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AP AL, ORI A A S AR R A R . AR
1M, FECEATAFAE R ENL AT SR 55 5 H AR IR
PEVIFFAEAR RS AR5 2 00IX 28 ] i 2 fit
TAESE, FHOTHAE NI D RE A D RESE B2 4L 1 5%
AR BATZNTY, 7PN 2 AL ]
{1 A= B R A B M DX 45k A AT X 3 2 TR PR 45
B eAh, BATBEREBI ] 1A R A B R
AT I EEAT AR (1 DD RE PR LA R 1Y o

FATT o T B DR R A A R L (EEG)
W) R R T R I AR L, B AR O A AR N
MR AMEH AR AT FE, I RSP A B (Car-
racedo %5 N, 2013) AMANHAEIY (Jutras 5N,
2013). JtigtA% 7 (Cardin %5 A, 2009). /i H &l (Tallon-
Baudry %8 A, 1999) Flkif#El (Siegel 55 A, 2012). IH
11772 (alpha, 9-11 Hz; beta, 12-30 Hz; gamma, 30-
90 Hz; delta, 1-4 Hz) T 58\ 00 i B 7L L&
BEUEB (ZAEASL) KR 1. M, AMICE& T2,
AEART 25 78 BB R R A2 B R A (] DX 435 (1) 22 Fh byl
AR (Ainsworth et al, 2011), —/NMX 380 7] fE [F] i
ik Z FIALE P2 AR 2 MBS (Roopun et al, 2008a,b) .
fE BT TARBCE B T, AR 1 &M
MM EAEH RV, S I R E XA RNE A
HHIBh 2 A2 177 20

BATHEIE 1 XS FE AN A5 (o i 5% B 1
/BRI R ) AR BN AThRE (WEE I
BEASRR) I DTHR o« AR ST B8 — 50 53 4 B T Jaken iz J2 A
T 52 J2 A0 5 1576 AR, H A SEEG AN T AR
B, 3X W R S R 2 DA RHT K 2 A R DR X 3k vy
FERG. 3 H &R T 2 M5 Z 58 2 [ I AH BLAE
H, FEJE gamma il beta. &5 370118 1 beta
TR RT REAE T R AN A 25 U AR B 2 R T
X PARCXFREE (DLEAPTE ) Bt e R FER 2 M
YER . AT MR @ RIZ W RS E 282, HE
1 A i) R TECAE H TR )L I S B A3 A AR AEL ) TR S
H.

2. GAMMA TERTESFE

2.1. Gamma TENEIESE

CEFRZ R TG E [ (Whittington
et al, 2000, 2011; Bartos et al, 2002; B€orgers &
Kopell, 2005, 2008; B€orgers et al, 2005, 2008; Fries et
al, 2007; Marinazzo et al, 2007; Kopell et al, 2010a,b;
Wang, 2010). ARiE “MN5 4" A 2% (Canolty
et al., 2006; Colgin et al., 2009). AT HIX N ARIGE
RFIR TR EPRIE(H (FS) hEME TS 57, K
ARG ) g ) S TR) ROBEAR G, 7 30-90Hz Vi I N
(Whittington et al., 2000).

RIAEE X AN L, AT 2 ™ AR A0 5 5 A3 i AL
il EMZ IS gamma 1, —BEHR IR A
IR FS Hhlal sl 22 oo LR D 555 80 77 2808, &4
METCZ JFHA — N (~ 20 2Z5) §kEkE, 1£
SEIIA], AH B IR E 2 LUV S — G . fE—
MR A HEAR-FR 2 TE A N 2% gamma(PING) [FIE RS
e, A8 FS SEE H e VEHER AN i O I fid A, IF
Wi R RRTT, CERLIE] S XA 4 78 70 3
W, FRVFHEZMHEARRIE. PING #4050 A HEAR
2 A R 22 K000 5 J 39T e HY IO AE A T 1 (5 PING)
BSR4 0 A A /R HH B I 9 43 (99 PING).
WA 3R PING 5 FE3hgmidFIgn sl Re it Rk, I
55 PING S5y = JJFMMERE R K (Borgers &N,
2005,2008;B€orgers & Kopell, 2008). IHt4h, Jy 7 L
T TR K v % M ) T ORI B B S22 A (X
HEB RE A 22 1 15 F /B S  E IR BE ) Refg ™ A — M
AKIZEAL PING M5, EIX i, 20
PRl R R SR A R A S 1 % AT IKEN (Traub 55,
2000 4F) o 15 A )X Lo — A B R 245 3 1A
W ITAERISCFF (Atallah & Scanziani, 2009;Cardin %
A 2009) FfA4L (Whittington 25 A, 2000). &,
PING 1 (3#555)PING A 4nfe, Bl FS Ha#s
TCHVHEAARGRM, £ RN P oAb ANTE .

A5 A AR AEAE AT S B AR KRR B _E Bk T A% i3 2
FHOR AR B AR 9 ) SR BN Ko AT 24 0 45 o ) % s A
TN A AFAEIE 2 1)~ I, A e B PING
R P2 Al 454 (Borgers & Kopell, 2003,2005) .
A, WER FS 4%t eIk L T SHEAG



MR ARG R R, RIS ANE DT EATHITE L AT AE 33
P A 200 Y ) 0 #1800 o BRTUEG, A P A T DA
1kE) FS s iR [(Ban, @iy — e
TG, WHKEEEE (LTS) 40, X n LU pyik
P i kg hnfn B Di# (Borgers & Kopell,
2005; Borgers et al, 2008; Borgers & Walker, 2013)
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TEVIT 3 B8 o TRIE, 001 S Rl R ) TR A 00 1) 5 fi /5
Az (IPSP) IR/ E BN B 0 2 (G — DA
FS A 2, JE SRR ) o T 0] 502 ok 14 BF 1]
JRUBE 2 -5 5 e v i K ) B [A) RUBE——G ABA Al
AMPA FRfdi) BT AR K, B B I 1) 20
TRAE XA A 0 J 39 rhod B A IS5, T H., TR E
F'S 240 o 60 400 1) 76— 5 & 393 v S 0, e 40 o) 4 P )
A AL I T 25 (RSB DA LS AR A, ) Y A )
A8) AR/ o BT PR TE FoVE KBRS . el
AT, A0 3 ok A B R (1 I ) RUPE 2 T ) 4 2 5 A
RAEEAN FS 20 M A H 4R 22 I 8 2 e B S d——
L B 1) AR 1 R i S IR A SR B RIS, B
IRPUt M 2 o XA R T A B N AR R
RN ik o

2.2. XF Gamma TEINEERSEIN

FEIL G SCEE T, AT AN 15 15 A A 2 2 R Al
HORE S T QIR MRA S, I AT AR ik %
PEOEHEIR PRGBS . AR, — LB 7T A Sk
Ty ALE 1 S A S RE 26 el P AR R R e T .
Burns 55 A (2011) 7EBRE V1 ol 1 s AH A2 A0
KA IR 18] () AR DR, I R 00 A 5 R 8 ) B R A
AT, CABCT Je 300 00 B = A P A I T A 50 T B3 RS
“Hf#h”. Ray & Maunsell(2010) W, V1 sty
AR i Z AR T Ot L, IF BLAERLSE B 2 AN A
KA ANPREE T A VL i R 1 RE JT . I Se L)
PR SRR 7N A AR AT AR A T T EE L RS ALY
SIS AR M D Re I Re /1. SR, AATTASHERR
T B RS X A AR A0 5 (BB, R SRR B I
() [A) AR 4K, 3K 8 b AT AT DAORAFAE 2 X6 55

RTINS AR — S A SR T PR BN 1 Th AR
B FRAL ISR S) , TN R 26 7 AL K 15 . Ray 45
A (2008) MEER, JmEfds AL B SIS DIE (~ 60-

3

100 Hz)(REAE R ALK A ) 5 R i
HYIMR, XRUPXA D RER KR LM 7 53)
PEHRALAR G LI SR, AT B AR 37 RO A Al =)
I (40-80 HiZE) 55 drd R BA IR MO CE, JF
e, AT S RS V2 O e S 1
REFER “IFAA 2", fEXHL, BATES R LA THE
BRHILE 30-90Hz I BUMI5 #1115 Y R 18] AH 5% R A
T, R ST AR AR SR AN S DR HERRAE S R 2 Ab
SR AR B DA R (52 S AT RE
PR IR —Fb SO =L, RIS A AT B R R
HUBERIERN . FERE TR SCE o, FRATEA B A
X e AR AR DD RE A LB X ZE 1, 1 A R
EATEE XD AR R I .

2.3. Gamma BEMMEIE

WATH “HpHE” EADRIEREL R —HIpEE—
R, NE TR EH RMiERE. XMAE
0 A AR T et K e R AR BSOS AT A .
IS AL A T R O R T 2 IR [EET (Olufsen et
al, 2003;Fries %, 2007;Kopell %, 2010a). £: ATk,
5% PING B A 15636 Sk A —— A AR A0 e i) —
MR =N FREZEZ 1R IR, X Led
M S e R4, WOSILZEM FS MAHE, M
F—MNFEEFHBHIEHIE(E (Olufsen et al, 2003;Borgers
25N, 2008) o HE PG 0 T PRI Pl 5 S P AH ELAE PR
“BRAIEINZ” B171% (Lumer, 2000;Fries 2N, 2007).
P T 50y 7 2 R B 1) RUBE AN 5 i Ik 1] 5 4509 ¥ B
N5 L, A HIE A A I PR AR R, A
FRE R R VA B T AR (T AR T sl o DRTE, VEBHAR ST 4R
RFA A B Z WS T FRE— R AK
A, TR KA. B, S0 A
K gmig e —HahB BN ES, HhS5F0a M
A AN JE) U v 3 N X B (AR T B R 11 A 5
ANe BRI, TXAE T HL I X0 A0 N (1 I 7 7 B ) FRUBE 1)
AN TN S FE I RT DUR A, R BTIR .
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i 51 B 225 3CHR) (RSG5 S i AL B2 T 5



M B[] A A N T AR BRI AR AR /D o FRATTERAEHS FS
YHMIFR Dy 1 A (Fosib]), HERANIEFR Y e 4 (R
IR ) o

E-40Ho A T-40 o) Gamma-#27% M 4% LA gamma
R PR WIS, B HAM SRR 1 9 4R 5 2 P
AN BA R R (B AL IR % &% (Ermentrout &
Terman, 2010)] . P& 291X P32 S S A7 i 5 o 4 78
IR AR 2%, EAT A Sy AR eI R R A
TR RS, B TR el A o Tt YR B4 N TA) ROE 5 o P
1 7R, fE—ME R, WHHI g E N E
1 L0, 2P o R T 5 PR JO b S SR, T AN S KT
FIfk . X —4EMEE1S PING MY T — NG EHE
EE A O ——— R AR b LF- [F I 2E M 4%, 78
1R 26 v e 0 1A ) 2850 SR S B B2 S R A [0 fik e B
AR LA AP 77 2R AL 1R Jhk b S ST 0T D 245 F 4
i, EE TSRS ARG, Bk, 7EREN A B
AT 5 ) A bk b P B 2l (B BT ) AT R
E-cell BRI -G far il 45 SR S8 81 AH 20 5 — B
e, RIS “AMF” MRS, AR 9 “HT
JEW” HIAT

FFE AN 5 WK, (HAE IR A R —— T8
W EAERY RAHE ST TR — a5
() — YRR R 22 70 ] LA ok i 210 15 & Bk, R
AN B 5 HR I B —— %35 1 42 T0 18 e BRI B R 8
RREAN IR B, DA A FH R FELUR,  RIUEAS PR 78 2 R g
For il ) 17 & I AR 2 2% . AH T UEB A iR T 5
ARG MR AN TR R — R 3. 2 Sedley
& Cunningham(2013), A7 7 388 i fin 2 =5 4 i g
(TR AE DN B B

kil (PR AH 083 ) T Dl i g i i in
SRo AR B HT R R BRI ) FS A TR
1% LU AR A 20 PR S SR PRI A N, AL SR A N %) Bk v £ 2]
B L= ek —EH FS IEEH (Hull & Scanziani,
2007) . WHREA KL B A LZD N4 E 48k
ARG, R BRI, B e S A 2 TA B U

T, HAR A RAAE SR AT Bk ke 2%

Hull #1 Scanziani(2007) & 1 5 w0 i 1175 A Al
RO o R mAm SIS AT RE s L TR G, B E
BIE 7 — AR MER I (A B, XA &, TEER
M0 AR, B T SR R AR R B A R 5K IR
FRIAH ELAE

4

FHTPEPH— G5 R Je 2w - 1] (E-T) 2%
M2 AN . Borgers & Kopell(2008) 5 | MAIF]
TEBA A E-cell F1 I-cell 17 E-T W% [ J& 4
N FEXSHGEAT TR, AR NN R
PR LA FL VS P R (B WA L AR), Hf
— MR — R B AT I, AR R
¥ B-I WM& 2 T e, mHAbR A LA 5
mi (1B 2). HRARMIG, FEREWS T H AR HIS AAZAERT,
—NANBEAE FLATAR AU X 45 1 ) 30 NPT BEAEAR K AR
FE b ang . Bk, MFRKeieT LA R (EA R 5
i) T B AR KA N S AT R S A 15 T B e
wEHBR (3 FraR), AT el me Lk N4 AT LLA 2%

2

2

W], 52 500 < 15\ Bk B 43 #0R)
B N IE T (Fries 25 A, 2002;Bichot et al, 2005),
K ERMANTERBMGIIRA K B THEM S L
TERM, iR IR ST LB (kR B Ax
W B HE R IR R, AT HER AT 5
Al 5 R VI RIS, IR N AR
T BN R BT (20 E B # beta Y
AR ST

2.5. Gamma TI2FNSNEILEL /785

TEARSN, N5 CE R BRI L 2% i A
R —ANEERN R, SRS ENIRG
fR %5 8 BT AR IR 15 22 5 H bR I 2% 72 15 BT 2]
BN, VLR 5 2 SR BT A 53— AR R A AN i
JERE . IXPETAR DU 1) B B ) — AN — M A
fIALEE (Middleton et al, 2008), fEAARAL, Miikizh¥
R A IR B J2 T DL AR PR AT S [RI AR R S 5 A, TRD R
2] 10Hz, BT N-methyl-D-aspartate(NMDA) 3244
s Bhah, B8 (Il NMDA &) A& (IEH
NMDA &) BI5R > 7 55 CA3 M CAL HASh
HARSRAHILEL . Wk B AR 2558 I 5 5 oA
FHBLEH N, IXR B, fEIEE NMDA V&3 1E 115 Ol
T, CAL I BEE R A AL E N TR, T
NMDA 5 1% BRI A F T4 A B0E CA3 (Kopell 5,
2010b).
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F1G. 1. An E-I network acts as a coherence filter. Four different pulses are delivered to the E-cell after an inhibitory spike. V is the membrane potential of a
quadratic integrate and fire neuron (Latham er al., 2000) recovering from inhibition, and s is the strength of the inhibitory current (as a fraction of peak inhibi-
tion). V asymptotes to a stable resting voltage, which increases as s decays. The threshold voltage (above which V spikes) decreases with s. When s = 0.2, the
stable resting voltage meets the threshold voltage, and the cell spikes. The lower branch of the solid parabola is the stable resting voltage, and the upper branch

is the threshold voltage. During

a square pulse of height 0.2 (purple, cyan), the resting and threshold voltages shift to the dashed parabola. The membrane

potential asymptotes to the new resting voltage and returns after the pulse, so a 6-ms-long pulse has the same effect as a 2-ms-long pulse. During a square pulse

of height 0.4, the resting and threshold voltages shift to the dotted parabola — the leak current is overpowered,

and the resting and threshold voltages disappear.

A 2-ms-long pulse of this height (red) evokes a spike even though it carries less current than the longer, shorter pulse. However, at very short time scales, the
amount of current can still be a limiting factor — a 1-ms-long pulse of height 0.6 (blue) does not carry enough current to reach a high voltage before the pulse

is over.
Spike times of E-cell (red) and I-cell (blue)
b
° . ] ] ° ° ° . ]
0 50 100 150 200

More coherent input (magenta) and less coherent input (green)

0.2

UV A

FIG. 2. A coherent pulse phase locks a PING circuit and blocks a less
coherent signal. The less coherent input is greater not only in temporal aver-
age, but also in amplitude. Nonetheless, the target network (an E-I pair)
mostly follows the more coherent input, with some perturbations being
caused by the less coherent one. Reproduction of fig. 3C of Borgers & Kop-
ell (2008).
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F1G. 3. Feedback inhibition determines frequency selectivity. Gamma frequency is more selective for pulse frequency when feedback inhibition is stronger.
This is because a pulse can only evoke an excitatory spike and end the gamma cycle if it arrives under sufficiently low inhibition. In this figure, a pulse arrives
after an inhibitory spike with four different delays. V' is the membrane potential of a quadratic integrate and fire E-cell, and s is the saturation of the E-I syn-
apse. The lower branch of the parabola is the stable resting voltage, and the upper branch is the threshold voltage. (A) When E-I connections are strong, only
the latest pulse arrives under low enough inhibition to evoke an excitatory spike and shorten the period of this gamma cycle. (B) In a system with the same nat-
ural frequency but weaker E-I connections, the three later pulses can all evoke excitatory spikes.
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JAIH o XA SR A T e Rk € (RIS SHIE
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NI IR B A F LS . AE#F S T AR FS
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(R FL R 28 55 0 E R I B AR, JF RV
M ER 28 . ML T, Cannon. Borgers A1 Kopell
1) A 32 SO T 7 K 22 350™ AN 5 5 A X 4 rh Ok
LR S e, DA R AR S B vh 48 A 42 21 (1) 9% 3% 41
FERHE AP (Whittington et al, 2011). FisiMH]~
AT AR RIGR I JERS- E IR AR X A
RETE IROX Fham . SR ASEIIE 1 — > SRS A IR I ) i 8
a—fESE 4 E MRBONE, A REAE LRI

T AR A S P

K 4 SR 7 — AR E-T M4 A A= UL 1
ZEAEA . AR MBI TE LT, H AR 28 s A
5910 PING #%, H1 E-cell HRIBENLIEZIIES) (K A
W ED B ), MiEN ~36Hz. 24 E-cells Fl I-cells
FRUSC A BAYE DR S KRy, 2 % N A 2w v T [ A A
ZI (B 4B), W% Hm SRR, (H 25 AARZEAK T 8L
SEETEAMEN (K 4C A1 4D), 2% 1 5 4%
550 IEBAKIFRI R 2, 75 B A 2% 8 3125 9T )
T RV N DK v 5 B IR 248 Kb 1 A 6 AN S 4 K IR A o AR
MM, AE H bR X 2 00 [ Mo I A8 HE 5 2 S 30 1 fik e
I 28 Ty EANHPIRAS . BRI ETH e EE S
glRAmEREE . HER, BMERALE — AR B ER
(W& = T A B ARAE) R0, Wi e Bk e
RIAEAL . Bl AB W], IXFE 15\ P BE 75 2 A J LA
B B A 38 B AR IAEAL, ARG A BeAE . 7R 4 BB
P, HREPE SR A DL 9ms BR8] 5 B . SR, B
R S g (8] £, a0 4 28 (Bartos 5%, 2002 4F),
L SR A ] F S DA 1E B bR X 4% [ A0 R ) 3 AR
b, W= AR E A 25 R .

I I 5 — 5L (Serenevy & Kopell, 2013) J&
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F1G. 4. Frequency selectivity occurs in large, heterogeneous E-I networks.
Spike rastergram for weak PING. Red dots indicate spike times of E-cells,
and blue dots spike times of I-cells. The horizontal axis is time in millisec-
onds. All parameters are as in fig. 1b of Kopell e al. (2010b), with two
exceptions: (i) the network is larger here — 200 E-cells and 50 I-cells; (ii)
synaptic inputs per cell are somewhat stronger — here, using the notation of
Kopell et al. (2010b), g = g1 = gn = 1.5 (the values used by Kopell er al.
were g1 = 1.5, g1 = gu = 0.5.) (A) PING rhythm without forcing. (B-D)
Same as (A), but with additional oscillatory input of different frequencies to
both E-cells and I-cells. The form of the additional input is /(r) = 1 + tanh
(10[cos(2mt/T) — 1]), where T is the period, and with a constant of propor-
tionality chosen so that the temporal average of I(f) equals 1 (for E-cells)
and 0.5 (for I-cells).
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B TR s, AR I A A S S 3 —
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gamma JAHITIEN 25, e EE 2 10, b5
(¥ gamma JAHATEAC . 2% 2 S5 R BRI, RIS
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A DX DR =1 2 T AR R AN [ X 38 T] FR A2 9
T AL H AR S A AR R % . CTC K& H
SRIRH 7 DU R ) A A MU P2 AR T Rk 3 A E bx
Z ) [ IX P B AEARAL G R? ROZBRIR R, — 58
Hilk e (FUOTT) MERIIN I8 (KIETT), Bi—XHH
HRGIIRG &, KBIRE AN SR, XFC R
R TPIANR G & A0 ——AEdR G a1 — R e v,
BAAEATARVGRRBIAHAL G RAE CTC LT e
RN

T 2% RE O ] BT S5t 26 < B 3l AL X A
AR R R 20— AN 8 TR T A Jik g A 328 21 1Y
25, IR TR 1 SRS, SEREEE SR B
HHMFT5T . W AAm ANRR 5 H AR AT VL ES,
BN AME T RLR BRI, ok B I T S ) B A A Al
SR B, T —AME SRR AR A BA—P AN X
B A B3 CTC W& | — MM fEArZE (B
5)o RMEAAAE —BUHL AL, XMe RS —
WK A (A Bk R R 4%, B R IPSP 7Rk
MRS ESLRIITAR, TR — kb Bk R AR .

WUER PSR E-I 2% (filan, 7EANE ) R X
1) A EAR G R B AT, LA AT LKA LA
FHHAG N — N RO € 18- JE B (B2 B8 i) 1)
NI % s A 2R 24 b 53— MR % 38 BN ik &
AR, MR — IR s Bl e SRV . AEIXMAH
REXFHE, R IR G A% AN B AR, B IR 5 4% 0
Mt AR, TEUSHRG &% A A Bk, Bk
i as AN R o IX PG R T AR IR 5 48 %L
&) CTC i tLn, (HP71E 78U R & U




pi

FiG. 5. Creation of an optimal phase relationship for CTC. (A) EPSCs from an upstream population successfully induce 1 : 1 phase-locking by periodically
driving the E-cell above its inhibition and triggering an excitatory volley, which is immediately followed by an inhibitory volley. When the circuit is phase-
locked, input pulses arrive when inhibition is low, an optimal condition for CTC. (B-D) EPSCs fail to phase-lock the network 1 : 1, owing to frequency mis-
match. (B) The forcing period is too short to phase-lock the PING circuit 1 : 1, but it can phase-lock the PING circuit 2 : 1 — the second pulse arrives when
the E-cell is under too much inhibition to spike, but the third one evokes an excitatory volley. (C) The forcing period is too short to phase-lock the circuit. As
in B, the second pulse arrives too early to evoke an excitatory spike: unlike in B, the third pulse is too late, and arrives under heavy inhibition. (D) The forcing
period is too long to phase-lock the circuit. The E-cell recovers from inhibition, spikes, and triggers an inhibitory spike before the second pulse arrives. The sec-

ond pulse arrives under too much inhibition to evoke another excitatory spike.

XTI L ER A AR . AEF AN CTC gl
TR AR, T HEANE T MR A R
H B R G, R IRG & (TERTA A S 80
F ST, DaUE 2 KB k) AT LA &g
IR s KOE, (EANRE NBUR IR & s i . Btk R
EIEMEME N, BURKIIRG & 56 T B2 iR 4
ANESEIERN (Kopell & Ermentrout, 2002), {HX}F
AT A E B R AE R A B-T SR, X2 IER .

X R X 3 ] 2 A8 B LA S Roberts %A
(2013) BSRcHT H0E — 20 BRI, ST 55 ol
WO LN (V1 AT V2 HR i By R i — S 36
DL BT TN — S5 AT 3G I ), A% 22 AR PR R K
AM VL B V2 FE R MR X R E R RO R T
InagA 2 FIRALHI BT @ B SR I H AR 4 R —— V1
HEE I S B R A L v S AR § V2, IXFE V2
B VIS5 V1 SEMHE G FRIE. FEER
HERZ, 1E 10-15 Hz FYEHN, gamma SR 19K
FIE V1 V2 Z A EAE, XKL 4 B
HH SR 9 AR T O AR

B A AN R 2 (2012) SR T 5 — R iR R % Ty
AE AR BT 5 T ) BRI AR T 58 =
PR #%, CORIEA TR AR KA K%

T AERRTT o ABATTAI RS A RO B AT IR S
FAAALIE Sk, R iR R MIE S, (A1
A NG S IR A A A, D620 DA O K
HASBPRIETT, PRSI HAME TR, i
ATEHER T —Fh F R ) SIS B 7V, %07k
WA TR0 720 0 F TR b 22 06 I 465 15 P 7 BT R
TPRAE Ay e 25 . #HEL2ZF, Cannon-Kopell #7Y
B v ) A0 28 7 JLF [F) 8 T80, ) F A 8 PR 4 A
T AN A2 46 328 8 T Pl T R LR R U B N . 3
VR, fEMS i, FS a4 oo sg DL Hr)
U5 UL (Fisahn et al, 1998), X i id 8k i
A LR IE FEARAR L SR

R A E bR 1) B U A AT L@ I R ok
SEPL,  IX P AOIL I AT AR E S A kAR S B
(i) 1) R AH A 365 )5 [R5 o 88—, 7E Traub 8 A (1996)
Al Ermentrout & Kopell(1998) Fhfiik, # kA
PING HLEZ IR BAR G, Jfdid 725> g (1 55
AN B A (“XUBK PR ) SR AR /NS
EREB RN, — ME R A s s, S —
AMERKE FI— A B TN . 28 M, TERAL
SN (2007) R, 7B ML AR ] P
Ok b A . RV SR, XSk h ] AR R



H15E AR 70 5 R [a] A 22 JT LA theta $10% (4-10Hz) —
EBORFAER), PR TAE theta THAKRER] gamma
RGIE . WERPIA BT 5 = R KA (E 5
I RN 2, X LS FAH 2 e HL A .

2.7. %fh Gamma PHENE T LAIE

W2k A CTC( ) $RELMHESL B T 494
F2 QAT 7 DR X 38 2 18] SC R Ay N R 7E B /NI 28
() ROBE b, 9 AT DATE 30— K XSk A [ J2 2
FREATHIN . — BT RM K AL, TE&RS.
Ainsworth %8 A (2011) £, fAZ (L4) MEKK)
JZ (L2/3) FEARAMT L= A AN TR AR 1RO 55 5 48 L4 hi
ARAEMUH E i Bn s PING(RE 'S 7 E il NMDA %
A S BAVEDS AT, T L2/3 MAE LR RE A
AR TR R 2 R R R 5 3 IR D B KT AR A
P gamma AR R IAF—DL2/3 Hid L
ANSZANWTIG AN B DA (U RE I, T L4 TR 0 R UK
TEANF A PEOR BN K by PR 5 48 LAAS [ 11
T XM AR . ERIR A KT, L JUFERA TR
L, FLHIA AL L2/3 AL, G T AT i
O BEFTEL . 75 EBOR T, P P AR I A2
[F5 0 FER R KT b, PRI G By B ——
L4 ffn e 24T 12/3. L5 MREERIARE =
=B, AKCE A L2/3, m K iaA
L4,

AU E, AN, WRERER (BER) A
M 3 LA a0, —SsmEU0, B MRS, X
1E L4 FANE T —ASm S, S5EEREs)
A5G Fik, L4 MAEMEAMmiE(is 12/3 rigE
A8, L2/3 PWERI RGN BT 150 s . SR,
L4 MiEMES Lot E) £—350, Fihnr DUA 2
TEZJZFEEAE . M, X L4 PSS Gl RS
L2/3 1) [F, XAlRe B L5 Hfit (Lee et al,
2012). X5 " EFE =R S PO F D Re BT R AR
%3, RS ER SCR A K (Petersen & Crochet,
2013), X FACFRART BRI REA IR A EE, 1E
RN S A R L2/3 A1 L4 Z AN

TR R BOR T AR AN B A i AR AL
TR RS R, HHAREB TIE (Lee et al,
2009, 2012) AHZE A, BEEEH T TR IR AL B R
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YERl—Lee et al 39, 0 5 fid w1976 bU Sk i 79
TR ARATAR L, D)=~ 76 D 29 22 ) PR DM A P SR ik o 22
T3 e R VA I TRV ARSI B (2 2 . 2 L4 YL 35 2 ) 3
B, XAATEEE R RES AN L4 B L2/3 R, 33
B EPGE A S, T L2/3 488 UBUR ISR
PN A R, AR ] I HE Y 1.6
i), BP Ainsworth 25 A (2011) 75 &% m77l & I LD ER #h
NP AR PN S AR 2 [ LA, s KRR
e REE ] . XA e eV E R AR B AR, &
FVF L4 J5 N A ROk S BN L2/3 94
&R L2/3(K 6).

EAFE R PN S AR A BB AT “ B4
“F#4” (Roopun %5 N, 2008a,b). XM=& “HRICH
B, B REAREA N (B Pletzer 55
N (2010) & i H LRI A BT e 2 SCR B 4P 1)
R—HEHE T, W THEX M FRRE, N —
NN —NANA REIE, o4 AR
BHMH 2% R, ERA S, WAL, W EpTA.
DR, [ A A3 XA 1Y), EATAB e 2 TR - H0R T
/by beta 2 T (- 25hz) FIRFSANS i E 2 (8] [
FELAE 42 ~1.6 (Roopun et al, 2008a,b), XA BT
FRBLRZE beta 2 FTHIRFELMN S T2 (8] AT

IR EE R R 1 R A AR PR —— Rl 2
PRI S A ) —— T AT R R R X
Sl A 3 A PR I SN RE S, LA
] CTC B L AN S RAIRE J1. JATER B T
B R 5 [ ) 22 e A B A A ST 2 Al T, XLk
WA LAHEAEN, ShaW 5 B2 A 1R Bt

AR —E 53 18 T B T AT A SN AR
Kitf. FETF 7, FRATKEAE AR LR (2R AL BT it
0575 4 5 FAd s (R A AR, s RS s B A N 2
RE RIS o

3. GAMMA 1 BETA FHEHZEHE

3.1. BLMTH Beta HERHEIERITH

T MG 1A B I B = AT Bz U R A, A
BALTERIE, M beta 2 AL THE (Roopun etal,
2006, 2010) . fEIX LRSI F]H, gamma F beta Tiff
(A EAE R B/ (Roopun %8 N, 2008a). #RIfi, 7EH



Strong sensory
input

10

Moderate Moderate
input input

F1G. 6. Different inputs to the sensory laminar neocortex may activate different modes of laminar engagement. The laminar schematic shown here illustrates
L2/3, L4, and L5/6. Sinusoids depict gamma rhythms in each layer. The light gray sinusoid in L2/3 depicts oscillatory input from L4. Signal flow is depicted
by green arrows. The size of the arrow denotes the relative strength of connection. (A) A strong sensory stimulus arrives from the thalamus to L4, producing a
gamma rhythm (black trace). The rhythm in L4 is directly coherent with the L5 output layer. We propose that sensory information carried in the gamma fre-
quency goes directly from L4 to L5/6. In contrast, the rhythm in L2/3 is at a lower gamma frequency than that in L4 and L5/6. Although immediate sensory
information may not be processed directly by L2/3, the interaction of different gamma rhythms is predicted to create plasticity between L2/3 and L4. (B) In a
more difficult task, such as a search task that requires context matching, moderate sensory input engages gamma rhythms in L4 that lock in frequency to L2/3.
Sensory information is transmitted from L4 to L2/3. In contrast to A, L2/3 has a direct effect on L5/6 output. (C) Plasticity between E-cell populations in L4
and L2/3 (denoted by the larger green arrow) is predicted to recruit activity in L2/3 that can increase the output of L5/6.

IR A A B 0 R, W n] DLLL B A EHE )RR
X7 A AR o B A A — M1 2 beta
B E B MME S, FralER SR INERT
(Fries £ N\, 2001,2008;Saalmann %5, 2007; il 2%
N, 2012),

BATAT AMAR S TAE SRR e B AR, R
E XSGR AEA R IR (WA K30 vs. k1) F
ANFEFIZER (S2 A1 AL vs. FUERM B2 ZF0 V4) LT
[, EX e ST G T AR AT By T B A O A A AR I 0 20
DL 7 ORI . N IR B3 1 27 1 ] AR
e R 25 ) 1) B A B2 R 2 N DU A ] DL 303k
JZ B2 JE B B 2 s s A 22 (A B Th 3R B A R B
B J7 2 AR 73, A0S A S A M 2H A 0 7 AR R AR
PR, A BTG S WA B T e 3 2R X
B EMELL, JRRE ER B RRGAT SR R
TEAR AT HORIERIE R T .

YIRATV AT At VL% H s 454 A AR ) A R A
beta FFEAE H F1 N E 5 BAH P 5t A4S 15 55 0 B
it 7 Roopun %A\ (2010) MBFFEH, JEHN Al
16 AL, TEREBRREIKSIIAAAE T, REFA gamma
T, W ERTIR, MIREF=E beta 2(25 #%%) . =
5 beta 2 MMM EERNERK (IB) MaEdl
MOFD LTS 4, e st FS mhlashs
JCHIHNHIE ] B K (Otsuka & Kawaguchi, 2009). 24
HIRGERE (e T) WA, J5 & MR ERm . XA
T ML I EA beta FARILIR RVF beta 1) H Ti

Al G SERZIG MR AME L, XZ S2 1 beta Sl
FEINTIHAS (Roopun et al, 2010). ¥RE T
ETHAYAL R RNR R, AE LA PR A R R A A
., 78 L2/3 F¥GE LTS 4088, EEERNE, K2
TSN SRR T beta SR A EAERH, (EIX R0
& R AR Z 2 AT R AT M, 5 beta
B NIERE R

B TAE (Lee et al, 2013) &M, 7EHBEAELER
TEOLT, X B aT DI Jo oA 2 (1 40 ) S 1 7
R 2 ()38 25 48 1) —— I 0 b SCE A = 4 AR B 2 v B
WA, Wi FS PR LAAEETE R AR O 4G, SR AR
JZ LTS 2 A %o i e 44 it g e o) o] AR I L4 A i
IhaE, MBI L4 3 L2/3 S N. L2/3 M
LTS 4 H0E R %25 it 7RI Thae, By k)=
RS 4EAE gamma BEIAZ BBCE. Kk, 4E EWF
G5 5IRE ML R AEILIRE, RESHEZMBE
MHEZ MM DThR, W7 BR 7T 5SAHEHENEZEN
AN Z IR

IXEEARETE FH T Fries 8 A (2001) B TAE, fE1%
AR, M7 B I GRS R SR B A v B A
RPL. 1E Lee S NIIBAI Y, HWG, —FIRRES
SN, —HRRTLES SRR . PR
O R R BRSNS 25 RO SSERY
FECn R E T R 1) beta fIN o BRI
JZ A R — ARSI gE R R IE BN A, B
WREMKKAIE, BRE L2/3 P24 T B L2 RSy
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FI1G. 7. Most relevant cell types and connections for the model of a single
cortical column in Lee et al. (2013). E, a population of regular-spiking pyra-
midal neurons; FS, a population of FS interneurons; LTS, a population of
LTS interneurons; IB, a population of IB pyramidal cells. All interneurons
are inhibitory; all pyramidal cells are excitatory.

AR Z A3E 3, LU “TRNER” Fid . BRI
BT Fries %A (2001) IR, BMND DhZA0FH
B R G I, AR T AT
4 beta MFAZ SAMUERE LT =, T HAB T~
A B HAFI RN o

AT A0, BB R U T A O 2 AR R R
(Gill et al, 2000; F=4F4SE, 2005;Demeter & Sarter,
2013). VRIZMSHNE] (LTS) 20 AEJR 571G 2 2 i
RHAE R TIPSR —MHLE . W EArER, X
S S B T AR EOE R, X R RRA X
PR, SE s d e AT Ok (TEAR Y TR L B 1) —
FRRRL) o S8 b, FERRREd TR, A7
TEVE R EE (Martin & Freedman, 2007;0hmura %%,
2012). FEEGRUR LS I T X LTS 40 H 98 i) ——
XHARJE FS 40 i 25 S0 R 6] 7 e AaTmmol (Xi-
ang 5F N, 2002), #E— DR T 1241 LTS 400,
MTTFE— D308 73 s sl e SRIe, HRAE
A 0T 16 2 47 ) PR A i B B ) —— R fE AR AE
NEBERE AN BB DL T, S2 W beta 1A S 1E T
X3 A1 ;=4 beta 1B beta #HTF1% (Roopun et al,
2006, 2010).

Xt A B S IR S AT B AR IEA B A 5 e
L GRS BN AR R, BT A A B 7
KIEANEH——IRZ e b T A B i AR g T2
Xk B R IR SE, AT 5 I e R
BT A S A R
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3.2. Beta 1 TEMMIIRAIR(E

s iat (W E30) —FF, S0 DUE I A
A LUA A [R] B AL) FIAS AS I AR . — PR R 20
beta TR A B—E KR L= (S2) #, H
PRI S S5 AT, AESREUS AT S 1% A X B ek 55
W], "TRAE B 15 ARZZAITEE (beta 1)o 2RI
(SE36 FHERRER S S) I HER- fs A0 AR H AR H]
TERE =AM i, @il 1B 40H/=4: beta 2 (25-
Hz) 5, JEM LTS 43RG 22108 M H0Hl it 1
B S2 1 beta 2 WHKIHLHE S IR A1 A—FE
(Roopun et al, 2006)].

LIX M BRAR, IRANRJE IRTF RAEE 15 2%
FBL SRR R “ BB T HE——8 beta 1
JA T — AR RIN S S ) (FS w8 s F'S HH]
TEAR, I R I G AN ER R R HE AR AT ) LR — A
RJZ beta 2 AR (—/~ LTS @2 G, LTS #HIH
wAR F—FE 1B WEH) (503K BR%E,2008; Roopun et al,
2008a,b) (&l 8). XA~ beta 1 FifAT — M7 F HEE,
BB AT DAFE A 3 — P M N BT 0 N 4R 82T (B
LR E AR gamma fl beta 2 Fi). B
REIXAE AR DRI Sy 715 43 1 T 5090 B A2 Al — A8 4 77
A (R ) SRR A R o X b R R Y Bk Bl
2%, MR RS e AR S 1L S E 2B
) SR TR AR N S AR beta 2 TIHHR, EHS
=1k,

CUAT beta 1 TS Z PB4 2K (von
Stein %%, 1999;Senkowski %5 A, 2008 %F;Dean %%,
2012;Engel 25N\, 2012). IXFHIH beta 54 FEAF
PERT DU HE X M —— B o — P R L
FE b IR bR AE AN B 5 A1 2 1 40 B 4 A A SR VR AE A )
EEERIN, BRARRINLERT (AR5 B E AR AR b b p
I, A R HEAA 20 B BT AR B L R  S S2 4f
K ad o — A7 R N ) B 40 i %

DRI, o VFIX S B 5 i OR3P 1 4 S 2 )
7] Ja8 1 A 45308 0 14 m s 25 2R A SR A e AT 14845 I
Mo FHIEZ T, XFh beta 1 AT EL “FE5 7 MM
&, AE beta TEEH MG ATE, A0 AT LA InE|
beta TiHEF (Kopell %A, 2011 4F). A FIHLHE] X
AIAE T, AE RIRE AN T, R 5 AT I 4
I A R PRI B AT Fe A gn i . AHEEZ T,
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FiG. 8 Beta 1 rhythm emerges from concatenation of gamma cycles and
beta 2 cycles. Left — circuit diagrams portraying relevant connectivity
between superficial FS interneurons, LTS interneurons, regular-spiking pyra-
midal neurons (E), and deep-layer IB neurons. Right — dynamics of each
population over time, vertically aligned and color-coded by cell type. Popula-
tion spikes are portrayed as vertical lines. The time courses of synaptic and
intrinsic currents are color-coded by current type. (A) Under heavy kainate
drive, a column of the cortex generates coexisting gamma and beta 2 rhythms
in the superficial layers and deep layers, respectively. Gamma rhythms are
paced by the rhythmic production of FS IPSPs, and beta 2 rhythms are paced
by the rise and decay of the M-current in IB neurons. (B) Under less drive and
after plasticity, a column of the cortex generates a beta 1 rhythm that is coher-
ent between superficial and deep layers. Owing to low drive, the H-current
builds up in the E and IB populations during IPSPs. When each IPSP wears
off, the excitation provided by the H-current triggers E or IB spikes, which, in
turn, trigger LTS or FS spikes, respectively. FS and LTS create IPSPs in
alternation, and beta 1 rhythms are paced by the concatenation of the gamma
and beta 2 cycles.

fE beta 1 T, FS o E# 48 00 i B8 1 40 1
2 /D00 ok E R R ] (B 7). sk B BR
TREENMREES. Fik, >kERE R
AT DA T F T A, AT DA A 4 L 2E A 2 TR () 5
FREE, NI FCVF Ja & A N BTG B T iE 2.

beta 1 T RFIETE A R AL (Tallon-
2004; JEYIEE, 2009; VUK IR 2,
2011;Spitzer & Blankenburg, 2011), AT 57 24
INNZHH A (Huk & Shadlen, 2005;Kiani & Shadlen,
2009). HA[fE, XFh beta 1 IR FE 22 0] DR #EIX
PR, WRFTR. W EFTR, beta 1 KA
ANZJG (FEARSMEE R RO AR, =4 1 R

Baudry et al,
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LIRGARZ beta 2 k35 o X FRIH 1) He 75 ZE ] W4,
Kramer 8 A\ (2008) K H B AR E 1B A2 [A]Z
WG SR IR TE . ILAE, BRI B B IS — R A
FREHN, SURBENLRTE (Mazurek et al, 2003).
IR JE A DS B 20 & bl S O I, X S (]
(T BB R Re e G, AT YR G, AT o VR AR
KAEF=A ) beta 1 ThZ M., 5L L, Kramer %A
(2008) MR o, B 40N 515 EREER RN, beta 1 D)%
L gm, PRk e w] A A A RR SN 5 Th A i) “ R 537,
KT HI N2 (Huk & Shadlen, 2005), gk
[ VR B BEAL (Deco 25N, 2013) —FE. H AT
NG beta 1 AeE AR AT AL R BN PRE TT IR
# ETF (Wang, 2012). #R0M, Canolty %A (2012)
VTR TR B, DUEE RE B FIE 2 K2 IR TR0 26 2 [R) A7
TEAT S PIDE R X beta FTEEAS K AT RE R AT AH
F ML (Yamawaki etal, 2008), {HA] LASTHH beta
DI, HEZHIKS). 20, Pesaran ¢ A (2008)
[ beta TIEFITHRT

4. %= BETA HENBER

WAVE EIMCE K, £ beta TR AHE Y
FENFI P Z B S 5L | — IR . 2R1T, beta
WHPANE T 2R IhRE, HP V2 Dhae R S L]
AP REOR . EIX L, RATEES T XD, AR5
W H SRR A AT A X beta TTEEM R A MR
b, IXATRE S 2 X L T R A P A 2 [RNIEG AR I 2R
i

ORI beta TIEDIREAIE—HN K EVFZH
3 Z [ W (Siegel %5 N ,2012); iz sh 3l (Pogosyan
2, 2009); 4EFFIUIR (Engel & Fries, 2010); ffi 2k
RiH1TI23) (Leventhal et al, 2012); i2zh#i%] (Leo-
cani et al, 1997); & FAL# (Hanslmayr 55, 2009;
FHrREE, 2012); RUEGH LW FIE S g
(Tallon-Baudry %, 2004 ; JEN%E, 2009; FG#% /K
&, 2011; R HORAN = E AR, 2011); SEATEhIL
FM 4 IIEE (Courtemanche et al, 2003); #iII %~ >
(Buschman et al, 2012). Z: Il Engel & Fries(2010) X}
beta FHEMRBLZHA . 1AM, AMTERE ] beta i
] T 155 5 M o 45 4 BUSEY 25 MK 324k (Fries %5
A, 2001,2008;Buschman & Miller, 2007). iX%& beta



A AN F R E SV E—FR 7 EE 28 beta 1 AN
beta 2 il (4AI7E 12-20-Hz F1 20- 30-Hz JEHEK),
2] 20 Hz KB Sizshit RIAEsIG ¢ SR/, HAl
AT HE 9t A T LSRR BB PAY 1 A S 1 0] X 2
gl A, PLACNH At Z M Dise 5 e K.

FATEZR], CRCAEHR T beta T5H AERIVE
ZAFNLH], CFEATE I IS0 AL 1 S2  beta 2 15
AL, BT 8 &S beta 1 15, SR 75
kit beta” (Traub &8 A, 1999;0lufsen ¢ A, 2003
), AR ER “F N beta” (Pervouchine
EN, 2006 ), PLAULURIRHAVFZ 0l RetE. F R
AT B SR 5 R -2 SRR &5 - el (CBT) E3 i
FHIRHT beta TEEIEHIBRIK (ARMEHFH), RE
Hofth beta AT R 5 EATHEAEH o HRE AT &=
W, BATEBER DIREFC RS 5 N EE T KB
JZ A5 beta IR

B TTHIZ B R 1) beta T REAEIZ F)
FEldh BN A4 (Brittain & Brown, 2013). Y Hf
FEY, beta MBI FIH R AELLKLZ (Devos &N,
2006)~ ZCRAE (Sochurkova & Rektor, 2003)~ s T 1%
(STN) (Devos % N, 2006). HEKWNEL (GPi) (Broucke
N, 2008) A (Klostermann %8 A\, 2007) H ¥
BB FTAEAE] . eAh, beta #R% AL UE A E AR A
B JZ LA Z 8] 52— 31 (van Ede & Maris, 2013).
beta #RGIEM B P IS, I 5IE 808 g2 E AE 45
M4 ARIEFAIRAE IS (K€uhn et al, 2006). X FE T
CBT E¥ Y beta F5 2 — 3 ) 405 5 LR
(Brown, 2006) .

SR, BOEIRE ST SE CBT fEHH ) beta 7
ARG SiEaHK, JRA XM RE LW IGO0
THRALERENAEM. X4 CBT beta TN
K WESE T, W] R T AR (AndE AP ATT) 18
INENH R ThEEE R (Ding & Gold, 2013;Mitchell &
Chakraborty, 2013;Weintraub & Zaghloul, 2013). ¥
B Leventhal 25 A (2012) KHL, K CBT fE#
1) beta 1T AN A2 FRLAL A Z 2 B B N T sy, 17
e R TR T B FIE SN FF 8T . IXRW] CBT
TEH T beta 5 H AT RES A 2 5 2 BN AN Th RE—I=
EL RIS A/ ECTARIZ . IR E 2 BT
WARIZ BN 7 2 (45 55 i A 4871 R e i v B A (1) 350
BJE) W beta A SRR FEA S, FIHE R TR
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PEMIFL R (Donner 8 A, 2009;Haegens et al, 2011).
WARIZ B B 7 beta A 401 5 firk it S R 1) 1 52
K (Jones et al, 2010). BFFERIL, BT REX AT
SR T AR 2 FEAR S E R ILR I beta 9, 1 H.
WL beta 15 1) T %518 3hitE & iz 3h AT # 6%
(van Ede & Maris, 2013). CBT {E¥# H ] beta it
5 TARZAE R— W S AT = beta
PR 2 WA TS TAEICIZAH DG, P #0452
AT AR (Parnaudeau et al, 2013). 24111
Z: I, Brittain & Brown(2013).

T B PR A SR beta THERIThRE S L,
A CBT ¥ S F0 beta 53 10 A BEIE Al 2 4R #H 22
1. X CBT fE¥AH beta 517 A 1 2 i A0 26 2H f
o BVRRAE IR, %] LAY IX AN IE A fe) R s N
WRNAT AR RAG T, DLA beta THEAEIX P 1
2T 10 Wk A2 B ORI AR R B, CBT
W&l Z AL S beta TIRINEE 4%, BAZ
FpLE . BPAEAE R 2 3, A 2AY (AEHRBER) 5
L AR ORI AR LN, WIgiEsh B
JER LA K beta ki (£ ~27 H22H) (Yamawaki et
al, 2008), XEKIAVIHIZ 5 )= A A AE 1) 2% 1% 18
P, X &SRR beta JRG P AEPT L TR . X IR F= A
THIGIZEN K ZER L5/6 X, KT GABAA Z2ikf%
IEANERRIERE (5 AMPA J6k). fERGUGZREIY A1 H
S2 MRZ K Z W RI 4 beta I (£ ~25
2%)(Roopun et al, 2006, 2010). RI# 7% AMPA f1
GABAA Ak, a8 WO T4 MUERE, hor T
Rl AL, THREEREY, beta #R¥GFIHELE S1
P AR R HEAR A I R [P ~ 10hz 4]
)25 Wi B —— 17 5t 4 A\ R B s 2R 2, )
Tt AR B JE R (B A 2 2 XIE0) 213 24 5%
(Jones et al, 2009) . X —HLHIF W], ¥ LB =N 4511
TR M ZE AT S1 o724 beta TS L E 1.

beta R EMHE AR EH K STN 8 3k 47 £
(Levy et al, 2002;Steigerwald et al, 2008), $#ZH T STN
RS HERMET beta TR AER . STN
A FER A B 2 18] A B it 7t A R e &1
beta FIHAEAERIL. EAPLEFRF, STN Al GPe
R =B IR TE M (~ 1Hz), B VXA
HIEBRIZNEERZRES (Plenz & kitital, 1999).
Ak, THEARTEN], ERSRESIKAAET, STN




A GPe ] LA IR IR (Terman 55 A, 2002 )
Al beta #Z (Holgado 25N, 2010 4E).

BT, A NN GCRAR AT A TE (10 4 0 R0 X 2% i
gy, AEH N CBT M+ beta TS . TE/)
B A, B RE I SR, SURAA 23 HIERAE ) beta
P& (McCarthy 55,2011 4F) o TF AR BRI, h i 2
JC (MSNs) FF 5 GABAA HiLjfE5 MSNs Py [E 4
m HLIZ IR A AE ELAE X SCRAE N 48 beta T HER)
FPAAEFESCHET (McCarthy et al, 2011). X FiFhELAE
Bk MSNs Z IR M2 AH AR, BT 5 S i
18 o X —HUHIFE TSR (McCarthy 25, 2008,2011) Al
FHCEERIHESE (McCarthy & Kopell, 2012;Mitry %A,
2013). m HJA/EK GABAA B2 &FINLER (]
WK ZE (Moore 55, 1988). dynorphin (Madamba
25, 1999) 22K [E EE (di Michele £, 2013)] FIAME
FR 270 (B RR I SRR 1) (Brown 4%, 2010)
P, % RS beta TR EZ 2 mERT . M
4k, BT msnto -MSN gaba GEHIHIFEE MSN IE({E %
AT G I, AT MSN 27 PR 5 7t 3T 8L
WRAE beta . 2 ERA ZBAHALA AT LA T msn
(Kreitzer, 2009), XK beta #z% A LA EIFEECT I,
X HCP T BUR A Y IX PR 2 B2 5 I KF . f
T beta TS 5INEIDIRE, FrolEAERKE, AR
THREME VT 2 B AN /BB R M SORAE msn 190421
JRATECAR, 45-%2 Ei% (Jaber 25N, 1996). ZTH
B (Zugno 55N\, 2013). Bi] )i~ (Iordanova 5¢ N, 2006).
b- FRRE AEBh7 (Beversdorf 8N, 2002) FlAK
fIZ (Tuboly & Vécsei, 2013).

SUIRMT L1 beta 1 A1 I 25 WO UK
BN — AN BRI B 2R 1T e A7 72 T\ B i B Z0IR 4
OERE TSI E N S SN PE Ak 2 23 O i
AR A% % (Smith et al, 2009) . X EEHR P #5521
B BISUIRA L (Smith et al, 2004) . Ding 25 A (2010)
BT AR, IX 8 Fr i SO A N3 e A T
SURAA HEBR A Hh 1]+ 22 70 R FH R BELIT Rz 53 SOIR A4 %
N HORT I 35 i BB S L R e il SOIR %
S FLUIR AR AE o 18] 4 22 7 (0 18 R A A 45 J
Bio W ERTR, THEBAYRE, BT IR E T
FR T 5 BRI SOIR A4 2198 R 7K T (4 184 0 57 1% 2% 7E ]
P08 P 20 0 PR AR R ) DU T 238 (McCarthy
8, 2011 4F), X EEPRZE T A BN LRI B AR B
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MEFPEHA I (Benarroch, 2012). X5 Leventhal %5 A\
(2012) HIRBL—5L, B beta TS T ZIR (RIFT
HFEghir) fEaFtm. Bk, mmgeRaasimiA g
AT RSN, T Xof i 25 RO S N, BIVERL S R E R )
ANHIEAEBEAT RIS 3iE 5, 7] BE 2 8 SUR A 0] %
11 beta Ik I AT

R BT TR 45 & D4Rt | — ek
T beta TESRIFMISLE R ARTE, HENIX— i
K, MMLH] AR CBT JE3HH 1 beta TN
RN AIZ S DiRe, EH KEM TAEZEM. (—
IR )25 RGN T JE beta TTEREDIRES L. )
XATREFEA IR T beta TR, MERRTE
X HERAPZETT (Fehi) 1 3 2%t 450 I B & 58 1
HATIEY], GPi fath 3 i (6 50 10 ##2%)
[ 25 19 0 2= BTG i 1) o 48 T $EPE (Rubin & Terman,
2004;Agarwal & Sarma, 2012) - GPi MR IN&
SECE R B AR AL, AT 5 2 i B JE 4 B ) R
Hhn, FEREARRTH R I s AW S (Rubin & Ter-
man, 2004). BERBIERE], HREHE A 25 Hz(E
beta AR VL ) B, 81 75 5 R K ] 158 GPi
0, X TR (ROEME YRR ) GPi) BIRES K
P I 2= kb B fi R 4% (Rubin & Terman, 2004) .

Kane %5\ (2009) WIWFFER, £ KPR,
FEMERRE T, ERESHIENZ &N (110-170
Hz) AL (alpha 5% beta). M, MEHEZZ
ERZRELPIRITIS, P& STN H beta ki L) 3
(Levy et al, 2002), LWiPARIZH I TG beta 53
FEYE ] R I ) — B Xt T A i)
BRI beta IR & INTE W H LRI ? TH<E
AR PRE HH R A 22 3 755 MR 255 7K 30 g 2 B XA o ]
SRR IR ) e T S 7 R B AR IR AR A
TEERIA, EEReRET, Eid KGR
eI RE oA P b, (EHALE AT REANMER B GPi IR
BT 5 75 3 F il vh AR 32 A B

FAN BB P LB CBT a3 2%
£ beta A2 AR IITMA . ETEH KB T, beta MK
VEJUF- [N A AR AE B J2 - SUIRME . 45 A BRAT STN (Lev-
enthal et al, 2012). AR ZFIIERMETT beta IR
WYL — 8K (Williams et al, 2002). X5 beta
IRV RS B AR E AL — U (Kopell 4,
2000; PURE/REEN, 2012). AEBEAAF R AR



LG ATRE IR beta TYHIAEIX LY 2 BAL A MR HLAR
I WY1 A A Bl U A5 S A R AR B R AR
FH B AR 0 SR ) 28 AL

5. B4

SRR 5 B B A A RS 3 (B35 &
MIZBh AT G, FHHIET Z R EMEE T
ikt AREAFEGREE A KN B AR I e AN
o AEXRCES, AR A KRBTSR
HEFEMATHREHEEMNAR; B, A
DA RN 2, AR R
AT RN SR T SR e AT R, LA
SR 1 A ER L) e a5 08 E WL R U B X —
Fo 1E A1 iR T gamma 15 £ 4> gamma i
FIEE A HEAEH, X% gamma T5EAEH T H
FE NG 5, FERTRE N8 (1) T SRR (A 2%, XK
PUG B AR BRAR A H o IX e 308 7 — WAL, BPAN
05 5 AR AL b AR 1 R B Bh A AT T AR N K i
AE B S5

FATILRKIE beta A gamma 5 2 (8] AH BAE
M, 8m T n—EE 4. 58—, JA1E
)& | EM R beta 4, PAAAE NHIME 5 404 542
HE EAT IR G TR H R AR SRR . IS LTS 4H
Mot AL AR sE R EAHE S, MU 7O A A
Hil -, SEEREEZ M SMEZRER . XA
- Ui B 1A ELAE R TR — S 2 b —— R G
SHMEAER (FEXFER T, KEMHS beta S
FINSLIR) FTREEAG JEH W 1 T RN, TIX 28T i
RN S5HRG AT oK (FEEMIGHL T, ERE R E
i) . peAh, B LT R beta 55 %R 2 ) 5200 Bk
TREE LTS 4 Je i T H0E, Bt DALE SR IHERE 1
THEO T B ELANEERRET) G AR K4S
o BRI, XNHFEBY] TASHE SR ER (E
XAEOLT, 2 EJERRZR) B ERRRE E E Gk
T HIRIENASRE

AT A T A ARBE E 58 24 1)
MATIH TS JE HILHT beta 1 AR, AR K
D). PR beta 1 TR A R A 2R
Rtk G EIHKR IR BOE IR ZFRE), XHBT
PV [ B m B AN TR RN o D6 T Al 15 i 3
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AWATHTT LA ] iR sdH A S, AR
2T TRy, XA AT DL B 9 A RN D RE
HR] BRI T SO FE TS (Stokes et al,
2013).

BE, FATRUE T 195 A0 D) eI 7T 0 M 52 AN
BE— BT b M o FRATT IRV IR & R G 22 AN 7 1)
beta #R%, FFnIe R -FE AP 4 - Fe i Eh o AT HE
WX OGN Z DR, LA AR AN
1) 2 Mg LE AR T . FH IR A — MR ORI ]
AR L A BE R A A H X A% beta 14,
EAR AR T AN FEEAE I TR 0T X A R,
FEAWINITEGG o B, FATTEA B 7T T AR U AR 2%
B LSRG 2 1) TAE, X 5MIEIRG (IR 4
SIER BT BT iR 0 TAE & PAT B o X R IR 5
TR BB 9z b T R B i AL ) ()
Fto beta TifH& WA 5 BTN (Dejean 55
N, 2011 4F) B EAPARLF PR (HZ W, Carracedo
N (2013 4F)]. 8K, X prA HARSEB, AATATRE
2 I SRACL A [

JUE LA AN 2 DR FH SR i 65 A1 B 45 - ) i —
HLH (Ainsworth et al, 2012), {HIEATHEEAIHRME T
HERHU . X BB 0)5R 1) TAE GG A4
XL A5 N FNE B0 40 I B8 2 AH OC 1k 4]

6. Bust

This work was partially supported by DMS-
1042134 to N. Kopell, NIH5R01NS067199 to N. Kopell
and C. Borgers, and DMS-1225647 to N. Kopell. We
thank Mark Kramer and Howard Gritton for helpful

conversations.

7. §5

CBT, cortico-basal ganglia-thalamic; CTC, com-
munication through coherence; E-cell, excitatory fast-
spiking cell; EEG, electroencephalography; E-I, exci-
tatory-inhibitory; EPSP, excitatory postsynaptic po-
tential; F'S, fast-spiking; GPe, external segment of the
globus pallidus; GPi, internal segment of the globus
pallidus; IB, intrinsically bursting; I-cell, inhibitory



fast-spiking cell; IPSP, inhibitory postsynaptic poten-
tial; LTS, low-threshold spiking; MSN, medium spiny
neuron; NMDA, N-methyl-D-aspartate; PING, pyra-
midal-interneuronal network gamma; STN, subthala-

mic nucleus.
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