2 4% 2 [8] 32 B Kb
Portraits of communication in neuronal networks

Gerald Hahn'*, Adrian Ponce- Alvarez!, Gustavo Deco'?, Ad Aertsen®*# and

Arvind Kumar*>*

ICenter for Brain and Cognition, Computational Neuroscience Group,
Department of Information and Communication Technologies, Universitat Pompeu

Fabra, Barcelona, Spain.

?Institucié Catalana de la Recerca i Estudis Avancats, Universitat Pompeu Fabra,

Barcelona, Spain.
3Faculty of Biology, University of Freiburg, Freiburg, Germany.
*Bernstein Center Freiburg, University of Freiburg, Freiburg, Germany.

>Computational Science and Technology, School of Electrical Engineering and

Computer Science, KTH Royal Institute of Technology, Stockholm, Sweden.
*e- mail: gerald.hahn@upf.edu; arvkumar@kth.se

HE: KIS R—ANE B AL ey R 2 T 2 B 2%, AT
A B X AT AL SRAC R M BEAT T H, KoL AL 9% 8 T X %%Hﬂﬁz@%x & &
o BXBENLLF cP a&mmm T 6 A A AY 22 7T W 25 2 18] 38 13 09 & AP E B L
Ho RAVEEA, AVETF L 698 kTugmﬁ RS F B P AT, Rin
N M5 AR, B, &M&MTfA JAE 42 5k 22 3 o A A TR [B) 89 AU A 5 69
AR RAMTEB, Bk (Plde, a EHEA 0 L) kHAHx (y
ﬁ&)%@%ﬁéTuﬁﬁ A EZ AR RIAE], AF R L RIEE T AR
Bz gkl , AAVNA, ERAIRG T VAR E 2 W% LR R TS eut i,
M%ﬁﬁﬁ&%“mZ@%&ﬁo



1. 5|8

K A 28 6 I 2 1 Dhe T M AL R AR 2 0 B B B H S U — N AR
X 7 ERIMZE,  HE R AR IERHZ TE MR 2 1,20 IXFRBLEUL R
GuH (S 5 A BRI KGR S,  EPE I MO T S I 2 IR S R BT
PRI, DA A AENLHI R BT 1EASAH 56 BIAE 5 4% H 21 TSk B A BRAT 55 I T HU AL 34T
% 3. 4. WA)IEUL, KINSh %0 DRy — R L BB, (E5 08
IR R A A R E R 5-8. SRUETESN M — AL 3 5 — AN I 2
FE SRR AR TAMTHT X 2 Hh (1) S UG 3% S AR AT DLAE SR Ak 5 X 28 v 5] R MRy . T
AT EERI N 2+ 9+ 100 KAGIZEE NG ) 1) = A K BERFIEBk S AR e Az i 1)
kg sh . B, KNP R ZHORALERIRSS 11,12 F H T gesR I H &2 1A
(g e AR 13,14 FR, IEFEHEAT BRI K I ph 22 G iE B #2 =n FE mT
B 15,160 H=, RGeS RIETE S FIfL1E 17, 18. Bk, KK
AZ YR H T I — A5 P v s e {8 FH 553 L AN W] 0 PR B ek o 2% RS2 0 ) 1)
IEIEAEE R .

EIX RIS FE A, BATER T — P2 T 303 KRG 712K 0T 70 R0 38 ff e
I 2 [BIREIH BN LIS . ZAESR IR T TR 2,19 FIETFIRY 20 1%
a7 e 2 BN A R AN R 5 T FRATT IR0 T H 3 ph 28 A 1) 2
REFE, FEHREMIAE RN —HEL, WEh I RGMAEEFEE. A
VAR R FREE R4, BT DR BS (RERS) TERL%
SRV S, AT DU A SRR AN ey SR S8 @ S ORI DU B R S S
(MBI ARG o RATEEI, 12 RG] Lot 5 2 9 fh v] 58 VA Pk R 40 mT
PAVI 55, FF H AT UIE 5 B AR5 #0100 1 8 1) SR 4T A O P
TATHR X Pt A AR 5 0 B 25 T DA 3 1) o 22 0 DX 4% 22 [) ) 43 7 T
RIFEBAER

2. METTERERSA

RIEFEMEWE . — WIS, WBERGHKIEE . HIEE T H#E Z1H
IEIE R, W R IEE . 8T SR ARl (5 R4 (NCS) o, Kix
HAFRCE HE R SRERRR A VEAIN G 22 s % . FEIRJR T IX
sk, I AERNCE AT RS A e T . SRR AT R R 45 E M 4% 42
PSRRI 28 B2 o

MEAEHIEE. AT, fLREIE b AR BRI 2% ) i
R R, $h2E oM g6l 2 RV B A BoE e . X i
AR BT LA 2 e s SR VE T 2. 140, ARG TTHRI M BERE, R



ik FTHE ST (0 3 0] DAAE HARAS AR O & B o gl AAOGHE . FEB R, &
) R 28 LS e R (1), RV AT AT g [E I 52 s MR R M 0. 7R R
JE T, BInEER AT AL, S0 R P25 5 A2 AR
FEIX L, FRATTRE 10 BRI A BT 5 )2 P 2% 2 [B] SR WA B R4 i

WA TTESHSEAL. FEEBEMAL TN 5485/ 2K 1S B nT DLRUR S 2
16+ 22, 23 BOXAHIGME 24, 25 F/EKA BRI 264 27 HITE 5
. FITEHERY, (s BT R ISE 50-200 KRS 35
(RIEHHEE) | 28, RAEMEATTIE SH—FIT(EIE 2K eI —IE R R
e Ckargs) AT RLEE A R ARG E (o, 50-100 ARG S A EY
B (o, ~1-10ms) , EMEHEBMFEPEE 19,29, JLBHEEH, o« M
o HEEMEMKGTEN N T L FR (20 REF2 ML) o FEE, kil
BAGAEEREE: MR, RIDEET REE MEE M b2 5504
volleyll MIFHZTGIAAH . BEEMZ, XFERI NG E AT PSS A kb L &
DARG 3 % P S VE A AR G i, 2 ANRIERER R 28 T DL A A E i Y 45 4%
FEZ) 5-10 Ak s 60 0 531 o

EERIVAEIFR . (58 E Mg, ARG R IR gy — % R
WEFRIME IR, X JRUEI RHOCR SR AR SR R i A 1, BRIl 4%, #2UR
P2 DL 5 — AN RUESF S N, (B 1a) « WREEREME (o Al o) PR Ek
Wk, BATUCWEE RN, o PN o R nspE 5 i,
FERRE B R BB, ke RN 1% 7] DRI 8S  25 o 3 28 15 5l
s sh rR R ok, X RERE BRI 25 REfE “SREL” M2 NBIRBKREL 24 9.
100 XIS 2 MR SR, BRI 2 R IE 7 RIS X 28 Hh K45 5 4
RFFHFEIN, ERSRMEERE. Fik, oTLURENEEMSZIRE (o F o)
KW FAG 5 & AR B SE R,  1X AT DA EE 30,31 it

M TUEGIIAE . SOE T AEZSOT Mg REENEH o« A o 24
BB, NCS HRESMERR T AR AN o« -0 s 2,19 (B 1b) .
FRATTHE T 2 I FobR 25 23 [ R R PR T IBAE A, K ARG sh A 1k 3R
NN Y o T 2 o kL 0 A5 36 2 A B LA BRAT A SR ) NCS 4
B, RAMEHEMZEIT 19,32 sE ARG AT 33 Vil. XX IR
SRR . WRB AR ETE S LR L, WA EAARS Gk, EAER, JF
HEUER a-0 AL AR (B 1b) , RUMEERIN. 8#, kbt
BRI R AR RGN TEX 5y, HPulktam a-o EEPIA T A
(B 1b) o fEAHEY, 5 FHRrhi B voe 7R fk b G mT DAL R, T ERAE T
NCS [ fE R



a [+ e

I \
- - - Mh ME M(
gl [ ™ M, I l M
0 \ n
& ‘\ /‘ ML Vo N T P B
KN h 7
Channel }a % %
M 4 h
. -~ ~ L M, M, M, M
HE | |
AN / N S UV VN e N ~— Naa\s 2 SN2V
/ A\ 4
Time Time
b Block Facilitate d f

Weak connectivity

— Strong connectivity
---Excitability increase

== Excitation
Excitation and inhibition

Communication

/
’ v
;, !
g ! Communication
Communication K s
p B
. )
o )
g b o M,
No communication Aﬂwmunication

a a a

=

No communication

B 1Ar2R&Pag@iz ti. —A [—FHAES., B EfdE GEdk) amegsr
BAUBERA, EPREFHARES B PR Ekmie (RE=/AM) AmElkiad
BRI, ZEARN KA B R ERLW R B S A & TR AR A, 4954
WL (RERB) Mg KiEFEFBEREGHEF BT R EARERFHREOHE
(a) AECMBREL (o) Bl b WETERETULERELEY a fo o BB _HRE
P AR (Blde, M1 3 M2) o /NLIE R 38H 8K K 3% 2 45 48 B 4800 Bt a9 B 18] 38 1L,
SReh a fr oo, FHEHRIEE (BOBEERT) REEEAR (BOREHT) o F
LR Fagofak (BEdR) M4 T Rk AIEEE XK@ 15. separatrix 891z E & 4 Fe
N FHEHHZ, FELTUASF (BREEXR) AMRIAFTEEMELE (B, Ml (BE&E
BHIE) ) RMETT A AR AL T KAF &0 H & (Flde, M2 (REEXIE) ) o c|Ma #=
Mb 27F—H&AANES ., S REF @il sEE (VACRE) #8K, k&
E2H5EAT o (HE) f» o (TE) » SREF LS ATREE (BEXAR) £
i, BEEALEATHLEN o fo 0. RBEECTR I T AEFBICEAYZTF GBI
Ro dZAERTTAE a-0 REFEFGIG c, BAFGEEBM AR HGHRE (5
HAREAFEERR) R ERXIFELG S REAM THADEREREG ALK, A
AR BT W kAR 60904 095815 (bR R &k & 6975 & HiE) o APZ T4t a) 38 m b
Eolfakea T4 (BR) « T |7 ERMENIRE ¢ 0BT, A, I
ACITTERGEENE (RERB) , FEREFRBRE FOEMHNET, BEfolr
ETEES A BT REF AR E AR PG SAdphl, BE2ALEATELXA IR (Ma)
ENT RS, mat 2l SR TEGENF (Mb) 69H L THER K, S EBKS
(2ARE) FHEERIpHE, TUAFEELE Me) (Fek) 33, ([ZHIEETTE
a-0 FHFERE e Ky, LEfk ETF AN ANERGEFGENPHOGFELTRTHH,
hl AT B o TTAEIUGK R G HF LT AE466974 & (Ma, 3 & 3E) #4941 49 5] X (Mb,
g Hat) Mok, AR, £ EBIARGIR—R], BACE 6 B RR I o R &A= &I
AFiIEZE (Me, S EHIE)



3. WEKHRERER

NCS W73 BSZ A B IR TP R 2R 3@ 8 1 CHH 25 ) 32 3 A R 2R f
BN RE) ARG TR ) (BRI Z8 v () R 680 /)%
MR JGE) ) o B, IR A WCE WX 45 1) 45 1) 328 30 1t A0 sh Zh A 3 [ 2
3L T NCS HHIEAE .

RIiBZMBUCE Z FIFEHERE. NCS K@ R IE M E e 4
Z A B R O SR i B o, HAE R & ool s T VEH 2 20 5
2,11,34. BUMEEMBE F, HimrEE M (B 1o Mo Sl T 555
(R R T3, I T AT DAL R R AT fE L (B 1d) o R 3
2 HAE S e A a0 5 RAFAEA I o MR AR SR, T R 2 A RAL
R J5 A TTARIE . X T BRSO £ TO R T 2 B SR S A AN AN 0 ) [R] 25
P R 4 O S RPN &Rl D RS SNy ) e L E 2wt el < (RN T O PR 1 P
NS, BRI RS . Rk, ZEERE CEZILZmHmA) [
AL P 25 e o2 SR R] 25 2 19+ 35+ 36, 17 S A i A1 5E 55 R 0 422 o VR AR S A
MR ED 20 37. i iE S T ATRCEAE B, T LRI R E (S S
2.

A TURBIFNBELR MAT M . 25 A% 10 1A 15 11 R e mT DA e 2 A 2% I 2%
WA TeRE I (BN, RGN 2 38, 39 Fiphs o dsth) Skifdi. B
DLE A B s 1T M4 e NCS R R o FMK o A ReskiThi&sn.
FHEEZ T, BA DRS80S T & Tt NCS 53 R EAL T

BAKK o M o fH. MEITa 1 HA RIS BRI 56 - B A% 13 bR 2
() FIRIZERE . KRR TP o B Il iE 4 R, IE 2 e i
TR . A, SN ERSEMME TR SRE. FE, REEET
SERI R s, UG N, AT RO R R R e AR R . e, T8
I AR AS R I R 5T - B A EL A A AT DA X w1

TEIBAE PR RN, Xar /K 238 7 B B 2 fih £t Al 58 ks 2
TE SR BRI E . R K IR S S AT 4 S 2k m TRl , (R IERSS1E
SHMERE, MRS R B, BAMREER (B 1) .« B
I, RIS, ERER A AR A MR T X R M FR L
(P E -

e Fd AP TR A S R . e TR AR 2 R
44, AR a4 0 R B AE BRSO R IR € A7 B R R it 45, 46, E SR fil B 11
T, I8 SO N A -4 1A LS B R R PR B R A TR AN R S T e 22



TR ENIE i 47,48, [AIIL, TR S0 28 RN 28 PRI i) 2 A5 % A 1k o3 S 2 )
Bl IR ROB M E S F A, T AR IX I (B Te £) o

FERILRJRTT,  Foil TP A2 TO IR AT, M AT A0l PR S A ) AT 32 2
MEETE SN BN EEPRGE R R 49-51. £, FRATIE I E A3k /Bl
FUCE RIS S LR e T2 NCS P KA .

o(M) M) @M

a

C i on through ri

il

&
Time

AlLt-

Receiver
i

1
?'!
i

W
-

5
!
i1}
o
'

il

Sender
Sender

Time Tim

b d
Communication through coherence ] Cycle 1
Cycle 2
— Cycle 3
5 Communication ™
3 510 k ~
& @ 2

HEREEEE ;
No communication
Time

B 2|5 Lk et 2 Lilfz, —A B ERFTA. LRI FTHERERE T
KMEEF, W TEEFTHRYOLGEMEFT . S T OEA TR RS (a) FbitHE &
(o) 1i. BEAMFTOGELT, BREITHI-FAN (Al) F35h. BT HLEEIE,
JE BV Rk o €, 38 7 A S P 1A SR LAY IR T o UG, BT 3 Hvh i AN N B Bk
Fo. G A ETHETAE. BRSPORSESTHH L EET, ARRRT OGRS
Pk &R BE&E T £XH BRI CHEILT, IS W& e LEE A2 TR
(SO), iYL VAR F-FAN (SI) 7 XK¥%E, T RZ&EF, SRS G224 Hin
AR QAR e o R TFHRGHBEFREBFNRE. LB ERFEXITE
&%*%ﬁ@%é%ﬁ%éi 2 I LT RER T O DR BB T 638 3Rl

B ek (ER) WA, HMEENAY (kW) AT L4z (0) . 7HE& Ma A= Mb &
&% SR GBI L E R FE BR G AT BA, Bk RAEHEIRNE (Lefte £l

o NG, RHIRIRITELE RE TGRS —F, BHE Mc Bmniti (e s
ﬁk)owﬁﬁ%iTT&a.oLﬂéi%%caﬁoﬁ&%mé&&pﬁ%&%ﬂﬁ
REBRAHIITFHGPRE (PR HRK) , "BEXEATYRMBRHBELELEFRD
SRR FREATLSHKRBRFRBELETFERESKGIEP AT FHG IR K. B
EATRETHOREITREENRG AR T, LefettCid R TEH LK, mikEEih
BR TR EAZ, BFEE TR OB T, H452EIRE TR WL, Z3RaGR%H (K
CIEAR) BBKB PR LG8 E AR, FHBKERD KKK ALK FORR (5
EFR) ZUVHRAMA. IEFLHE (M1, M2 4= M3) #9145 a A= o A2 T 54
KERZBEEOMLEARK SHEMBRHRPALERERZRG AT, L& EkTy
Rk, mBBKRBRFGBELERERZRH T, BEAETHIRE. FEREEEREEAEL




THEANRS A (Frk) BIKT 5V 9 R%. AT mANERE, HELAET a-0 ZHEF
WEERX LT, FTREE (M3) , LEHRERE—NKHBABPALSEK, mitT
38 (M1) , LEPREMREZNRGEAPEF oK. a 92 % A REF.64, CC-
BY-4.0. b #4%% REF.70, Wiley-VCH # 7T & %,

4. A EBNERIEM

TR AN F 1 88 ARRE X B[] PR AR A AT AR 32 o RS0 X 8% v 7 A Joi
EAFMREG GE 1; #7ES) o BRI REBCP g, Mg R

SR CAD IRAS, Hpa o AN At 7 Qs . A i 78 4y
a0 CERAmH ) A oG s SN EE AN CRE- AR .
JUEME LA AR, M2 AT LRI IR . RN BN E e A SRR
ez F S BRI DX FE Sha b BN IR (SO) #lil 50,52 (HE 1;
HIARGEE .

Jik B m] DAAE 328 5 I 286 o [ A M Y Bt mT Dld e ARSI (Rigf
28) Hgk, Bihn, M 53,54, M7E SO RE FisfrEidEia Al 1 SO RS
AN, ROXE WA R AERA AR o Moo AR, £
AL IRETF, BT RIETMNESNEFREE . AN 5 AT M, wT
A2 tH LKA

T AL REBIREFT BT . UR0E T AR M HRTE AL RS T
IB1T 49,56-59 JFilid B4 S9RMERGEL . SRIAIESENT, 8AE HETIEN)
synfire AT T, Hrlkrh s AAG WP ¢ o) MUEE (a) PLH
HHRFNRAIER (PRI AR g IR AL 32, il v MHT AN B2 J=
(V1) 2] V2 KSR E X P fE R L 1 SEI0 S0 e . fEIRTF AL
DR B4 151 B 384 0 DX 245 e (g 4] > BRAR AR 2 e e B 1, I B A 50 B Z i Aor
BRSNS BERAR (B 1D o EXMIE T, G s [F D Rk
MEIR O e 32 (B 1e) o AF4BERPAEXT T30 i I (8] o) B 141X
PR L N 20 B JE a8 7 e de EO7E N 7. R IRETI AL 3530
H ) S SR A AT RE 28 LA TR R €5 5, (H BRI Es R 8 ISk S 410 o P e 2 PG
OB ERIEAT B T DM A HAb g PR FOTE R (B Tes © o Rk, [REH
RS 2 #RAL T AT ARASIS, B0 v I ] (%) 8 2 AR 1] PR A2 A T AR %
FhiEAS AI5E BAS 5 8 RIG I 1ML 33,61,

synfire I8 {5 A5 3 ) — AN SR ] 850 2 o) 25 A AN 55 A R R B B I R, DA
SANTBRIAEAE R X 2 2 8] B A RS AS BR 1 A 55 B, DR 1 43 e T e
PF a-o FEPFHYEPIME. tAh, FZEESH R K R i AR
IR KRR EE e T AR R 62,630 24K 3%FH F/ak Ui M4 AE R IR A&



NIZATH, ATRES I T MR (] 2a) ARAT (K 2b) HIHTEAERE
X, IFRE IS 55 IE R M A s N -

REFMT SO K&, BUELT Al R3E. HRETTERIUE SOs50.
52, 64 BURMAIRGIN, 1E AL IRZS TIBAT RS 2% n] LAY 21 i S i
2, EEIREBHHRN HE 1; K 2a; 4MEERED o HAPR SRS M 2%
AR IRAURE — B, i RKAEMEIEIR (K 2a. o) o BNk EL AT
REA AL DATE AR 2 BRG], EE R AT RS T ER RS, HiX
PR, smMHI IG5 0HI 2 B L 640 WS N —AMkoh 6 2K BH Je H% 5 1 55
TR BL (£T/4; T ZIEIRACRAGE D Wz m ROk K X B — >k
(AL

PR A7 3, H3d 22 I A J U Jr B e 21 4L R T JE R I TR, A
PR EEU LIS e IhalbeSeN iy = P 2 S Y 2 DN LI e o RS R S L ]
87 AR EL IR BEAT HEME 64, BEHEEENRYG A RSN R 7> 2k,
ERERIFHITEOLT, 0] 58 40 R HABAE I 2% A 1 70 SR HI IR (1
2d) o PRI, BANEMILIREHT REE RS M S S, (HIXRNEE AR
AR, BT LA A B 7 A PRAR S L ASEIUE S48 (HE 1 #b
REE -

RIZEFLT AL RE, BhELT SO RE. UHEIXCES SRER
MRS 28I, 2 I AR RIS O, A=A G 1,
HREE) o« ZMIRG TRESEB LN THEAN 65, AR H, AT IR
FEAR Y CEAN 22 7T 2% 2 1A R SR IBSE A T IR Y o IX B IR RE T 1 0 B 26
FEPA AN B 2Z B3, 73 5 HA S s AN BEAR AR IE S 45 k. AERENLIN H) 3%
IR AT SR A RO 2IA R I BEAUAR AL, R ks UIRBER A% 48 66,67, v 1t
SERTEEEAS AR N R AL 7 2 S A IR G R BRI B AR AL 5. — B
ST T IERARARAL (BN, B RG EENLE 51,68) , EfFEE S FP R
AL R, RIS A SR AT 28 I 37 S0 0 S 1R R T oG PR T
T,

AT SO RFHIRIETT AT - 4% A\ TH 2 kb 60 1) ) S35 4Lk
I HAR s 2% DLS YIS N b B AR R OB IR I, it 2 Y B A\ R
A DL S X 28 I 9 ) IR B A 206 5 B9 E 2R3 5K 64,69,70. Z ik L Y
FABLAN NS W 2% iRy AL DL RO, 3815 2 B8, POkt BE R IR
Yo RIARSM R B Be 2035 9 BN 7 B2k 78 70 PR AR1, ESEWTRERITE LT, 4
Bl IRz HUAR AL S Sy N R SUIAS UL OIS, A N B R U Bk o e o 6 44
B PR AR X 2% R AR LRl T e W 28 Ik, LRI 283 2 ORI, KA



A AR IR R 0 55 0T PR A2 9B 70 (HE 1: &l 2b, o) o [,
BSOS I 265 (1) e BT DA R ) 2 8 28 R AP R S B TR R, 75 4%
N Bk BER S A F AKX R G Jeis 2 B TEE” 1T
VEBRER, B AR 1 ¥ 1 P PR A 2 A 3% AR S5 5 2 MR 42 TGI8 A 1) S ik 4%
f£20,71-77. ERERRE, S BEs i me SNE a8 ey, BRIk, R0k
AR IR, JEERRL, BT FRIE 64,70 (BOX 1), JLRAN
Feai o] AW A AR, DAMESRAE AT RS N 0(E SI8E . OvalirEr
Al RENKATRE, I HATAETERAT RIS # v e SR G IR A, BT LA Uik
EINS IEAE AT IR B AR X 550, AT BRI S R RE (0 ety o Sl it
FARIR I, BAE T BEAN TR EICHTRIILR, TR nT DL B 55 B 1) R I A AT
a2 (EATEE R E R EHFENSED DA R4 E 5 0IRG RIS
PP 55,

JUEETARG PN G AR AT 85 A SR T a5 2B
(17, H—Lese iR S5IXAMEVEAR—8G 1, PRI BE 25 [ AN [R] 22 4k
78; HIK, B RFFSUREMEE 79; =, WERRTRIETT NS IRE
K, AR L 800 Ak, FEFIRGMIHLE] CEItH 347 @ 5 fidEi
HIRIATIEE) SIS @ ERE, JFAFEINEA L@ LEE, ik
SR AERRNR B A b 78 3 B AN PR 23 B 2R LUSE IS S 548 64 (& 2e. D)
5. ERGERE

FRIEEHEIZET gamma JEHE (40-70 Hz) M54, o D4Es MEANHI ok
PTG A 81-83 (HE 15 #h7fE ) o BRI IR £ A8 K E R
JERR RS R, (HEERE R AR BRI (o (8-12Hz) MR (15-
30 Hz) JuRED) , TERT RSN R R Z IREE R 84-86. X MEHHS 4R %t AT
BB HH A T (A1 (1 X A -4 b B3 [ 2 7= AR 1, 85 B AT R [ B A ) 2
BRI IC. EER S, LI ARY, BEKTESTmE GBI Nt
PG AL . AT FEE 87,

ZNSHIHRY , FEAETE alpha VR, WAL B JUT A M 1 IO 4% 2 Jon ik a1
i, MIFE AT RIIRY 88-90. XA ZEMIRIT B MR EMIRIIATELR.
BT suah gt FAR R R X IR GmADAT 5 LR E EMm o« ThE 91,92, BT
CEIEIEN TR KELE 88,91 HIMES . ZHELRIRM T alpha $E3% T LS IE T
gamma $R3% INEE MR TR B, Bkl o IEDE R, EERE
RIEHFW) v B BHENE o AR B, MWmFHIEET v IR
WE. HK, BT/RIERER MR AR T ERT RVE T AT XA B By N T R AR
(ot = A B AR, BURAIBTRVEREE R E 2 M S AR A, RZ IR



93 Ity IR gD (FERPTRIEZD R ) TPl f 2RE- 4 24 & Se 3
RIAR LS IR A4 40 94

a
‘ —Slow alpha Fast alpha ‘
-

A

Receiver

Gamma amplitude
i

[ ™
. J

Communication U

L
2

B 3|5 hik% 682 0N RETEAGRZRIRG AR —A 8 ok BIRT A

e DR H M E. HEbkey o RBRY CGREETX) ML, BIZH o KBRHALHFLS
8y RBAMCREETFR) . tl AFE—AMDEMEGEM, 2 27 TR alpha
HBIR K B R K DR E AR ], 3 AT TAIE46 alpha AR FH LB R KimD
Ak e BB 1A . T |:z¢rv\ﬁn-i’/\ﬂ%«& t1.t2 A= 3 AaYRMER (a) MEEER (o)
FR AL E TR o WK, 2R T UAEKE B AR R, M TRiR a
WEBARY, DREARIEIRE ZEATCEE, HE M) REESELZRY o KEKY
(B E&HhiE) HFATHITER. M EAFAEZRY o HBKRY (Fadhd) REF A
WH B (wethit) P ReEE, clt a-0 THPEARR o KBERHOFALT
ENOGERE, LR BT AEA L alpha R (PRSI L) G9F LT e B3R5 FFHE R 9 &
0942 E, BARERTAELA alpha HEIRFFE LTS R H LB LR KRR HF Ko
REFERETEHENERG AL (HATKAFIT) BIKT 2V B4R, FERXEATAEGE A
BHERFHOHFALTHORAEIRT 20 ATARDERE, HELMET a-0 ZETFHEE
B& LT, BimL kG PR RERG AR, A Ml TAEHE (&g &E) ;
M2 F= M3 B EEE (FERBEIT) . dEGFLEER o KRBERHOEFALTEHNE
#H, TAHFEEN o REARTEALSW v REAH. EXFHHFALT, HE Ml
M2 TTAEHE (& EAME) |, 12 M3 T (e B&E) . &-F| K& TRk

FZ e ERES A TR GOEEOH R ZHIEITTERNERLEHB (REHE) 5% (B
E R B ) FEEE LT AT LA AR 0 E ARSI NG R . /5K A B e d i 35 Z 1) 84 3% %8
MAYFELT, HRESABRSZ A E55:5EN (REEER) Ak, BB PHRRER
YOG AY (REEEXR) PRAIRKEHME. [HBRFHNETHXSBERRKELF
BRHEZ MG EAMSAE a-0 TP ERGEATIRGOEE O R. XM REDHEY
Wheig stk (BEER) it (LEER) »HL&OTH (BefoeRR) . &
k& T \%Qiﬁ’iﬁkﬁ-/\?&%ﬂﬁﬂéﬁ T (R EAT kR T 5558 REBARA AP 2 T, &
EAT KA TIRERE IR FH A2 TR



FEOR, TN TR OB R R 2 ) RO £ T 7R 05 T R R AR T
R RRRE. TV alpha 5/ MO0 7 1 Wese T HEUC I8 P2 o e
gamma 3% 5 IO BCR: 88. L7 11 60 T Bl SRR/ VL R AR
BRI . DRSSV S (BBMBISFRA RN BB —E R
RN 64,70, FF AR AR HER0 247 PE B 11 FF SN TR T LA % A B
2R . RS AR o« WHRAREET v R
(F 3a) , (HAAHKNAEG I o WHLUBE R YT SIS v IR
5 R MRS RR SRR, 2 A ST ER AR (B 3a) ) .

AL, o RIS, S0 o SRR, R T TR RIS
Bt RIEH R 2 D SRR R A e AWM. B, M o IR
IR, RSB Ry RTINS AR, R A
M o (RIS BTG . ML R, M o KR
BN,y SRRSO TR o SR, ZERRR R,
AE B A {0 0 A ik SR R

ST, 3P B 05 7 -/ P 48 2 ) 3842 o £ P
FRAE M 4 B HIIZ BT G eh TSR AN X 7 1 B ST T 1
B, BT 0 9 5 0 DA STBL R I B 55 R T A £ U R
o IRIROTEERTILIG (P 3b) S 7E DR I B 5 5 R A
VI 5 B R EM DB (S M7 TR (B 3b) o MBI Rk iR 3l
LI T A . T T IR 25 0o (7 0 D e M 2 D A 7
R TR 5 AR T, TS O o L T R T A R R
TOATAHOR, FETAREEESE (B 3e.

PMER AN, o H5H 0 R R T L ke 2 LA
NS WA B ft ik s (5 OIS (J 3e, ) . RUSBRINES B, 18
AR 23 MRS, ST R R R TR A
AR, M3 B FIA alpha A0 T SLAI BRI RMERIRCH T 7EE BTG
alpha I, BCUVARETTAER . HRsK O MEEE T alpha YRR 2 0 X
BRI, U (2 I S R B o R FER R AR R, T SR A )
ST 95.

ERAIE LR L, TSR T alpha §R%%, B R BolR ok F
FEdE, AT AR synfire B{5HIRSHURALEE RO EL CROKI o
SREING 0 ) B TR S (5 LI T BT rT YR S L R R R
S KRR RO T alpha IR EUFR, TR A LUEIT I K
Ji RO % 2 I alpha FEGERAEAFT 1. AREZ R, BiRss ko



CBUNY o RVERECKI o) ESHGHEERHEET v kiafE, X
R DUE RIFREE o $R e R/ EOAORIER . iEER, B ]
(K, XL thn] REE T BA B R R ], B0 beta BB 96,97,
XAMERFE S —ADHBET: ARSI T, R R s IRiE A T

alpha ki, KT TIVIRIRISAE ST REgct b, JF HaTge & A Tl &
TR R

Attention

Fast communication Synaptic plasticity
(synfire)

Slow communication
(gamma oscillations)

SN
\

Count of spikes in the pulse packet (a)

No communication

Temporal dispersion of spikes in the pulse packet (a)

B 4] a-0 REZR AL LB L2, synfire 8 KT G HREE42 TIpH %S
RE& (LE&5R) L7, iR sRE&AA S, FE (BEER) 2 Me9E LiEfFdiT
IR Aek oy R L5 T DRG. @id a RHTBKEHTHERPFAFRET
FapFegia R, ARXET v HHER (FE,RFXR) 9. SXamreTi, didiz
B FREET RN OG§5%) AN F, FofadkaTH (R&) FmimDidlz; L2,
Frapsl o R R @ THANE XM S REKFITE ML B GTR) OHERT T a,
KigitH; o, B &4

6. ERERGER

AAAT a2 N PR BIEAS ? AR DM AT RENE. B, REEdE
IARAL 3 B0 S IR A A I AEIXAPIF LT, BRIV 57 N 2% 1 I 75 AT R
HeE A, (HiRy R, JEERINE 200 HIR, RIS AE R 45 5
BOL TR 73 3, I S IR P 76 i A s D 2R =, BT RE
HAFRCE 2 Z R 22 B0, il R AT A PR SRS 21 7 N ss . X



W 5 95 B B & 1 R E - CE R AR — MRS R R
Gt SEbr b, 2N AR R I PERC R (il IR E) 2B IR 45 HE <2 ms B JE)
FE, AN 54 H~20 ms B[R] ROBEFIE T 2345 H 1~100 ms B[R RUEED) AT B
53 AN [ S 25 110 3 23 ARG P RIS TR A6 12 P 2B 1% 82,98 - 100 AN s i itz 4
I NEE T Z2 3045 SRR V) B R P B Gl E . 50U, B PP T A w1t
H B T4 101-103 SURIELENait, SR & a2 ek, Hnr BAY
5104 FEIEAMN Y IEAE o X PR R TN AT DAAE AR I e SIS TB] N FEAT 9 R
K2, I H A LSS 122K 20,101, JUHZLE theta VG (4-8
Hz) o, X2 ARV B B R e A ik Bbah, Rt B #R% (12-30
WEE) SN FENEE REE R 105, HFER, EXMEL R, theta-like
TR S AV O RIS RN 4%, T alpha AR, G0 BT, A ZEHNRE
I

FEAR B A, 8 5 RS 0 N g P 0 I8 T 0 o P AR N o A 40 5 )R )
NREBh . XD 2 A BE S T PO (E, IR AR T BT R
A5 BR%, AT IE 73845 (B 3es D

7. TR

MR B3 34, AT LAR — 2 AT B A R SR S8 I F e AT Be g 45 2R

A DU A IA OG0 A 2 B A 1225 RN & 5 LR R B N AR AR A IR 1
LN iEss. EEM Ca, o) BUREEERBKF LRI ik P2 of
A0SR NP 48 A g N, T AE S S 6 I R o 1 A PR o B e AR FR WS R 4
FAAESR G N AT REA AR AL .

FATHIRE AR, J TRz A3k [R5 13845 AR AR AE BT i L o7 A B 2
RO e BARKRUE, TR ke B LA B LA R A XU R N, G R R 2
WAL Z Ja AP B CH T B4 o tbdh, FRAINZRES DLz ias 45
T 4iR 72 i LSBT AE in (4 1 SO 8 B L PRAN S 7 B HFAL -

FATTFICI e 55 kb RS RIS (Bldn,  ASFRGE SRR LR RO 6
ST IR RE A GEEAH T BOHREATIEE) 785, Hibfikss
I B 5B H SONE R A R AH L2 T, droi BRDP Rk b6 (lan, AR ER
S BRI 2o BRG] A Y DR (R PR Ok A%k, JF S B R
LIS AR ORI . X B RE I A B RIRHCE R 5 28] o BRI
A AZA IR o

B LR AR SR AR ES T AFE R IEBEAT alpha $R¥ZITEOL T, H# alpha
TR, EETRT LS synfire B A5 5C T FHUHIRIRGE B .



8. it

FEARSCH, FATZ R & N 28 rhph 22 Joid 3 1 LA T 276 2 — AN H—
PRETTEZE (& 4) o G, PPETTI L% 2 8] ik s 18 A5 20 Jy S Az
(R AR TR IR A IS AL, AR AR IE = A ()75 22
20, TMAERTFEBREEGES, MREEJIBECE MR ACIERE 2. 19,
PRI, 3 P ot 5 A O 5 B A AR BT E 2 AN 1066

FEIX L, AT AP R [F A ARA X Al A, EAT#HREIR T
W 2% 2 T FRIEAS , AEARAL S (A SRR RIS, ARG I HE S LR D 5 i
TERXPAIPMGOLT, AP AU AT A N AR AR I B B Sl A, I B e 42
W R I RE R B AOE R TR AE U AN FE I E . a0 BERTIR, MR LA
VR T LA R ER o AEIRATE R, PR IEAE 77 20 3 2O AE Tl (5
fE. 4 E %R B FEPE, ATRUEHPORIEER N (synfire 20 o KRG
BRI DEEMGINE R BT a-o F[EFRE], 4G 7 RAEE . E,
Moy VERIFDHIPE Rz (B 4) o MHECZTS, B0 (S AR 1 o SR %
B o SRR 1A B A B 2 TR oA 0, I Hod o e T IR AR A 15 23
R 2AMHIVER, X E AT ZAE L AN AR B USEBLAE . EiEe, RiE
EAE L, AEAFAEM 4R GO0 W] DAR B[R KGlAE, Wi vl =4
TR R — AN B CL 2 R % 0 DL 3815 I HLAS 75 B i 84 5 & 301 ) 2= 4
YEHIRS . WAL E, Rk, {5/ synfire A1 gamma #5220 AH X AT 7T LA
WSRO B ESR AR, 208 alpha IR SERAAEAL, DA
N gamma HHIFEL M EM L (K 4) .

SRIG S BEAN R B A DX 3 55 v/a) 388 RH - [X 35y 38 52 BHL A sy 2 152 X T g
252 R B s Bz JE XA B i s, AT R e 7 O S e ] s S
101, FIAn7E EMAR XA MTHA K 107,108 F1TAECIZAHIC X8, 54 fi 4
MR E. Ak, I SR kAT SRR A 2T 55 0T BUN G R0 2% B
AR PRI ) [ A A

S, AT ARG o 48 0 X 485 2 ) 56T [F] 280 A T4 35 1A 38 A 4T ] LA
S FH B — B PRI AE SR R PR AR, X T DU B et B AR 0 2 1 RN BRI R 3 1 T e
REVEH



L PN

[1] Modha, D. S. & Singh, R. Network architecture of the long- distance pathways in the
macaque brain. Proc. Natl Acad. Sci. USA 107, 13485-13490 (2010).

[2] Kumar, A., Rotter, S. & Aertsen, A. Spiking activity propagation in neuronal networks:
reconciling different perspectives on neural coding. Nat. Rev. Neurosci. 11, 615-627 (2010).

[3] Dehaene, S. & Changeux, J.-P. Experimental and theoretical approaches to conscious
processing. Neuron 70, 200-227 (2011).

[4] Dehaene, S., Sergent, C. & Changeux, J.-P. A neuronal network model linking subjective
reports and objective physiological data during conscious perception. Proc. Natl Acad. Sci. USA
100, 85208525 (2003).

[5] Aertsen, A. & Preissl, H. in Nonlinear Dynamics and Neuronal Networks (ed. Schuster,
H.) (VCH, Weinheim, 1991).

[6] Bienenstock, E. A model of neocortex. Netw. Comput. Neural Syst. 6, 179-224 (1995).

[7] Avena- Koenigsberger, A., Misic, B. & Sporns, O. Communication dynamics in complex
brain networks. Nat. Rev. Neurosci. 19, 17-33 (2017).

[8] Friston, K. J. Functional and effective connectivity: a review. Brain Connect. 1, 13-36
(2011).

[9] Buzs&i, G. Neural syntax: cell assemblies, synapsembles, and readers. Neuron 68, 362—
385 (2010).

[10] Perkel, D. & Bullock, T. Neural coding: a report based on an NRP work session.
Neurosci. Res. Progr. Bull. 6, 219-349 (1968).

[11] Abeles, M. Corticonics: Neural Circuits of the Cerebral Cortex (Cambridge Univ. Press,
1991).

[12] Buzs&i, G. & Mizuseki, K. The log- dynamic brain: how skewed distributions affect
network operations. Nat. Rev. Neurosci. 15, 264-278 (2014).

[13] Markram, H. & Tsodyks, M. Redistribution of synaptic efficacy between neocortical
pyramidal neurons. Nature 382, 807-810 (1996).

[14] Stevens, C. F. & Wang, Y. Facilitation and depression at single central synapses.
Neuron 14, 795-802(1995).

[15] Arieli, A., Sterkin, A., Grinvald, A. & Aertsen, A. Dynamics of ongoing activity:
explanation of the large variability in evoked cortical responses. Science 273, 1868-1871 (1996).

[16] Churchland, M. M. et al. Stimulus onset quenches neural variability: a widespread

cortical phenomenon. Nat. Neurosci. 13, 369-378 (2010).



[17] Haider, B., H&usser, M. & Carandini, M. Inhibition dominates sensory responses in the
awake cortex. Nature 493, 97-100 (2012).

[18] Rudolph, M., Pospischil, M., Timofeev, I. & Destexhe, A. Inhibition determines
membrane potential dynamics and controls action potential generation in awake and sleeping cat
cortex. J. Neurosci. 27, 5280-5290(2007).

[19] Diesmann, M., Gewaltig, M.-O. & Aertsen, A. Stable propagation of synchronous
spiking in cortical neural networks. Nature 402, 529-533 (1999).

[20] Fries, P. Rhythms for cognition: communication through coherence. Neuron 88, 220
235 (2015).

[21] Braitenberg, V. & Schik, A. Cortex: Statistics and Geometry of Neuronal Connectivity
(Springer- Verlag Berlin Heidelberg, 1998).

[22] Barlow, H. B. Single units and sensation: a neuron doctrine for perceptual psychology?
Perception 1, 371-394 (1972).

[23] Adrian, E. The Basis of Sensation: the Action of the Sense Organs (Christophers
Publishing, 1949).

[24] Riehle, A, Grin, S., Diesmann, M. & Aertsen, A. Spike synchronization and rate
modulation differentially involved in motor cortical function. Science 278, 1950-1953 (1997).

[25] Vaadia, E. et al. Dynamics of neuronal interactions in monkey cortex in relation to
behavioural events. Nature 373, 515-518 (1995).

[26] Shinomoto, S. et al. Relating neuronal firing patterns to functional differentiation of
cerebral cortex. PLOS Comput. Biol. 5, 1000433 (2009).

[27] Maimon, G. & Assad, J. A. Beyond poisson: increased spike- time regularity across
primate parietal cortex. Neuron 62, 426-440 (2009).

[28] Luczak, A., McNaughton, B. L. & Harris, K. D. Packet- based communication in the
cortex. Nat. Rev. Neurosci. 16, 745-755 (2015).

[29] Aertsen, A., Diesmann, M. & Gewaltig, M. Propagation of synchronous spiking activity
in feedforward neural networks. J. Physiol. 90, 243-247 (1996).

[30] Grin, S. & Rotter, S. (eds) Analysis of Parallel Spike Trains (Springer US, 2010).

[31] Gewaltig, M. O., Diesmann, M. & Aertsen, A. Propagation of cortical synfire activity:
survival probability in single trials and stability in the mean. Neural Netw. 14, 657-673 (2001).

[32] Kumar, A., Rotter, S. & Aertsen, A. Conditions for propagating synchronous spiking

and asynchronous firing rates in a cortical network model. J. Neurosci. 28, 5268-5280 (2008).



[33] Kremkow, J., Aertsen, A. & Kumar, A. Gating of signal propagation in spiking neural
networks by balanced and correlated excitation and inhibition. J. Neurosci. 30, 15760-15768
(2010).

[34] Griffith, J. S. On the stability of brain- like structures. Biophys. J. 3, 299-308 (1963).

[35] Litvak, V., Sompolinsky, H., Segev, I. & Abeles, M. On the transmission of rate code in
long feedforward networks with excitatory- inhibitory balance. J. Neurosci. 23, 3006-3015
(2003).

[36] Reyes, A. D. Synchrony- dependent propagation of firing rate in iteratively constructed
networks in vitro. Nat. Neurosci. 6, 593-599 (2003).

[37] Vogels, T. P. & Abbott, L. F. Signal propagation and logic gating in networks of
integrate- and-fire neurons. J. Neurosci. 25, 10786-10795 (2005).

[38] Goedeke, S. & Diesmann, M. The mechanism of synchronization in feed- forward
neuronal networks. New J. Phys. 10, 015007 (2008).

[39] Ratté S., Hong, S., De Schutter, E. & Prescott, S. A. Impact of neuronal properties on
network coding: Roles of spike initiation dynamics and robust synchrony transfer. Neuron 78,
758-772 (2013).

[40] Marder, E., O’Leary, T. & Shruti, S. Neuromodulation of circuits with variable
parameters: single neurons and small circuits reveal principles of state- dependent and robust
neuromodulation. Annu. Rev. Neurosci. 37, 329-346 (2014).

[41] Kuhn, A., Aertsen, A. & Rotter, S. Neuronal integration of synaptic input in the
fluctuation- driven regime. J. Neurosci. 24, 2345-2356 (2004).

[42] Sherman, S. M. Thalamus plays a central role in ongoing cortical functioning. Nat.
Neurosci. 19, 533-541 (2016).

[43] Gilbert, C. D. & Li, W. Top- down influences on visual processing. Nat. Rev. Neurosci.
14, 350-363 (2013).

[44] DeFelipe, J. et al. New insights into the classification and nomenclature of cortical
GABAEergic interneurons. Nat. Rev. Neurosci. 14, 202-216 (2013).

[45] Jiang, X. et al. Principles of connectivity among morphologically defined cell types in
adult neocortex. Science 350, aac9462 (2015).

[46] Klausberger, T. & Somogyi, P. Neuronal diversity and temporal dynamics: the unity of
hippocampal circuit operations. Science 321, 53-57 (2008).

[47] Jonas, P. & Buzsaki, G. Neural inhibition. Scholarpedia 2, 3286 (2007).

[48] Fino, E., Packer, A. M. & Yuste, R. The logic of inhibitory connectivity in the
neocortex. Neuroscientist 19, 228-237 (2013).



[49] Brunel, N. Dynamics of sparsely connected networks of excitatory and inhibitory
spiking neurons. J. Comput. Neurosci. 8, 183-208 (2000).

[50] Ledoux, E. & Brunel, N. Dynamics of networks of excitatory and inhibitory neurons in
response to time-dependent inputs. Front. Comput. Neurosci. 5, 25 (2011).

[51] Sahasranamam, A., Vlachos, I., Aertsen, A. & Kumar, A. Dynamical state of the
network determines the efficacy of single neuron properties in shaping the network activity. Sci.
Rep. 6, 26029 (2016).

[52] Brunel, N. & Wang, X.-J. What determines the frequency of fast network oscillations
with irregular neural discharges? I. Synaptic dynamics and excitation- inhibition balance. J.
Neurophysiol. 90, 415-430 (2003).

[53] Bruno, R. M. & Sakmann, B. Cortex is driven by weak but synchronously active
thalamocortical synapses. Science 312, 1622—-1627 (2006).

[54] Castelo- Branco, M., Neuenschwander, S. & Singer, W. Synchronization of visual
responses between the cortex, lateral geniculate nucleus, and retina in the anesthetized cat. J.
Neurosci. 18, 6395-6410 (1998).

[55] Palmigiano, A., Geisel, T., Wolf, F. & Battaglia, D. Flexible information routing by
transient synchrony. Nat. Neurosci. 20, 1014-1022 (2017).

[56] Ecker, A. S. et al. Decorrelated neuronal firing in cortical microcircuits. Science 327,
584-587 (2010).

[57] Kumar, A., Schrader, S., Aertsen, A. & Rotter, S. The high- conductance state of cortical
networks. Neural Comput. 20, 1-43 (2008).

[58] Renart, A. et al. The asynchronous state in cortical circuits. Science 327, 587-590
(2010).

[59] Tetzlaff, T., Helias, M., Einevoll, G. T. & Diesmann, M. Decorrelation of neural-
network activity by inhibitory feedback. PLOS Comput. Biol. 8, €1002596 (2012).

[60] Zandvakili, A. & Kohn, A. Coordinated neuronal activity enhances corticocortical
communication. Neuron 87, 827-839 (2015).

[61] Vogels, T. P. & Abbott, L. F. Gating multiple signals through detailed balance of
excitation and inhibition in spiking networks. Nat. Neurosci. 12, 483-491 (2009).

[62] Mokeichev, A. et al. Stochastic emergence of repeating cortical motifs in spontaneous
membrane potential fluctuations in vivo. Neuron 53, 413-425 (2007).

[63] Ikegaya, Y. et al. Synfire chains and cortical songs: temporal modules of cortical

activity. Science 304, 559-564 (2004).



[64] Hahn, G., Bujan, A. F., Frégnac, Y., Aertsen, A. & Kumar, A. Communication through
resonance in spiking neuronal networks. PLOS Comput. Biol. 10, €1003811 (2014).

[65] Buzs&i, G. Rhythms of the Brain (Oxford Univ. Press, 2006).

[66] Buehlmann, A. & Deco, G. Optimal information transfer in the cortex through
synchronization. PLOS Comput. Biol. 6, 1000934 (2010).

[67] Womelsdorf, T. et al. Modulation of neuronal interactions through neuronal
synchronization. Science 316, 1609-1612 (2007).

[68] Voloh, B. & Womelsdorf, T. A role of phase- resetting in coordinating large scale neural
networks during attention and goal- directed behavior. Front. Syst. Neurosci. 10, 18 (2016).

[69] Roberts, M. J. et al. Robust gamma coherence between macaque V1 and V2 by dynamic
frequency matching. Neuron 78, 523-536 (2013).

[70] Cannon, J. et al. Neurosystems: brain rhythms and cognitive processing. Eur. J.
Neurosci. 39, 705-719 (2014).

[71] Akam, T. & Kullmann, D. M. Oscillatory multiplexing of population codes for selective
communication in the mammalian brain. Nat. Rev. Neurosci. 15, 111-122 (2014).

[72] Bastos, A. M., Vezoli, J. & Fries, P. Communication through coherence with inter- areal
delays. Curr. Opin. Neurobiol. 31, 173-180 (2015).

[73] Fries, P. A mechanism for cognitive dynamics: neuronal communication through
neuronal coherence. Trends Cogn. Sci. 9, 474-480 (2005).

[74] Singer, W. Neuronal synchrony: a versatile code for the definition of relations? Neuron
24, 49-65 (1999).

[75] Singer, W. & Gray, C. Visual feature integration and the temporal correlation
hypothesis. Annu. Rev. Neurosci. 18, 555-586 (1995).

[76] Gray, C. M., K&nig, P., Engel, A. K. & Singer, W. Oscillatory responses in cat visual
cortex exhibit inter-columnar synchronization which reflects global stimulus properties. Nature
338, 334-337 (1989).

[77] Bringuier, V., Fregnac, Y., Debanne, D., Shulz, D. & Baranyi, A. Synaptic origin of
rhythmic visually evoked activity in kitten area 17 neurones. Neuroreport 3, 1065-1068 (1992).

[78] Ray, S. & Maunsell, J. H. R. Differences in gamma frequencies across visual cortex
restrict their possible use in computation. Neuron 67, 885-896 (2010).

[79] Burns, S. P., Xing, D. & Shapley, R. M. Is gamma- band activity in the local field
potential of V1 cortex a “clock” or filtered noise? J. Neurosci. 31, 9658-9664 (2011).

[80] Jia, X., Tanabe, S. & Kohn, A. Gamma and the coordination of spiking activity in early
visual cortex. Neuron 77, 762-774 (2013).



[81] Cardin, J. A. et al. Driving fast- spiking cells induces gamma rhythm and controls
sensory responses. Nature 459, 663-667 (2009).

[82] Buzs&ki, G. & Wang, X.-J. Mechanisms of gamma oscillations. Annu. Rev. Neurosci.
35, 203-225 (2012).

[83] Lepousez, G. & Lledo, P.-M. Odor discrimination requires proper olfactory fast
oscillations in awake mice. Neuron 80, 1010-1024 (2013).

[84] Vierling- Claassen, D., Cardin, J. A., Moore, C. I. & Jones, S. R. Computational
modeling of distinct neocortical oscillations driven by cell- type selective optogenetic drive:
separable resonant circuits controlled by low- threshold spiking and fast- spiking interneurons.
Front. Hum. Neurosci. 4, 198 (2010).

[85] Mejias, J. F., Murray, J. D., Kennedy, H. & Wang, X.-J. Feedforward and feedback
frequency- dependent interactions in a large- scale laminar network of the primate cortex. Sci.
Adv. 2, 1601335 (2016).

[86] Hyafil, A., Fontolan, L., Kabdebon, C., Gutkin, B. & Giraud, A.-L. Speech encoding by
coupled cortical theta and gamma oscillations. eL.ife 4, e06213 (2015).

[87] Hyafil, A., Giraud, A.-L., Fontolan, L. & Gutkin, B. Neural cross- frequency coupling:
connecting architectures, mechanisms, and functions. Trends Neurosci. 38, 725-740 (2015).

[88] Jensen, O. & Mazaheri, A. Shaping functional architecture by oscillatory alpha activity:
gating by inhibition. Front. Hum. Neurosci. 4, 186 (2010).

[89] Klimesch, W., Sauseng, P. & Hanslmayr, S. EEG alpha oscillations: the inhibition—
timing hypothesis. Brain Res. Rev. 53, 63-88 (2007).

[90] Haegens, S., Nacher, V., Luna, R., Romo, R. & Jensen, O. Oscillations in the monkey
sensorimotor network influence discrimination performance by rhythmical inhibition of neuronal
spiking. Proc. Natl Acad. Sci. USA 108, 19377-19382 (2011).

[91] Bonnefond, M., Kastner, S. & Jensen, O. Communication between brain areas based on
nested oscillations. eNeuro 4, ENEURO.0153-16.2017 (2017).

[92] Pfurtscheller, G. Induced oscillations in the alpha band: functional meaning. Epilepsia
44, 2-8 (2003).

[93] Gips, B., van der Eerden, J. P. & Jensen, O. A biologically plausible mechanism for
neuronal coding organized by the phase of alpha oscillations. Eur. J. Neurosci. 44, 2147-2161
(2016).

[94] Jensen, O., Gips, B., Bergmann, T. O. & Bonnefond, M. Temporal coding organized by
coupled alpha and gamma oscillations prioritize visual processing. Trends Neurosci. 37, 357-369

(2014).



[95] Palva, S. & Palva, J. M. New vistas for a- frequency band oscillations. Trends Neurosci.
30, 150-158(2007).

[96] Siegel, M., Donner, T. H. & Engel, A. K. Spectral fingerprints of large- scale neuronal
interactions. Nat. Rev. Neurosci. 13, 121-134 (2012).

[97] Michalareas, G. et al. Alpha- beta and gamma rhythms subserve feedback and
feedforward influences among human visual cortical areas. Neuron 89, 384-397 (2016).

[98] Fell, J. & Axmacher, N. The role of phase synchronization in memory processes. Nat.
Rev. Neurosci. 12, 105-118 (2011).

[99] Markram, H., Luebke, J., Frotscher, M. & Sakmann, B. Regulation of synaptic efficacy
by coincidence of postsynaptic APs and EPSPs. Science 275, 213-215 (1997).

[100] Kumar, A. & Mehta, M. R. Frequency- dependent changes in NMDAR- dependent
synaptic plasticity. Front. Comput. Neurosci. 5, 38 (2011).

[101] Buschman, T. J. & Kastner, S. From behavior to neural dynamics: an integrated theory
of attention. Neuron 88, 127-144 (2015).

[102] Buehlmann, A. & Deco, G. The neuronal basis of attention: rate versus synchronization
modulation. J. Neurosci. 28, 7679-7686 (2008).

[103] Harris, K. D. & Thiele, A. Cortical state and attention. Nat. Rev. Neurosci. 12, 509-
523 (2011).

[104] Fries, P., Reynolds, J., Rorie, A. & Desimone, R. Modulation of oscillatory neuronal
synchronization by selective visual attention. Science 291, 1560-1563 (2001).

[105] Richter, C. G., Thompson, W. H., Bosman, C. A. & Fries, P. Top- down beta enhances
bottom- up gamma. J. Neurosci. 37, 6698-6711 (2017).

[106] Nikolic, D. Model this! Seven empirical phenomena missing in the models of cortical
oscillatory dynamics. Proc. Int. Jt Conf. Neural Netw. https://doi.org/
10.1109/IJCNN.2009.5179076 (2009).

[107] Bisley, J. W. & Goldberg, M. E. Attention, intention, and priority in the parietal lobe.
Annu. Rev. Neurosci. 33, 1-21 (2010).

[108] Zelinsky, G. J. & Bisley, J. W. The what, where, and why of priority maps and their
interactions with visual working memory. Ann. NY Acad. Sci. 1339, 154-164 (2015).

[109] Deco, G. & Kringelbach, M. L. Hierarchy of information processing in the brain: a
novel ‘intrinsic ignition” framework. Neuron 94, 961-968 (2017).

[110] Pikovsky, A., Rosenblum, M. & Kurths, J. Synchronization: a Universal Concept in

Nonlinear Sciences (Cambridge Univ. Press, 2003).



[111] Zheng, Z., Hu, G. & Hu, B. Phase slips and phase synchronization of coupled
oscillators. Phys. Rev. Lett. 81, 5318-5321 (1998).



