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amTTH2K2Mi�H 6B;m`2b

d CaMKIIα-ChR2 in S1 of Sq. R e AAV5–CaMKIIα-C1V1 in Parietal Cortex of Sq. L f AAV5–CaMKIIα–SSFO in S1 of Sq. U

g AAV5–CaMKIIα–eArch3.0 in S1 of SqU h AAV5–CaMKIIα–eNpHR3.0 in S1 of Sq. L i AAV5–hSyn–ChR2 in M1 of Sq. T

j AAV5–hSyn–eNpHR3.0 in S1 of Sq. B k AAV5–hThy1–ChR2 in M1 of Sq. I
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amTTX 6B;m`2 R, G�`;2` pB2rb Q7 b[mB``2H KQMF2v QTbBM 2tT`2bbBQM T�M2HX G�`;2` pB2rb Q7 i?2 `2T@
`2b2Mi�iBp2 ?BbiQHQ;v 7Q` }`bi 3 QTbBMb b?QrM BM 6B;m`2 RX am#T�M2H H2ii2`BM; +Q``2bTQM/b
iQ H2ii2`BM; BM 6B;m`2 RX oB`�H +QMbi`m+i- bm#D2+i- �M/ #`�BM `2;BQM �`2 �b BM/B+�i2/X q?Bi2
b[m�`2b BM/B+�i2 i?2 800µm `2;BQM T`2b2Mi2/ BM 6B;m`2 RX
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YFP GFAP YFP GFAP

200 μm

Injection Tract

amTTX 6B;m`2 k, JBMBK�H ;HBQbBb r�b Q#b2`p2/ BM i?2 pB+BMBiv Q7 BMD2+iBQM bBi2bX ai`QM; 2tT`2bbBQM
Q7 ��o8@?avM@*?_kU>Rj9_V@1u6S U;`22MV BM G27i JR +Q`i2t Q7 a[X 1 r�b Q#b2`p2/
M2�` i?2 BMD2+iBQM i`�+FX :HB�H }#`BHH�`v �+B/B+ T`Qi2BM U:6�S- #Hm2V r�b Q#b2`p2/ QMHv
BM i?2 BKK2/B�i2 pB+BMBiv Q7 i?2 BMD2+iBQM i`�+F- BM/B+�iBM; i?�i i?2 T`2b2M+2 Q7 `2�+iBp2
�bi`Q+vi2b �M/ i?2 7Q`K�iBQM Q7 ;HB�H b+�`b r�b +QM}M2/ iQ 8y µK 7`QK i?2 BMD2+iBQM bBi2X
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500 μm

NeuN DAPI NeuNDAPI

1 mm

NeuN DAPI NeuNDAPI

Injection tract
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amTTX 6B;m`2 j, L2m`QM�H +2HH /2�i? 7QHHQrBM; BMD2+iBQM Q7 Gh@>aoX .m�H BMD2+iBQM Q7 Gh@>ao@
16Rα@*`2 BMiQ JR �M/ ��o8@?avM@.AP@1u6S BMiQ SJ/ Q7 a[X _ �b � T`QD2+iBQM
i�`;2iBM; bi`�i2;v +�mb2/ +2HH /2�i? BM JR �`QmM/ i?2 BMD2+iBQM bBi2X LQ 2tT`2bbBQM Q7
1u6S r�b Q#b2`p2/ BM SJ/X U�V Ryt Qp2`pB2r Q7 JR BMD2+iBQM bBi2X U#V kyt xQQK Q7
M2m`QM�H +2HH /2�i?X
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From Electrode
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amTTX 6B;m`2 9, _2�H@iBK2 TQ`i�#H2 QTiB+�H biBKmH�iBQM �M/ 2H2+i`QT?vbBQHQ;v +�`iX a+?2K�iB+
Q7 BMi2;`�i2/ /2pB+2b �M/ +QMM2+iBpBiv U�V �M/ T?QiQ;`�T? U#VX h?Bb +�`i 2M�#H2/ KmHiB@
r�p2H2M;i? QTiB+�H biBKmH�iBQM �M/ HQr@MQBb2 2H2+i`B+�H `2+Q`/BM; rBi?BM �M QT2`�iBM;
`QQK b2iiBM; BM �M2bi?2iBx2/ b[mB``2H KQMF2vbX
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amTTX 6B;m`2 8, AMi2`@bTBF2 BMi2`p�H ?BbiQ;`�K �M/ }`BM;@`�i2 Q7 HB;?i@`2bTQMbBp2 T`2bmK2/
*?_k@2tT`2bbBM; mMBi BM a[X SX h?Bb mMBi- �HbQ /2TB+i2/ BM 6B;m`2 8� r�b `2+Q`/2/ BM
H27i JR +Q`i2t BM a[X S r?B+? r�b BMD2+i2/ rBi? ��o8@?avM@*?_kU>Rj9_V@1u6SX U�V
AMi2`@bTBF2 BMi2`p�H UAaAV ?BbiQ;`�K 7Q` +QK#BM2/ bTQMi�M2Qmb �M/ HB;?i@2pQF2/ bTBF2bX
q2 MQi2 i?�i /m2 iQ 2ti`2K2Hv HQr bTQMi�M2Qmb }`BM; `�i2b mM/2` BbQ~mQ`�M2 �M2bi?2bB�-
i?2 AaA ?BbiQ;`�K 7Q` bTQMi�M2Qmb bTBF2b Bb M2�` x2`Q /m2 iQ i?2 `�`Biv Q7 T�B`b Q7 bTBF2b
rBi?BM j8 KbX U#V h`B�H@�p2`�;2/ biBKmH�iBQM QMb2i@�HB;M2/ bKQQi?2/ }`BM; `�i2 /m`BM;
2�+? T�ii2`M Q7 biBKmH�iBQMX SmHb2 i`�BMb r2`2 Ryyy Kb BM /m`�iBQMc +QMiBMmQmb TmHb2b
r2`2 kyy Kb BM /m`�iBQMX
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amTTX 6B;m`2 e, _2bTQMb2 Q7 � HB;?i@`2bTQMbBp2 T`2bmK2/ *?_kU>Rj9_V@2tT`2bbBM; bBM;H2@
mMBi BM a[X SX h?Bb M2m`QM r�b `2+Q`/2/ BM H27i JR +Q`i2t BM a[X S BMD2+i2/ rBi?
��o8@?avM@*?_kU>Rj9_V@1u6SX U�V AMi2`bTBF2 BMi2`p�H ?BbiQ;`�K �M/ b�KTH2 bTQMi�@
M2Qmb �M/ HB;?i@2pQF2/ r�p27Q`Kb `2+Q`/2/ 7Q` i?Bb mMBiX U#V aiBKmH�iBQM �HB;M2/ bTBF2
`�bi2` /m`BM; Ryyy Kb TmHb2 i`�BMb Q7 p�`vBM; 7`2[m2M+v �M/ � kyy Kb +QMiBMmQmb TmHb2X
"Hm2 b?�/BM; BM/B+�i2b H�b2` TmHb2 iBKBM;X U+V h`B�H@�p�`�;2/ biBKmH�iBQM@QMb2i �HB;M2/
}`BM; `�i2 7Q` i?2 b�K2 biBKmH�iBQM +QM/BiBQMbX a?�/2/ `2;BQMb BM/B+�i2 bi�M/�`/ 2``Q`
Q7 i?2 K2�MX
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amTTX 6B;m`2 d, _2bTQMb2 Q7 HB;?i@`2bTQMbBp2 T`2bmK2/ *?_kU>Rj9_V@2tT`2bbBM; �tQMb #2@
HQr JR +Q`i2t BM a[X SX h?Bb KmHiBmMBi �+iBpBiv r�b `2+Q`/2/ Dmbi #2HQr H27i JR
+Q`i2t Uj KK #2HQr bm`7�+2V BM a[X S BMD2+i2/ rBi? ��o8@?avM@*?_kU>Rj9_V@1u6SX
U�V AMi2`bTBF2 BMi2`p�H ?BbiQ;`�K �M/ b�KTH2 bTQMi�M2Qmb �M/ HB;?i@2pQF2/ r�p27Q`Kb
`2+Q`/2/ 7Q` i?Bb mMBiX U#V aiBKmH�iBQM �HB;M2/ bTBF2 `�bi2` /m`BM; Ryyy Kb TmHb2 i`�BMb
Q7 p�`vBM; 7`2[m2M+v �M/ � kyy Kb +QMiBMmQmb TmHb2X "Hm2 b?�/BM; BM/B+�i2b H�b2` TmHb2
iBKBM;X U+V h`B�H@�p�`�;2/ biBKmH�iBQM@QMb2i �HB;M2/ }`BM; `�i2 7Q` i?2 b�K2 biBKmH�iBQM
+QM/BiBQMbX a?�/2/ `2;BQMb BM/B+�i2 bi�M/�`/ 2``Q` Q7 i?2 K2�MX
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amTTX 6B;m`2 3, _2bTQMb2 Q7 M2m`�H ?�b? iQ Qz@r�p2H2M;i? +QMi`QH biBKmH�iBQM BM ��o8@?avM@
*?_kU>Rj9_V 2tT`2bbBM; a[X SX h?Bb HQr �KTHBim/2 M2m`�H ?�b? UBX2X 2KTHQvBM;
� p2`v HB#2`�H i?`2b?QH/ 7Q` bTBF2 /2i2+iBQM iQ +�Tim`2 bTBFBM; `2bTQMb2b i?`Qm;?Qmi i?2
HQ+�H TQTmH�iBQM Q7 +2HHbV r�b `2+Q`/2/ BM a[X S H27i JR- p2`v M2�` i?2 b�K2 HQ+�iBQM �b
i?2 `2bTQMbBp2 KmHiB@mMBi BM amTTX 6B;X eX "�`b b?Qr iBK2@�p2`�;2/ bTBF2 `�i2 /m`BM;
biBKmH�iBQM rBi? j Kq ej8 MK HB;?i U`2/V +QKT�`2/ iQ � T`2@biBKmH�iBQM rBM/Qr Q7 i?2
b�K2 /m`�iBQM U;`�vVX 1``Q` #�`b BM/B+�i2 ± a1JX LQ bB;MB}+�Mi /Bz2`2M+2 BM K2�M }`BM;
`�i2 r�b /2i2+i2/ 7Q` �Mv T�B`rBb2 +QKT�`BbQM Up > 0.3 BM �HH +�b2b- irQ@bB/2/ bB;M@`�MF
i2biVX
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amTTX 6B;m`2 N, _2bTQMb2 Q7 HB;?i@`2bTQMbBp2 KmHiBmMBi �+iBpBiv M2�` ��o8@*�JEAAα@*RoR
BMD2+iBQM BM a[X lX h?Bb KmHiBmMBi �+iBpBiv r�b `2+Q`/2/ Dmbi #2HQr H27i /Q`b�H T`2KQiQ`
+Q`i2t USJ/V BM � KQMF2v BMD2+i2/ rBi? ��o8@*�JEAAα@*RoR@1u6SX U�V AMi2`bTBF2
BMi2`p�H ?BbiQ;`�K �M/ b�KTH2 bTQMi�M2Qmb �M/ HB;?i@2pQF2/ r�p27Q`Kb `2+Q`/2/ 7Q` i?Bb
mMBiX U#V aiBKmH�iBQM �HB;M2/ bTBF2 `�bi2` /m`BM; Ryyy Kb TmHb2 i`�BMb Q7 p�`vBM; 7`2@
[m2M+v �M/ � kyy Kb �M/ 9yy Kb +QMiBMmQmb TmHb2X :`22M b?�/BM; BM/B+�i2b H�b2` TmHb2
iBKBM;X U+V h`B�H@�p�`�;2/ biBKmH�iBQM@QMb2i �HB;M2/ }`BM; `�i2 7Q` i?2 b�K2 biBKmH�iBQM
+QM/BiBQMbX a?�/2/ `2;BQMb BM/B+�i2 bi�M/�`/ 2``Q` Q7 i?2 K2�MX
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AAV5-ChR2 Extended Stimulation

100 ms 10 m
inutes

First Trial

Last Trial

amTTX 6B;m`2 Ry, aiBKmH�iBQM �HB;M2/ bTBF2 `�bi2` Q7 KmHiBmMBi �+iBpBiv `2+Q`/2/ BM a[X 1
/m`BM; 2ti2M/2/ biBKmH�iBQM rBi? +QMiBMmQmb kyy Kb TmHb2bX h?Bb KmHiBmMBi
r�b `2+Q`/2/ 7`QK H27i JR +Q`i2t Q7 b[mB``2H KQMF2v a[X 1X BMD2+i2/ rBi? ��o8@?avM@
*?_k@1u6SX aiBKmH�iBQM TmHb2b r2`2 /2HBp2`2/ QM+2 T2` b2+QM/ 7Q` Ny KBMmi2bX "Hm2
b?�/BM; BM/B+�i2b H�b2` TmHb2 iBK2bX
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AAV5-ChR2 Extended Pulsed Stimulation

5 sec

10
 m
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es

First Trial

Last Trial

amTTX 6B;m`2 RR, aiBKmH�iBQM �HB;M2/ bTBF2 `�bi2` Q7 KmHiBmMBi �+iBpBiv `2+Q`/2/ /m`BM; 2t@
i2M/2/ biBKmH�iBQM rBi? 8y >x TmHb2/ HB;?iX h?Bb KmHiBmMBi r�b `2+Q`/2/ 7`QK
H27i JR +Q`i2t Q7 a[X h BMD2+i2/ rBi? ��o8@?avM@*?_k@1u6SX aiBKmH�iBQM TmHb2 i`�BMb
H�bi2/ 8 b2+QM/b �M/ r2`2 /2HBp2`2/ QM+2 2p2`v R8 b2+QM/bX "Hm2 b?�/BM; BM/B+�i2b H�b2`
TmHb2 iBK2bX
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500 ms

1 Hz

2 Hz

4 Hz

6 Hz

8 Hz

12 Hz

14 Hz

Frequency Modulation 

AAV5-CaMKIIα-C1V1 frequency modulation

amTTX 6B;m`2 Rk, aTBF2 `2bTQMb2 `�bi2` Q7 �M 2t�KTH2 ��o8@*�KEAAα@*RoR i`�Mb72+i2/ M2m@
`QM BM a[X l /m`BM; 7`2[m2M+v@KQ/mH�i2/ TmHb2/ biBKmH�iBQM rBi? 8eR MK
HB;?iX h?Bb KmHiBmMBi �+iBpBiv r�b `2+Q`/2/ BM H27i SJ/ +Q`i2t Q7 a[X l BMD2+i2/ rBi?
��o8@*�JEAAα@*RoR@1u6SX :`22M ?Q`BxQMi�H #�` BM/B+�i2b Qp2`�HH TmHb2@i`�BM biBK@
mH�iBQM T2`BQ/X J�;2Mi� #�` BM/B+�i2b i?2 T2`BQ/ Q7 7`2[m2M+v KQ/mH�iBQM Q7 TmHb2 `�i2X
G�#2Hb QM i?2 H27i bB/2 BM/B+�i2 i?2 7`2[m2M+v Q7 �i r?B+? i?2 TmHb2 `�i2 r�b KQ/mH�i2/X
a?�/2/ `2;BQMb BM/B+�i2 bi�M/�`/ 2``Q` Q7 i?2 K2�MX
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a T1-Weighted

b T2=weighted

c T2-FLAIR
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amTTX 6B;m`2 Rj, GQM;@i2`K �tB�H J_ BK�;2b b?Qr MQ`K�H #`�BM KQ`T?QHQ;v rBi?Qmi T�i?QHQ;B+
+?�M;2b BM a[X J �i QM2@v2�` TQbi@BMD2+iBQM Q7 ��o8@?h?vR@2LT>_jXy@1u6S BM H27i
JR �M/ ��o8@*�JEAAα@2LT>_jXy@1u6S BM `B;?i aRX h?2b2 BK�;2b b?Qr i?2 i?`22
BK�;2 b2[m2M+2b /B;Bi�HHv `27Q`K�ii2/ BM i?2 �tB�H TH�M2 �b Bb ivTB+�HHv mb2/ BM +HBMB+�H
T`2b2Mi�iBQMX h?`22 ivT2b Q7 b+�Mb r2`2 �+[mB`2/ T2` KQMF2v, U�V hR@r2B;?i2/ � TmHb2
b2[m2M+2 /2bB;M2/ iQ K�tBKBx2 ;`�v pbX r?Bi2 K�ii2` +QMi`�biV- U#V hk@r2B;?i2/- �M/
U+V hk@r2B;?i2/ ~mB/@�ii2Mm�i2/ BMp2`bBQM `2+Qp2`v U6G�A_V- � TmHb2 /2bB;M2/ iQ ?B;?@
HB;?i �Mv T�i?QHQ;B+ +?�M;2bX h?2b2 J_ BK�;2b /B/ MQi `2p2�H �Mv T�i?QHQ;v bm+? �b
T�`2M+?vK�H BMDm`v- ?2KQ``?�;2- 2/2K�- /2Kv2HBM�iBQM- Q` BM~�KK�iQ`v +?�M;2bX
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amTTX 6B;m`2 Re, PTiB+�H biBKmH�iBQM `2HB�#Hv 2H2p�i2b }`BM; `�i2b �i i?2 `2+Q`/BM; QTi`Q/2
7Q` K�Mv KQMi?bX 1z2+i Q7 biBKmH�iBQM QM }`BM; `�i2 Q7 bBM;H2 Q` KmHiBmMBi �+iBpBiv
`2+Q`/2/ �i i?2 biBKmH�iBM; QTi`Q/2 BM `?2bmb K�+�[m2b _?X Z U�V �M/ _?X P U#VX "Qi?
r2`2 BMD2+i2/ rBi? ��o8@*�JEAAα@*RoRUhhV@1u6S BMiQ SJ/X 1�+? /Qi `2T`2b2Mib
� mMBi UQ` KmHiBmMBiVX o2`iB+�H �tBb BM/B+�i2b +?�M;2 BM }`BM; `�i2 7`QK BMi2`H2�p2/
MQM@biBKmH�i2/ �M/ biBKmH�i2/ iBK2 T2`BQ/b /m`BM; `2bi Q` BMi2`i`B�H BMi2`p�Hb r?2M MQ
`2�+?BM; KQp2K2Mib r2`2 #2BM; T2`7Q`K2/X o2`iB+�H #�M/b BM/B+�i2 N8W +QM}/2M+2
BMi2`p�Hb 7Q` i?2 K2�M +?�M;2 BM }`BM; `�i2X 7`QK � i@i2biX >Q`BxQMi�H �tBb BM/B+�i2b
/�vb 7`QK KQbi `2+2Mi pB`�H BMD2+iBQMX :`�v ?Q`BxQMi�H HBM2 BM/B+�i2b x2`Q +?�M;2X _2/
HBM2 BM/B+�i2b HBM2�` i`2M/ }i iQ /�i�X 6Q` #Qi? KQMF2vb- i?2 +?�M;2b BM }`BM; `�i2b
pbX /�vb 7`QK BMD2+iBQM b?Qr2/ � bK�HH /QrMr�`/ i`2M/ i?�i /B/ MQi `2�+? bi�iBbiB+�H
bB;MB}+�M+2 U_?2bmb Z, @yX9N bTBF2bfb2+f/�v (@RXy3 iQ yXRy- N8W *A)- M4d3 mMBibc _?2bmb
P, @yXRR bTBF2bfb2+f/�v (@yXj8 iQ yXRj- N8W *A)- M4d9 mMBibVX
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