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ȣʵ�^h� 

 

AAV: Adeno-associated virus 

ANOVA: Analysis of variance 

ArchT: Archaerhodopsin T 

ChAT: Choline acetyltransferase 

ChR2: Channelrhodopsin-2 

CNO: Clozapine N-oxide 

CUBIC: Clear, Unobstructed Brain/Body Imaging Cocktails and Computational analysis 

D1-MSNs: Dopamine D1 receptor-expressing medium spiny neurons 

D2-MSNs: Dopamine D2 receptor-expressing medium spiny neurons 

DREADD: Designer receptors exclusively activated by designer drugs  

GABA: Gamma-amino butyric acid 

GFP: Green fluorescent protein 

hM3Dq: Human muscarinic receptor 3 DREADD subtype 

hM4Di: Human muscarinic receptor 4 DREADD subtype 

KC: keratinocyte-derived chemokines 

LAG-3: Lymphocyte-activation gene 3 

MCP-1: monocyte chemotactic protein-1 

MIG: monokine induced by gamma interferon 

MIP-2: macrophage inflammatory protein-2 

MSNs: Medium spiny neurons 

NAc: Nucleus accumbens 
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PD-1: Programmed cell death protein 1 

QOL: Quality of life 

TIM-3: T cell immunoglobulin and mucin domain-containing protein 3 

VTA: Ventral tegmental area 
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ŗʹ� 

 

Ȭ:+Żà 

� Ȭ:+1��ĳ̀0ɠɬƜ»=��1ɠɬƜ»�ˆ�A�BȔž.�˾�B��B

�1"C.¥$�Žʥ�(Żà0�Ų-©̖�+�)ḔȨȬį¢.?AĲɱ�C)

�B̟	�0?�.�Ȭ:�1ŽʥȰ-@3.ŻàȰƄÏ�@-Bʠ̄-©̖*�B

+�C)�A�țȒįȰ�ŭșȰ�B�1ɀ¢ȰʡĎ0Ţ̍Fò�B	ȨȬȔž�*

1��ı>^h�^�ț�B�+*ŻàǙɼ0§�Fŝ�ˆ�� 2-4	�0ŻàǙɼ0

§�1Ȭ:.Ľ�)%�*1-��ʃȭ0ĞŹâ-@3.ÀȦǙǔ.=Ţ̍Fî8��

Ÿɵ0 quality of life (QOL) Fʑ��§��!B�+�ʈŖ�Ċ̐+-')�B	 

 

�ɿːɫ dopamine Ʉɡɘ 

� �ɿːɫ dopamine Ʉɡ1�ʅ¹ʝʔˮ (ventral tegmental area: VTA) �@¹ĔǊ 

(nucleus accumbens: NAc) .ƌŀ�)�A��0 dopamine Ʉɡ1�ɀ�Ŵ�żųǨĲ�

įɳʬƂ�?3ŲŻà0ȯȗ.��)˭ʡ-ţÚFǅ$��+�Ƴ@�.-')�

B 5-11	9$�Ƹ˒*1��ɿːɫ dopamine Ʉɡ0ǮŴâ.?AɞʐŽǇ.Ľ�Bǡ

ʐªȜ-,0ÀȦǙɼ�û��B�+�ęĀ�C)�B 12	�@.�¾ʚȻɎ*1�

ȨȬȔž�.��)��ɿːɫ dopamine Ʉɡ0ɄɡǮà1§��)�A��ɿːɫ 

dopamine ɄɡǮàF�ȉȰ.ǮŴâ�B�+.?A§��$ȨȬ˸µ�ƹż.čŪ

�B�+=Ƴ@�.-')�B 12-14	 
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¹ĔǊ (nucleus accumbens: NAc) 

� ¹ĔǊ1�ʅ¹ʝʔˮ dopamine Ʉɡ0ƌŀ¾0�(*�A�ę˩�àǙ��ʚà

-,0ŻàǙɼFöBɿ̏ė*�B 15-17	�@.�˒œ0ęĀ.?B+�ȨȬȔž�

*1�¹ĔǊ5ÁÛ�BʋħŴ0Ʉɡ0ǮŴâ.?A�dopamine D2 òĸ©ýƹɄɡ

0ɄɡǮà��Ʋ�)�B�+�Ƴ@�.-')�B 18, 19	9$�¹ĔǊ1ʨÖįȰ

. shell ̏ė+ core ̏ė.Ï̒�C�shell ̏ė*1�ę˩>ĬŹ-,0ŻàǙɼ0

Óũ.ǵ�˷��B�Ʈ�core ̏ė1ę˩FŨB$<0ʚàÓũ.˷��B�+�ę

Ā�C)�B 20-24	 

  

¹ĔǊFǔƄ�BɄɡɞɻ̃ď 

¹ĔǊ̏ė.Įē�BɄɡɞɻ0ģ�1�GABA ýƹ0�ĖƹǎɄɡɞɻ*�A�

dopamine D1 òĸ©Fƹ�B dopamine D1-receptor-expressing medium spiny neurons 

(D1-MSNs) 9$1 dopamine D2 òĸ©Fƹ�B  dopamine D2-receptor-epxpressing 

medium spiny neurons (D2-MSNs) � 90 % ��Fé<)�B 25-28	D1-MSNs 1�ʌȰ

.àǙ��>˛àǙɼFǛ.Óũ�BǙɼFƹ�)�A�ȴƗȰ.�ɿ̏ė5+ƌŀ

�BȴƗˈ (direct pathway) FŠƄ�)�B 29-31	�Ʈ�D2-MSNs 1�˲̊ªȜ>Ĭ

Źßǅ0ȯȗ.˷��)�A��.ǴʓȘ5+ƌŀ��ǴʓȘ*\ju^F��)�

ɿ̏ė5+ƌŀ�B˶Ɨˈ (indirect pathway) FŠƄ�)�B 32,33	"0�0¹ĔǊ0

ǔƄɄɡɞɻ+�)�GABA ýƹ�ēɄɡ> choline acetyltransferase (ChAT) ˽Ŵ�

ēɄɡ�Įē�B 25	ChAT ˽Ŵ�ēɄɡ1�¹ĔǊ.Įē�B D1-MSNs > D2-

MSNs 5+Ɨɦ���ɵ0ɄɡǮàFʷƨ�BǙɼFƹ�)�B 34,35	 
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ɿ+ƼǍÀȦ˗˷ 

� �Ȫ1Ǥ�@�+��ʺ��B?�.�Č3>ŔɅŽ+�'$y]fJt-ŽŻF

Ž�)�BȔž1¸Ś.+')ʍ�Ţ̍Fî8��+�ȹ@C)�B	ŭ0ƒ&?�

��ƼǍɄɡɘ.ĥ�-Ţ̍F��B?�.��ǆɄɡɘ0Ǚɼ�ƼǍ0ÀȦǙǔ.

Ţ̍F��)�B+ɴ�@CB	Ƹ˒*1��G0ȯȫ�^U>�G0ĞŹâ+�ǆ

0ɄɡǮà+0˷˗Ŵ.(�)0ȻɎ�ʚECB?�.-A�ȓ.�ʤŖ�˥-�ĕ©

-Ùʁ0ɡˈ (HPA axis) �ƀŴȰ-^h�^>�(Ȕž.��)ǮŴâ�CB�+*�

Âˊ0ÀȦǙǔFƜ-���G0ȯț>˘ʚ.Ĺ��)�B+ɴ�@CB?�.-'

)�)�B 36-41	 
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ȳȰ� 

 

� ƽȻɎ*1�¿ˣ£įȰƉǫ-@3.ʖșˣ£įȰƉǫ.ŧ��¹ĔǊ0�Ėƹǎ

ɄɡɞɻF�ȉȰ.ǮàÓũ�$̀0ȨȬ�?3ƼǍÀȦǙǔ.Ľ�BŢ̍.(�

)ʨƳ�B�+FȳȰ+����0ʚàįȰǑʫFʚ'$	 

 

ɑ 1ɐ 

� ¹ĔǊ.Įē�B dopamine òĸ©ýƹɄɡ0ȨȬÓũ.Ľ�BŢ̍.(�)Ǒ

ʫ�BȳȰ*�¿ˣ£įȰƉǫ.ŧ��¹ĔǊ dopamine D1�?3 dopamine D2 ò

ĸ©ýƹɄɡ0ɄɡǮàFȓȥȰ.Óũ�$̀0Ʉɡ́ĶŴȨȬ.Ľ�BŢ̍.(

�)ʚàįȰʨǃFʚ'$	 

 

ɑ 2ɐ 

� ¹ĔǊ dopamine òĸ©ýƹɄɡ0�ȉȰǮŴÓũ.?Bʃȭɷĥ�?3ƼǍÀ

ȦǙǔ.Ľ�BŢ̍.(�)Ǒʫ�BȳȰ*�ʖșˣ£įȰƉǫFȜ���ȉȰ.¹

ĔǊ dopamine D1�?3 dopamine D2 òĸ©ýƹɄɡ0ɄɡǮàFÓũ�$̀0ƍ

ʃȭßǅ�?3ƼǍÀȦ.Ľ�BŢ̍.(�)ʨǃFʚ'$	 
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¶ș� 

 

� ƽȻɎF˙ʚ�B.�$A�ɇįȰ.1=+?A�àȒɅɂ0ʧȈ�@=ˠǛ-à

Ȓĳ̖0ĳƯF±��+FȳȰ+�)ʣĲ�C$ƴʖɇĥįàȒĳ̖ʣɊ.ŧ��ƽ

į0àȒĳ̖īć¢*ƊʳFŨ$��*�àȒ.Ľ�B¶ș̌FãÏ.ɴƁ�)àȒ

0¬ȜƧFƸŃ˺.�)�6)0ĳ̖Fʚ'$	9$�ɠƛ� DNA ĳ̖.(�)1�

ƴʖɇĥįɠƛ� DNA ĳ̖ıÂīć¢*ƊʳFŨ)ʚ'$	 
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ɑ 1ɐ 

 

¹ĔǊ dopamine D1�?3 dopamine D2 òĸ©ýƹɄɡ0ȓȥȰ

ǮŴÓũ.?BɄɡ́ĶŴȨȬ.��BŢ̍ 
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ɨʩ� 

� Ȭ:Ôȃ1ɽ̘F��)�ʚŴ.£˞�C�ȹʥ̏.��)Ȭ:Fʳʽ�B42	Ȭ

:0£˞ɡˈ0�ɥǊ.1�ŻàǙɼFöBƈǌ©>ŏȔč�Įē��"0̏ė.Ȭ

:\Vj��£˞�CB�+.?A�Ȭ:+ŽŻFɢ3(�)ʳʽ�B+ɴ�@CB	

9$��ɿːɫ dopamine Ʉɡ0ˆĪǊ*�Bʅ¹ʝʔˮ1�Ȭ:>ę˩ʚà�àǙ

��ʚà-,0őŕ�ǙɼFƹ�)�B7,10,43-46	şȻɎĴ0¾ʚȻɎ?A�ȨȬȔž

�.��)1¹ĔǊ5+ƌŀ�Bʅ¹ʝʔˮ dopamine Ʉɡ0ǮŴ�§��)�B

�+�Ƴ@�.-')�B14	9$�ʅ¹ʝʔˮ dopamine ɄɡF¿ˣ£įȰƉǫ.

ŧ')�ȓȥȰ.ǮŴâ�B�+*Ʉɡ́ĶŴȨȬ-@3.�GȨȬ.?BȨȬ˸µ

0§�Fƹż.čŪ�!B�+=ĳʮ�C)�B14	 

�Ʈ�¹ĔǊFǔƄ�BɄɡɞɻ1�90% ����ĖƹǎɄɡɞɻ (MSNs) +ă

2CB GABA ýƹɄɡɞɻ.?')é<@C)�A�ǟA0Ʉɡɞɻ1 GABA ý

ƹ0�ēɄɡ> choline acetyltransferase (ChAT) ˽Ŵ0�ēɄɡ�Įē�)�B25-28	

9$�¹ĔǊ.1 3 ɋ0�Ǌ (medial shell�lateral shell �?3 core) �Įē�)�

A�"C#C0�Ǌ*ģǕŴFƏ')�B+�C20-24�ȓ.�¹ĔǊ shell ̏ė.Įē

�B D2-MSNs 1ȨȬȔž�*ɄɡǮà��Ʋ�)�B�+�Ƴ@�.-')�B

18,19	(9AȨȬȔž�*1�¹ĔǊ.��) dopamine Ʉɡleh��U�Ǚɼ§

��)�B$<�"0ȚĝFơċ�B�+�˭ʡ+-B	 

�Ʈ�¹ĔǊ D1-MSNs +ȨȬ+0˷˗.(�)1ãÏ.1Ǒʫ�-�C)�-�

=00�̚ʖŴ˲Ȭʖ*�B}�pl0˲Ȭßǅ1�dopamine D1 òĸ©ˡƬʖ.?

AƋÓ�CB�+�@47�¹ĔǊ.Įē�B dopamine D1 �?3 D2 òĸ©ýƹɄ

ɡ+ȨȬ+0˷˗FʨƳ�B�+��ƭ$-ǩȮƮǫ0ƚ­.(-�B+ɴ�@CB	 
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"�*ƽȻɎ*1��ȉȰ.ɄɡǮàFƟª�BƉǫ*�B¿ˣ£įȰƉǫ.ŧ��

¹ĔǊ.Įē�B dopamine òĸ©ýƹɄɡ0�ȉȰǮŴÓũ�Ʉɡ́ĶŴȨȬ.

Ľ�)î8�Ţ̍.(�)Ǒʫ�$	 
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ĳ̖Ʈǫ�?3ĳ̖ƾƫ� 

ĳ̖àȒ 

� ĳ̖.1  C57BL/6J (ǁ�ĳ̖àȒ (ǉ )�ǁ� ) zL^�D1-cre (C57BL/6-

Drd1a<tm1(cre)>Phsh) zL^ (Cyagen Bioscience Inc., Santa Clara, CA, USA)�D2-cre 

(C57BL/6-Drd2<tm1(cre)>Phsh) zL^ (Cyagen Bioscience Inc.)�D1-tdTomato (B6.Cg-

Tg(Drd1a-tdTomato)6Calak/J) zL^ (The Jackson Laboratory, Bar Harbor, ME, USA)�

ChAT-cre (B6N.129S6(B6)-Chat<tm2(cre)Lowl>/J) zL^ (Jackson Laboratory) �?3 

D2-cre zL^+  LSL-tdTomato (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J)  z

L^ (The Jackson Laboratory) F�˧�Ǘɏ�$ D2-tdTomato zL^F¬Ȝ�$	z

L^1ŵǻŵǽ (24 ± 1 °C, 55 ± 5%) .)̔ɸ��ƳƷƿ¡1 8:00 ȈȎ�20:00 ǲȎ

0 12 Ƶ˶ZKU�+�$	-��Ɲ̕ (đŠ̔ƫ MF�P�N�c�˪Ǣŉǒ (ǉ)�

ǁ�) �?3̓ǥ (ǥ˝ǥ) 1ʉȞƝñ+�$	 

 

¬ȜʖȒ 

� ĳ̖.1�chloro-APB hydrobromide (Sigma-Aldrich, St. Louis, MO, USA) �?3 

quinpirole hydrobromide (Sigma-Aldrich) F¬Ȝ�$	�ʖȒ+=. saline .ǿʨ��

ȅřF 6 µg/µL .ʷƨ��0.5 µL F¹ĔǊ0�¹. microinjection �$	 
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Âɿ˕Ƴâǫ (CUBIC ǫ) 

Isoflurane (3% þÁ; ĻĠsJ�{ą¿ɚʖ (ǉ)�ĥ˹) .?BÂˊ̚˨��21G 0

Ǭŀ˰FȜ�) D1-tdTomato �?3 D2-tdTomato zL^0ŊŭĴ. 0.6% heparin 

(ƒȝʟʖ (ǉ)�ǁ�) Fý; 0.1 M phosphate-buffered saline (PBS) FǬÁ��õŭƆ

.ÐAˑ:FÁC)ɾʙ�!$	"0Ŧ�4% paraformaldehyde (PFA; ĻĠsJ�{ą

¿ɚʖ (ǉ)) Fý; 0.1 M phosphate buffer (PB, pH7.4) .?AÂˊȇǯđĲFʚ'$	

ÂɿFƞÎ��4% PFA Fý; 0.1 M PB .?AŦđĲF 18-24 Ƶ˶ʚ'$	"0Ŧ�

PBS *ǭǰŦ (>2 hr x 3)�2 ´Ŏˬ�$ CUBIC-L (ǁ�âƄŉǒ(ǉ)�ǁ�) .Ǳ��

8 Ƶ˶��ƔȲ (60 rpm, RT) ��ɲƱ (Day 2) ?Aëǳ0 CUBIC-L .ɮƛ��ƔȲ 

(60 rpm, RT) �$	Day 3�Day 4 -@3. Day 6 .��)�ƭ�� CUBIC-L.ɮƛ

��ƔȲ (60 rpm, Day 3-5: RT�Day6: 37℃) Fʚ��Day 7 . PBS .)ǭǰFʚ'$

Ŧ�ɲƱ (Day 8) .� 2 ´Ŏˬ�$ CUBIC-R+ (ǁ�âƄŉǒ(ǉ)) 5 ml .Ǳ��ƔȲ 

(60 rpm, RT) �$	Day 9 .�ëǳ0 CUBIC-R+ .ɮƛ��ƔȲ (60 rpm, RT)Fʚ��

Z�u�Fªʟ�$	Ƞ¼ñŨ1�UltraMicroscope II (Zoom body configuration) (Miltenyi 

Biotec B.V. & Co. KG, Bergisch Gladbach, DEU) FȜ�)ʚ�� 3 ǚ½K|�]�VȠ

¼0ʨǃ1�Imaris (Oxford Instruments, Abingdon, UK) .?Aʚ'$	 

 

ÀȦɠɬɇįȰǇʎǫ 

Isoflurane (3% þÁ; ĻĠsJ�{ą¿ɚʖ (ǉ)) .?BÂˊ̚˨��21G 0Ǭŀ

˰FȜ�) D1-tdTomato �?3 D2-tdTomato zL^F 4% PFA (ĻĠsJ�{ą¿

ɚʖ (ǉ)) Fý; 0.1 M PB (pH7.4) .?AÂˊȇǯđĲFʚ'$	ÂɿFƞÎ��
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4% PFA Fý; 0.1 M PB .?AŦđĲFʚ'$Ŧ�20-30% ^U��^ (ĻĠsJ�

{ą¿ɚʖ) FȜ�)Ëɢ²ʾFʚ'$	ɿÐΩF O.C.T. compound (Tissue Tek; 

Sakura Fine Technical, ǁ�) FȜ�)Ëɢ�!$	Ëɢ�!$ÐΩ1U�KP^ce

h (Leica CM1510; Leica Microsystems, Heidelberg, Germany) .)ê� 10-20 µm .ʕ

Ð��poly-L-lysine Y�hâ^�KiR�^.ˁ�Ŧ�Ĵǻ�ȏ�!$	ɿÐΩF 

0.2% TritonTM-100 (Sigma-Aldrich) �?3 3% ǛŐLzʙǸ (normal horse serum, NHS; 

Vector Laboratories, Inc., CA, USA) Fý; 0.01 M PBS FȜ�) 1 Ƶ˶t�eS�V

�$Ŧ�100 ´Ŏˬ�$ ƍ ChAT ƍ© (goat polyclonal; Millipore, MA, USA) FȀ�

��4 � * 48 Ƶ˶K�S�v�h�$	"0Ŧ�0.01 M PBS *ǭǰ��0.2% triton 

�?3 3% NHS * 400 ´Ŏˬ�$ Alexa® 488 ǖʽƍ�n IgG ~Tƍ© (Thermo 

Fischer Scientific) FƧȀÜ��Ĵǻ*ˡ¿�-�@ 2 Ƶ˶K�S�v�h�$	ªʟ

�$Z�u�1�ʘ¿ľÁ× (Dako, Glostrup, Denmark) FȜ�)ľÁ�$	9$�Ƞ

¼0ñŨ1�ǛɏĖʘ¿̑Ŭ˳ (BX-53; Olympus, ǁ�) FȜ�)�ʘ¿��̙ Žřg

]c� CCD Q|� (MD-695; Molecular Devices, San Jose, CA, USA) .?Aʚ'$	

Ƞ¼ʨǃ1�Metamorph (Molecular Devices) F¬Ȝ�$	 

 

¿ˣ£įȰƉǫ.ŧ'$�ȉȰɄɡɞɻǮŴÓũ 

� Cre ɠ:ƛ�˪ɜ®ĮȰ.¿ŽòŴòĸ©*�B channelrhodopsin-2 (ChR2) �B

�1 archaerhodopsin T (ArchT) 0ȯȗ�ʴł�CB?�.ʭʪ�C$Y�^h�U

hFɠ:ˑG%Igm˾¤LK�^vUc� (AAV5-FLEX-ChR2-mCherry�AAV5-

FLEX-ArchT-GFP) F isoflurane (3% þÁ; ĻĠsJ�{ą¿ɚʖ (ǉ)) ̚˨��ɿĲ

¦đĲʞɮ (RWD Life Science, San Diego, CA, USA) .đĲ�$ D1-cre zL^�?
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3 D2-cre zL^0¹ĔǊ core ̏ė (AP: +1.4 mm, ML: ±1.5 mm, DV: -3.6 mm, angle 

10°) .zKU�\��]y�uFȜ�)ǬÁ (0.25 µL/min, 1 µL) �$	9$�¹ĔǊ 

lateral shell (AP: +1.0 mm, ML: ±1.8 mm, DV: -4.9 mm, angle 0°)�medial shell ̏ė (AP: 

+1.5 mm, ML: ±0.5 mm, DV: -4.7 mm, angle 0°) �?3 core ̏ė (AP: +1.4 mm, ML: 

±0.9 mm, DV: -4.0 mm, angle 0°) . Nanoject � (Drummond Scientific ) FȜ�)ǬÁ 

(1 nL/sec, 300 nL) �$	"0Ŧ�RKiQk��� (sHKn�Qk����; Eicom 

(ǉ)��˦) FzL^0¹ĔǊ core ̏ė (AP: +1.4 mm, ML: ±1.5 mm, DV: -3.1 mm, 

angle 10°)�lateral shell ̏ė (AP: +1.0 mm, ML: ±1.8 mm, DV: -4,4 mm, angle 0°)� medial 

shell ̏ė (AP: +1.5 mm, ML: ±1.4 mm, DV: -4.2 mm, angle 10°) �?3 VTA ̏ė (AP: 

-3.1 mm, ML: ±1.3 mm, DV: -4.2 mm, angle 10°) FƕÁ�$Ŧ�¿ÔȃȜ��[� (Lucir 

(ǉ)) .Ɨɦ�$	ChR2 .Ľ�B¿Ôȃ1�̉ʎ¿ (473 nm, 30 Hz, 5 msec, 8 pulses 

every 5 sec) F 30 Ï˶Ȍŀ�$	ArchT .Ľ�B¿Ôȃ1 589 nm 0̛ʎ¿F 30 Ï

˶Ȍŀ�$	9$�ʖȒƌ�0$<0 peek Qk��� (EIM-54: Eicom) FzL^0

¹ĔǊ lateral shell ̏ė (AP: +1.0 mm, ML: ±1.8 mm, DV: -4,9 mm, angle 0°)�medial 

shell ̏ė (AP: +1.5 mm, ML: ±1.4 mm, DV: -4,7 mm, angle 10°) .Ȣɮ�$	 

 

̈ǤțșįȰƉǫ 

¹ĔǊFý;ÇȔɿÐΩ (250µm) Fqt�h�{ (VT-1200 S, Leica Biosystems, 

Wetzlar, Germany) FȜ�)ªʟ��ǦÉÐƬǳ.1 222.1 mM sucrose, 2.5mM KCl, 1 

mM CaCl2, 7 mM MgSO4, 1.4 mM NaH2PO4, 27 mM NaHCO3 �?3 0.5 mM I^Y�

q�˫Fý;ǿǳF¬Ȝ�$	ɿÐΩ1�128 mM NaCl, 3 mM KCl, 2 mM CaCl2, 2 mM 

MgCl2, 1.25 mM NaH2PO4, 24 mM NaHCO3, 10 mM V�Y�^Fý;˫ɜǷÜ�ŉɿ
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ɽ̘ǳ�*Ĵǻ.)ń-�+= 1 Ƶ˶čŪ�!$	¹ĔǊ.Įē�BɄɡɞɻ0ʘ

¿1�40x ǥǱĽȒ��_+ sCMOS Q|� (Zyla 5.5 sCMOS; Andor Technology, 

Belfast UK) FȜ�$Ǜɏʘ¿̑Ŭ˳ (ECLIPSE FN1; Nikon, Tokyo, Japan) .?AǑÎ

�$	ChR2-mCherry �?3 ArchT-GFP F"C#Cȯȗ�B D1- �?3 D2- òĸ

©ýƹɄɡɞɻ�@�Multiclamp 700B Amplifier (Molecular Devices, Sunnyvale, CA, 

USA) FȜ�) whole-cell patch-clamp recording Fʚ'$	ʬ˱̈Ǔ1�120 mM V�

Y�˫Q�L{�10 mM KCl�10mM HEPES�10 mM x^xU�Id�-Na2�4 mM 

Mg2ATP�0.3 mM Na3GTP�0.2 mM EGTA (pH7.3) �?3 Biocytin (0.2%) 0ǿǳFǾ

$�$xLWK˫R�^rweh (4-6M�) FȜ�$	g�c1 pCLAMP 10 software 

(Molecular Devices) *²Į�$	ChR2 �?3 ArchT 1�̑ Ŭ˳0¿įy�h�@Ȍ

ŀ�CB  450-495 nm �?3  540-600 nm 0¿  (XLED1; Excelitas Technologies, 

Waltham, MA, USA) *"C#CÞˆ�$	ʬ˱Ŧ�ÇȔɿÐΩF 4% PFA * 4 �đ

Ĳ��24 Ƶ˶Ŧ.^h�uhIq]�ɢø Alexa Fluor-350 (1:2,000; S11249, Thermo 

Fisher Scientific, Waltham, MA, USA) *K�S�v�h�)ʬ˱ɞɻ0úĲFʚ'$	 

 

Ʉɡ́ĶŴȨȬ}g�0ªʟ 

Isoflurane (3%�þÁ; ĻĠsJ�{ą¿ɚʖ) .?B̚˨��Seltzer @0ƮǫFű

Ȝ��8-0 0ɤɗ ((ǉ) ĢȳʟªƇ�ǁ�) FȜ�)zL^õŦɶ0Ĕ̗ɄɡFäā

%�Şđ.ɢɝ�B�+.?Aªʟ�$48	 
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ȍÔȃ.Ľ�BȬʥ˜Ƥðű0ǼĲ 

ȍÔȃ.Ľ�BȬʥ˜Ƥðű1�ǛŐàȒ.��)ŦɶFˉ/˼�B9*0ðűȂ

Ƶ�ə  9-11 Ɉ.-B?�.ȍÔȃFʷɔ�$ˇŘȍÔȃʞɮ  (UGO-BASILE 

Biological research apparatus, VA, Italy) FȜ�)ǼĲ�$	-��ǼĲ1Ĕ̗Ʉɡɢɝ

Õ�?3ɢɝ 7 Ʊȳ.ʚ��©˭ɉà-,.?BŦɶ0à�1ʯ¯�-�'$	ʖ

Ȓƌ�.?B˲Ȭßǅ0ǼĲ1�Ʉɡ́ĶŴȨȬ}g�ªʟŦ�10 Ʊȳ (Chloro-APB)�

11 Ʊȳ (quinpirole) .ʚ'$	ʖȒƌ�Õ.ȨȬ˸µ� pre µ.ƅ')�B�+F

ȼʳ�$Ŧ�ǼĲFʚ'$	 

 

ɣʪʨǃ 

� ɣʪįȰƹżŋǑĲ1�ɭA˓�0�B 2 ɰ˶0ǣˌ.��)1��½˧ɮÏƦ

ÏǃŦ.�Bonferroni post-hoc test .ŧ��ʨǃFʚ'$	 �6)0ɣʪʨǃ1�Prism 

version 8.0 (GraphPad software, La Jolla, CA, USA) FȜ�)ʨǃFʚ'$	 
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ɢǅ� 

¹ĔǊ.��B dopamine D1/D2 òĸ©˽ŴɄɡɞɻ0ȯȗÏōʨǃ 

� ¹ĔǊ.��B dopamine D1/D2 òĸ©˽ŴɄɡɞɻ0ȯȗÏōFȼʳ�BȳȰ

*�x £ĭơġàȒFȜ�)Ƞ¼ʨǃFʚ'$	1�<.�dopamine D1/D2 òĸ©˽

ŴɞɻȓȥȰ.ʘ¿c�oU˄*�B tdTomato �ȯȗ�Bˣ£ĭơġàȒ*�B 

D1-tdTomato �?3 D2-tdTomato zL^0¹ĔǊ̏ė.��B dopamine D1/D2 ò

ĸ©˽Ŵɞɻ0ȯȗÏōFȼʳ�$	"0ɢǅ�¹ĔǊ0 lateral shell�medial shell �

?3 core ̏ė.��) dopamine D1/D2 òĸ©˽Ŵɞɻ0̙ĺř-Ïō�ʳ<@C

$ (Figure 1a)	 

 

Dopamine òĸ©ÔȃʖF¹ĔǊ.ņƇƌ��$̀0Ʉɡ́ĶŴȨȬ.Ľ�BŢ̍ 

ɦ�)�dopamine D1 òĸ©ˢƎȰÔȃʖ�?3 D2 òĸ©ˢƎȰÔȃʖF¹ĔǊ

.ņƇƌ��$̀0Ʉɡ́ĶŴȨȬ.Ľ�BŢ̍.(�)ǑʫFʚ'$	Dopamine 

D1 òĸ©ˢƎȰÔȃʖ*�B chloro-APB F¹ĔǊ lateral shell �?3 medial shell 

.Ŭ˯ǬÁ�$+�D��̏ė.��)Ʉɡ́ĶŴȨȬ.?A§��$ȨȬ˸µ0ƹ

ż-čŪ�ʳ<@C$ (Figure 1b-i, ii, $$$p < 0.001 vs. saline ligation ipsilateral paw)	9

$�dopamine D2 òĸ©ˢƎȰÔȃʖ*�B quinpirole .(�)=úǕ0ǑʫFʚ'

$+�D�lateral shell �?3 medial shell �̏ė.��)�ƹż-ȨȬ˸µ0čŪ�

ʳ<@C$ (Figure 1c-i, ii, $$p < 0.01, $$$p < 0.001 vs. saline ligation ipsilateral paw)	 
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¿ˣ£įȰƉǫFȜ�$ dopamine D1 òĸ©ýƹɄɡ0ȓȥȰǮŴâ.?BɄɡ

́ĶŴȨȬ.Ľ�BŢ̍ 

ǚ.�dopamine D1 òĸ©ˣ£ĭu�}�c�0�ǯ. cre ˪ɜ�ȯȗ�B?�ª

ʟ�C$ D1-cre zL^0¹ĔǊ̏ė. AAV-FLEX-ChR2-mCherry 0Y�^h�U

hFƹ�BIgm˾¤LK�^vUc�F medial shell, lateral shell �?3 core ̏ė

5+Ŭ˯ǬÁ�$ (Figure 2a, b)	ChR2 �Ǚɼ�)�B�+Fȼʳ�BȳȰ*�̉ʎ

¿FȌŀ�$̀0Ǯà̈¦0ǼĲF̈ǤțșįȰƉǫ.ŧ')Ǒʫ�$ɢǅ�̉ ʎ¿

0Ȍŀ.?AɄɡǮà0�Ʋ�ʳ<@C$ (Figure 2c)	�C@0̏ė.Įē�B 

dopamine D1 òĸ©ýƹɄɡ0ȓȥȰ-ǮŴâ�Ʉɡ́ĶŴȨȬ.î8�Ţ̍.(

�)Ǒʫ�$	"0ɢǅ�¹ĔǊ medial shell, lateral shell �?3 core ̏ė.Įē�

B dopamine D1 òĸ©ýƹɄɡ0ȓȥȰ-ǮŴâ.?')�Ʉɡ́ĶŴȨȬ.?A

§��$ȨȬ˸µFƹż.čŪ�B�+�Ƴ@�+-'$ (Figure 2d-f, $$$p < 0.001 vs. 

Wild-type/ChR2 ligation ipsilateral paw)	 

 

¿ˣ£įȰƉǫFȜ�$ dopamine D2 òĸ©ýƹɄɡ0ȓȥȰƋÓ.?BɄɡ́Ķ

ŴȨȬ.Ľ�BŢ̍ 

Dopamine D2 òĸ©ˣ£ĭu�}�c�0�ǯ. cre ˪ɜ�ȯȗ�B?�ªʟ�

C$ D2-cre zL^0¹ĔǊ̏ė. AAV-FLEX-ArchT-GFP 0Y�^h�UhFƹ

�BIgm˾¤LK�^vUc�F medial shell�lateral shell �?3 core ̏ė.Ŭ˯

ǬÁ�$ (Figure 3a, b)	ArchT �Ǚɼ�)�B�+Fȼʳ�BȳȰ*�̛ʎ¿FȌŀ

�$̀0Ǯà̈¦0ǼĲF̈ǤțșįȰƉǫ.ŧ')Ǒʫ�$ɢǅ�̛ ʎ¿0Ȍŀ.

?AɄɡǮà0ƋÓ�ʳ<@C$ (Figure 3c)	¹ĔǊ0"C#C0�Ǌ.Įē�B 
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dopamine D2 òĸ©ýƹɄɡ0ȓȥȰ-ƋÓÓũ�Ʉɡ́ĶŴȨȬ.î8�Ţ̍.

(�)Ǒʫ�$	"0ɢǅ�¹ĔǊ medial shell�lateral shell �?3 core "C#C0

̏ė.Įē�B dopamine D2 òĸ©ýƹɄɡ0ȓȥȰ-ƋÓ.?')�Ʉɡ́ĶŴ

ȨȬ.?A§��$ȨȬ˸µFƹż.čŪ�B�+�Ƴ@�+-'$ (Figure 3d-f, 

$$$p < 0.001 vs. Wild-type/ArchT ligation ipsilateral paw)	 

 

ʅ¹ʝʔˮ5+ƌŀ�B¹ĔǊ dopamine D1 òĸ©ýƹɄɡ0ȓȥȰǮŴâ.?B

Ʉɡ́ĶŴȨȬ50Ţ̍ 

D1-tdTomato zL^�?3  D2-tdTomato zL^FȜ�)�Clear, Unobstructed 

Brain/Body Imaging Cocktails and Computational analysis (CUBIC) ǫ.ŧ��dopamine 

D1/D2 òĸ©˽Ŵɞɻ0ɿÅÏō.(�)ʨǃ�$+�D�¹ĔǊ-@3.ɩƿ©̏

ė.̙ĺř.Įē�)�B�+�Ƴ@�.-'$ (Figure 4a-i, iii)	�@.�¹ĔǊ.

Įē�B dopamine D1 òĸ©˽ŴɄɡɞɻ1�ɿ̏ė5+ƌŀ�B�Ʈ (Figure 4a-

ii)�dopamine D2 òĸ©˽ŴɄɡɞɻ1�ɿ̏ė50ƌŀ1ʳ<@C-�'$ (Figure 

4a-iv)	��0ɢǅ?A�¹ĔǊ dopamine D1 òĸ©ýƹɄɡ1ʅ¹ʝʔˮ̏ė5+

ƌŀ�)�A��0Ʉɡleh��U�¹ĔǊ-ʅ¹ʝʔˮ-¹ĔǊ+�'$Ʉɡčˈ

FǛ.Óũ��ȨȬÓũ.˷��)�BóɼŴ�ɴ�@CB	"�*�ʅ¹ʝʔˮ5

+ƌŀ�B¹ĔǊ dopamine D1 òĸ©ýƹɄɡ0:FȓȥȰ.ǮŴâ�$̀0Ʉɡ

́ĶŴȨȬ.î8�Ţ̍.(�)ǑʫFʚ'$	9 �¹ĔǊ core ̏ė. AAV-Flex-

ChR2-mCherry Fƒ(Igm˾¤LK�^vUc�FŬ˯ǬÁ��D1-cre/ChR2 zL

^Fªʟ�$ (Figure 4b)	�0zL^0ʅ¹ʝʔˮ̏ėF¿Ôȃ�B�+*�¹ĔǊ

�@ƌŀFò�B dopamine D1 òĸ©ýƹɄɡFȓȥȰ.ǮŴâ�$+�D�Ʉɡ
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́ĶŴȨȬ.?BȨȬ˸µ0§�1ƹż.čŪ�$ (Figure 4c, $$$p < 0.001 vs. Wild-

type/ChR2 ligation ipsilateral paw)	 

 

¹ĔǊ ChAT ˽Ŵ�ēɄɡ0ȓȥȰǮŴÓũ�ȨȬ˸µ.î8�Ţ̍ 

¹ĔǊ.Įē�B ChAT ˽Ŵ�ēɄɡ0Ïō.(�)ÀţɠɬâįȰǇʎǫ.ŧ

��ǑʫFʚ'$+�D�ChAT ˽ŴɄɡɞɻ1¹ĔǊ0 medial shell ̏ėF�ŭ.

Ïō�)�B�+�Ƴ@�+-'$ (Figure 4d)	ChAT ˽Ŵ�ēɄɡ1 D1-MSNs > 

D2-MSNs 5+Ɨɦ�)�B�+�ęĀ�C)�B$<�D1-tdTomato zL^+ D2-

tdTomato zL^FȜ�)�ChAT ˽Ŵ�ēɄɡ+  dopamine D1 òĸ©9$1 

dopamine D2 òĸ©˽Ŵɞɻ0ÏōFÀȦɠɬâįȰǇʎǫ.ŧ��ȼʳ�$	"0

ɢǅ�ChAT ˽Ŵ�ēɄɡ0āĐ. dopamine D1 �?3 D2 òĸ©ýƹɄɡ�Įē

�)�B�+�ȼʳ�C$ (Figure 4e, f)	ɦ�)�¹ĔǊ.Įē�B ChAT ˽Ŵ�ē

Ʉɡ0ǮŴÓũ.?A�Ʉɡ́ĶŴȨȬ.Ţ̍Fî8��ü�.(�)Ǒʫ�BȳȰ

*�ChAT-cre zL^0¹ĔǊ medial shell ̏ė. AAV-Flex-ArchT-GFP 0Y�^h�

UhFƒ(Igm˾¤LK�^vUc�FŬ˯ǬÁ�B�+*�ChAT-cre/ArchT zL

^Fªʟ�$ (Figure 4g)	�0zL^0 medial shell ̏ė.¿ȌŀF�B�+*�¹

ĔǊ.Įē�B ChAT ˽Ŵ�ēɄɡFƋÓ�$̀0Ʉɡ́ĶŴȨȬ.Ľ�BȨȬ˸

µ0ǼĲFʚ'$	"0ɢǅ�ChAT ˽Ŵ�ēɄɡ0ȓȥȰ-ǮŴÓũ.?A�Ʉɡ

́ĶŴȨȬ.?BȨȬ˸µ0§�Fƹż.čŪ�!B�+�Ƴ@�+-'$ (Figure 

4h, $$$p < 0.001 vs. Wild-type/ArchT ligation ipsilateral paw)	 
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Figure 1  

Brain mapping of dopamine D1 and D2 receptor-positive neurons 

(a) The distribution of D1 receptor-expressing (a-i) and D2 receptor-expressing (a-ii) neurons in the NAcLat and NAcMed. Scale bars = 100 µm. (b) Latency 

in the response to thermal stimulation under a neuropathic pain-like state by administration of the selective dopamine D1 receptor agonist Chloro-APB into 

the NAcMed (b-i) and NAcLat (b-ii). Data are presented as the mean ± S.E.M. of 5-6 animals. ***p < 0.001 vs. saline ligation contralateral paw; #p < 0.05, 

###p < 0.001 vs. Chloro-APB ligation contralateral paw; $$$p < 0.001 vs. saline ligation ipsilateral paw. (c) Latency in the response to thermal stimulation 

under a neuropathic pain-like state by the administration of the selective dopamine D2 receptor agonist quinpirole into the NAcMed (c-i) and NAcLat (c-ii). 

Data are presented as the mean ± S.E.M. of 5-6 animals. **p < 0.01, ***p < 0.001 vs. saline ligation contralateral paw; ##p < 0.01, ###p < 0.001 vs. quinpirole 

ligation contralateral paw; $$p < 0.01, $$$p < 0.001 vs. saline ligation ipsilateral paw.  

 Mol Brain 15:10. (2022) ���� 
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Figure 2 

Effect of optical stimulation of D1-receptor-expressing neurons in the NAc on neuropathic pain  

(a) Schematic showing that AAV-Flex-ChR2-mCherry was microinjected into the NAc of D1-cre mice. (b) Experimental timeline. (c) Biocytin-stained ChR2-

mCherry-expressing neurons in a D1-cre mouse (upper) and representative current-clamp trace from a nucleus accumbens neuron expressing ChR2 showing 

action potentials in response to photoactivation (blue line) (lower). (d-f) Effects of optical stimulation of D1-receptor-expressing neurons in the NAcMed, 

NAcLat and NAcCo in mice. Latency in the response to thermal stimulation under a neuropathic pain-like state by optical stimulation of the NAcMed (d), 

NAcLat (e) and NAcCo (f) in Wild-type/ChR2 and D1-cre/ChR2 mice. Data are presented as the mean ± S.E.M. of 5-6 animals. ***p < 0.001 vs. Wild-

type/ChR2 ligation contralateral paw; ###p < 0.001 vs. D1-cre/ChR2 ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ChR2 ligation ipsilateral paw. 

Mol Brain 15:10. (2022) ���� 
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Figure 3  

Effect of optical suppression of D2-receptor-expressing neurons in the NAc on neuropathic pain  

(a) Schematic showing that AAV-Flex-ArchT-GFP was microinjected into the NAc of D2-cre mice. (b) Experimental timeline. (c) Examples of biocytin-

stained ArchT-GFP-expressing neurons in a D2R-cre mouse (upper) and representative current-clamp trace from a NAc neuron expressing ArchT showing 

reliable suppression of the firing of neurons during photostimulation (orange line) (lower). (d-f) Effects of optical suppression of D2-receptor-expressing 

neurons in the NAcMed, NAcLat and NAcCo in mice. Latency in the response to thermal stimulation under a neuropathic pain-like state by optical stimulation 

of the NAcMed (d), NAcLat (e) and NAcCo (f) in Wild-type/ArchT and D2-cre/ArchT mice. Data are presented as the mean ± S.E.M. of 5-6 animals. ***p < 

0.001 vs. Wild-type/ArchT ligation contralateral paw; ###p < 0.001 vs. D2-cre/ArchT ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ArchT ligation 

ipsilateral paw. 

Mol Brain 15:10. (2022) ���� 
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Figure 4 

Effect of optical stimulation of D1-receptor-expressing neurons in the NAc projecting to the VTA and optical inhibition of cholinergic neurons in the 

NAc on neuropathic pain  

(a) Whole-brain imaging of D1 and D2 receptor-positive neurons in D1-tdTomato and D2-tdTomato mice, respectively. Fluorescent histochemical observation 

of D1 receptor-expressing neurons (a-i, ii) or D2 receptor-expressing neurons (a-iii, iv) using CUBIC. Images were acquired from horizontal (a-i, a-iii) and 

sagittal (a-ii, a-iv) sections. (b) Schematic showing that AAV-Flex-ChR2-mCherry was microinjected into the NAcCo of D1-cre mice. Scale bar = 1000 µm. 

(c) Effects of optical stimulation of D1-receptor-expressing neurons projecting to the VTA. Latency in the response to thermal stimulation under a neuropathic 

pain-like state by optical stimulation of the VTA in Wild-type/ChR2 and D1-cre/ChR2 mice. Data are presented as the mean ± S.E.M. of 5 animals. ***p < 

0.001 vs. Wild-type/ChR2 ligation contralateral paw; ###p < 0.001 vs. D1-cre/ChR2 ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ChR2 ligation 

ipsilateral paw. (d) Immunohistochemical staining images showing choline acetyltransferase (ChAT)-positive neuron in the NAc. Scale bar = 200 µm.(e, f) 

The images showing ChAT (green) and dopamine D1 receptor (red) (e) or dopamine D2 receptor (red) (f). Scale bar = 25 µm. (g) Schematic showing that 

AAV-Flex-ArchT-GFP was microinjected into the NAcMed of D1-cre mice. (h) Effects of the optical suppression of ChAT+ neurons in the NAcMed. Latency 

in the response to thermal stimulation under a neuropathic pain-like state by optical suppression of ChAT+ neurons in Wild-type/ArchT and ChAT-cre/ArchT 

mice. Data are presented as the mean ± S.E.M. of 4-5 animals. ***p < 0.001 vs. Wild-type/ArchT ligation contralateral paw; ###p < 0.001 vs. ChAT-cre/ArchT 

ligation contralateral paw; $$$p < 0.001 vs. Wild-type/ArchT ligation ipsilateral paw. 

Mol Brain 15:10. (2022) ���� 
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ɴļ� 

� ƽȻɎ*1�¿ˣ£įȰƉǫ.ŧ��¹ĔǊ dopamine òĸ©ýƹɄɡ0ɄɡǮŴ

F�ȉȰ.Óũ�$̀0ȨȬ˸µ.Ľ�BŢ̍.(�)ǑʫFʚ'$	9 �¹ĔǊ

.��B dopamine D1 �?3 D2 òĸ©˽Ŵɞɻ0ÏōF dopamine D1 �?3 D2 

òĸ©˽ŴɞɻȓȥȰ.ʘ¿c�oU˄Fȯȗ�B D1-tdTomato zL^�?3 D2-

tdTomato zL^FȜ�)ȼʳ�$	"0ɢǅ�¹ĔǊ0�Ǌ*�B medial shell�lateral 

shell -@3. core ̏ė.��)�dopamine D1 -@3. D2 òĸ©˽Ŵɞɻ�̙ĺ

ř.Ïō�)�B�+Fȼʳ�$	ɦ�)�dopamine D1 �?3 D2 òĸ©ýƹɄɡ

0�ȉȰ-ǮŴÓũ�ȨȬ˸µ.î8�Ţ̍.(�)ǑʫFʚ'$	D1-cre 9$1 

D2-cre zL^FȜ�)�cre-loxP system .?A�¿ŽòŴòĸ©*�B ChR2 9$

1 ArchT F cre ˪ɜ®ĮȰ.ȯȗ�B?�ªʟ�C$Igm˾¤LK�^vUc

�F¹ĔǊ0  3 ɋ0�Ǌ5+Ŭ˯ǬÁ�B�+*�D1-cre/ChR2 �?3  D2-

cre/ArchT zL^Fªʟ�$	"0Ŧ�dopamine D1 òĸ©ýƹɄɡF�ȉȰ.ǮŴ

â�$+�D�Ʉɡ́ĶŴȨȬ.?A§��$ȨȬ˸µ1ƹż.čŪ�$	9$�

dopamine D2 òĸ©ýƹɄɡ0ǮŴFƋÓ�$̀0Ʉɡ́ĶŴȨȬ.î8�Ţ̍.

(�)Ǒʫ�$+�D�ƹż-ȨȬ˸µ0čŪ�ʳ<@C$	�C@0ɢǅ?A�¹

ĔǊ dopamine D1 òĸ©ýƹɄɡ0ÔȃªȜ+ D2 òĸ©ýƹɄɡ0ƋÓªȜ.?

A�ȨȬFÓũ�B�+�Ƴ@�+-'$	9$����$ÓũǙǔ��Ȫ1Ǥ�@

+�'$Żà.?BȨȬÓũǙǔ0�˥.˷��)�B�+�ƘǼ�CB	 

� ¹ĔǊ dopamine D1 òĸ©ýƹɄɡ1�ȴƗˈFŠƄ�BɄɡɞɻ*�A�"0

ǮŴâ.?A˶ƗȰ.ʅ¹ʝʔˮ  dopamine ɄɡFǮŴâ��¹ĔǊ.��B 

dopamine 0˚̅˯FĞÜ�B	�0Ʉɡleh��U0ɥɦȰ-ǮŴâ��ȨȬF

Óũ�BǙǔ0̟(*�B+ɴ�@CB	"�*�ʅ¹ʝʔˮ5+ƌŀ�B¹ĔǊ 
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dopamine D1 òĸ©ýƹɄɡ0:FȓȥȰ.ǮŴâ�$̀0�Ʉɡ́ĶŴȨȬ.Ľ�

BŢ̍.(�)Ǒʫ�$	"0ɢǅ�ʅ¹ʝʔˮ5+ƌŀ�B¹ĔǊ dopamine D1 ò

ĸ©ýƹɄɡ0ȓȥȰ-ǮŴâ.?A�Ʉɡ́ĶŴȨȬ.?A§��$ȨȬ˸µ1ƹ

ż.čŪ�$	���$ɢǅ�@�dopamine D1 òĸ©0ǮŴâ.?A�ʅ¹ʝʔˮ 

dopamine Ʉɡ�ǮŴâ��¹ĔǊ*˚̅�$ dopamine � dopamine D1 �?3 D2 

òĸ©5+ɢø�B�+*�ȨȬ˸µ�ƹż.čŪ�B+ɴ�@CB	"0$<��

0ÆȚȰ- feed forward leh��U�ȨȬY�h���.˭ʡ*�BóɼŴ�Ⱦ

Ĉ�C$	 

ƸŦ.�¹ĔǊ0ǔƄɄɡɞɻ*�B ChAT ˽Ŵ�ēɄɡ.ȷȳ��ȨȬ+0˷˗

Ŵ.(�)ǑʫFʚ'$	ChAT ˽Ŵ�ēɄɡ1�D1-MSNs > D2-MSNs 5+Ɨɦ

��"0ɄɡǮàFʷɔ�)�B�+�ęĀ�C)�B 34,35	D1-MSNs .1{^Q�

�ŴI`d�Y�� M4 òĸ©�ȯȗ�)�A�D2-MSNs .1{^Q��ŴI`d

�Y�� M1 òĸ©�"C#Cȯȗ�)�B 35,49	"0$<�ChAT ˽Ŵ�ēɄɡ�

@I`d�Y���˚̅�CB+�dopamine D1 òĸ©ýƹɄɡ1ƋÓ�C�

dopamine D2 òĸ©ýƹɄɡ1ǮŴâ�B?�.ʷɔ�CB	9$�¹ĔǊ ChAT ˽

Ŵ�ēɄɡ1ʅ¹ʝʔˮ GABA Ʉɡ�@0ƌŀFò�)�A�GABA Ʉɡ0ǮŴâ

.?A�ChAT ˽Ŵ�ēɄɡ�ƋÓ�CB�+*ę˩ʚàFȾ��+�ęĀ�C)�

B 50	"�*ƽȻɎ*1�¹ĔǊ ChAT ˽Ŵ�ēɄɡ0ɄɡǮà0�ȉȰ-ƋÓÓũ

�Ʉɡ́ĶŴȨȬ.î8�Ţ̍.(�)Ǒʫ�$	"0ɢǅ�ChAT ˽Ŵ�ēɄɡF

ȓȥȰ.ƋÓ�B�+*�Ʉɡ́ĶŴȨȬ.?A§��$ȨȬ˸µ1ƹż.čŪ�B

�+�Ƴ@�+-'$	�˔�$?�.�ChAT ˽Ŵ�ēɄɡ0ɄɡǮàFƋÓ�B

�+*�dopamine D1 �?3 D2 òĸ©ýƹɄɡ.Ľ�BI`d�Y��0˚̅�Ƌ

Ó�CB$<�dopamine D1 òĸ©ýƹɄɡ1ǮŴâ��dopamine D2 òĸ©ýƹɄ
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ɡ1ƋÓ�CB	�C1ÅēŴ0 dopamine �ªȜ�$Ƶ+úǕ0țșȔžFªAÎ

��+.-B$<�ȨȬ˸µ0čŪ�ʳ<@C$+ɴ�@CB	 

��0ɢǅ?A�¹ĔǊ1ȨȬFÓũ�BţÚFƹ�)�A�dopamine D1 òĸ©

ýƹɄɡ0ǮŴâ�?3 dopamine D2 òĸ©ýƹɄɡ0ƋÓªȜ�ȨȬ˸µ0Óũ

.˭ʡ*�B�+�ȾĈ�C$	ƽȻɎ.?A dopamine òĸ©0áƑȰ-ʷɔ.?

ĂǩŴȩŸ*�BɄɡ́ĶŴȨȬ0ɪą�ʴł�CB�+�Ƴ@�+-A��ɿː

ɫ dopamine Ʉɡ+"C.Ɨɦ�BɄɡleh��U0ǙɼčŪ�ƭ$-ǩȮc�

Xeh+-AŨBóɼŴ�Ş�ȾĈ�C$	 
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ɑ 2ɐ 

 

¹ĔǊ dopamine òĸ©ýƹɄɡ0�ȉȰǮŴÓũ.¤�ʃȭɷ

ĥ�?3ƼǍÀȦǙǔ.��BŢ̍ 
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ɨʩ� 

�G1�Ǖ
-ZKhQK�>Ƅ˴Ďĭ0˚̅.?AÀȦǙǔ.ĥ�-Ţ̍F���

ġĸ�$ÀȦǙǔ��@-Bʃȭ0ɷĥâFŝ�ˆ��ŹūȚFŠƄ�B	9$��

G.ɯŸ�$+���ĳ�Ÿɵ0ɖɄȰ¹̌.Ţ̍Fî8���ı>�(-,0Żà

́ĶF«ȯ�B�+��B	���$Żà́Ķ.?A�ɿǙɼ1Ţ̍Fò��˟ŭŴ

.ÂˊÀȦǙɼ1Ţ̍Fò�BóɼŴ��B	�0?�-ɺƶ�@��ǆŴ9$1˟

ŭȰ-ÀȦɘ0�ʚŴʷɔªȜF?Aǵ�ʨƳ�B�+.?A��GǩȮ0$<0ƭ

��u�ehsO�{Fƚ­�B�+�óɼ*�B+ɴ�@CB	 

�Ʈ�dopamine 1ɿÅ0�ʡ-Ʉɡ£˞Ȓ˄0̟(*�A�ːɫ̏ė50 

dopamine 0ƣÎ1�˛àǙɼ>ę˩0ʷɔF1�<+�$Ǖ
-țșǙɼFÓũ�

)�B7,10,43-46	���$ģǕ-țșǙɼ�@�dopamine Ʉɡ0Ǚɼ́Ķ1��ı>^

h�^-,0ŻàǙɼ́Ķ��B�1o�S�a�Ȫ+�'$ɄɡġŴȩŸ0Ȫž.

˷��)�B	9$�˒œ0ęĀ*1�ʅ¹ʝʔˮ dopamine Ʉɡ0ǮŴâ1�ÀȦ

ɞɻ0ǙɼFÓũ��ʃȭ0ɷĥâFƋÓ�BóɼŴ�ƚĉ�C)�B12	�@.�

ʅ¹ʝʔˮ dopamine Ʉɡ0ǮŴâ1��ŽɄɡF��$ɞʐŽǇ.Ľ�BǡʐªȜ

-,0ÀȦűɒF˃Ǯâ�B�+=Ƴ@�.�C)�B13,51	 

�ɿːɫ dopamine Ʉɡ0ƌŀ¾*�B¹ĔǊ.1��ĖƹǎɄɡɞɻ (Medium 

Spiny Neurons: MSNs) �Įē�)�A�"C@1 dopamine D1 òĸ©9$1 D2 ò

ĸ©Fȯȗ�B D1-MSNs =��1 D2-MSNs 0 2 ɋ̒.ĥÒ�CB25-28	�˔�

$?�.��ɿːɫ dopamine Ʉɡ0ǮŴâ�ÂˊŴ0ÀȦǙɼFÓũ�)�B�+

1Ƴ@�+-')�B��¹ĔǊ.Įē�B dopamine D1 �?3 D2 òĸ©ýƹɄ

ɡ.?BÀȦǙǔ.Ľ�BÓũǙǔ1Ǟ,Ƴ@�+�C)�-�	"�*ƽȻɎ*1�

ʖșˣ£įȰƉǫ*�B DREADD system Fŧ���ȉȰ.¹ĔǊ dopamine òĸ©
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ýƹɄɡ0ɄɡǮàF�ȉȰ.Óũ�$̀0ƍʃȭßǅ�?3ƼǍÀȦǙǔ0ʨǃ

Fʰ:$	 
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ĳ̖Ʈǫ�?3ĳ̖ƾƫ� 

ĳ̖àȒ 

� ĳ̖.1  C57BL/6N zL^  (ƱƽU�I  (ǉ )�ǁ� )�D1-cre (C57BL/6-

Drd1a<tm1(cre)>Phsh) (Cyagen Bioscience Inc., Santa Clara, CA, USA) zL^�?3 D2-

cre (C57BL/6-Drd2<tm1(cre)>Phsh) (Cyagen Bioscience Inc.) zL^F¬Ȝ�$	zL^

1ŵǻŵǽ (24 ± 1 °C, 55 ± 5%) .) ̔ɸ��ƳƷƿ¡1 8:00 ȈȎ�20:00 ǲȎ0 

12 Ƶ˶ZKU�+�$	-��Ɲ̕ (đŠ̔ƫ MF�P�N�c�˪Ǣŉǒ (ǉ)�ǁ

�) �?3̓ǥ (ǥ˝ǥ) 1ʉȞƝñ+�$	 

 

ʖșˣ£įȰƉǫ.ŧ'$�ȉȰɄɡɞɻǮŴÓũ 

� ph synapsin ˣ£ĭu�}�c�0ȴ�. human muscarinic receptor 3 (hM3Dq) 

�?3 human muscarinic receptor 4 (hM4Di) + mCherry 0ʠøˣ£ĭFƕÁ�$ 

AAV vUc� (AAV-hSyn-hM3Dq-mCherry�AAV-hSyn-hM4Di-mCherry) F¬Ȝ�$	

9$�÷ AAV vUc�0Û¯F"C#C hM3Dq: 5 × 1012 or 9 × 1012 copies/mL�

hM4Di: 4×1012 or 3 × 1012 copies/mL .ʷʟ�$	Isoflurane (3%, þÁ) .?BÂˊ̚˨

��ɿĲ¦đĲʞɮ (RWD Life Science, San Diego, CA, USA) .đĲ�$ D1-cre �?

3 D2-cre zL^0¹ĔǊ core ̏ė (AP: +1.4 mm, ML: ±1.5 mm, DV: -3.6 mm, angle 

10°) .zKU�\��]y�uFȜ�)ǬÁ (0.25 µL/min, 4 min) �$	9$�¹Ĕ

Ǌ lateral shell ̏ė (AP +1.0 mm, ML ±1.8 mm, DV -4.9 mm, angle 0°) �?3 medial 

shell ̏ė (AP +1.5 mm, ML ±0.5 mm, DV -4.7 mm, angle 0°) .1 Nanoject � FȜ�

)ǬÁ (300 nL/side) ��¹ĔǊ D1-MSN �?3 D2-MSN ȓȥȰ. hM3Dq 9$1 
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hM4Di Fȯȗ�!$	hM3Dq �?3 hM4Di 0Ôȃ.1�clozapine N-oxide (CNO: 

Abcam plc., Cambridge, UK) 0ʅʂÅƌ� (3 mg/kg, t.i.d.) Fʚ'$	 

 

̈ǤțșįȰƉǫ�

¹ĔǊFý;ÇȔɿÐΩ (250 µm) Fqt�h�{ (VT-1200S, Leica Biosystems, 

Wetzlar, Germany) *ªʟ�$	ǦÉÐƬǳ.1 222.1 mM^U��^, 2.5 mM KCl, 1 

mM CaCl2, 7 mM MgSO4, 1.4 mM NaH2PO4, 27 mM NaHCO3 �?3 0.5 mM I^Y�q

�˫Fý;ǿǳF¬Ȝ�$	ªʟ�$ÇȔɿÐΩ1�128 mM NaCl, 3 mM KCl, 2 mM 

CaCl2, 2 mM MgCl2, 1.25 mM NaH2PO4, 24 mM NaHCO3, 10 mM V�Y�^Fý;˫ɜ

ǷÜ�ŉɿɽ̘ǳ�.Ĵǻ*ń-�+= 1Ƶ˶čŪ�!$	ʘ¿0ǑÎ.1�40x ǥ

ǱĽȒ��_+ sCMOS Q|� (Zyla 5.5 sCMOS; Andor Technology, Belfast UK) FȜ

�$Ǜɏʘ¿̑Ŭ˳ (ECLIPSE FN1; Nikon, Tokyo, Japan) F¬Ȝ�$	Whole-cell 

patch-clamp recording 1�Multiclamp 700B Amplifier (Molecular Devices, Sunnyvale, CA, 

USA) FȜ�)�hM3Dq-mCherry �?3 hM4Di-mCherry ˽Ŵɞɻ�@"C#Cʚ'

$	ʬ˱̈Ǔ1xLWK˫R�^rweh (4-6 MΩ) FȜ�)�120 mM V�Y�˫

Q�L{�10 mM KCl�10 mM HEPES�4 mM x^xU�Id�-Na2�4 mM Mg2ATP�

0.3 mM Na3GTP�0.2 mM EGTA�0.04 mM Alexa Fluor-488 hydrazide dye (pH7.3) Fý;

ǿǳF¬Ȝ�$	g�c1 pCLAMP 10 ashLMI (Molecular Devices) FȜ�)

²Į�$	hM3Dq �?3 hM4Di òĸ©FǮŴâ�B$<. CNO (3µM) Fȇǯǳ

�.ǷÜ�$	ʬ˱Ŧ ɿ̞ÐΩF 4% PFA *đĲ� P̞rolong Diamond Antifade Reagent 

(Thermo Fisher Scientific, Inc. Waltham, MA, USA) FȜ�)ľÁ�$	Ƞ¼0ñŨ.1�

40×/0.96 NA ĽȒ��_Fʞº�$ÄȋȈ��[�˅ǈ̑Ŭ˳ (FV3000; Olympus, 
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Tokyo, Japan) FȜ�)��˗0 z ^ceUȠ¼ (0.6 µm ˶˿* 3.6 µm ê) �@�

Alexa Fluor 488 .(�)1 488 nm�mCherry .(�)1 561 nm *ʘ¿ 2 ǚ½Ƞ¼

FñŨ�$	 

 

�GɉǐzL^0ªʟ-@3.ʃȭĞǠʰ̖ 

zL^Ȟǀɹ�Gɞɻǉ*�B Lewis lung carcinoma (LLC) ɞɻF¬Ȝ�$	ɞɻ

1h�u\�Íș.?AØ̅��ɞɻƧFQL�h�$	"0Ŧ�extracellular matrix 

(ECM) gel (Sigma-Aldrich Co., MO, USA) + Hanks’ balanced salt solution (HBSS) 0Ƕ

øǿǳ (ratio 3:1) .?A 2 x 106 cells/0.5 mL/mouse .ʷƨ��isoflurane (3%, þÁ) ̚

˨�*�zL^0õʄɺ˥.ȱ�ɉǐ�$	ɉǐŦ�˿Ʊ.mT^FȜ�)ʃȭZK

_0ǼĲFʚ'$	ʃȭ0˴Ť (L) +ȺŤ (W) FǼĲ��ʪɓŜ (L x W2)/2 ?Aʃ

ȭ©ɍFɓÎ�$	 

 

Flow cytometry FȜ�$ʀʇÀȦɞɻ0ʨǃ 

Isoflurane (3%, þÁ) ̚˨��zL^�@ʀʇɠɬFƞÎ�$	ƞÎŦ�PBS FÜ

��homogenate ��|e\�Ť 100 µm 0`�^h��j��?3jK��|e\

�.˕˜�!�ɞɻÌ̃ěF˼í��single cell suspension Fʷƨ�$	"0Ŧ�Ĝâ

I�}kL{ǿʙ×.?Aǿʙ˼í��ə 6 x 106 cells/tube .-B?�.ɞɻƃȄǳ

FÏñ�$	ɞɻFƍ CD16/32 ƍ© (BD Bioscience, Inc.) .?At�eS�VFʚ

-'$Ŧ�÷ɞɻʆʜ̌ƍëƍ©FȜ�)ȳȰÀȦɞɻ0ǖʽFʚ-'$ (Table 1)	



 35 

ǖʽŦ�propidium iodide (PI) .?A�ǝɞɻFǇʎŦ�BD FACS AriaTM � Cell sorter 

(BD Bioscience, Inc.) .?A÷ɋÀȦɞɻ0ʨǃ�?3ÏñFʚ'$	 

 

ɣʪʨǃ 

� ɣʪįȰƹżŋǑĲ1�2 ɰ˶.��Bǣˌ*1�Mann whitney test FȜ��3 ɰ

˶��0ǣˌ.��)1��½˧ɮÏƦÏǃŦ.�Bonferroni post-hoc test .ŧ�ʨǃ

Fʚ��ɭA˓�0�B 2 ɰ˶0ǣˌ.��)1��½˧ɮÏƦÏǃŦ.�Bonferroni 

post-hoc test .ŧ�ʨǃFʚ'$	9$�ȵ˷ʨǃ1�rIa�0ɍȖȵ˷°ƧǑĲ

FȜ�)ʚ'$	�6)0ɣʪʨǃ1�Prism version 8.0̜GraphPad software, La Jolla, 

CA, USA̝FȜ�)ʨǃFʚ'$	 
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Table 1. Antibodies for fluorescence-activated cell sorting (FACS) 
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ɢǅ� 

 

¹ĔǊ dopamine òĸ©ýƹɄɡ0ǮŴâ.?BʃȭĞǠ.��BŢ̍ 

� ¹ĔǊ.Įē�B dopamine D1 òĸ©ýƹɄɡ0�ȉȰ-ɄɡǮà0Óũ.?A�

ʃȭĞǠ0ƋÓ�ŝ�ˆ��CB�ü�.(�)Ǒʫ�BȳȰ*�AAV-Flex-hM3Dq-

mCherry �?3 AAV-Flex-hM4Di-mCherry F D1-cre �?3 D2-cre zL^0¹Ĕ

Ǌ medial shell ̏ė.ņƇŬ˯ǬÁ��D1-cre/hM3Dq �?3 D2-cre/hM4Di zL^

Fªʟ�$ (Figure 1a, b)	�C@0òĸ©�Ǚɼ�)�B�+Fȼʳ�BȳȰ*��

òĸ©FˢƎȰ.ǮŴâ�BǕ.ʴł©â�C$ CNO FÍɮ�$̀0Ǯà̈¦F

̈ǤțșįȰƉǫ.ŧ��ǑʫFʚ'$	"0ɢǅ�hM3Dq �ŽǇ�$ dopamine D1 

òĸ©ýƹɄɡ*1Ǯà̈¦0�Ʋ�ʳ<@C�hM4Di �ŽǇ�$ dopamine D2 ò

ĸ©ýƹɄɡ*1ɄɡǮà0ƋÓ�ȼʳ�C$ (Figure 1c, d)	�C@0zL^FȜ��

¹ĔǊ  medial shell .Įē�B  dopamine D1 òĸ©ýƹɄɡ0ǮŴâ�?3 

dopamine D2 òĸ©ýƹɄɡ0ƒɦȰ-ƋÓ�ʃȭĞǠ.��BŢ̍.(�)Ǒʫ

Fʚ�ȳȰ*�zL^0õʄɺ˥. LLC ɞɻFȱ�ɉǐ��ɡƱȰ-ʃȭ©ɍ0ġ

â.(�)ʨǃFʚ'$	"0ɢǅ�medial shell .Įē�B dopamine D1 òĸ©ý

ƹɄɡ0ƒɦȰ-ǮŴâ.?AĽȌɰ+ǣˌ�)�ʑƳ�(ƹż-ʃȭ©ɍ0ƋÓ 

(Figure 1e-i, ***p<0.001 vs. D1-WT/hM3Dq) -@3.ʃȭ˭˯0ǹń�ʳ<@C$ 

(Figure 1e-ii, **p<0.01 vs. D1-WT/hM3Dq)	�Ʈ�¹ĔǊ medial shell  .Įē�B 

dopamine D2 òĸ©ýƹɄɡ0ɄɡǮàFȓȥȰ�(ƒɦȰ.ƋÓ�$ƿ¡.��

)1�ʃȭ©ɍ�?3ʃȭ˭˯.Ľ�BŢ̍1ʳ<@C-�'$ (Figure 1f)	�@.�

medial shell +úǕ.�lateral shell �?3 core ̏ė.Įē�B dopamine D1 òĸ©

ýƹɄɡ0ǮŴâ.?Bƍʃȭßǅ0ƹȊ.(�)ǑʫFʚ'$ɢǅ�¹ĔǊ lateral 
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shell �?3 core .��B dopamine D1 òĸ©ýƹɄɡ0ƒɦȰ-ǮŴâ.?Aƹ

ż-ʃȭ©ɍ0ǹń�ʳ<@C$  (Figure 2a, b, ,**p<0.01, ***p<0.001 vs. D1-

WT/hM3Dq)	�Ʈ�lateral shell �?3 core ̏ė0 dopamine D2 òĸ©ýƹɄɡ0

ȓȥȰƋÓ.?Aʃȭ©ɍ.Ľ�BŢ̍1ʳ<@C-�'$ (Figure 2c, d)	 

 

Dopamine D1 òĸ©ýƹɄɡ0ȓȥȰǮŴâ.?BʀʇÀȦɞɻ.Ľ�BŢ̍ 

ǚ.�¹ĔǊ medial shell 0 dopamine D1 òĸ©ýƹɄɡFǮŴâ�$ƿ¡.�

�BʀʇÀȦɞɻ0˯ȰʨǃF fluorescence-activated cell sorting (FACS) FȜ�)ʚ

'$	"0ɢǅ�medial shell 0 dopamine D1 òĸ©ýƹɄɡFƒɦȰ.ǮŴâ�$

+�D�ĽȌɰ+ǣˌ�)�ʀʇ��oȘ.��B CD4+ T ɞɻ�NK ɞɻ�NKT ɞ

ɻ�ĩ�Ș�B�1zU�sH�]0˯Ȱġâ1ʳ<@C-�'$=00�CD8+ T ɞ

ɻƧ0ƹż-ĞÜ�ʳ<@C$ (Figure 3b, *p<0.05 vs. D1-WT/hM3Dq)	úǕ.�¹Ĕ

Ǌ medial shell .Įē�B dopamine D2 òĸ©ýƹɄɡFƒɦȰ.ƋÓ�$̀0ʀ

ʇÀȦɞɻ0˯Ȱġâ.(�)=ǑʫFʚ'$	"0ɢǅ�ĽȌɰ+ǣˌ�)�¹Ĕ

Ǌ medial shell .ņē�B dopamine D2 òĸ©ýƹɄɡ0ƒɦȰ-ƋÓ.?A�

CD4+ T ɞɻ�CD8+ T ɞɻ�NK ɞɻ�NKT ɞɻ�ĩ�Ș�?3zU�sH�].

˯Ȱ-ġâ1ʳ<@C-�'$ (Figure 4b-e)	 

 

Dopamine D1 òĸ©ýƹɄɡ0ȓȥȰǮŴâ.?B CD8+ T cell 0ǙɼȰʨǃ 

¹ĔǊ medial shell .Įē�B dopamine D1 òĸ©ýƹɄɡ0ȓȥȰ�(ƒɦȰ

.ǮŴâ�$̀0 CD8+ T ɞɻ0Ǚɼġĸ.ȷȳ��ÀȦdMeUyK�h˷˗ƋÓ

Ŵòĸ©+�)ȹ@C)�B  programmed cell death protein 1 (PD-1)�T cell 

immunoglobulin and mucin domain-containing protein 3 (TIM-3) �?3  lymphocyte-
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activation gene 3 (LAG-3) 0ȯȗ.(�)ʨǃFʰ:$	"0ɢǅ�¹ĔǊ medial shell 

.Įē�B dopamine D1 òĸ©ýƹɄɡ0ƒɦȰǮŴâ.?A�ĽȌɰ+ǣˌ�)�

ʀʇɠɬ*0 CD8+ T ɞɻ.��B TIM-3 �?3 LAG-3 0ƹż-ȯȗ§��ʳ<

@C$ (Figure 5a, d, *p<0.05 vs. D1-WT/hM3Dq)	9$�"C#C0ɞɻɰ.��B 

PD-1 0ȯȗ.(�)=ÜĂ�)��@-BǑʫFʚ'$+�D�TIM-3+ PD-1+ CD8+ 

T ɞɻƧ�?3 LAG-3+ PD-1+ CD8+ T ɞɻƧ0ƹż-ǹń�ʳ<@C$ (Figure 5b, 

e, *p<0.05, **p<0.01 vs. D1-WT/hM3Dq)	9$�ÀȦdMeUyK�h˷˗ƋÓŴòĸ

©0ȯȗ+ʃȭ©ɍ+0˶.ȵ˷˷°�ʳ<@CB�ü�.(�)ǑʫFʚ'$+

�D�ʃȭ©ɍ+ TIM-3+ PD-1+ CD8+ T ɞɻƧ9$1 LAG-3+ PD-1+ CD8+ T ɞɻƧ

+0˶.ƹż-ȵ˷˷°�ʳ<@C$ (Figure 5c, f)	 
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Figure 1 

Effect of pharmacogenetic activation of D1-receptor-expressing neurons in the medial shell of the nucleus accumbens on tumor growth. 

(a) Schematic diagram showing experimental design. The D1-WT or D1-Cre mice was microinjected with hM3Dq into the medial shell of the nucleus 

accumbens. Two weeks after the microinjection, mice were transplanted by LLC cells and administered repeatedly by CNO (3 mg/kg, i.p., t.i.d.). (b) 

Experimental timeline. (c, d) Confocal images of Alexa® 488 hydrazide-stained D1-hM3Dq-mCherry positive neurons (c) or D2-hM4Di-mCherry 

positive neurons (d). Scale Bar = 10µm. Current-clamp traces of D1-hM3Dq-positive (c) and D2-hM4Di-positive (d) neurons by CNO treatment in 

the nucleus accumbens. (e) Suppression of the increases in tumor volume (e-i, Two-way repeated measures ANOVA with post-hoc Bonferroni test, 

***p < 0.001 vs D1-WT/hM3Dq) and tumor weight (e-ii, Mann-Whitney test, **p < 0.01 vs D1-WT/hM3Dq) by concomitant stimulation of D1-

receptor-expressing neurons through activation of hM3Dq in the medial shell of the nucleus accumbens of D1-Cre mice following repeated 

administration of CNO (3 mg/kg, i.p., t.i.d.) in comparison to those of D1-WT mice. (f) Effects of concomitant inhibition of D2-MSNs through 

stimulation of hM4Di in the medial shell of the nucleus accumbens of D2-cre mice by repeated administration of CNO (3 mg/kg, i.p., t.i.d.) on tumor 

volume (f-i) and tumor weight (f-ii) in comparison to those in D2-WT mice. Each point represents the mean ± S.E.M. of 4-6 animals. 

Mol Brain. (2022) in press ?Aˋˍ 
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  Figure 2 

Effect of pharmacogenetic activation of D1-receptor-expressing neurons in the lateral shell or core of the nucleus accumbens on tumor 

growth. 

(a, b) Suppression on the tumor volume by concomitant stimulation of D1-receptor-expressing neurons through activation of hM3Dq in the lateral 

shell (a) or core (b) of the nucleus accumbens of D1-Cre mice by repeated administration of CNO (3 mg/kg, i.p., t.i.d.) in comparison of those of 

D1-WT mice (Two-way repeated measures ANOVA with post-hoc Bonferroni test, **p < 0.01, ***p < 0.001 vs. D1-WT/hM3Dq). (c, d) Effects of 

concomitant inhibition of D2-receptor-expressing neurons through stimulation of hM4Di in the lateral shell (c) or core (d) of the nucleus accumbens 

of D2-cre mice by repeated administration of CNO (3 mg/kg, i.p., t.i.d.) on tumor volume in comparison to those in D2-WT mice. Each point 

represents the mean ± S.E.M. of 4-11 animals.  
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Figure 3 

Effect of pharmacogenetic activation of D1-receptor-expressing neurons in the medial shell of the nucleus accumbens on the systemic 

immune response. 

(a) Schematic diagram of the experimental design. The D1-WT or D1-Cre mice was microinjected with hM3Dq into the medial shell of the nucleus 

accumbens. Two weeks after the microinjection, mice were transplanted by LLC cells and administered repeatedly by CNO (3 mg/kg, i.p., t.i.d.). 

Fifteen days after LCC transplantation and CNO administration, the spleen was harvested from these mice and homogenized to make a single-cell 

suspension followed by flow cytometry to analyze the immune cells in the spleen. (b-e) Representative flow cytometric plots (left panel) and 

quantitative evaluation of the number (right panel) of CD4+ T and CD8+ T cells (b), NK and NKT cells (c), neutrophil (d) and macrophages (e) 

derived from the spleen of D1-WT/hM3Dq and D1-Cre/hM3Dq mice bearing LLC after repeated administration of CNO. Each data point represents 

the mean ± S.E.M. of 6 samples (Mann-Whitney test, *p < 0.05 vs D1-WT/hM3Dq).  

Mol Brain. (2022) in press ?Aˋˍ 
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Figure 4 

Effect of pharmacogenetic suppression of D2-receptor-expressing neurons in the medial shell of the nucleus accumbens on the systemic 

immune response. 

(a) Schematic diagram showing experimental design. The D2-WT or D2-Cre mice was microinjected with hM4Di into the medial shell of the nucleus 

accumbens.  Two weeks after the microinjection, mice were transplanted by LLC cells and administered repeatedly by CNO (3 mg/kg, i.p., t.i.d.), 

Fifteen days after LCC transplantation and CNO administration, the spleen was harvested from these mice and homogenized to make a single-cell 

suspension followed by flow cytometry to analyze the immune cells in the spleen. (b-e) Representative flow cytometric plots (left panel) and 

quantitative evaluation of the number (right panel) of CD4+ T and CD8+ T cells (b), NK and NKT cells (c), neutrophil (d) and macrophages (e) 

derived from the spleen of D2-WT/hM4Di and D2-Cre/hM4Di mice bearing LLC after repeated administration of CNO, which were microinjected 

with hM4Di. Each data point represents the mean ± S.E.M. of 4 samples. 
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Figure 5 

Effect of pharmacogenetic activation of D1-receptor-expressing neurons in the medial shell of the nucleus accumbens on the state of 

exhaustion of CD8+ T cells 

 (a, b) Effects of activation of D1-receptor-expressing neurons by hM3Dq in the medial shell of the nucleus accumbens of D1-cre mice with hM3Dq 

by repeated administration of CNO on TIM-3+ (a) and TIM-3+ PD-1+ (b) levels of CD8+ T cells in the spleen 15 days after LLC transplantation 

(Mann-Whitney test, *p < 0.05 vs. D1-WT/hM3Dq). (c) Relationship between the tumor volume and percentage of TIM-3+ PD-1+ in CD8+ T cells 

from the spleen of D1-WT and D1-Cre mice with hM3Dq, which had been implanted with LLC, after activation of D1-receptor-expressing neurons 

in the medial shell of the nucleus accumbens (Pearson's correlation coefficient test, r2 = 0.6030, p = 0.0030). (d, e) Effects of activation of D1-

receptor-expressing neurons in the medial shell of the nucleus accumbens of D1-cre mice with hM3Dq by repeated administration of CNO on LAG-

3+ (d) and LAG-3+ PD-1+ (e) levels of CD8+ T cells in the spleen 15 days after LLC transplantation (Mann-Whitney test, *p < 0.05, **p < 0.01 vs. 

D1-WT/hM3Dq). (f) Relationship between tumor volume and the percentage of LAG-3+ PD-1+ in CD8+ T cells from the spleen of D1-WT and D1-

Cre mice with hM3Dq, which had been implanted with LLC, after activation of D1-receptor-expressing neurons in the medial shell of the nucleus 

accumbens by repeated administration of CNO (Pearson's correlation coefficient test, r2 = 0.6833, p = 0.0009). Each point represents the mean ± 

S.E.M. of 6 samples. 

Mol Brain. (2022) in press ?Aˋˍ 

 

 



 45 


ɴļ� 

 

ƽȻɎ*1�DREADD system FȜ�)�¹ĔǊ.Įē�B dopamine òĸ©ýƹ

Ʉɡ0ɄɡǮàFÓũ�$̀0ʃȭɷĥ.Ľ�BŢ̍�?3ƼǍÀȦǙǔ0ʨǃF

ʰ:$	9 �¹ĔǊ dopamine D1 òĸ©ýƹɄɡ0ǮŴâ.?Bʃȭɷĥ.Ľ�

BŢ̍.(�)Ǒʫ�$ɢǅ�¹ĔǊ medial shell�lateral shell �?3 core ̏ė0 

dopamine D1 òĸ©ýƹɄɡ0ȓȥȰ�(ƒɦȰ-ǮŴâ.?A�ƹż-ʃȭ©ɍ0

ƋÓ�ʳ<@C$	�Ʈ�¹ĔǊ  medial shell�lateral shell �?3  core ̏ė0 

dopamine D2 òĸ©ýƹɄɡ0ƒɦȰ-ƋÓ*1�ʃȭ©ɍ.Ţ̍Fî8�-��+

�Ƴ@�+-'$	 

ǚ.�̑ʑ-ʃȭɷĥ0ƋÓªȜ�ʳ<@C$ medial shell 0 D1-MSNs FǮŴâ
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