCF�
OVMB JO QBUJFOUT XJUI EFQSFTTJPO
 MFBEJOH UP UIF JEFB UIBU UIF IBCFOVMB BOE JUT SFMBUFE OFV�
SPDJSDVJUSZ DPVME QSPWJEF B QSPNJTJOH UBSHFU GPS OPWFM USFBUNFOU TUSBUFHJFT� "SPVOE ÷ ZFBST
BHP JOJUJBM QJMPU FYQFSJNFOUT PG EJSFDUMZ NPEVMBUJOH UIF IBCFOVMB JO IVNBO QBUJFOUT VTJOH
EFFQ CSBJO TUJNVMBUJPO 	%#4
 XBT QFSGPSNFE BOE ZJFMEFE QSPNJTJOH SFTVMUT
 CVU TJODF UIFO
UIFSF IBWF CFFO OP GPMMPX�VQ TUVEJFT PG UIJT TPSU 	4BSUPSJVT FU BM�
 ñïðï
�

ɨF OFFE PG MFTT JOWBTJWF UFDIOJRVFT GPS NPEVMBUJOH IBCFOVMBS BDUJWJUZ TQBSLFE PVS JOUFSFTU
JO BO PSQIBO ( QSPUFJOoDPVQMFE SFDFQUPS LOPXO BT (QSðôð
 XIJDI FYIJCJUT B SFNBSLBCMZ
IJHI BOE BMNPTU FYDMVTJWF FYQSFTTJPO JO UIF IBCFOVMB� 8F QFSGPSNFE B DBSFGVM DIBSBDUFSJ�
[BUJPO PG UIF DPOOFDUJPOT PG UIF (QSðôð FYQSFTTJOH OFVSPOT BOE DPVME UIVT QSPWJEF B NBQ
PG UIF CSBJO BSFBT UIBU BSF MJLFMZ NPEVMBUFE CZ UIF (QSðôð SFDFQUPS 	TFF TFDUJPOT ô�ð BOE ô�ñ
�
)PXFWFS
 UIJT NBQ DBO POMZ QSPWJEF IJOUT UP XIBU GVODUJPOT (QSðôð NBZ IBWF JO OPSNBM
QIZTJPMPHZ BOE EJTFBTF� " MJNJUJOH GBDUPS JO TUVEZJOH (QSðôð GVODUJPO JT UIBU OP MJHBOET
IBWF CFFO JEFOUJmFE� 5P UIJT FOE
 XF JOWFTUJHBUFE UIF GVODUJPOBM BDUJWBUJPO PG (QSðôð BGUFS
JODVCBUJPO XJUI B GFX OFVSPQFQUJEFT TJNJMBS UP HBMBOJO
 UIF POMZ NPMFDVMF UIBU IBWF CFFO
EFNPOTUSBUFE UP BDUJWBUF (QSðôð 	*HOBUPW FU BM�
 ñïïó
� 6OGPSUVOBUFMZ
 OFJUIFS HBMBOJO
 OPS
JUT SFMBUJWFT TQFYJO BOE LJTTQFQUJO BQQFBST UP BDUJWBUF (QSðôð BU QIZTJPMPHJDBM DPODFOUSBUJPOT
	TFF TFDUJPO ô�ò
�

ɨF QSFTFODF PG ("#"FSHJD JOUFSOFVSPOT JO UIF IBCFOVMB IBT CFFO EJTQVUFE� *O UIJT UIFTJT

XF QSPWJEF FWJEFODF PG (BEñ�FYQSFTTJOH OFVSPOT JO UIF MBUFSBM IBCFOVMB BOE TIPX UIBU UIJT
TFU PG OFVSPOT NBZ CF GVSUIFS TVCDMBTTJmFE VTJOH OFVSPDIFNJDBM BOE NPSQIPMPHJDBM DSJUFSJB
	TFF TFDUJPO ô�ó
� " SFDFOU TFU PG QBQFST
 TVQQPSUT PVS mOEJOHT PG ("#"FSHJD JOUFSOFVSPOT JO
UIF MBUFSBM IBCFOVMB
 CVU BMTP JOEJDBUF B HSFBU DPNQMFYJUZ JO UIBU TPNF PG UIFTF OFVSPOT NBZ
QSPEVDF CPUI MPDBM BOE MPOH�SBOHF QSPKFDUJPOT 	;IBOH FU BM�
 ñïð÷
 ñïðõ
 BOE UIBU TPNF
BSF PG B NJYFE JOIJCJUPSZ�FYDJUBUPSZ QIFOPUZQF 	3PPU FU BM�
 ñïð÷
� )PX UIFTF EJĊFSFOUT
("#"FSHJD IBCFOVMBS QPQVMBUJPOT NPEVMBUF IBCFOVMBS BDUJWJUZ BOE JG UIFTF OFVSPOT IBWF
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BOZ SPMF JO QTZDIJBUSJD EJTFBTF SFNBJO VOFYQMPSFE�

ɨF XPSL EFTDSJCFE JO UIJT UIFTJT JT B TNBMM DPOUSJCVUJPO UP UIF VOEFSTUBOEJOH PG UIF JO�
USJHVJOHMZ DPNQMFY IBCFOVMBS OVDMFVT� 8IFUIFS UIF IBCFOVMB NBZ QSPWJEF B GVUVSF UBSHFU
GPS USFBUJOH EFQSFTTJPO JT BO PQFO RVFTUJPO
 CVU BT PVS LOPXMFEHF BCPVU UIF IBCFOVMB JT
FYUFOEJOH BU BO BDDFMFSBUJOH QBDF
 UIF BOTXFS NBZ CF XJUIJO SFBDI�

óõ
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Conserved expression of the GPR151 receptor in habenular 
axonal projections of vertebrates
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Abstract
The habenula is a phylogenetically conserved brain structure in the epithalamus. It is a major node 
in the information flow between fronto-limbic brain regions and monoaminergic brainstem nuclei, 
thus anatomically and functionally ideally positioned to regulate emotional, motivational and 
cognitive behaviors. Consequently, the habenula may be critically important in the 
pathophysiology of psychiatric disorders such as addiction and depression. Here we investigated 
the expression pattern of GPR151, a G coupled-protein receptor (GPCR), whose mRNA has been 
identified as highly and specifically enriched in habenular neurons by in situ hybridization and 
Translating Ribosome Affinity Purification (TRAP). In the present immunohistochemical study 
we demonstrate a pronounced and highly specific expression of the GPR151 protein in the medial 
and lateral habenula of rodent brain. Specific expression was also seen in efferent habenular fibers 
projecting to the interpeduncular nucleus, the rostromedial tegmental area, the rhabdoid nucleus, 
the mesencephalic raphe nuclei and the dorsal tegmental nucleus. Using confocal microscopy and 
quantitative colocalization analysis we found that GPR151 expressing axons and terminals overlap 
with cholinergic, substance P-ergic and glutamatergic markers. Virtually identical expression 
pattern was observed in rat, mouse and zebrafish brains. Our data demonstrate that GPR151 is 
highly conserved, specific for a subdivision of the habenular neurocircuitry, and constitutes a 
promising novel target for psychiatric drug development.
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INTRODUCTION
The habenula is an ancient, highly conserved brain structure present throughout the 
vertebrate lineage. The habenula is a bilateral diencephalic structure that modulates 
brainstem monoaminergic and cholinoreceptive nuclei (Lecourtier and Kelly, 2007; Bianco 
and Wilson, 2009). In lower vertebrates (such as fish and amphibians) the habenula is 
asymmetric. In contrast, the mammalian habenula shows no lateralization. It is divided in 
medial (MHb) and lateral (LHb) nuclei that are readily distinguishable in Nissl preparations. 
In addition, as many as 15 subnuclei have been described using ultrastructural, 
morphological and cytochemical criteria (Andres et al., 1999; Geisler et al., 2003; Aizawa et 
al., 2012; Wagner et al., 2014). The habenula is thus a highly heterogeneous structure, and 
this is also reflected by its diverse connectivity. The habenula receives inputs primarily via 
the stria medullaris and sends outputs via the fasciculus retroflexus. The MHb receives 
afferents from the septum and the diagonal band of Broca and projects to the 
interpeduncular nucleus (IPN) (Herkenham and Nauta, 1977; 1979), while the LHb receives 
input from large portions of the ventral forebrain, including the lateral preoptic area, lateral 
hypothalamus and basal ganglia as well as the serotonergic dorsal raphe and the 
dopaminergic ventral tegmental area (VTA) (Herkenham and Nauta, 1977; Sim and Joseph, 
1993). In turn, the LHb projects mainly to the VTA, the median and dorsal raphe, and the 
recently described rostromedial tegmental nucleus (RMTg) (Herkenham and Nauta, 1979; 
Jhou et al., 2009b; Kim, 2009).

The behavioral contributions of the LHb and MHb have traditionally been reported as 
segregated, despite the fact that these nuclei are adjacent to each other and that intra-
habenular connectivity has been described (Kim and Chang, 2005). The MHb and its major 
target, the IPN, have emerged as key regions in the regulation of nicotine consumption and 
withdrawal (Fowler et al., 2011; Frahm et al., 2011; Salas et al., 2009). The MHb shows the 
highest concentration of nicotinic acetylcholine receptors (nAChRs) in the brain (90–100% 
of the neurons in the MHb express α3, α4, β2, β3 or β4 nAChRs) (Görlich et al., 2013; Hsu 
et al., 2013; Sheffield et al., 2000). Importantly genetic variants in the CHRNA5-CHRNA3-
CHRNB4 gene cluster encoding α5, α3 and β4 nAChR subunits have been linked to nicotine 
dependence and smoking related diseases in humans (Berrettini et al., 2008; Bierut et al., 
2008; Lips et al., 2010; Liu JZ et al., 2010; Ware et al., 2011). Functional studies have 
shown that α5 and β4 nAChRs in the MHb-IPN pathway regulate nicotine intake and 
withdrawal (Fowler et al., 2011, Frahm et al., 2011, Zhao-Shea et al., 2013) and that MHb 
neurons display spontaneous phasic activity that is enhanced upon nicotine withdrawal 
(Görlich et al., 2013).

On the other hand the LHb has been shown to play a crucial role in negative reward and 
decision-making (Hikosaka, 2010; Stopper and Floresco, 2013). Phasic activation of LHb 
neurons occurs during aversive stimulation or when a less-than-expected reward is presented 
(Matsumoto and Hikosaka, 2007; 2009). When unexpected negative events occur, activation 
of LHb causes inhibition of dopaminergic neurons in the VTA. This inhibition, mediated 
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mainly via a GABAergic relay in the RMTg, gives rise to the reward-prediction error 
response of VTA neurons (Balcita-Pedicino et al., 2011). LHb neurons also display slow, 
tonic responses encoding temporal proximity to future rewards (Bromberg-Martin et al., 
2010). Optogenetic stimulation of excitatory synapses in the LHb, as well as stimulation of 
axon terminals of LHb neurons in the RMTg, produce an avoidance response (Shabel et al., 
2012; Stamatakis and Stuber, 2012). Investigations of human brain activity using fMRI have 
found increased BOLD responses in the habenula to negative feedback and negative reward 
prediction error (Ullsperger and Cramon, 2003; Salas et al., 2010) as well as when cues 
associated with painful stimulation are presented (Lawson et al., 2014). Based on these 
findings, it has been proposed that the LHb does not merely encode disappointment, but that 
it provides information about cost and uncertainty in order to facilitate optimal decision-
making and learning (Stopper and Floresco, 2013).

Both the LHb and MHb show reduced volume in people affected with depression (Ranft et 
al., 2010), thus implicating both nuclei in the pathophysiology of this disorder. Serotonergic 
neurons in the dorsal raphe, known to be involved in depression, are inhibited by stimulation 
of the habenula (Wang and Aghajanian, 1977; Reisine et al., 1982; Park, 1987). In 
agreement, increased LHb metabolism and reduced brain serotonin levels have been 
observed in several animal models of depression. This effect can be reversed with 
antidepressant drugs (Caldecott-Hazard et al., 1988; Shumake and Gonzalez-Lima, 2013) or 
lesions of the LHb (Yang et al., 2008). In fact, inactivation of the habenula by deep brain 
stimulation has been used in the treatment of major depressive disorder (Sartorius and Henn, 
2007; Sartorius et al., 2010). Moreover, neuroimaging studies have identified heightened 
habenula activity in depressed patients (Morris et al., 1999; Roiser et al., 2009). However, 
determining the specific functional contribution of MHb versus LHb in human in vivo 
studies will require higher fMRI resolution than the currently commonly used 7 Tesla 
scanners allow for (Viswanath et al., 2013).

One gene that has been found to be highly expressed in both the MHb and the LHb is 
GPR151 whose mRNA has been detected by in situ hybridization in the cell bodies of 
habenular neurons in the ventral MHb and in sparse neurons of the LHb (Berthold et al., 
2003; Aizawa et al., 2012; Quina et al., 2009). GPR151, also known as PGR7, GALR4, 
GPCR-2037 and GALRL, belongs to the A type of G protein-coupled receptor (GPCR) and 
shows the highest homology to the galanin receptors 2 and 3 but responds only very weakly 
to the neuropeptide galanin (Ignatov et al., 2004). To this date, no endogenous or synthetic 
ligand for this receptor has been reported and its function is still largely unknown. The 
GPR151 gene is conserved in mammals (~83% identity in human versus rodent and ~89% in 
rat versus mouse) and has orthologs in chicken and zebrafish (NCBI HomoloGene). The 
zebrafish genome contains two nearly identical copies of the probable gpr151-like gene 
(LOC100538082 and LOC565170), which share homology with human GPR151 (54% 
DNA sequence identity). While the in situ hybridization mRNA pattern of Gpr151 has been 
reported in rodents (Berthold et al., 2003, Aizawa et al., 2012, Quina et al., 2003) and 
Translating Ribosome Affinity Purification (TRAP) assay, identified Gpr151 mRNA as 
highly and specifically enriched in mouse habenular neurons (Görlich et al., 2013), no 
studies have addressed the localization of the GPR151 receptor protein.
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The present study therefore sought to investigate the protein expression pattern of GPR151 
in rats, mice and zebrafish. Given the homologous organization of habenular subnuclei 
between mice and rat (Wagner et al., 2014), and the similar habenular neurocircuitry in fish 
(Amo et al., 2010), we compared the GPR151 immunoreactivity between these species, to 
determine whether GPR151 could be used as a marker for a conserved population of medial 
and lateral habenular neurons, that could further facilitate functional studies in all three 
model organisms. In order to characterize the GPR151 expressing neurons we used a 
combination of markers for known habenular neurotransmitters such as acetylcholine, 
substance P and glutamate, as well as markers for dopamine and serotonin to identify 
monoaminergic neuronal populations innervated by GPR151 positive projections.

MATERIALS AND METHODS
Animals

Mice and rats were housed with ad libitum access to standard lab chow and water in a room 
air conditioned at 22°C–23°C with a standard 12 hr light/dark cycle (lights on 7:00 am, off 
7:00 pm), with a maximum of five mice or three rats per cage. GPR151 knockout mice 
(GPR151tm1Dgen, RRID:MGI_MGI:3606630), where a lacZ reporter gene was inserted in 
place of the Gpr151 exon, were obtained from Deltagen. They were backcrossed to 
C57BL/6J for eight generations. Six wild type C57BL/6J mice (The Jackson Laboratory, 
RRID:IMSR_JAX:000664), three Gpr151−/− mice and six Crl:WI Wistar rats (Charles 
River, Germany, RRID:RGD_737929) aged 8–12 weeks were used for experiments and 
were perfused between 10am and 2pm.

Fixation of mouse and rat brain tissue
The animals were deeply anesthetized by injecting an overdose of pentobarbital and 
perfused transcardially with 100 ml of cold isotonic NaCl solution (0.9%) followed by 200 
ml of cold sodium phosphate buffered saline (PBS) containing 4% paraformaldehyde (PFA). 
The brains were then dissected and post fixed in 4% PFA for 24 hours at 4°C. A shorter post 
fixation time of 2 hours yielded uneven and weak immunostaining, especially in rat tissue. 
After post fixation, the brains were immersed in sucrose solution (25% in PBS) at 4°C for 
2–3 days until equilibration had occurred (i.e. the brains sank to the bottom of the vial). The 
brains were sectioned in 40 µm sections using a sliding microtome (Thermo Scientific 
HM450), cryoprotected in antifreeze solution (30% glycerol, 30% ethylene glycol, 40% 
0.5M PBS), and stored at −20°C until commencing immunohistochemistry.

Immunohistochemistry of mouse and rat sections
After rinsing in sodium phosphate buffered saline solution (PBS), free-floating brain 
sections were blocked in PBS containing normal serum (10% in mouse, 5% in rat) and 0.3% 
TritonX-100 for 1 hour. The normal serum matched the species in which the secondary 
antibodies were raised. Sections were then incubated overnight at 4°C with primary 
antibodies (Table 1) diluted in blocking solution. Subsequently, sections were washed with 
PBS and incubated for 2 hours at room temperature with secondary antibodies (Table 2). 
Sections were then washed twice for 15 minutes in PBS and counterstained with the nuclear 
stain DAPI at 1 µg/ml in PBS for 10 minutes. The sections were then mounted on Superfrost 
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Plus glass (Menzel-Gläser, Germany) and coverslipped with ImmuMount™ (Thermo 
Scientific).

For visualization of immunoreactivity for light microscopy, brain sections were incubated 
with a biotinylated anti-mouse secondary antibody made in horse (Vector Laboratories), 
followed by incubation with avidin-biotin-peroxidase complex (diluted 1:125 in PBS) 
(VECTASTAIN Elite ABC Kit, Vector Laboratories) and 3,3′-diaminobenzidine (DAB). 
Following the DAB reaction, sections were mounted, dehydrated in increasing 
concentrations of ethanol followed by xylene and finally coverslipped with DPX (Fisher 
Scientific).

The primary antibodies used in the experiment are listed in Table 1. When using VGLUT1 
and VGLUT2 antibodies, TritonX-100 was omitted in order to preserve synaptic 
membranes. Heat mediated antigen retrieval, 15 minutes at 95°C in citric acid (pH 6.0), was 
performed prior to incubation with the ChAT antibody to enhance immunostaining.

Confocal fluorescent images were acquired with a Zeiss LSM700 confocal microscope. 
Brightness and contrast of the images was adjusted with Adobe Photoshop CS6.

Preparation of zebrafish brain tissue
Two adult zebrafish (7 months old, AB strain, RRID:ZIRC_ZL1) were rapidly chilled in ice 
cold water and subsequently immersed in PFA solution (4% in PBS) for 24 hours. The 
brains were then dissected and equilibrated in sucrose (20% in PBS). Subsequently, the 
brains were incubated in PBS containing 7.5% gelatin and 20% sucrose at 37°C for 2 hours. 
The brains were then put in to fresh gelatin-sucrose molds and cut into blocks. The blocks 
were cut in 14 µm transverse sections on a cryomicrotome and mounted on Superfrost Plus 
glass (Menzel-Gläser, Germany). Immunohistochemistry was performed as for mouse and 
rat sections except that incubation with GPR151 antibodies was performed directly on the 
glass instead of free-floating. Two polyclonal antibodies (raised in mouse and rabbit) against 
human GPR151 were used (described below).

Colocalization analysis
Images that were used for colocalization analysis were acquired with a 63x oil immersion 
objective on a Zeiss LSM700 confocal microscope. The detection pinhole was set to 1 Airy 
unit in order to maximize signal-to-noise. The channels where captured in sequence to 
minimize the risk of bleed-through. The intensity gain was adjusted for each channel before 
capture in order to avoid saturated pixels, and the intensity range of the images was left 
untouched to preserve linearity. Colocalization analysis was performed with the Coloc 2 
plugin in the Fiji image processing package (v. 1.48, RRID:SciRes_000137). Background 
was eliminated by median subtraction (Dunn et al., 2011). Manders’ colocalization 
coefficients, M1 and M2, which are proportional to the number of colocalizing pixels in 
each channel relative to the total number of pixels in that channel were calculated (Manders 
et al., 1994). M1 or M2 > 0.55 indicates colocalization (Zinchuk and Grossenbacher-
Zinchuk, 2014). In the present study, only M1 is presented and refers to the proportion of 
pixels with Gpr151 immunoreactivity that colocalize with a second marker. Costes’ test for 
statistical significance was used to determine that the colocalization coefficients obtained 
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where not due to random effects (Costes et. al., 2004). In the test, one channel is scrambled 
repeatedly (n=100) and correlated with the other channel, which results in a Costes’ P-value 
where P is the proportion of random images that are less correlated than the original. A P-
value > 0.95 indicates statistically significant correlation.

Antibody characterization
The antibodies used in the study are indicated below. Concentrations for optimal signal-to-
noise ratio were determined for each antibody based on literature and serial dilution of the 
antibody. In all preparations, some sections were prepared identically except for omitting the 
primary antibody in order to ensure that the observed signal was not due to non-specific 
binding of the secondary antibody. Working concentrations (for purified antibodies) or 
dilutions (for non-purified antibodies) of primary antibodies are provided in Table 1.

1. Rabbit GPR151 polyclonal antibody (SAB4500418, Sigma-Aldrich) is raised 
against a synthetic peptide containing amino acids 370–419 
(EKEKPSSPSSGKGKTEKAEIPILPDVEQFWHERDTVPSVQDNDPIPWEHEDQE
TGEGVK) of the C-terminal of human GPR151. It recognizes a single band of 46 
kDa on western blots of K562 cell lysate. The specificity was confirmed by pre-
adsorption with the immunogen peptide (according to manufacturer’s technical 
information). Antibody specificity was in the present study verified using 
Gpr151−/− mice (see below).

2. Mouse GPR151 polyclonal antibody (SAB1402000, Sigma-Aldrich) is raised 
against full-length human GPR151 protein. Western blots of GPR151 transfected 
HEK293T lysate shows a band at ~46 kDa, which was not present in lysate of non-
transfected cells (according to manufacturer’s technical information). This antibody 
produce the same pattern of staining as the rabbit anti GPR151 polyclonal and is 
discussed below.

3. Rabbit VGLUT1 polyclonal antibody (135 303, Synaptic Systems) is generated 
against Strep-Tag® fusion protein of rat VGLUT1, containing amino acid residues 
456–560 (TLSGMVCPIIVGAMT). The antibody is affinity purified using the 
immunogen. Immunoreactivity in brain sections was abolished by pre-adsorption 
with the immunogen (Zhou et al., 2007). Western blot of lysate of cerebellum and 
cochlear nucleus in guinea pig detects a band at ~60 kDa. The molecular weight 
corresponds to what has previously been reported for the VGLUT1 protein 
(Takamori et al., 2000). No staining was observed in VGLUT1−/− mice (Wojcik et 
al., 2004).

4. Guinea pig VGLUT1 polyclonal antibody (135 304, Synaptic Systems) is generated 
against a purified recombinant protein of rat VGLUT 1, containing amino acid 
residues 456–560 (TLSGMVCPIIVGAMT). The antibody recognizes one major 
broad band of the expected molecular weight (50–60 kDa) on western blots of a 
synaptic vesicle fraction of rat brain (LP2) and immunostaining is absent in 
VGLUT1−/− mice (according to the manufacturer). The antibody has been shown to 
produce an identical immunostaining pattern as the rabbit VGLUT1 polyclonal 
antibody in rat striatum and cortex (Wouterlood et al., 2012).
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5. Rabbit VGLUT2 polyclonal antibody (135 403, Synaptic Systems) is raised against 
Strep-Tag® fusion protein of rat VGLUT2, containing amino acid residues 510–
582 
(EKQPWADPEETSEEKCGFIHEDELDEETGDITQNYINYGTTKSYGATSQENGG
WPNGEKKEEFVQESAQDAYSYKDRDDYS). Selective immunoreactivity in brain 
sections has been demonstrated by pre-adsorption with the immunogen (Zhou et al., 
2007). Western blot of lysate of cerebellum and cochlear nucleus detects a band at 
~65 kDa which corresponds to previous reports (Takamori et al., 2001).

6. Guinea pig VGLUT2 polyclonal antibody (135 404, Synaptic Systems) is generated 
against a purified recombinant protein of rat VGLUT2, containing amino acid 
residues 510–582 
(EKQPWADPEETSEEKCGFIHEDELDEETGDITQNYINYGTTKSYGATSQENGG
WPNGEKKEEFVQESAQDAYSYKDRDDYS). The antibody recognizes one major 
broad band of the expected molecular weight (65 kDa) on western blots of a 
synaptic vesicle fraction of rat brain and immunostaining was abolished by pre-
adsorption with the immunogen (according to the manufacturer). No cross-
reactivity against VGLUT1 or VGLUT3 was observed.

7. Goat choline acetyltransferase (ChAT) polyclonal antibody (AB144P, Millipore) is 
raised against human placental choline acetyltransferase enzyme. The antibody 
recognizes a single band of 68–70 kDa on western blots of mouse brain (according 
to the manufacturer). This antibody has previously been used to investigate the 
expression of ChAT in the rat habenula (Aizawa et al., 2012) and yields the same 
pattern of expression as other ChAT antibodies (Contestabile et al., 1987).

8. Mouse neurofilament H monoclonal antibody (SMI-32R, clone SMI-32, Covance) 
is raised against homogenized hypothalami from Fischer 344 rat brain (Sternberger 
et al., 1982). This antibody recognizes a non-phosphorylated epitope on the 
neurofilament heavy polypeptide in human and monkey brain lysate (Campbell and 
Morrison, 1989). The antibody has previously been used to differentiate between 
different subnuclei in the rat and mouse LHb (Geisler et al., 2003; Wagner et al., 
2014).

9. Mouse monoclonal tyrosine hydroxylase (TH) antibody (T1299, clone TH-2, 
Sigma-Aldrich) is derived from a hybridoma produced by the fusion of mouse 
myeloma cells and splenocytes from a mouse immunized against whole-rat TH 
protein (Haycock et al., 1993). The antibody recognizes an epitope (amino acids 9–
16) present in the N-terminal region of both rodent (~60 kDa) and human (62–68 
kDa) TH (Haycock et al., 1993). Its specificity for dopaminergic neurons was 
demonstrated by the topographic distribution of immunoreactive TH cell bodies 
and axon terminals in different brain regions and by their near total disappearance 
from mesencephalon and striatum after neonatal 6-OHDA lesion (Bérubé-Carrière 
et al., 2009).

10. Mouse tryptophan hydroxylase (TPH) monoclonal antibody (T0678, clone WH-3, 
Sigma-Aldrich) is raised against recombinant rabbit TPH. The antibody detects a 
band at 55 kDa on western blot of rabbit pineal gland (according to the 
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manufacturer). The pattern of immunoreactive cells marked by this antibody 
corresponded well to known serotonergic nuclei and has been used extensively as a 
marker of serotonergic neurons (Liu and Wong-Riley, 2010; Sevigny et al., 2012).

11. Sheep TPH polyclonal antibody (AB1541, Chemicon) is raised against a 
recombinant rabbit TPH, isolated as inclusion bodies from E. coli and purified by 
preparative SDS-PAGE. It recognizes a major band of 55 kDa molecular weight on 
western blot from rat dorsal raphe that corresponds to TPH; a less intense band can 
be observed at 62–65 kDa, indicating a partial cross-reactivity with TH (Chemicon 
datasheet). The cross-reactivity with TH did not affect our conclusions since we 
used the antibody only to localize the TPH-positive cell bodies present in the raphe 
nuclei. The antibody produces an identical pattern of staining as the mouse TPH 
monoclonal antibody and has previously been used to identify TPH expressing 
neurons in the raphe nuclei (Kaufling et al., 2009).

12. Rabbit substance P polyclonal antibody (20064, Immunostar) is raised against 
synthetic substance P coupled to keyhole limpet hemocyanin with carbodiimide. 
Immunolabeling was significant in rat dorsal horn and substantia nigra (according 
to the manufacturer). Pre-adsorption with substance P (10µg/ml) completely 
abolishes immunolabeling while incubation with neurokinin A, neurokinin B, 
somatostatin or neuropeptide K did not affect immunolabeling (manufacturer’s 
specification; Weissner et al., 2006).

13. Rat substance P monoclonal antibody (sc-21715, Santa Cruz) is raised against 
eight-amino acids of the COOH-terminal fragment of substance P (NC1/34HL). 
The antibody does not cross react with β-endorphin, somatostatin, leu-enkephalin, 
or met-enkephalin. The specificity was verified by pre-adsorption with synthetic 
substance P (220µg/ml) (Cuello et al., 1979).

14. Chicken β-galactosidase polyclonal antibody (AB9361, Abcam) is raised against 
the purified full length native Escherichia coli (E. coli) protein and immunoaffinity 
purified using purified β-galactosidase immobilized on a solid phase. The antibody 
specificity was confirmed by the absence of staining in wild-type animals.

RESULTS
Comparable expression of GPR151 in habenular axonal projections in rat and mouse brain

To begin to assess the expression pattern of GPR151 we analyzed serial brain section of 
mouse and rat using two different antibodies against GPR151. Both antibodies yielded 
robust and comparable immunoreactivity in habenular axons, and no signal was detected in 
brain sections of Gpr151−/− mice (Fig. 1 A1–J1) confirming the antibody specificity. 
GPR151 immunoreactivity was detected in axonal fibers originating in the habenula (Fig. 1 
A,B), continuing through the fasciculus retroflexus (FR) (Fig. 1 C,D) and contacting the IPN 
(Fig. 1 E,F). Caudal to the IPN, GPR151 immunoreactive fibers continued in a dorsocaudal 
direction through the RMTg (Fig. 1 F,G), rhabdoid nucleus (Fig. 1 G,H), median and 
paramedian raphe (Fig. 1G,H) and dorsal raphe nucleus (Fig. 1 I,J). Comparative analyses of 
mouse and rat brains at similar section planes revealed a strikingly high similarity in the 
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pattern of GPR151-immunoreactive neuronal projections between mouse (Fig. 1 A–J) and 
rat (Fig. 1 A2–J2)

Conserved GPR151 immunoreactivity in the habenular circuitry of zebrafish
Interestingly the human GPR151 gene shows 54% identity with two loci in the zebrafish 
genome that may encode two probable Gpr151-like receptors, which only differ between 
each other in one amino acid residue (NCBI HomoloGene). These two loci LOC100538082 
and LOC565170 are in very close proximity to each other in chromosome 14 of D. rerio 
adjacent to two genes (tcerg1 and ppp2r2), which are also neighboring GPR151 in 
chromosome 5 in the human genome. This raises the possibility that the genomic locus 
containing GPR151 has been preserved during evolution but that one copy of the probable 
Gpr151-like receptor gene in zebrafish has been lost in higher vertebrates.

We wanted to test whether antibodies raised against the human GPR151 protein could 
recognize the zebrafish putative Gpr151-like receptor, which shows 45% identity at the 
protein level. As shown in figure 2, a remarkably similar and selective immunoreactivity for 
habenular circuitry as found in rat and mouse brain was also seen in the zebrafish with 
strong expression in axonal projections originating in the habenula (Fig. 2A), and coursing 
via the FR (Fig. 2B) to the IPN (Fig. 2C) and ventral median raphe (Fig. 2D). Double 
immunofluorescence staining using rabbit and mouse polyclonal antibodies resulted in 
completely overlapping labeling (data not shown). Tracing and immunostaining studies in 
zebrafish have determined that the dorsal habenula is asymmetric, projects to the IPN and 
corresponds to the MHb of mammals, while the ventral habenula is homologous to the LHb 
in mammals, projects to the median raphe and is not lateralized (Amo et al., 2010). Thus, 
consistent with GPR151 expression in MHb and LHb projections in rodents, Gpr151 is 
present in the homologous habenular axonal projections to the IPN and raphe in zebrafish. 
Dense immunoreactivity was observed in fibers in the dorsal habenula while the ventral 
habenula was only very sparsely labeled. This pattern was also reflected in the strong 
Gpr151 positive innervation of the interpeduncular nucleus, while only a few axon terminals 
were observed in the ventral median raphe (Fig. 2). Altogether, these results show that the 
protein expression pattern of GPR151 is highly conserved.

Expression of GPR151 in habenular subnuclei
We next examined in detail the expression of GPR151 in the habenula. To this end we 
compared the GPR151 immunoreactivity to the lacZ reporter signal in Gpr151−/− mice (Fig. 
3A) and to different markers that have been employed to subdivide the habenular subnuclei 
in mouse and rat (Fig. 3B–U). The MHb can be subdivided in a ventral (vMHb) and a dorsal 
(dMHb) part. Neurons in the dMHb express substance P (SP) (Contestabile et al., 1987; 
Cuello et al., 1978) and project to the rostral and lateral subnuclei of the IPN (Contestabile 
et al., 1987). Neurons in the vMHb express the ACh synthesizing enzyme choline 
acetyltransferase (ChAT) (Aizawa et al., 2012) and project to the central and intermediate 
subnuclei of IPN (Contestabile et al., 1987). In the MHb, GPR151 was detected in the 
cholinergic vMHb (Fig. 3C–E, M–O), but not in the SP expressing dMHb (Fig. 3B, F–H, P–
R). In Gpr151−/− mice, where the bacterial lacZ reporter gene is expressed under the control 
of the Gpr151 gene regulatory sequences, βGal immunoreactivity was confined to habenular 
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cell bodies (Fig. 3A). In the MHb βGal-positive cells were only detected in vMHb, 
consistent with in situ hybridization reports for Gpr151 mRNA (Aizawa et al., 2012).

In addition GPR151 was also present in the LHb. To evaluate the localization of GPR151 
within subnuclei of the LHb, we used the delineation of habenular subdivisions in rat and 
mouse proposed by Wagner and colleagues (Wagner et al., 2014). The LHb is composed of 
a medial and a lateral subregion. The medial LHb is further subdivided into the superior 
(LHbMS), parvocellular (LHbMPc), central (LHbMC), marginal (LHbMMg) subnuclei 
(Fig. 3A,B,L). The lateral LHb is subdivided into the parvocellular (LHbLPc), 
magnocellular (LHbLMc), oval (LHbLO), basal (LHbLB), and marginal (LHbLMg) 
subnuclei (Fig. 3A,B,L). Consistent with the previously reported expression of Gpr151 
mRNA (Aizawa et al., 2012), βGal-positive cells in Gpr151−/− mice were scattered 
throughout the LHb with a tendency for a more marked expression in the dorsal part 
(containing the LHbMS and LHbLPc) (Fig. 3A). In addition, given that neurofilament H 
(NF-H) has been used as a marker to delineate the LHb subnuclei of rat and mouse brain 
sections (Geisler et al., 2003; Wagner et al., 2014), we performed colabeling of GPR151 and 
NF-H. As observed in figure 3, LHbMPc and LHbMC are completely devoid of NF-H 
immunoreactivity. In contrast, GPR151 immunoreactivity is strongly expressed in these 
subnuclei (Fig. 3I–K, L, S–U).

GPR151 expression in habenular efferents projecting to the IPN and not the VTA
Given that Gpr151 mRNA and βGal reporter expression is highly concentrated in the MHb 
(Fig 3A; Görlich et al., 2013) and that the major output of the MHb is the IPN, we next 
investigated the expression of GPR151 in habenular axons that innervate the IPN. GPR151 
expression was extremely prominent in the rostral (IPR), dorsomedial (IPDM), dorsolateral 
(IPDL) and apical subnuclei (IPA) but immunoreactivity in the central (IPC), intermediate 
(IPI) and lateral IPN (IPL) was also observed (Fig. 4,5,6). It has been shown that the 
vesicular glutamate transporter VGLUT1 is expressed in MHb neurons but not in LHb 
neurons (Aizawa et al., 2012) and that within the MHb, cholinergic neurons in the ventral 
part co-release ACh and glutamate (Ren et al., 2011). Therefore we performed double 
staining of GPR151 with ChAT (Fig. 4A–H) and VGLUT1 (Fig. 4I–P) antibodies to 
evaluate whether GPR151 is specifically expressed in cholinergic and/or glutamatergic 
terminals. In order to quantify the degree of overlap we calculated Manders’ colocalization 
coefficient. The statistical significance of this colocalization was given by the Costes’ P-
value. Colocalization between GPR151 and VGLUT1 was statistically significant (mouse, 
P=1.0; rat, P=1.0) and moderately overlapping (Fig. 4I–P; mouse M1=0.71; rat M1=0.88). A 
significant and more pronounced colocalization of GPR151 and ChAT was observed in the 
rostral subnucleus and in the dorsal part of the central subnucleus (Fig. 4A–H; mouse 
M1=0.83, P=1.0; rat M1=0.99, P=1.0). These results indicate that a major proportion of 
GPR151 habenular fibers projecting to the IPN are glutamatergic and that a high number are 
cholinergic. Possibly, those GPR151-fibers are both glutamatergic and cholinergic (Ren et 
al., 2011).

The VTA is adjacent to the IPN and innervated by LHb (Herkenham and Nauta, 1979). To 
evaluate whether GPR151 positive axonal fibers innervate this region, we performed 
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immunostaining for the dopaminergic marker tyrosine hydroxylase (TH). This marker 
delineates the sharp boundary between the IPN and the VTA (Fig. 5B,E). Colabeling with 
GPR151 and TH in mouse and rat brain section clearly show that LHb neurons that express 
GPR151 do not terminate in the VTA region (Fig. 5A–F).

GPR151 expression in habenular neurons projecting to the RMTg and rhabdoid nucleus
In addition to the VTA, the LHb has been shown to project to forebrain areas including the 
ventrolateral septum and the substantia innominata, to midbrain areas including the RMTg, 
to the median and dorsal raphe nuclei and to hindbrain areas, including the laterodorsal and 
dorsal tegmental nucleus, the locus coeruleus (Herkenham and Nauta, 1979; Jhou et al., 
2009b; Lecourtier and Kelly, 2007) and the nucleus incertus (Goto et al., 2001; Olucha-
Bordonau et al., 2003). We analyzed sagittal sections including forebrain, midbrain and 
hindbrain regions and detected habenular GPR151 fibers continuing caudally through the 
IPN, via the rhabdoid nucleus reaching mesencephalic raphe nuclei and the dorsal tegmental 
nucleus (Fig. 6). However, no immunoreactivity was observed in the forebrain, indicating 
that GPR151 positive neurons of the habenula do not project to forebrain areas. The 
rhabdoid nucleus is a bilateral structure extending from the IPN to the dorsal raphe nucleus 
and the dorsal tegmentum (Fig. 6). To examine whether GPR151 immunoreactive 
projections in the rhabdoid nucleus originated from glutamatergic LHb neurons, we 
performed double immunolabeling of GPR151 and VGLUT2 (Fig. 7A–J). A statistically 
significant colocalization of GPR151 and VGLUT2 was observed in the rhabdoid nucleus 
(Fig. 7A–J; mouse M1=0.82, P=1.0; rat M1=0.59, P=1.0). This finding supports that at least 
part of the GPR151 positive neurons may be glutamatergic. Since previous studies have 
demonstrated dense SP immunoreactivity in the rhabdoid nucleus (Paxinos, 2004), we next 
carried out GPR151 and SP double immunofluorescence stainings. Even though partial 
colocalization of SP and GPR151 in the rhabdoid nucleus was revealed (Fig. 7K–T; mouse 
M1=0.65, P=1.0; rat M1=0.84, P=1.0), we cannot conclude whether GPR151 projections 
from the LHb are also SP-ergic or whether GPR151 projections from LHb are travelling 
together with SP fibers originating elsewhere.

Furthermore, the LHb has been shown to send glutamatergic projections to the RMTg which 
acts as an inhibitory center of the midbrain dopaminergic cells (Balcita-Pedicino et al., 2011; 
Ferreira et al., 2008; Geisler and Zahm, 2005; Jhou et al., 2009a). The RMTg, also known as 
the tail of the VTA, extends from the caudal pole of the VTA into the mesopontine 
tegmentum (Jhou et al., 2009a,b; Bourdy and Barrot, 2012). GPR151 immunofluorescence 
staining on mouse and rat coronal sections showed heavy GPR151 expression in RMTg 
(Fig. 8). Since most LHb neurons are glutamatergic and known to express the vesicular 
glutamate transporter 2 (VGLUT2) (Aizawa et al., 2012), we performed double labeling for 
this transporter and GPR151. Colocalization was indeed observed in terminals located in the 
RMTg (Fig. 8; mouse M1=0.72, P=1.0; rat M1=0.62, P=1.0), indicating the existence of 
glutamatergic GPR151 positive neurons projecting from the LHb to the RMTg.
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GPR151 immunoreactive projections to the mesencephalic raphe nuclei and the dorsal 
tegmental nucleus

We next analyzed GPR151 immunoreactive projections to the mesencephalic raphe nuclei. 
Results from previous anterograde tracing studies targeting the LHb show labeling at the 
median, paramedian and dorsal raphe nucleus (Gonçalves et al., 2012; Kim, 2009; Sego et 
al., 2014). In agreement with these studies, we observed GPR151 positive fibers 
(presumably originating in the LHb) in the median, paramedian and dorsal raphe (Fig. 6 and 
9).

GPR151 immunostaining in coronal rat and mouse brain sections at the level of the dorsal 
raphe showed GPR151 expression particularly in the interfascicular and caudal subnucleus 
(Fig. 9). Some GPR151 positive fibers appear to make contact with serotonergic neurons 
positive for the tryptophan hydroxylase (TPH) serotonergic marker (Fig. 9D–F,J–L, arrows), 
suggesting that LHb GPR151 expressing neurons may be implicated in dorsal raphe 
functions such as motivation and reward seeking.

In addition to GPR151 expression in the dorsal raphe, we also observed sparse GPR151 
immunoreactivity in the dorsal tegmental nucleus in both sagittal (Fig. 6) and coronal rodent 
brain sections (Fig. 9A–C,G–I). Projections from LHb to the dorsal tegmental nucleus have 
been previously documented (Liu et al., 1984; Kim, 2009).

DISCUSSION
In the present study we investigated the anatomical and subcellular protein localization of 
the G protein-coupled receptor GPR151 in the brain of mammals and fish. We show that this 
receptor marks a specific and conserved subset of habenular axonal projections in 
vertebrates. GPR151 is not expressed in the soma of habenular neurons, but in their axonal 
projections. GPR151 immunoreactivity in selective habenular axonal projections and 
colocalization with neurotransmitter marker proteins, establish that GPR151 positive 
neurons in habenula project to the IPN, the RMTg, the rhabdoid nucleus, the mesencephalic 
raphe nuclei and the dorsal tegmentum (Fig. 10). Below we discuss the conservation of 
habenular nuclei in mouse and rat evidenced by GPR151 topographic distribution, and the 
specific axonal projections to discrete nuclei in the midbrain.

GPR151 immunoreactivity highlights the conservation of habenula subnuclear 
architecture

In the present study, we investigated the expression of GPR151 by immunohistochemical 
analysis of rat and mouse brain sections and confirmed the specificity of the antibodies 
using Gpr151−/− mice. Consistent with Gpr151 mRNA expression (Aizawa et al., 2012) we 
observed immuno βGal staining in Gpr151−/− mice containing the lacZ reporter in the 
ventral MHb and scattered throughout the LHb with a marked expression in LHbMS (Fig. 
3A).

We found that GPR151 immunoreactivity is not localized to neuronal cell bodies, but to 
their axonal projections. Within the habenula, GPR151 positive neurites are especially 
enriched in the parvocellular subnucleus LHbMPc (Fig. 3), a subnucleus in the LHb reliably 
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detected because it is largely devoid of neurofilament-H (NF-H) both in rat and mouse. Nissl 
staining of this area shows densely packed small neurons in agreement with its designation 
as the parvocellular subnucleus (Wagner et al., 2014). Interestingly this subnucleus has very 
weak Gpr151 in situ hybridization signal (Aizawa et al., 2012) and lacks βGal 
immunoreactivity in Gpr151−/− mice (Fig. 3A), indicating that cell bodies in the LHbMPc 
do not express the GPR151 protein. However, it is remarkable that LHbMPc is transversed 
by very few fibers positive for NF-H and Kir2.3 which both label dense fiber complexes in 
other habenula subnuclei (Geisler et al., 2003; Wagner et al., 2014). Kir2.3 channel subunits 
are expressed in dendrites in many types of neurons (Inanobe et al., 2002), while NF-H is 
abundant in large dendritic trees (Kong et al., 1998) but also expressed in axons (Marszalek 
et al., 1996). Given the dense network of GPR151-positive fibers in the LHbMPc, and the 
lack of Kir2.3 and NF-H in this subnucleus, it is tempting to speculate that these fibers are 
indeed habenular axons converging at this site and continuing through the FR to target areas 
in the brainstem. Although topographically organized commissural projections from the 
LHb to the contralateral LHb have been described (Kim, 2009), these do not seem to project 
to the LHbMPc but to more central and lateral LHb subnuclei. In conclusion, GPR151 is a 
valuable marker to identify and correlate several subnuclei in rat and mice habenula 
including the cholinergic ventral medial habenula and the conspicuous LHbMPc.

Habenular GPR151 positive projections to the IPN
While it is established that the major input to the IPN originates in the MHb and that these 
projections are organized in a dorso-ventral to latero-central topographic manner (i.e. 
substance P projections from the dorsal MHb to the IPL and cholinergic projections from the 
ventral MHb to the IPC), it has been controversial and much more difficult to visualize 
whether the lateral habenula also sends projections to the IPN (Kim, 2009). In the present 
study we detected very intense GPR151 immunoreactivity in habenular axons terminating in 
the IPN. In the IPC, GPR151 immunoreactivity colocalized with ChAT and the 
glutamatergic marker VGLUT1 (Fig. 4). This is consistent with the fact that GPR151 is 
highly enriched in cholinergic neurons located in the ventral medial habenula (Görlich et al., 
2013; Aizawa et al., 2012; Fig. 3) that project mainly to the IPC and co-release glutamate 
(Ren et al., 2011). However GPR151 was also present in non-cholinergic habenular 
terminals in the IPL (Fig. 4A,E), which is mostly innervated by substance P projections form 
the dorsal MHb. Since GPR151 is not expressed in the dorsal MHb (Fig. 3), these results 
indicate that the GPR151 positive projections that we detect in the IPL might in fact 
originate from the lateral habenula. Such projections to the IPL have been visualized using 
anterograde tracers injected in the central and medial subregions of the lateral habenula 
(Kim, 2009).

This is interesting as it indicates that GPR151-positive projections from both the lateral and 
medial habenula terminate in the IPN. Given that the cholinergic MHb-IPN circuit has 
emerged as key pathway in the regulation of nicotine reinforcement, dependence and 
withdrawal (Fowler et al., 2011; Frahm et al., 2011; Glick et al., 2011; Salas et al., 2009), it 
is tempting to hypothesize that GPR151 modulates nicotine-mediated behaviors.
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Habenular GPR151 positive projections to the RMTg
The LHb has been shown to project predominantly to the substantia nigra, VTA, raphe 
nuclei (Herkenham and Nauta, 1979) and RMTg (Gonçalves et al., 2012; Jhou et al., 2009b; 
Kaufling et al., 2009). Interestingly we did not observe GPR151 staining in the substantia 
nigra or in the VTA (Fig. 5), indicating that GPR151 is not expressed in the subpopulation 
of LHb neurons that directly innervate these dopaminergic areas. However we detected 
strong immunoreactivity in the RMTg (Fig. 8) and since the RMTg acts as an inhibitory 
center of the substantia nigra and VTA (Balcita-Pedicino et al., 2011; Ferreira et al., 2008; 
Geisler and Zahm, 2005; Jhou et al., 2009a), it is possible that GPR151 positive habenular 
efferents to the RMTg indirectly modulate dopaminergic neurons in the midbrain, and 
thereby the motivational aspects of reinforcement learning and decision-making. In fact, 
specific (diphtheria toxin-mediated) ablation of neurons expressing Gpr151 caused a broad 
range of cognitive deficits, including delay and effort aversion in a decision-making test 
(Kobayashi et al., 2013). RMTg neurons also project to the dorsal raphe where they 
terminate mainly on glutamatergic neurons (Lavezzi et al., 2011; Sego et al., 2014). Further 
studies are needed to determine if the neurons in the RMTg innervated by GPR151 
habenular axons, preferentially target VTA, substantia nigra or the dorsal raphe.

Habenular GPR151 positive projections to the rhabdoid nucleus
In addition we observed strong GPR151 immunolabeling in the rhabdoid nucleus (Figure 6–
8). The rhabdoid nucleus is a bilateral structure dorsal to the median raphe nucleus that 
stretches from the IPN to the dorsal raphe nucleus (Fig. 6), and is readily visible in 
acetylcholine esterase histochemical preparations (Paxinos and Watson, 2006). The nucleus 
has previously been reported to exhibit rich substance P immunoreactivity (Paxinos, 2004), 
which was confirmed in our study (Fig. 7). Projections from habenula to the rhabdoid 
nucleus have not previously been described. In fact, the connectivity and function of the 
rhabdoid nucleus is poorly understood. One study showed substance P containing axons that 
appeared to originate from the dorsal rhabdoid nucleus and terminate primarily on dendrites 
of serotonergic neurons (Lacoste et al., 2009). Bilateral lesioning of the habenula abolished 
substance P immunoreactivity in this region. Habenular lesions also decreased the 
concentration of substance P in the dorsal raphe (Neckers et al., 1979; Vincent et al., 1980). 
Given that substance P has been reported to have both excitatory and inhibitory effects on 
neurons in the dorsal raphe (Valentino et al., 2003), and that these terminals coexpress 
GPR151, it could be hypothesized that GPR151 regulates substance P neurotransmission in 
the dorsal raphe and thereby modulating serotonergic neuronal activity. The origin of the 
substance P in the rhabdoid nucleus, is not clear. We detected substance P neurons in the 
dorsal MHb, but this region is devoid of Gpr151 expressing neurons (Fig. 3A; Aizawa et al., 
2012). However, we also observed substance P immunoreactivity in neurons of the medial 
part of the LHb which show scattered expression of Gpr151 (Fig. 3A). Further studies at 
electronmicroscopic level are needed to clarify the details of substance P and GPR151 
expression in the rhabdoid nucleus. Nonetheless the studies presented here demonstrate that 
GPR151 can be used as a marker to localize the rhabdoid nucleus, which could facilitate 
further studies to gain insight into the biological role of this brain area.
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GPR151 habenular projections to brainstem serotonergic nuclei
We also detected GPR151 positive fibers in the serotonergic median, paramedian and dorsal 
raphe nuclei (Fig. 9). Both indirect and direct habenular projections to serotonergic neurons 
in the dorsal raphe have previously been reported. In the present study, we observed 
GPR151 positive fibers making contact to serotonergic neurons in the dorsal raphe (Fig. 9, 
arrows). Electrical stimulation of the LHb decreases serotonin release in the caudate nucleus 
and substantia nigra, an effect that could be blocked by infusion of the GABAA receptor 
antagonist picrotoxin in the dorsal raphe (Reisine et al., 1982). Stimulation of the LHb also 
modulates serotonin release in the hippocampus, mediated through both direct and indirect 
projections to the dorsal raphe (Ferraro et al., 1997). The presence of GPR151 in axonal 
terminals innervating serotonergic neurons, raises the possibility that GPR151 could 
modulate serotonin release, which in turn would have implications for pain, stress, sleep and 
depressive-like behavior.

GPR151 habenular projections to the dorsal tegmental nucleus
Finally, we observed GPR151 immunoreactive axons projecting to the dorsal tegmental 
nucleus, mainly to the central part (DTgC) (Fig. 6 and 9). This is in agreement with previous 
reports describing the projections from LHb to the dorsal tegmental nucleus (Liu et al., 
1984). The dorsal tegmental nucleus contains cells that signal the animal’s momentary 
directional heading and thus it is thought to be involved in navigation. Moreover, Sharp et 
al. reported that activity of 10% of the LHb neurons correlated with angular head motion 
(Sharp et al., 2006). In summary, GPR151 may possibly modulate these functions controlled 
by the dorsal tegmental nucleus.

CONCLUDING REMARKS
In summary, GPR151 expression in the rat, mouse and zebrafish brain is restricted to 
habenular neurons projecting to the IPN, RMTg, rhabdoid nucleus, mesencephalic raphe 
nuclei and dorsal tegmental nucleus. The medial and lateral habenula have traditionally been 
considered as functionally segregated. However GPR151 expression in both habenular 
subdivisions raises the possibility that GPR151 projection targets may constitute a functional 
system. Through modulation of cholinergic, serotonergic and peptidergic neuronal circuits 
in the brainstem, GPR151 may coordinate functions related to addiction, reinforcement 
learning, decision-making, pain processing and depression. For instance, can addiction be 
considered an impairment in decision-making, or is withdrawal a form of unexpected 
negative reward, and how can these behaviors relate to pain processing and depression? 
Altogether, the fact that GPR151 is highly conserved from lower vertebrates to mammals, 
including humans (Hawrylycz et al., 2012), and that it belongs to the highly druggable Class 
A of GPCRs, makes it a potential target for novel treatment modalities for common and 
devastating psychiatric maladies such as mood disorders and drug dependence.
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Glossary

3V Third ventricle

4V Fourth ventricle

CLi Central linear nucleus of the raphe

dIPN Dorsal part of the interpeduncular nucleus

dMHb Dorsal part of the medial habenula

DRC Caudal part of the dorsal raphe

DRD Dorsal part of the dorsal raphe

DRI Interfascicular part of the dorsal raphe

DRV Ventral part of the dorsal raphe

DTg Dorsal tegmental nucleus

DTgC Central part of the dorsal tegmental nucleus

DTgP Pericent part of the dorsal tegmental nucleus

FR Fasciculus retroflexus

IPA Apical part of the interpeduncular nucleus

IPC Central part of the interpeduncular nucleus

IPDL Dorsolateral part of the interpeduncular nucleus

IPDM Dorsomedial part of the interpeduncular nucleus

IPI Intermediate part of the interpeduncular nucleus

IPL Lateral part of the interpeduncular nucleus

IPN Interpeduncular nucleus

IPR Rostral part of the interpeduncular nucleus

IPRL Rostrolateral part of the interpeduncular nucleus

LDTg Laterodorsal tegmental nucleus

LHb Lateral habenula

LHbLB Basal subnucleus of the lateral part of the LHb

LHbLMc Magnocellular subnucleus of the lateral part of the LHb

LHbLMg Marginal subnucleus of the lateral part of the LHb

LHbLO Oval subnucleus of the lateral part of the LHb

LHbLPc Parvocellular subnucleus of the lateral part of the LHb
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LHbMC Central subnucleus of the medial part of the LHb

LHbMMg Marginal subnucleus of the medial part of the LHb

LHbMPc Parvocellular subnucleus of the medial part of the LHb

LHbMS Superior subnucleus of the medial part of the LHb

MHb Medial habenula

mlf Medial longitudinal fasciculus

MnR Median raphe nucleus

PDTg Posterodorsal tegmental nucleus

PMnR Paramedian raphe nucleus

Rbd Rhabdoid nucleus

RMTg Rostromedial tegmental nucleus

scp Superior cerebellar peduncle

vIPN Ventral part of the interpeduncular nucleus

vMHb Ventral part of the medial habenula

VTA Ventral tegmental area
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Figure 1. GPR151 is localized in habenular axonal projections in rat and mouse brain
Coronal brain sections of wildtype mouse (A–J) and rat (A2–J2) showing restricted 
expression of GPR151 in habenula (A–B, A2–B2), fasciculus retroflexus (C–D, C2–D2), 
interpeduncular nucleus (E–F, E2–F2), rostromedial tegmental nucleus (F–G, F2–G2), 
median and paramedian raphe (F–H, F2–H2), rhabdoid nucleus (F–H, F2–H2) and dorsal 
raphe (I–J, I2–J2). GPR151 immunoreactivity is completely absent in Gpr151−/− mice (A1–
J1). Scale bar: 500 µm in A–J, 1000µm in A2–J2.
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Figure 2. GPR151 is expressed in the habenular circuitry of zebrafish
Immunohistochemistry of coronal brain sections of adult zebrafish using a rabbit polyclonal 
antibody against human GPR151 yielded selective labeling of habenular axons projecting 
from the habenula (A), through the FR (B) to the dIPN and vIPN (C) as well as to the 
ventral median raphe (D). DAPI nuclear stain is shown in blue. Scale bar: 50µm.

Broms et al. Page 24

J Comp Neurol. Author manuscript; available in PMC 2016 February 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

øï



Figure 3. GPR151 labels specific subpopulations of medial and lateral habenula neurons
A: Coronal section of the habenula of Gpr151−/− mice showing immunostaining for the β-
galactosidase reporter contained in the Gpr151 gene deletion vector employed to generate 
Gpr151−/− mice. β-galactosidase positive cells are located mainly in the vMHb and the 
dorsal part of the LHb. B–K: Coronal sections of the wildtype mouse habenula showing 
immunostaining for GPR151 (magenta in B,C,E,F,H,I,K) relative to the immunostaining for 
acetylcholine transferase (ChAT, green in D,E), substance P (SP, green in B,G,H) and 
neurofilament-H (NF-H, green in J,K). L–U: Coronal sections of rat mouse habenula 
showing immunostaining for GPR151 (magenta in L,M,O,P,R,S,U) relative to the 
immunostaining for ChAT (green in N,O), SP (green in Q,R) and NF-H (green in L,T,U). In 
the LHb, GPR151 is mainly expressed in the LHbMPc and LHbMC subnuclei. In the MHb, 
GPR151 is expressed in the cholinergic vMHb, but not in the SP expressing dMHb. Scale 
bar: 100 µm.
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Figure 4. GPR151 immunoreactive habenular neurons project to the interpeduncular nucleus
Coronal sections of the interpeduncular nucleus of mouse (A–D, I–L) and rat (E–H, M–P) 
showing immunostaining for GPR151 (magenta in A,C,D,E,G,H,I,K,L,M,O,P) relative to 
the immunostaining for acetylcholine transferase (ChAT, green in B–D, F–H) and vesicular 
glutamate transporter 1 (VGLUT1, green in J–L,N–P). Colocalization of GPR151 and ChAT 
and GPR151 and VGLUT1 is observed in the rostral and central part of the IPN. Scale bar: 
100 µm. D,H,L,P are higher magnifications of the boxed areas in the inset of each panel. 
DAPI nuclear stain is shown in blue. Scale bar: 10 µm.
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Figure 5. GPR151 habenular neurons do not project to the ventral tegmental area
Coronal sections of mouse (A–C) and rat (D–F) in the IPN and ventral tegmental area 
showing immunostaining for GPR151 (magenta in A,C,D,F) relative to the immunostaining 
for tyrosine hydroxylase (TH, green in B–C,E–F). GPR151 immunostaining is observed in 
the IPN but not in the ventral tegmental area. Scale bar: 100 µm.
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Figure 6. GPR151 habenular neurons project to the IPN, dorsal tegmental nucleus and 
mesencephalic raphe nuclei
Sagittal sections of mouse (A–B) and rat (C–D) in the midbrain and pons showing GPR151 
immunostaining (magenta in A–D) relative to the immunostaining for tryptophan 
hydroxylase (TPH, green in A,C,D) or ChAT (green in B). GPR151 habenular neurons 
project to the IPN, the rhabdoid nucleus, the dorsal tegmental nucleus and the mesencephalic 
raphe nuclei. ChAT immunostaining is observed in the IPN and the oculomotor nucleus. 
TPH immunostaining labels the serotonergic neurons in the mesencephalic raphe nuclei. 
Scale bar: 100µm.
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Figure 7. GPR151, substance P and VGLUT2 expression in the rhabdoid nucleus
Coronal sections of mouse (A–E, K–O) and rat (F–J, P–T) through the rhabdoid nucleus. 
GPR151 immunoreactivity is shown in magenta. Vesicular glutamate transporter 2 
immunoreactivity is shown in green in B–E and G–J. Substance P immunoreactivity is 
shown in green in L–O and Q–T. E, J, O and T are higher magnifications of the boxed areas. 
DAPI nuclear stain is shown in blue. Colocalization of GPR151 and VGLUT2 as well as 
GPR151 and substance P is observed in the rhabdoid nucleus. Scale bar: 100µm in A–C, F–
H, K–M, P–R; 50µm in D, I, N, S; 10µm in E, J, O, T.
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Figure 8. GPR151 immunoreactive habenular neurons project to the rostromedial tegmental 
nucleus
Coronal sections of mouse (A–D) and rat (E–H) in the midbrain showing GPR151 
immunostaining (magenta in A,C,D,E,G,H) relative to the immunostaining for vesicular 
glutamate transporter 2 (VGLUT2, green in B–D,F–H). GPR151 immunostaining is 
observed in the rostromedial tegmental nucleus and rhabdoid nucleus. D,H are higher 
magnifications of the boxed areas in the inset of each panel. Colocalization of GPR151 and 
VGLUT2 is observed in the RMTg. DAPI nuclear stain is shown in blue. Scale bar: 100 µm 
in A–C, E–G; 10µm in D,H.
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Figure 9. GPR151 expression in the caudal dorsal raphe nucleus
Coronal sections of mouse (A–F) and rat (G–L) through the caudal dorsal raphe nucleus. 
GPR151 immunoreactivity is shown in magenta and tryptophan hydroxylase (TPH) 
immunoreactivity is shown in green. DAPI nuclear stain is shown in blue. Panels D–F are 
magnifications of the boxed area in C. Panels J–L are magnifications of the boxed area in I. 
GPR151 positive fibers make close contact to serotonergic neurons (arrows). Scale bar: 
100µm in A–C, G–I; 50µm in D–F, J–L.
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Figure 10. Schematic representation of GPR151 expressing habenular projections
Schematic sagittal view of a rodent brain depicting GPR151 expressing habenular 
projections. A prominent GPR151 positive projection arises in the ventral medial habenula 
and terminates in the interpeduncular nucleus (blue). From the lateral habenula, GPR151 
immunoreactive axonal fibers project toward the interpeduncular nucleus, then travel 
through or adjacent to it, and then continue in a dorsal-caudal direction. The lateral 
habenular fibers travel both dorsally and ventrally to the superior cerebellar peduncle and 
terminate in the rostromedial tegmental nucleus, rhabdoid nucleus, dorsal tegmental nucleus 
as well as the median, paramedian and dorsal raphe nuclei.
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Table 2

Secondary antibodies

Target species Produced in Conjugation Manufacturer, cat. no Working concentration

Rabbit Goat Cy3 Jackson ImmunoResearch, 111-166-003 3µg/ml

Mouse Goat Alexa 488 Jackson ImmunoResearch, 115-545-003 3µg/ml

Mouse Goat DyLight 650 Nordic BioSite, IR-GTMU-003F650 5µg/ml

Mouse Donkey Cy5 Jackson ImmunoResearch, 711-175-152 3µg/ml

Mouse Horse Biotin Vector Laboratories, BA-2000 3µg/ml

Rabbit Donkey Alexa 488 Jackson ImmunoResearch, 711-545-152 3µg/ml

Mouse Donkey Cy3 Jackson ImmunoResearch, 715-165-150 3µg/ml

Sheep Donkey Cy3 Jackson ImmunoResearch, 713-165-147 3µg/ml

Goat Donkey DyLight 549 Jackson ImmunoResearch, 705-505-147 3µg/ml

Rat Donkey Alexa 647 Jackson ImmunoResearch, 712-605-153 3µg/ml

Guinea pig Donkey Cy3 Jackson ImmunoResearch, 706-165-148 3µg/ml
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Abstract
GPR151 is a G-protein coupled receptor for which the endogenous ligand remains unknown. In

the nervous system of vertebrates, its expression is enriched in specific diencephalic structures,

where the highest levels are observed in the habenular area. The habenula has been implicated in

a range of different functions including behavioral flexibility, decision making, inhibitory control,

and pain processing, which makes it a promising target for treating psychiatric and neurological

disease. This study aimed to further characterize neurons expressing the Gpr151 gene, by tracing

the afferent connectivity of this diencephalic cell population. Using pseudotyped rabies virus in a

transgenic Gpr151-Cre mouse line, monosynaptic afferents of habenular and thalamic Gpr151-

expressing neuronal populations could be visualized. The habenular and thalamic Gpr151 systems

displayed both shared and distinct connectivity patterns. The habenular neurons primarily received

input from basal forebrain structures, the bed nucleus of stria terminalis, the lateral preoptic area,

the entopeduncular nucleus, and the lateral hypothalamic area. The Gpr151-expressing neurons in

the paraventricular nucleus of the thalamus was primarily contacted by medial hypothalamic areas

as well as the zona incerta and projected to specific forebrain areas such as the prelimbic cortex

and the accumbens nucleus. Gpr151 mRNA was also detected at low levels in the lateral posterior

thalamic nucleus which received input from areas associated with visual processing, including the

superior colliculus, zona incerta, and the visual and retrosplenial cortices. Knowledge about the

connectivity of Gpr151-expressing neurons will facilitate the interpretation of future functional

studies of this receptor.

K E YWORD S

habenula, rabies, thalamus, RRID: IMSR_JAX:000664, RRID: IMSR_JAX:024109, RRID:

AB_10743815, RRID: AB_2571870, RRID: SCR_003070

1 | INTRODUCTION

The habenula is a paired epithalamic brain region whose structure and

connectivity are largely conserved throughout the vertebrate subphy-

lum (Bianco & Wilson, 2009; Díaz, Bravo, Rojas, & Concha, 2011;

Stephenson-Jones, Floros, Robertson, & Grillner, 2011). In mammals, it

can be further divided into two major subnuclei designated the medial

and lateral habenula, homologous to the dorsal and ventral habenula in

fish (Amo et al., 2010). In the mouse brain, the medial habenula receives

input from the medial septal nucleus, the triangular nucleus of septum,

the nucleus of the diagonal band, the bed nucleus of the anterior com-

missure, and the septofimbrial nucleus (Qin & Luo, 2009). The efferent

axons from the medial habenula form the core of the fasciculus retro-

flexus fiber bundle and terminate in the interpeduncular nucleus. The

afferent projections to the lateral habenula have not been investigated

in detail in the mouse brain. In rats however, the most prominent
.......................................................................................................................................................................................
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afferent connections arise in the lateral preoptic area, the entopeduncu-

lar nucleus and the lateral hypothalamic area, and to a minor extent in

the lateral septal nucleus, the nucleus of the diagonal band, the prefron-

tal cortex, the median raphe, and the ventral tegmental area (Greatrex

& Phillipson, 1982; Herkenham & Nauta, 1977; Vertes, Fortin, & Crane,

1999; Warden et al., 2012). Fibers from the lateral habenular neurons

travel in the outer layer of fasciculus retroflexus and terminate primarily

in the hypothalamus, the ventral tegmental area, the rostromedial teg-

mental nucleus, the rhabdoid nucleus, the median and dorsal raphe

nuclei, and the pontine central gray (Broms, Antolin-Fontes, Tingstr€om,

& Iba~nez-Tallon, 2015; Quina et al., 2014).

The habenula has been implicated in several apparently distinct

brain functions, such as maternal behavior (Corodimas, Rosenblatt, &

Morrell, 1992), aggressive behavior (Chou et al., 2016; Golden et al.,

2016), social play (van Kerkhof, Damsteegt, Trezza, Voorn, & Vander-

schuren, 2013), drug seeking (Jhou et al., 2013), noxious substance

aversion (Donovick, Burright, & Zuromski, 1970; Fowler & Kenny,

2013), decision making (Stopper & Floresco, 2013), behavioral flexibil-

ity (Baker, Raynor, Francis, & Mizumori, 2016), and pain modulation

(Shelton, Becerra, & Borsook, 2012). Subdivision of the habenular com-

plex into smaller regions, defined by the expression of certain mole-

cules or neuronal connectivity patterns, is a necessary strategy for

deepening our understanding of its role in physiology and disease. This

approach has been useful to target neuronal subpopulations and inves-

tigate their anatomical and functional features, especially in the medial

habenula (Chou et al., 2016; Gardon et al., 2014; Hsu, Morton, Guy,

Wang, & Turner, 2016; Hsu et al., 2014; Kobayashi et al., 2013).

G-protein coupled receptor 151 (GPR151; also known as PGR7,

GALR4, GPCR-2037, and galanin-receptor like) is an orphan receptor

phylogenetically related to the galanin receptor family (Berthold, Collin,

Sejlitz, Meister, & Lind, 2003; Ignatov, Hermans-Borgmeyer, & Schaller,

2004; Vassilatis et al., 2003). In this work, we use capital letters to refer

to GPR151 protein while the term Gpr151 is used for mRNA, promoter

or gene. In a previous study using immunohistochemistry, we found

that the protein expression of GPR151 was limited to habenular neu-

rons targeting the interpeduncular nucleus, the rostromedial tegmental

nucleus, the rhabdoid nucleus, the median raphe, the caudal dorsal

raphe, and the dorsal tegmentum in rats and mice (Broms et al., 2015).

The protein expression pattern was similar in zebrafish, with strong

expression in habenular projections to the interpeduncular nucleus and

ventral median raphe, and this distinct and phylogenetically conserved

expression pattern suggests an important role of GPR151 in modulat-

ing habenular function.

Weak Gpr151 mRNA expression can also be detected in various

thalamic areas such as the paraventricular, the reunions, the rhomboid,

the central lateral, and the parafascicular nuclei (Ignatov et al., 2004;

Lein et al., 2006; Wagner, French, & Veh, 2014). Surprisingly, these

structures display no or very weak immunohistochemical staining of

GPR151 protein (Broms et al., 2015). In a recent study, specific ablation

of adult neurons exhibiting Gpr151 promoter activity resulted in several

behavioral alterations, such as increased anxiety, inability to habituate

to repeated exposure to a novel environment, increased impulsivity,

impaired pre-pulse inhibition, and spatial memory deficits (Kobayashi

et al., 2013). Decision making was also affected, where lesioned mice

preferred effortless and immediate small rewards over larger rewards

that required the animals to either wait longer for the reward or to

climb an obstacle. The observed behavioral changes were accompanied

by structural and neurochemical remodeling of the habenulo-

interpeduncular system. The authors concluded that the Gpr151-

expressing neurons may play an important role in inhibitory control and

cognition-dependent executive functioning (Kobayashi et al., 2013).

In addition to the expression in the above mentioned juxtaposed

diencephalic brain regions of the brain, Gpr151 mRNA is also detected

in certain sensory ganglia and cranial nerve nuclei (Ignatov et al., 2004).

In the spinal nerve ligation model of chronic neuropathic pain and in a

model of heat induced pain, the expression of Gpr151 mRNA was

strongly upregulated in dorsal root ganglia (Reinhold et al., 2015; Yin,

Deuis, Lewis, & Vetter, 2016). Gpr151 mRNA expression is also

increased in the facial nucleus of the brainstem in response to damage

of the facial nerve (Gey et al., 2016). These findings suggest that

GPR151, besides having a possible role in modulation of habenulo-

thalamic functions, might also be important for pain modulation in cra-

nial and peripheral nerves. However, a recent study utilizing mice carry-

ing a Gpr151 loss-of-function mutation could not confirm this

hypothesis (Holmes et al., 2017).

In a previous investigation (Broms et al., 2015), we characterized

the efferent connectivity of habenular neurons expressing the GPR151

protein using immunohistochemistry. The aim of the current study was

to identify the afferent regions projecting to Gpr151-expressing neu-

rons using monosynaptic pseudotyped rabies virus tracing, to gain fur-

ther knowledge about this diencephalic neuronal subpopulation. Using

pseudotyped rabies virus, Gpr151-expressing neurons can be targeted

specifically, avoiding some of the problems associated with conven-

tional tracers, such as uptake in fibers of passage and diffusion of tracer

to neighboring structures (Watabe-Uchida, Zhu, Ogawa, Vamanrao, &

Uchida, 2012; Wickersham et al., 2007). A detailed anatomical charac-

terization of the input and output of Gpr151-expressing neurons could

facilitate future functional studies of this orphan receptor.

2 | MATERIALS AND METHODS

2.1 | Nomenclature

In this article, we will primarily use the nomenclature and area delinea-

tions (Table 1) of Franklin and Paxinos (2008). We use the nomencla-

ture of Wagner, Stroh, and Veh, (2014) for the subnuclear organization

of the habenula. The categorization of brain areas was done according

to the hierarchy of the Allen Mouse Brain Atlas (Lein et al., 2006).

2.2 | Animals

All procedures described in the current investigation been approved by

the Malm€o-Lund Ethical Committee for the use and care of laboratory

animals (permit no. M37-16). The Tg(Gpr151-Cre)#Ito transgenic

mouse line containing random insertion of bacterial artificial chromo-

some (BAC) clone MSMg01-81G4 (Kobayashi et al., 2013) was kindly

provided by Dr. Itohara (Laboratory for Behavioral Genetics, RIKEN

3228 | The Journal of
Comparative Neurology
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Brain Science Institute, Saitama, Japan) and maintained on a C57BL/6J

background (RRID:IMSR_JAX:000664). To identify individual mice car-

rying the Cre recombinase allele, polymerase chain reaction genotyping

was performed (Transnetyx, Cordova, TN) using the proprietary “CRE”

probe set.

A total number of 46 adult (11–14 weeks old) mice was used in

the experiment. Wild type litter mates (Cre-negative) were used as

negative controls. The mice were housed in groups of two to six ani-

mals with free access to standard lab chow and water, in an air condi-

tioned room at 22–238C with a standard 12-hr light/dark cycle (lights

on 07:00 a.m., off 07:00 p.m.). The cages (1284L Eurostandard Type II

L, Techniplast, Italy) were enriched with aspen wooden bedding and

nesting material.

2.3 | Retrograde Cre-dependent tracing using
pseudotyped rabies virus

Monosynaptic tracing of the afferents of Cre-expressing neurons (Call-

away & Luo, 2015; Watabe-Uchida et al., 2012) was carried out in two

steps. First, Cre-dependent expression of an avian sarcoma-leukosis

virus receptor (TVA) fused to the fluorescent protein mCherry (TVA-

mCherry) and rabies glycoprotein (RG) was achieved by an intracerebral

injection of adeno-associated virus (AAV) vectors. Second, SADDG-

eGFP(EnvA), a glycoprotein-deleted (DG) rabies vector pseudotyped

with avian sarcoma-leukosis virus envelope protein (EnvA) was

injected. In Cre-expressing neurons, TVA-mCherry then becomes

expressed and acts as an entry receptor for the EnvA coated rabies

vector, while infection should not be possible in TVA-negative neurons.

RG allows budding of the viral particle and transsynaptic transport to

afferent neurons. The rabies vector also carried the gene for enhanced

green fluorescent protein (eGFP), allowing detection of infected neu-

rons. We will hereafter refer to Cre-positive and TVA-mCherry/RG-

expressing neurons that were infected by SADDG-eGFP(EnvA) as

starter neurons. The eGFP-positive/TVA-mCherry-negative afferent

neuronal populations lack expression of RG which prohibits further

propagation of the rabies virus (Figure 1).

The three AAV vectors, AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-

CA-FLEX-RG, and AAV8-hSyn1-FLEX-mCherry, were obtained from

the UNC Vector Core (University of North Carolina at Chapel Hill, NC).

The FLEX-switch makes these three vectors Cre-dependent by allow-

ing one stable Cre-mediated inversion of the reversed transgene

sequence (Atasoy, Aponte, Su, & Sternson, 2008). SADDG-eGFP(EnvA)

was obtained from the Gene Transfer, Targeting and Therapeutics

Core (GT3) at Salk Institute (La Jolla, CA) and from Dr. Meletis at Karo-

linska Institute (Stockholm, Sweden).

Gpr151-Cre mice (n538) and wild type controls (n55) were

anesthetized with isoflurane (induction at 5% and maintenance at 1–

2%) and placed in a stereotaxic frame. The scalp was locally anesthe-

tized with bupivacaine (0.25%) and the skull exposed. After adjusting

the skull to a horizontal position, a hole was drilled through the skull,

exposing the brain surface. Using a thin glass pipette, 0.6 ml of a 1:1

mixture of AAV8-Ef1a-FLEX-TVA-mCherry (5.4 3 1012 viral genomes/

ml) and AAV8-CA-FLEX-RG (2.4 3 1012 viral genomes/ml) was

injected unilaterally into the habenula at two different anterior-

posterior levels (coordinates anteroposterior: 21.75, mediolateral:

10.35 or 20.35, dorsoventral: 22.7 and anteroposterior: 21.4, medio-

lateral: 10.35 or 20.35, dorsoventral: 22.7 relative to Bregma), the

paraventricular thalamic nucleus (anteroposterior: 20.46, mediolateral:

10.1 or 20.1, dorsoventral: 23.25 relative to Bregma), or the lateral

posterior thalamic nucleus (anteroposterior: 21.7, mediolateral: 11.3

or 21.3, dorsoventral: 22.7 relative to Bregma). In three of the animals

injected in the habenula, AAV8-CA-FLEX-RG was omitted to verify

that eGFP expression in neurons outside the injected area is a result of

transsynaptic transport of rabies virus particles rather than direct infec-

tion of afferent terminals. After the injection, the pipette was left in

the brain for 4 min to minimize back flow of the vector into the needle

tract. The skin was sutured with absorbable suture, and the mouse was

kept on a heat pad until recovered from the anesthesia, before

returned to its home cage.

After 21 days, the stereotaxic procedure was repeated in order to

inject the animals with 0.5 ml of the SADDG-eGFP(EnvA) vector (1.65–

3.0 3 107 transforming units/ml). Seven days after the last vector

injection, the mice were deeply anesthetized with an overdose of

sodium pentobarbital and transcardially perfused with isotonic sodium

chloride solution (0.9%) followed by cold phosphate buffered saline

(PBS; 0.1M sodium phosphate buffer with 0.15M sodium chloride) con-

taining 4% paraformaldehyde for 8 min (!100 ml per animal).

2.4 | Immunohistochemistry

The brains were dissected and postfixed in 4% paraformaldehyde for

18 hr at 48C. After post-fixation, the brains were immersed in sucrose

FIGURE 1 Distribution of fluorescent reporters in the Cre-
dependent rabies virus retrograde tracing system. Cre-expressing
neurons infected by AAV8-Ef1a-FLEX-TVA-mCherry express the
sarcoma-leukosis virus receptor (TVA) fused to the fluorescent pro-
tein mCherry (TVA-mCherry; magenta). TVA enables entry of
EnvA-coated pseudotyped glycoprotein-deleted rabies virus par-
ticles (SADDG-eGFP(EnvA)) into Cre-positive neurons. Coinfection
of these neurons with AAV8-CA-FLEX-RG leads to expression of
rabies glycoprotein (RG) which enables transsynaptic retrograde
transport of the rabies virus particles. Both the Cre-positive starter
neurons and the primary afferent neurons will thus express the
enhanced green fluorescent protein (eGFP; green) while TVA-
mCherry expression will be limited to Cre-positive neurons
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solution (25% in PBS) at 48C for 1–3 days until equilibration had

occurred (i.e., the brains sank to the bottom of the vial). The brains

were frozen on dry ice, sectioned in 30 mm sections using a sliding

microtome (Thermo Scientific HM450) and cryoprotected in antifreeze

solution (30% glycerol, 30% ethylene glycol, 40% 0.5M PBS) before

storage at 2208C. During sectioning, the left hemisphere was marked

with a needle to keep track of the orientation of the sections.

Immunohistochemistry was performed on free floating brain sec-

tions as described previously (Broms et al., 2015). The sections were

washed in PBS, blocked with normal donkey serum (5%) in PBST (PBS

containing 0.05% Tween-20) for 1 hr at room temperature and subse-

quently incubated in blocking solution with primary antibody over night

at 48C. The primary antibodies used in the experiment are described

below. After repeated washing in PBS, the sections were incubated

with biotinylated or Cy5-conjugated secondary antibodies at 3 mg/ml

(Jackson ImmunoResearch Europe Ltd., Suffolk, United Kingdom) in

PBST, 2 hr at room temperature. For immunofluorescent detection,

sections were washed and mounted on Superfrost Plus glass slides

(Menzel Gläser, Brunswick, Germany) with a polyvinyl alcohol and glyc-

erol based mounting solution containing the anti-fading agent 1,4-dia-

zabicyclo[2.2.2]octane (PVA-DABCO).

Fluorescent images were acquired using a Nikon Eclipse Ti confo-

cal microscope with NIS-Elements (version 4.40) software (Nikon

Instruments Europe BV, Amsterdam, The Netherlands). For automatic

detection and marking of eGFP-expressing neurons in scanned images,

ImageJ (version 2.0.0-rc-59/1.51n, RRID:SCR_003070) was used. The

eGFP channel was thresholded to create a binary mask. The positions

of eGFP-expressing cells were then obtained using the “Analyze Parti-

cles. . .” subroutine of ImageJ. Each location was marked with a green

circle. A grayscale look-up table was applied to the mCherry channel

and the background fluorescence of this channel provided a back-

ground for each micrograph.

For light microscopy detection, biotinylated secondary antibodies

were used. After washing in PBS, the sections were incubated with

avidin-biotin-peroxidase complex (diluted 1:125 in PBS) (VECTASTAIN

Elite ABC Kit, Vector Laboratories, Burlingame, CA) and developed using

3,3’-diaminobenzidine (DAB, 0.5 mg/ml) with nickel chloride (0.5 mg/

ml). Following the DAB reaction, sections were mounted, dehydrated in

increasing concentrations of ethanol followed by xylene and finally cov-

erslipped with p-xylene-bis-pyridinium bromide (DPX) (Fisher Scientific,

Pittsburgh, PA). Low resolution micrographs were acquired using a slide

scanner (PathScan Enabler 5, Meyer Instruments Inc., Houston, TX).

2.5 | Antibody characterization

Rabbit GPR151 polyclonal antibody (SAB4500418; Sigma-Aldrich, St.

Louis, MO; RRID: AB_10743815) was raised against a synthetic pep-

tide containing amino acids 370-419 (EKEKPSSPSSGKGKTEKAEI-

PILPDVEQFWHERDTVPSVQDNDPIPWEHEDQETGEGVK) of the C-

terminal of human GPR151. It recognizes a single band of 46 kDa on

western blots of lysate of GPR151-expressing K562 cells. The specific-

ity was confirmed by pre-adsorption with the immunogen peptide

(according to the manufacturer’s technical information). In homozygous

Gpr151-knockout mice, the immunoreactivity was completely abol-

ished, further proving the specificity of the antibody (Broms et al.,

2015). In the present experiment, a working concentration of 0.125

mg/ml was used.

Rabbit mCherry polyclonal antibody (ab167453; Abcam, Cam-

bridge, MA; RRID:AB_2571870) was raised against recombinant full

length mCherry protein (MVSKGEEDNMAIIKEFMRFKVHMEGSVN

GHEFEIEGEGEGRPYEGTQTAKLKVTKGGPLPFAWDILSPQFMYGSKA

YVKHPADIPDYLKLSFPEGFKWERVMNFEDGGVVTVTQDSSLQDGEF

IYKVKLRGTNFPSDGPVMQKKTMGWEASSERMYPEDGALKGEIKQRL

KLKDGGHYDAEVKTTYKAKKPVQLPGAYNVNIKLDITSHNEDYTIVEQ

YERAEGRHSTGGMDELYK), a fluorescent protein derived from the

DsRed protein. According to the manufacturer’s specifications, the

antibody recognizes a !27 kDa band in lysate of HEK293 cells trans-

fected with a pFin-Ef1a-mCherry vector. In our experiment, the anti-

body (used at a working concentration of 0.2 mg/ml) produced a

specific immunohistochemical signal in brains of Gpr151-Cre animals

injected with the AAV8-Ef1a-FLEX-TVA-mCherry vector.

A different set of Gpr151-Cre mice (n53) were injected bilaterally

in the habenula with AAV8-hSyn-FLEX-mCherry (0.6 ml, 6.1 3 1012

viral genomes/ml) to label cell bodies of Cre-expressing neurons. Four

weeks following the injections the brains were prepared for in situ

hybridization. Perfusion and postfixation in paraformaldehyde was car-

ried out as described above. After equilibration in 25% phosphate buf-

fered sucrose solution, 14 mm thick brain sections mounted onto

Superfrost Plus glass slides using a cryostat. Detection of Gpr151-

mRNA was performed using the RNAscope® Fluorescent Multiplex

Assay with a probe set targeting base pairs 27–988 of mouse Gpr151-

mRNA (Cat No. 317321, Advanced Cell Diagnostics, Inc., Newark, CA)

(Wang et al., 2012). Briefly, the sections were air dried for 20 min,

washed in PBS and subsequently immersed in boiling 1x Target

Retrieval solution for 5 min. After washing in distilled water and 100%

ethanol for 2 min each, the sections were incubated with Protease IV

solution for 30 min at 408C in a humidified tray. After washing in dis-

tilled water for 2 min, the sections were then hybridized with Gpr151

target probe for 2 hr at 408C followed by amplification solutions 1 (30

min), 2 (15 min), 3 (30 min), and 4 (15 min) at 408C. Between each

amplification step, the sections were rinsed in 1x Wash Buffer for 2

min at room temperature. Finally, the sections were counterstained

with 4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI) for 30 s

and coverslipped in PVA-DABCO. The fluorochrome used for detection

in this system was Alexa488. Images were acquired using a Nikon

Eclipse Ti confocal microscope with NIS-Elements software.

3 | RESULTS

3.1 | GPR151 protein and mRNA detected in
Cre-expressing neurons

As previously reported, immunofluorescent GPR151 staining was pro-

nounced in habenular axonal projections, while often barely above

background level in the neuronal somata (Broms et al., 2015). To better

visualize cell bodies with expression of Cre, we injected Gpr151-Cre
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mice with AAV8-hSyn1-FLEX-mCherry in the habenular region

(Figure 2).

Colocalization between GPR151 protein and mCherry could be

observed in fibers in the fasciculus retroflexus (Figure 2d–i), which con-

tains the efferent axons from the habenula. In the habenula, mCherry-

expressing cell bodies were localized in the ventral division of the medial

habenula and in most lateral habenular subnuclei, excluding the oval

subnucleus of the lateral division of lateral habenula (Figure 2c). Further-

more, mCherry-positive neurons were also observed in the paraventric-

ular thalamic nucleus, and in the lateral dorsal and lateral posterior

thalamic nuclei. No GPR151 protein could be detected in these thalamic

areas using immunohistochemistry (Figure 2c; Broms et al., 2015).

Next, we performed fluorescent in situ hybridization using a RNA-

scope® probe targeting mouse Gpr151 mRNA on brain sections of

mice that had been injected with AAV8-hSyn1-FLEX-mCherry into the

habenula. In Figure 3, expression of Gpr151 mRNA in mCherry-

expressing neurons is seen in neurons located in the habenula, para-

ventricular thalamic nucleus and the lateral posterior thalamic nucleus.

The strongest Gpr151 mRNA expression was observed in medial and

lateral habenula, compared to much weaker expression in the paraven-

tricular thalamic nucleus while only a very faint expression was

observed in neurons of the lateral posterior thalamic nucleus. In the

habenula (Figure 3e) and the paraventricular thalamic nucleus, mCherry

colocalized with the Gpr151 mRNA signal. In the lateral posterior

FIGURE 2 GPR151 protein expression in axons of Gpr151-Cre neurons. Coronal sections of a Gpr151-Cre mouse injected with AAV8-hSyn1-
FLEX-mCherry in the habenular region. Panels (g–i) represent magnifications of the insets in (d–f). Cell bodies positive for mCherry (magenta)
were observed in the ventral medial habenula, the lateral habenula (excluding the oval subnucleus of the lateral division of lateral habenula), the
lateroposterior, and paraventricular thalamic nuclei (b, c; 21.94 mm posterior to Bregma). Fibers expressing mCherry and GPR151 protein (green)
exited the habenula through the fasciculus retroflexus (a–i; 22.30 mm posterior to Bregma), where colocalization between mCherry and GPR151
was observed (arrows; g–i). Scale bar (a–f)5100 mm, (g–i)520 mm
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thalamic nucleus, Gpr151 was undetectable in some mCherry-positive

neurons (Figure 3d). This finding is further considered in the discussion.

Using a crossing between Gpr151-Cre mice and two different ß-

galactosidase reporter strains, Kobayashi et al. (2013) identified Cre-

expressing cells in the medial and lateral habenula, paraventricular tha-

lamic nucleus and the reuniens thalamic nucleus. This expression pat-

tern largely agrees with our findings, except that more Cre-expressing

cells were detected in the laterodorsal and lateral posterior thalamic

nucleus in the current investigation. Given that Gpr151 mRNA expres-

sion is accentuated in the habenula and paraventricular thalamic

nucleus (Ignatov et al., 2004; Lein et al., 2006), no viral injections

targeting the reuniens thalamic nucleus were performed in the current

investigation.

3.2 | Monosynaptic tracing of afferents to
Cre-expressing neurons

Using the Cre-dependent rabies virus tracing system, Gpr151-Cre

starter neurons were labeled with TVA-mCherry and eGFP, while

monosynaptic afferents to these starter neurons were labeled with

eGFP only. Not all TVA-mCherry-expressing neurons coexpressed

eGFP. This may be explained by different transduction efficiency of the

FIGURE 3 Gpr151 mRNA expression in Gpr151-Cre neurons. Coronal section of a Gpr151-Cre mouse injected with AAV8-hSyn1-FLEX-
mCherry in the habenular region (21.82 mm posterior to Bregma). Gpr151 mRNA expression (green) can be seen in the ventral medial
habenula, lateral habenula (excluding the oval subnucleus of the lateral division), as well as in the lateral posterior, central lateral, and para-
ventricular thalamic nuclei (panels a, c, d, e). Expression of mCherry (magenta, panels b–e) show partial overlap with Gpr151 mRNA. Trans-
duction efficiency and injection localization could explain the lack of mCherry expression in certain Gpr151-positive subregions like the
LHbMS. Examples of coexpression of mCherry and Gpr151 mRNA in the lateral posterior thalamic nucleus and lateral habenula are shown
in panel (d) and (e) (magnifications of insets in panel c). Scale bar (a–c)5100 mm, (d, e)520 mm
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TABLE 1 Abbreviations

Abbreviation Area Abbreviation Area

3V 3rd ventricle Me medial amygdaloid nucleus

aca anterior commissure, anterior part MG medial geniculate nucleus

Acb accumbens nucleus MHb medial habenular nucleus

AD anterodorsal thalamic nucleus MHbD dorsal subnucleus of the MHb

AH anterior hypothalamic area MHbS superior subnucleus of the MHb

AI agranular insular cortex MHbV ventral part of the MHb

Arc arcuate hypothalamic nucleus MHbVc central subnucleus of the MHbV

Au auditory cortex MHbVl lateral subnucleus of the MHbV

AV anteroventral thalamic nucleus MHbVm medial subnucleus of the MHbV

BAC bed nucleus of the anterior commissure MnPO median preoptic nucleus

BL basolateral amygdaloid nucleus MnR median raphe nucleus

BM basomedial amygdaloid nucleus MPA medial preoptic area

CG cingulate cortex MPT medial pretectal nucleus

Cg1 cingulate cortex, area 1 MPtA medial parietal association cortex

Cg2 cingulate cortex, area 2 mRt mesencephalic reticular formation

CL centrolateral thalamic nucleus MS medial septal nucleus

CI claustrum MTu medial tuberal nucleus

CPu caudate putamen (striatum) Pa paraventricular hypothalamic nucleus

DB nucleus of the diagonal band PAG periaqueductal gray

DG dentate gyrus Pe periventricular hypothalamic nucleus

DLG dorsal lateral geniculate nucleus PF parafascicular thalamic nucleus

DM dorsomedial hypothalamic nucleus PG pregeniculate nucleus

DR dorsal raphe nucleus PH posterior hypothalamic nucleus

EP entopeduncular nucleus PLH peduncular part of lateral hypothalamus

f fornix PnO pontine reticular nucleus, oral part

fmi forceps minor of the corpus callosum Po posterior thalamic nuclear group

fr fasciculus retroflexus PrC precommissural nucleus

IC inferior colliculus PrL prelimbic cortex

IF interfascicular nucleus PT paratenial thalamic nucleus

IL infralimbic cortex PV paraventricular thalamic nucleus

PVA paraventricular thalamic nucleus, anterior part

IP interpeduncular nucleus PVP paraventricular thalamic nucleus, posterior part

LD laterodorsal thalamic nucleus RCh retrochiasmatic area

LDTg laterodorsal tegmental nucleus RLi rostral linear nucleus (midbrain)

LHb lateral habenular nucleus RMg raphe magnus nucleus

LHbA anterior division of the LHb RSD retrosplenial dysgranular cortex

LHbL lateral division of the LHb Rt reticular nucleus (prethalamus)

LHbLB basal subnucleus of the LHbL S1 primary somatosensory cortex

LHbLMc magnocellular subnucleus of the LHbL S2 secondary somatosensory cortex

(Continues)
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AAV and rabies vectors or that the vectors were injected at slightly dif-

ferent locations due to the margin of error of the stereotaxic technique.

The injections targeted one of three areas, the habenula, the paraventric-

ular thalamic nucleus, or the lateral posterior thalamic nucleus. The

starter neurons at the injection sites and the resulting eGFP expression

in afferent structures are summarized in Tables 2 and 3.

In wild type animals, occasional neurons expressing mCherry and

eGFP could be observed close to the injection tract in the habenula,

which implies minor local Cre-independent expression (Figure 4j–l;

Table 2). However, no eGFP1 neurons were detected outside of the

injected area, so the analysis of eGFP1 neurons far from the injected

site is not impacted.

SADDG-(EnvA) is capable of infecting neurons with minute expres-

sion of TVA (Callaway & Luo, 2015). Since it has been shown that trace

amounts of TVA-expression can result from retrograde transport of AAV-

TVA (Menegas et al., 2015), it is important to confirm that the starter neu-

rons are indeed restricted to the injected area. By omitting AAV8-CA-

FLEX-RG, transsynaptic transport is inhibited and eGFP expression should

be restricted to local TVA-expressing neurons. In Gpr151-Cre animals

where AAV8-CA-FLEX-RG was omitted, a strong expression of TVA-

mCherry and eGFP was only observed in the vicinity of the injection, but

not anywhere else in the brain (Figures 4g–i and 5; Table 2). This confirms

that any eGFP1 neurons found outside of the injected area result from

RG-dependent transsynaptic transport of rabies virus.

3.3 | Afferents to Gpr151-Cre neurons in the
habenula

Seven cases with good quality injections targeting the habenula were

considered for further analysis (Figure 4a–f; Table 2). In all cases, a

majority of starter neurons were detected in the habenula, although a

varying degree of spread to neighboring thalamic structures, such as

the paraventricular thalamic nucleus and the lateral posterior thalamic

nucleus was also observed.

Very few eGFP1 neurons were detected in the cerebral cortex

(Figure 6; Table 3). Occasional eGFP1 neurons were observed in

medial prefrontal areas, most notably bilaterally in the prelimbic and

infralimbic cortices.

Several structures in the pallidum contained large numbers of

eGFP1 neurons (Table 3). Moderate numbers of eGFP1 neurons were

detected in the medial (Figure 7a) and triangular septum (Figure 7d).

The nucleus of the diagonal band contained many eGFP1 neurons,

both in the vertical and horizontal limb (Figure 7a). Moderate numbers

of eGFP1 neurons were also observed in the bed nucleus of the ante-

rior commissure (Figure 7d). The bed nucleus of the stria terminalis

contained great numbers of eGFP1 neurons, especially in case M17

(Figure 7c). In two cases (M18 and M104), a dense network of eGFP1

neurons was seen in the entopeduncular nucleus (Figure 7e,f). Interest-

ingly, these specific cases were distinguished by a large number of

starter neurons in lateral division of the lateral habenula as well as

spread into the lateral posterior thalamic nucleus.

The hypothalamus was another major source of input to the

Gpr151-Cre neurons of the habenula (Table 3). A continuous group of

eGFP-expressing neurons stretching from the lateral preoptic area to

the peduncular part of the lateral hypothalamus was observed in all

cases (Figures 6 and 7b,e,f). Scattered neurons were also observed in

several medial hypothalamic nuclei (Table 3). In two cases (M18 and

M104), the same animals which displayed eGFP1 neurons in the ento-

peduncular nucleus, eGFP1 neurons could also be observed in the

zona incerta.

Because undetectable expression of TVA-mCherry may be suffi-

cient to allow entry of the rabies vector (Callaway & Luo, 2015), it

TABLE 1 (Continued)

Abbreviation Area Abbreviation Area

LHbLMg marginal subnucleus of the LHbL SC superior colliculus

LHbLO oval subnucleus of the LHbL SCh suprachiasmatic nucleus

LHbLPc parvocellular subnucleus of the LHbL SFi septofimbrial nucleus

LHbM medial division of the LHb SHy septohypothalamic nucleus

LHbMC central subnucleus of the LHbM sm stria medullaris

LHbMMg marginal subnucleus of the LHbM ST bed nucleus of the stria terminalis

LHbMPc parvocellular subnucleus of the LHbM TS triangular septal nucleus

LHbMS superior subnucleus of the LHbM V1 primary visual cortex

LHbP posterior division of the LHb V2 secondary visual cortex

LP lateral posterior thalamic nucleus VMH ventromedial hypothalamic nucleus

LPO lateral preoptic area VP ventral pallidum

LS lateral septal nucleus VTA ventral tegmental area

M medial mammillary nucleus ZI zona incerta

ME median eminence ZIR zona incerta, rostral part

Abbreviations of mouse brain regions according to Franklin and Paxinos (2008) and Wagner, Stroh, et al. (2014).
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TABLE 2 Starter neuron populations

Habenula Paraventricular thalamic nucleus

M17 M18 M80 M102 M103 M104 M105 M74 M112 M113 M120 M121

Medial habenula MHbD

MHbS

MHbVl 11111 11111 111 11 11 1111

MHbVc 11111 11111 111 11 11 111

MHbVm 1 1

Lateral habenula LHbA 1 111 1 11 11 1

LHbMS 11111 11 11111 1111 11 1111

LHbMPc 1 111 11

LHbMC 11 11 111 11 111

LHbMMg 111 1

LHbLMg 11 11 11 1

LHbLPc 11 11 111 111 1111

LHbLMc 1 11111 111 11111 11111 11 11

LHbLB 1111 1111 1111 11

LHbLO

LHbP 1 1111 1111 111 11 1

Paraventricular
thalamic nucleus

PVA 111 11111 11111 111 11111

PV 1 1 111 1 1 1 11 11 11111

PVP 1

Lateral thalamic
nuclei

LP 11 11

LD 1 11

CL 1 1 1

Posterior
thalamic nuclei

PF

PrC 1

Po

MPT 1

Lateral posterior thalamic nucleus Habenula no RG Habenula wild type

M114 M115 M116 M119 M106 M117 M118 M113 M16 M77 M77 M78 M81

Medial habenula MHbD

MHbS

MHbV

MHbVc

MHbVm

Lateral habenula LHbA 11 11 11 1

LHbMS 111 111 111 1111 11 1

LHbMPc 1 11 1 1 1 11

LHbMC 111 11 11 111 11

(Continues)
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cannot be ruled out that eGFP1 neurons close to the injected area

that appear to lack mCherry are indeed afferent neurons and not

starter neurons. Because of the proximity of the injection target

area to some Gpr151-expressing thalamic nuclei, it makes interpreta-

tion of eGFP1 neurons in these areas uncertain. Scattered eGFP1

neurons were detected in the pregeniculate, dorsolateral geniculate,

and medial geniculate nuclei which are far from the injected area.

The parafascicular thalamic nucleus and the precommissural nucleus

also contained a small number of eGFP1 neurons, along with occa-

sional starter neurons. Occasionally, eGFP1 neurons were visible in

the medial or lateral habenula contralateral to the injected side

which suggests minor contribution from an intrahabenular

projection.

In the midbrain, scattered eGFP1 neurons were observed in the

pretectal area, superior colliculus, and the periaqueductal gray. A few

eGFP1 cells could also be detected in the interpeduncular nucleus,

which is the projection target of neurons in the medial habenula. This

implies a reciprocal connection between the habenular complex and

the interpeduncular nucleus. EGFP1 neurons were also observed in

many monoaminergic midbrain areas such as the ventral tegmental

area (primarily the interfascicular nucleus), rostral linear nucleus,

median, and dorsal raphe nuclei.

Very few eGFP1 neurons were detected in hindbrain areas,

including the laterodorsal tegmental nucleus, pontine reticular nucleus,

and raphe magnus nucleus.

3.4 | Afferents to Gpr151-Cre neurons in the
paraventricular thalamic nucleus

Five animals where starter neurons could be observed in the paraven-

tricular thalamic nucleus (Table 2) were further analyzed regarding

afferents (Figures 8 and 9; Table 3). The starter neuron population was

entirely restricted to the target area except for one case (M113) where

a few cells were also observed in the anterior division of the lateral

habenula.

Cortical afferents were restricted to frontal cortical areas such as

the prelimbic, infralimbic, and agranular insular cortices. In two cases

(M113 and M121), a few eGFP1 neurons could also be observed in

the claustrum.

The distribution of eGFP1 neurons in the pallidum was remarkably

similar to that of the afferents to the habenular Gpr151-Cre population

(Table 3). The nucleus of the diagonal band, bed nucleus of stria termi-

nalis, and the ventral pallidum contained many eGFP1 neurons. No

eGFP1 neurons were observed in the medial septal nucleus or the

TABLE 2 (Continued)

Lateral posterior thalamic nucleus Habenula no RG Habenula wild type

M114 M115 M116 M119 M106 M117 M118 M113 M16 M77 M77 M78 M81

LHbMMg 11

LHbLMg 11 111

LHbLPc 11 11 111 1111 111

LHbLMc 111 11 11111 1

LHbLB 1111

LHbLO

LHbP 111 11 111 11111 11111 11111

Paraventricular
thalamic nucleus

PVA

PV 1 11

PVP 11 111

Lateral
thalamic nuclei

LP 11111 11111 11111 11111 111 11

LD 11111 11111 11111 11111 1111

CL 1 11 111 1 111

Posterior
thalamic nuclei

PF 1 11 1111

PrC 1 1 11 111 111

Po 1111 11 1111

MPT 1 11 11 1 11

Semiquantitative estimate of neurons coexpressing TVA-mCherry and eGFP (starter neurons) in target areas and neighboring structures. Each area was
graded from1 to 11111 depending on the number of mCherry/eGFP coexpressing cells observed.
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FIGURE 4 Expression of TVA-mCherry and eGFP after injections of viral vectors at target sites. Coronal sections through the target areas
of cases M80 (habenula; a–c), M18 (habenula; d–f), M118 (habenula, no RG; g–i), M77 (habenula, wild type; j–l), M119 (lateral posterior tha-
lamic nucleus; m–o), and M113 (paraventricular thalamic nucleus; p–r) showing sarcoma-leukosis virus receptor (TVA) fused to the fluores-
cent protein mCherry (TVA-mCherry; magenta; b, e, h, k, n, q), eGFP expression (green; a, d, g, j, m, p), and an overlay between the two (c,
f, i, l, o, r). Scale bar5100 mm
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entopeduncular nucleus however, in contrast to the afferents of the

Gpr151-Cre neurons in the habenula.

In the striatum, moderate numbers of eGFP1 neurons were detected

in the accumbens nucleus, caudate putamen, and the lateral septum.

The main source of input to the paraventricular thalamic Gpr151-

Cre population was the hypothalamus (Table 3). Similarly to the habe-

nular Gpr151-Cre population, eGFP1 neurons could be detected in

the lateral preoptic area and the peduncular part of the lateral hypo-

thalamus (Figure 9e). Great numbers of eGFP1 neurons were also

seen in the medial preoptic area, and to a lesser extent the median pre-

optic area (Figure 9b). Medial hypothalamic areas such as the anterior,

ventromedial, dorsomedial, arcuate, paraventricular, and periventricular

hypothalamic nuclei also contained many eGFP1 neurons (Figure 9b,d,

e,f). Some afferent neurons were also seen in the retrochiasmatic (Fig-

ure 9d) and suprachiasmatic nuclei. The strongest projection arose

from a cluster of cells in the rostral part of the zona incerta (Figure 9c).

Some eGFP1 neurons were also detected in thalamic areas such

as the parafascicular and mediodorsal thalamic nuclei. In the midbrain,

there were also a small number of eGFP1 neurons in the periaqueduc-

tal gray and the mesencephalic reticular formation.

3.5 | Efferent projections of the Cre-expressing
population in the paraventricular thalamic nucleus

Since the paraventricular thalamic Gpr151-Cre population could be tar-

geted specifically without spread into other Gpr151-expressing popula-

tions, we decided to also analyze the efferent connectivity of this

population. Immunohistochemistry using mCherry antiserum was per-

formed to visualize the efferent projections of the TVA-mCherry-

expressing neurons (Figure 10). The cell bodies of these neurons were

confined to the paraventricular nucleus, while dense fields of mCherry-

immunoreactivity could be observed in the prelimbic area, the shell and

core regions of accumbens nucleus, the basolateral amygdala, and the

zona incerta. It should be noted that while no GPR151 protein could

be detected by immunohistochemistry in any of these areas (Broms

et al., 2015), Gpr151 mRNA was observed in the paraventricular tha-

lamic nucleus in the current study (Figure 3c) and has also been

reported previously (Ignatov et al., 2004; Wagner, French, et al., 2014).

3.6 | Afferents to Gpr151-Cre neurons in the lateral
posterior thalamic nucleus

Four animals with injections targeting the lateral posterior thalamic

nucleus were analyzed (Figure 11; Table 3). Large quantities of starter

neurons were observed in a group of neurons in the lateral dorsal and

lateral posterior thalamic nuclei. In two cases, the labeled population

also extended into the posterior thalamic group (M114 and M119).

Unfortunately, all cases also contained a varying number of starter neu-

rons in the habenula which impose a limit on the analysis of the affer-

ents to the lateral thalamic group. Some striking differences between

the cases targeting the lateral posterior thalamic Gpr151-Cre popula-

tion and the habenular Gpr151-Cre population could nonetheless be

observed. The cingulate cortical area 1 and area 2, as well as the pre-

limbic cortex, contained many eGFP1 neurons in animals with starter

neurons in the lateral posterior thalamic nucleus, but were completely

devoid of eGFP1 cells when the injections were restricted to the habe-

nula. Similarly, other cortical areas such as the retrosplenial dysgranular

cortex as well as the primary and secondary visual cortex and primary

and secondary somatosensory cortex, only contained eGFP1 neurons

in cases with lateral posterior thalamic starter neurons.

FIGURE 5 Omission of RG limits eGFP expression to the injected area. Coronal brain sections from 1.34 to24.84 mm relative to Bregma of a
Gpr151-Cre mouse (case M118) in which AAV8-Ef1a-FLEX-TVA-mCherry and SADDG-eGFP(EnvA) was injected unilaterally in the habenula. Since
AAV8-CA-FLEX-RG was omitted, transsynaptic transport of the rabies vector is inhibited. Although many eGFP positive (green) neurons could be
seen in various nuclei in the targeted area (medial and lateral habenula, lateral posterior thalamic nucleus, parafascicular thalamic nucleus, paraventric-
ular thalamic nucleus, and precommissural nucleus), no eGFP expressing neurons were detected elsewhere in the brain. Scale bar51000 mm
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Similar to what was observed when the habenula was targeted,

many eGFP1 neurons could be observed in the bed nucleus of the

anterior commissure, nucleus of the diagonal band, ventral pallidum,

bed nucleus of stria terminalis, lateral preoptic area, lateral hypothala-

mic area, and the entopeduncular nucleus. The caudate putamen also

contained eGFP1 positive neurons in contrast to habenula-targeting

injections. Large number of eGFP1 neurons was observed in the zona

incerta, mainly in the caudal part.

In the thalamus, dense populations of eGFP1 neurons were

observed in pregeniculate, dorsolateral geniculate, and medial genicu-

late nuclei as well as the reticulate and paraventricular thalamic nuclei.

In the midbrain, great numbers of eGFP1 neurons were detected in

the superior colliculus as well as in the pretectal region. In the hind-

brain, only a few eGFP1 neurons were detected in the laterodorsal

tegmental nucleus.

4 | DISCUSSION

In this study, monosynaptic tracing using pseudotyped rabies virus was

used to identify primary afferents to populations of Gpr151-Cre neu-

rons in the mouse diencephalon.

In the medial habenula, TVA-mCherry1/eGFP1 starter neurons

were observed in the ventral part of the medial habenula (Table 2).

This distribution is consistent with the pattern of Gpr151 mRNA and

protein expression (Figures 2 and 3). Several nuclei in the pallidum,

including the triangular septal nucleus, septofimbrial nucleus, bed

nucleus of the anterior commissure, medial septal nucleus, and the

nucleus of the diagonal band have previously been identified as affer-

ents to the medial habenula (Herkenham & Nauta, 1977; Qin & Luo,

2009; Yamaguchi, Danjo, Pastan, Hikida, & Nakanishi, 2013). All of

these areas contained eGFP1 neurons in cases where starter neurons

were found in the medial habenula, although the most prominent and

consistent projection appeared to arise in the nucleus of the diagonal

band and the medial septal nucleus. This projection is reported to be

GABAergic (Contestabile & Fonnum, 1983; Qin & Luo, 2009), although

we did not test whether the neurons that project onto Gpr151-

expressing cells have this phenotype.

In the lateral habenula, Cre expression could be detected in all sub-

nuclei except for the oval subnucleus of the lateral division (Figures 2

and 3; Table 2). Afferent neurons were observed in many areas (Figure

7; Table 3) that have previously been reported to contain afferents to

the lateral habenula, including the nucleus of the diagonal band, bed

FIGURE 6 Afferents of habenular Gpr151-Cre neurons. Coronal brain sections from 1.98 to 24.96 mm relative to Bregma of a Gpr151-
Cre mouse (case M80) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG and SADDG-eGFP(EnvA) was injected unilaterally in the
habenula. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were almost exlusively located in the medial and lat-
eral habenula. EGFP positive neurons (green) were found throughout the brain, most notably in the medial septal nucleus, nucleus of the
diagonal band, lateral preoptic area, and the lateral hypothalamus (peduncular part). Scale bar51000 mm
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nucleus of stria terminalis, ventral pallidum, lateral preoptic area, lateral

hypothalamic area and entopeduncular nucleus and the median raphe

nucleus (Dong & Swanson, 2004; Herkenham & Nauta, 1977; Wallace

et al., 2017).

In a recent study, the nucleus of the diagonal band was shown to

provide a possible source of input to the lateral habenula, which

allowed the habenular neurons to phase lock with hippocampal theta

oscillations during anesthesia and rapid-eye-movement (REM) sleep

(Aizawa et al., 2013). Lesions of the lateral habenula and the fasciculus

retroflexus reduce theta power in the hippocampus and substantially

decrease REM sleep duration, while non-REM sleep remains unaf-

fected (Aizawa et al., 2013; Valjakka et al., 1998). Since Gpr151-Cre

neurons receive input from the nucleus of the diagonal band and in

turn project to the interpeduncular nucleus and median raphe, struc-

tures that has been implicated in theta oscillations and REM sleep

(Funato et al., 2010; Vertes, Kinney, Kocsis, & Fortin, 1994), it is possi-

ble that this neuronal population (or a subset of it) plays a role in con-

trolling these functions.

A fruitful approach for determining the valence of experiencing acti-

vation or inhibition of specific neurons is by optogenetic stimulation,

FIGURE 7 Main afferent neuronal populations of the habenular Gpr151-Cre starter neurons. Coronal sections showing eGFP-expressing
afferent neurons (green cell bodies and fibers) in the medial septal nucleus and the nucleus of the diagonal band (a; case M17), the lateral
and medial preoptic area (b; case M18), the bed nucleus of stria terminalis and the paraventricular thalamic nucleus (c; case M17), the trian-
gular nucleus of the septum and the bed nucleus of the anterior commissure (d; case M17), the entopeduncular nucleus and the lateral
hypothalamus (e, f; case M18). Scale bar5100 mm
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combined with the real-time place preference test. In this test, the animals

may freely choose to enter or avoid an area where the laser light is acti-

vated. It has been shown that activation of projections from the lateral

hypothalamic area and entopeduncular nucleus to the lateral habenula is

aversive, that is, the animals avoid stimulation (Shabel, Proulx, Trias, Mur-

phy, & Malinow, 2012; Stamatakis et al., 2016). In line with this finding,

inhibition of the projection from the lateral hypothalamic area to the lateral

habenula using an inhibitory light-sensitive chloride channel, or activation

of inhibitory afferents from the ventral tegmental area, was appetitive (Sta-

matakis et al., 2013). Stimulation of lateral habenular efferents to the ros-

tromedial tegmental nucleus also produced an aversive response

(Stamatakis & Stuber, 2012). It was recently demonstrated that activation

of a projection from the paraventricular thalamic nucleus to accumbens

nucleus evoked the similar avoidance behavior (Zhu, Wienecke, Nachtrab,

& Chen, 2016). Given that the aforementioned projections were observed

in our study, it is tempting to speculate that modulation of GPR151-

expressing neurons could alter the affective component of an experience.

Indeed, selective ablation of Gpr151-Cre neurons resulted in increased

anxiety in the elevated plus maze and open field tests (Kobayashi et al.,

2013).

Two distinct populations of entopeduncular neurons project to the

lateral habenula (Wallace et al., 2017). Glutamatergic parvalbumin-

expressing neurons preferentially targets the oval subnucleus of the

lateral division of the lateral habenula, while a GABA/glutamate core-

leasing somatostatin-expressing population display a more distributed

terminal pattern within the lateral habenula. Given that no Gpr151-Cre

was observed in the oval subnucleus, the entopeduncular afferents

may belong to this population of somatostatin-expressing neurons.

4.1 | Similarities and differences between habenular
and thalamic Gpr151-Cre populations

It is clear from the efferent connectivity pattern that Gpr151-Cre neu-

rons of the habenula and the paraventricular thalamic nucleus are dis-

tinct populations. The Gpr151-Cre neurons in paraventricular nucleus

FIGURE 8 Afferents of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal brain sections from 1.98 to 24.84 mm relative to
Bregma of a Gpr151-Cre mouse (case M113) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADDG-eGFP(EnvA) was injected
into the anterior part of the paraventricular thalamic nucleus. Afferent eGFP expressing neurons (green) were found in great numbers in the zona
incerta, medial preoptic area, medial and lateral hypothalamus and to a minor extent in the prelimbic cortex, accumbens nucleus, lateral preoptic
area, bed nucleus of stria terminalis, and periaqueductal gray. Neurons coexpressing eGFP and mCherry (starter neurons; magenta outline) were
located in the paraventricular thalamic nucleus. Scale bar51000 mm
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FIGURE 9 Main afferent neuronal populations of Gpr151-Cre starter neurons in the paraventricular thalamic nucleus. Coronal sections (case
M113) showing eGFP-expressing afferent neurons (green cell bodies and fibers) in the prelimbic cortex (a, left hemisphere), the septohypothala-
mic nucleus (b), the median preoptic nucleus (b), the periventricular hypothalamic nucleus (b, d), the medial preoptic area (b), the zona incerta (c,
right hemisphere), the anterior hypothalamic area (d), the retrochiasmatic area (d), the peduncular part of lateral hypothalamus (e, right hemi-
sphere), the ventromedial hypothalamic nucleus (e, right hemisphere), and the arcuate hypothalamic nucleus (f). Scale bar5100 mm

FIGURE 10 Efferent projections of Gpr151-Cre neurons in the paraventricular thalamic nucleus. Coronal sections of a Gpr151-Cre mouse
injected with AAV8-hSyn1-FLEX-mCherry in the paraventricular nucleus of the thalamus (case M74) showing 3,3’-diaminobenzidine
enhanced mCherry immunostaining in cell bodies in the injected area and in efferent projections to the zona incerta (a), the prelimbic area
(b), the shell and core of accumbens nucleus (c), and the basolateral amygdala (d). Scale bar51000 mm
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project to the accumbens nucleus, zona incerta, basolateral amygdala,

and prelimbic area, a pattern that is distinct from the mesencephalic

projection of the habenular GPR151-expressing neurons (Figure 10;

Broms et al., 2015). On the other hand, many similarities in afferent

connectivity could be noted between the habenular and paraventricular

thalamic Gpr151-Cre populations. Both populations were targeted by neu-

rons in the bed nucleus of stria terminalis, ventral pallidum, nucleus of the

diagonal band, lateral preoptic area, and lateral hypothalamic area. How-

ever, some striking differences in afferent connectivity were observed. The

zona incerta produced a heavy projection onto paraventricular thalamic

Gpr151-Cre neurons, while habenular afferents from this area were sparse.

The same held true for the medial preoptic area. In contrast to the habenu-

lar population, afferents to the paraventricular thalamic population could

not be detected in the bed nucleus of the anterior commissure, entopedun-

cular nucleus, or in the triangular septum.

The paraventricular nucleus has been implicated in food and drug

reward seeking (reviewed in Matzeu, Zamora-Martinez, & Martin-

Fardon, 2014). In a recent study, it was demonstrated that inhibition of

a projection from the paraventricular nucleus to the accumbens nucleus

ameliorates symptoms of opiate withdrawal (Zhu et al., 2016). The lat-

eral habenula has been implicated in cocaine-induced avoidance behav-

ior (Jhou et al., 2013) and the medial habenula contributes to nicotine

aversion (Fowler, Lu, Johnson, Marks, & Kenny, 2011). It is therefore an

interesting possibility that, despite differences in connectivity patterns,

the diencephalic GPR151-expressing neurons could be functionally

related by involvement in the modulation of drug seeking behavior.

FIGURE 11 Afferents of Gpr151-Cre neurons in lateral thalamic nuclei. Coronal brain sections from 1.98 to 25.02 mm relative to Bregma
of a Gpr151-Cre mouse (case M119) where AAV8-Ef1a-FLEX-TVA-mCherry, AAV8-CA-FLEX-RG, and SADDG-eGFP(EnvA) was injected
into the lateral posterior thalamic nucleus. Starter neurons expressing both mCherry and eGFP (outlined in magenta) were not restricted to
the target area, but were also found in the laterodorsal thalamic nucleus, central lateral thalamic nucleus, parafascicular thalamic nucleus,
posterior thalamic group, lateral habenula, precommissural nucleus, and medial pretectal nucleus. Afferent eGFP expressing neurons (green)
were detected in many areas throughout the brain including the cingulate and prelimbic cortices, bed nucleus of stria terminalis, ventral pal-
lidum, reticular thalamic nucleus, lateral preoptic area, lateral hypothalamic area, zona incerta, and superior colliculus. Scale bar51000 mm
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4.2 | Afferent connectivity of the lateral thalamic
Gpr151-Cre population, involvement in visual
processing?

Many neurons in the lateral posterior nucleus, lateral dorsal nucleus,

and posterior group of the thalamus displayed Cre recombinase activity

(Table 2; Figure 4m–o). In animals where the viral vector injections

were targeted on the lateral posterior nucleus, there was always some

degree of spread in to the habenula. This precludes clear conclusions

to be drawn from these experiments. However, some characteristics of

the eGFP1 neuronal distribution nonetheless provide clues regarding

the connectivity and function of this thalamic population. Compared to

the afferents of the habenular Gpr151-Cre neurons, a large number of

afferents to lateral thalamic Gpr151-Cre neurons were detected in pre-

frontal cortical areas (primarily the cingulate cortex), the visual cortex,

the caudate putamen, the reticular nucleus, and most notably in the

zona incerta and the superior colliculus (Figure 11; Table 3).

Several studies have previously implicated the lateral posterior tha-

lamic nucleus, the superior colliculus, and the zona incerta in visual

information processing (Benevento & Fallon, 1975; Gale & Murphy,

2014; Krauzlis, Lovejoy, & Z"enon, 2013; Legg, 1979; Power, Leamey, &

Mitrofanis, 2001). Interestingly, it has been demonstrated that the lat-

eral posterior thalamic nucleus contains multimodal neurons that are

sensitive to both pain and light (Noseda et al., 2010). To clarify if

GPR151 is involved in the processing of visual or somatosensory infor-

mation will require further investigation.

4.3 | Cre-independent expression of viral constructs

In wild type mice injected with Cre-dependent viral vectors, we occa-

sionally saw TVA-mCherry and eGFP expression in the vicinity of the

injection tract. This finding suggests that there is a certain degree of

leakiness in the FLEX switch, but that this ectopic expression of TVA-

mCherry (and presumably also RG) is not strong enough to enable

transsynaptic transport of rabies virus particles. This problem has also

been noted by other researchers using the same pseudotyped rabies

tracing system (Callaway & Luo, 2015; Pollak Dorocic et al., 2014). In

Cre-expressing animals, neurons that are TVA-mCherry-positive/eGFP-

positive as a result of leakiness are impossible to distinguish from true

starter neurons. We can therefore not conclude that all TVA-mCherry-

positive/eGFP-positive neurons in the vicinity of the injection tract are

actual starter neurons. Nevertheless, since no neurons were observed

outside of the injected area in wild type mice, the Cre-independent

expression does not affect the validity of the analysis of long-range

projections.

4.4 | Different sensitivity of the methods used for
Gpr151 detection

There are notable differences in expression pattern of GPR151 protein,

Gpr151 mRNA, and Gpr151 promoter activity. Immunohistochemistry

reveals strong GPR151 protein expression in habenular projections

(Broms et al., 2015). In situ hybridization detects Gpr151 mRNA in the

habenula, but also in certain thalamic areas (Figure 3; Berthold et al.,

2003; Ignatov et al., 2004; Lein et al., 2006; Vassilatis et al., 2003). The

expression of Cre-dependent reporters found in the current study

largely corresponds to the mRNA distribution. One exception is the lat-

eral posterior thalamic nuclei, in which only very few neurons express-

ing Gpr151 mRNA has been detected using in situ hybridization (Figure

3c,d; Lein et al., 2006), but ample Cre-dependent mCherry expression

was seen in the current study (Figures 2, 3, and 4m–o). A possible

explanation for this discrepancy is that there is a difference in the sen-

sitivity of the different detection methods. The constructs for the viral

reporter employ strong promoters and enhancer sequences (wood-

chuck hepatitis virus posttranscriptional regulatory element) for

improved expression, elements that the endogenous Gpr151 gene is

lacking. Furthermore, the reporter constructs are permanently acti-

vated by Cre recombination, meaning that even a transient surge in

Cre expression will result in persistent tagging of that neuron. As long

as a no specific GPR151 agonists or antagonists are available, there is

no gold standard for assessing functional GPR151 expression. In the

future when such substances have possibly been discovered, the Cre-

expressing populations described in this study should be examined

electrophysiologically, in order to verify that GPR151 is expressed at

physiologically relevant levels.

4.5 | Caveats of using BAC transgenic Cre mice

Gpr151 mRNA and protein could be detected in many, but not all, neu-

rons that exhibited Cre recombinase activity. One possibility is that Cre

mediated activation of the reporter construct can occur even at low or

transient Gpr151 promoter activation. This would result in persistent

reporter expression, while GPR151 protein and Gpr151 mRNA would

remain undetectable. Although the Gpr151-Cre BAC construct is large

(108 kbp) and should contain most of the regulatory elements of the

endogenous Gpr151 gene, we cannot rule out that the BAC transgenic

approach used in this study suffers from ectopic Cre expression inde-

pendent of the Gpr151 promoter. This could be the result of inserting

the BAC transgene into the vicinity of a strong promoter or enhancer

(Liu, 2013). Ectopic expression could also arise if the endogenous

Gpr151 promoter is epigenetically silenced, while the Gpr151 pro-

moter of the BAC construct remains active. In future studies, knock-in

animals targeting the endogenous Gpr151 gene could be used to mini-

mize the risk of ectopic Cre expression.

5 | CONCLUSION

Here, we present a map of the afferent connectivity of a diencephalic

neuronal population defined by Gpr151 expression. The connectivity

of thalamic versus habenular Gpr151-expressing neurons differed sub-

stantially, indicating a neuroanatomical heterogeneity within the

Gpr151-system. In depth knowledge of the connectivity of this, neuro-

nal population will facilitate the design of investigations regarding the

function of GPR151 as well as the interpretation of the effects of phar-

macological modulators of this system.
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Habenula and circuit psychiatry
Novel tools and technologies in neuroscience are currently reshaping our 
understanding of the brain. Anatomical and functional mapping of the brain 
circuits that constitute the mind is now possible at an unprecedented level of 
detail, using the current molecular biological toolbox. Careful dissection of 
the complex circuitry involved in psychiatric syndromes such as depression, is 
probably necessary for making significant progress in the understanding of 
the neurobiological mechanisms. In this thesis, I focus on a specific brain area, 
the habenula, which appears to be implicated in depression. The localization 
and pharmacology of GPR151, a receptor that can possibly be targeted for 
modulating habenular activity, is investigated. Furthermore inhibitory neurons 
within the habenula are identified and classified, something that previously 
has largely been overlooked. This thesis is only a small contribution to a field 
that is likely to expand tremendously within the coming decades, the field of 
circuit psychiatry.
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