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2 BASIC MODEL Eyayil

1] Dag f{ut] af1 [ L 1 ala g Dk 21B w.d

Ui E Doy = 0 1, PHAMBIESNIG ALY (FEIR) 38 FL R0 M, AIERA Moo (B ELHNER), 40 BIEEEE
A OB BB R (Von) AMBAERE he b; SIS SRR T RARBIE Oy = 20mV FIEHI 248
B hp =0, WT/R TR Ca®F -H Ir S BUINARD o b = 0 F1 Meq (05 AR — M ARRSE T
firds (TEIRLBL 1), fE —80mV T TR ) Mo MERLIL (S5:0) #0535, B — M5 Andronov-Hopf
SRS ARATE o TEMMG TEIRANE ML Lo SRR 1 ST L0 TG 0 FR PE AN T AR 2 J5 o (I
THCHRE, B 25 AR, )



3 DYNAMICS OF AN ISOLATED NEURON #-bE

fid : :
| — 153wl e’
| I e .

. EG w | Wy =LLIEY 1A e="
N 1

2 F- N0

o s
, 0

I."‘-
- 100 2

—2
e )

= Xil—

3]

=

3

=

et

o M =l |

9040 10046 TI0G 2000

e

K 2: Abrupt release of a hyperpolarized pulse of the external current I.,; (bottom panel) triggers a post-
inhibitory rebound of bursting in the quiescent neuron (top panel). The parameter gc, stated in the legend
denotes maximal conductance of the current I;. When the parameter gc, is relatively small, the effect of the
I current is negligible, what causes absence of PIR in the dynamics of the neuron (dashed green curve in
the top panel). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

PAVEEB R, REERPINIRST [22] , TBEINARSE (1) L1 TEX ik s R4 00 s 3h 12
B, ARFATHIBEFEIEA R IR KN BAh 2 R RRE 7. Bk, €& AT — K28 HH BUMP 2 ORI — R 41
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PR (1) RS RO T BRI ThRE R (1) 28— SRR I HH BUNLA], bR A i
Bz SRR (if) 55 AT R I R R A BN LR . BRATHY B AR T AR AN RS 1) “ PR A
BAEM: EWMEEHETTRGET, Ja 0] SRR PRIIEIR G 30 12 RS BRI 3 RZITPR.

3 Dynamics of an isolated neuron
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K% (ISTs) AOME SR E AL 0™ A AR SBR[ R ER RS, VRN RAEM 2 eiG s R R T AT 7575 K 3
it ISIs WA 1., HIAZARINAZAE .

ERBNHIRK Loy HNRIRETTIN S0 WTF Lo > 4pA/om? B, MEITTPAESRERIETNS) (W T
B (1) AR P AR E A IBUE) . IXH, ISIs BME (RREPUEREM) 5 L MEBRKRE. FAEE L.
AR TR, RZIRR. I 3 Fron, R A Text ~ 4 pA/em? I, ISI 2B “To57 WK, XK
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Kl 3: Bifurcation diagram for an isolated neuron (gc, = 1.75mS/cm?) : plotting inter-spike intervals
(ISI) against the external current I.. (this horizontal axis is broken in the middle to highlight the
ranges of nontrivial behaviors) reveals windows of bursting (—0.14uA /em? < I < 0.5uA /cm?), quiescence
(0.5uA /em? < Iy < 4pA/cm?), and tonic spiking (Lo > 4pA/cm?) activity in the neuron. The low ISI
branch corresponds to short time intervals between fast spikes, and the top branch represents long interburst

intervals between consecutive spike trains.

BT ) ESEE N 0.8pA/em? S I S 4pA/cm?, MEITTIIN PIRs MIFHER . #H& T RS /NMES)
A R HIFENE o AR SR ZURI A iRk — AR, 2 JE e 2 g0 )Rl B BB I EF IEIRES . WBHE Teq YD
Text ~ 4puA/em?, FREBANE S FREERTE Tlext ~ 0.8 pA/em? BTG A Andronov-Hopf 707 k2 T2
EPE (W NEBH). £ 3 hi AR RIXLEIRG, FOVEAMRT RG> EMBIE. BE L, KBE—BREN,
PG M IRIERHE G K 7E Text =~ 0.5 pA/em? FHZSA] b & SHBUE 6 TR I8 & S e L i) 76 3 5 AR IR Y
L B3R “Rel” Mok [32], [33]. XEE—MEER A BIPUE S A KIBER TGS AR, BRBEOEL
BER YRGS (WK 1). fEE] 3, AT U PIANRFE 73 SOR VU ELFE AN TA) RO BE R« TR 43 SRR
T TP SR UET AR N TST AR, T IV 2y SO R B RE A TRIRE T 7 A 5% T R LART 5 K 16 BE 22 4T
W, [15], [30]o FEARAMEIR Lo, MERER MG TOHE LA, SEINERRBER K IIEET . 1E 1., ~ —0.136pA/cm? i&
FIHEANRIESS, L, KBE— B ERS SBNAR IO ERIEN] BRI . T, ~ —0.14pA/cm® XT3
—ANERGE Oy 3P R A, RN PRAN SRR R 2 TA) (R I [ (B R AR AR R K e X T Loy < —0.14pA/em?, #f
ZTUIRFRIR IE RIS AR

MHRKHEF goo KIJVMERAT 708K, 5 7 R5TM4sc PIR KIMREME Ca®t Bii. AT A
RN AN PR TE I N FE B ) 5 SR AN K, 32 202 IR D R A 38 A PR 21 BB DA SR G I . IEandRA TR
ETHERIN, EAZBEMETHEN, HhS8 go, MRS A BEF.



4 SYNCHRONIZATION OF TWO BURSTING KEURONS

.:. ) LY f'l-"‘."-l'I!:: |
.\' - ']
].ﬂ ] £} I"'-|=l:_'| ST
i
L. H;hJ‘:. | n = =213 s T
o
- [
L B
.-1
fa
108
na—L

1,07 0,05 &an 15 il i LIS .3
CimSiom? )

Kl 4: Stationary value of the phase lag Ay (Eq. (4)), plotted vs. the coupling strength G for different
values of the maximal conductance gc, (larger gc, values promote stronger PIRs in the neurons); here Iéiz =
0.2pA /em? and IZ) = 0.154A /cm?.

ext

4 Synchronization of two bursting neurons

FEIX—F5FIEE 5-7 5, FRATRGT 1 B peadt s AR 28R $0 ) 14 5% fidAH ELAR & BN A& e 4Rt HCO 772 AR
F— RV R G R . BT RREGNAERKMAETTIBN 15, 5 5 WA 6 1557l SV [ A B2
AU IEMETT, EATHT PIR HURITHBONREG A SRR . BERR, 25 7 0 d, BITEEEREE
ANF R N AR TS B RS G pH 22 o IR TR S U 1O

BRI CEMIE, BT HESERTRREMABAEN, M55fE N, NIRRT U™ — R R A &M EE
FHALAS G R FER ARG IR, 200 (6], [34] FIH A 225300

HARRATHIE RS ETT (N = 2) REDEESNIFAERE [—0.14pA/em?,0.50A/cm?) W R
AR 5D o 3XAS HUIR T LR 7 T P/ TC B R R o bl TIX e 78 57, UM I0E R B A ) A i
FHIE, WO, G, BRREER GG, RAFEM . #EE IR HMH v R R L, WERKES G
KN ERETREAES, RNERT Al REFAXEUN, SEIHEE R DA S B r 7 Ao R BAH
AR RN RE R B BB AR & e 2 T B R PR FT UG (56 4.1 719) 2RT, X T HE R Al 18 (58 4.2 77) WM R|ES
TRIPIRAS o AT A 45 SRR LR AA IR1F1 .

Nearly identical bursters

2 [Alexe| < 0.05pA /cm? B, [FIPRER Q2R A — AT RS ARG PIASIZ TC IRIRE A A AR 4%
XML RAGE) T - 4 HSCHF, K 4k 7SI (Ll BRI E) MALEE Ap X LA gea 18
R AR G FIHOBOC R . KB, Ap MM ZERGIA:

Ap = |1 — o (4.1)
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Kl 5: Bifurcation diagram for antiphase synchronization regimes: averaged frequency of bursting is plotted
against the coupling strength for several increasing Al.,; values. Double overlapping branches are the indi-
cation of bursting dichotomy with two slow different frequencies in the two coupled neurons. Note a large
plateau of the pronounced 4 : 3 frequency locking (indicated by dashed arrows) at Al = 0.2uA/cm?

collapsing into anti-phase synchrony locked at an 1 : 1 ratio at higher G values.
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SR8 E B 2 ARGLAT S Ap*e MBI 4 FTLAEH, XWT goa BIARME, XU GO R LA R R &
WHUE (B 4 P — KR E) . TEBUHMITTEFIE, Ap M EERE 3r/2(80 M, N —n/2)
XEME IO AHBE R . SR, BEE IR A 0030, AR S AT r, IXR I HCO I TiEY
(O AADERE R o AEAFERISE, PHEETCRIANE] G R A8 1 RBRME R 120 - Ir SIS, R B
BRKBG ge. 156, EEEZRNE, BEE ge. BN, PIR KAEREMATSE. WE 4 aTUEH, ge. KI5
(1R B iR PR 4 o) 5 S B I ) T B SO R S BE R R R A

M 4 FTLAE Y, gon (TEREBE SR A0 15 OB TE) FI35 I o] B8 S 8O0 IR A RE R R AR, BIMEFERE A 5
FERB/IME F 2tk . XRZASHRE Ca®t BIRIEMEHE HCO Ak #4081 S AH A [R5 o 4 FH )
— /NI R I .

TEBATAZE G, ST BA PagE s & &0, R R BT 24381, (ER7EH A7 B4k
T AR FAH X GIEAE (4], [6]. SRT, P HCO &R 25 — ANkl HCO 145K
BNEE, [FARES AT RL G BRC[23], [35].

Bursters that far from identical

ERGIRG A I Al 2FE—RINHEHIFRL BN B 5 RN Deltalo, EFREGTRE G X
FIFIZENE (BRK) M. SLEIIR TIC G AR FREBUE SR 203 XKW, MEME 0 LA R A=
A RENEES), BRGNS G IR BRME . XA BIERE ALy, MIINIE R, BE ML T/
Aok 2 . IR AT LR, SRR ALy = 0.2uA /cm?, HCO & TCHABIUETE 4 - 3 45
R B (B 5 PEAETELAIRI S ), £ HIE SRR G AR RA 1 1 R8E <. ER—RNE, 2k
BN (GRLT 4 3 BIRIEN) & BAEOIRAVLI IR R BURHE, HA—1RRE, S8R0
BUHMLE] (GRULT 4 0 3 BUWE M) & BB BRI VLE IR RS BFAE (1], XL BAE AL R 2D 2
DR SR 2% 3T = AT, WIRT AL AMIARRER . B 5 HrTBUEH, X AT FETHEE, SR AE— A
GG WBME, IR A EE, RARA 121 [P, BUH, RERE AT R Imm. BUEAITE AT
FUMESER, JE—MEPERRGL, BIH AL, A ME oA T AR R TG .

K6 R T HKRTEL R Al = 0.2uA /cm? B HCO W&t ARG, A HRNES T ERBA iR
fE G IARME (IKFA&ET 11 FBEIE) F, HCO FoA ) i R v B i AT E R o A7 I8 I THIAR AR SR
THTEREFE ML, XA AL ITIR AR pl)) A0 Rl SEERER TR IR L2 B T AR A R
BURIE e, B IAS) 1% AT X e gl 28 F IR AR T AN SRIERE A I ] .

ERERNRE, 2 ALy, KK, BEEBEWEE G M, MAZE Ap (BEq.(4)) BTIECT /2, AR
& mo /2 FIAHFE, IHERM BRI A G B (Wih i) E S — RSN A R ARSI E £,
REARAHEE ), WoR i AT BRI AR MBS B N T BARIZ A NAS, FRATVPAL T LR & 9% T &
AR A B 90 A o BATIHITE AL S & 7 FioR . GHBIESER R b (B Bon, BT 5) BoR, 1)
1: 1 B0 R R AEAE G ~ 0.045mS /em?. th4h, ATHRBIESH, H—NEH, AG ~ 1.5%107*mS/cm?,
i a RAETEE . B/ 7 R T FESRES I — MRRRHE (TE ML 0PI R R B GAE B X L), RATE
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I 7: Bifurcation diagram showing spike number per burst generated by the neurons plotted against the
coupling constant G; other parameters are same as in Fig. 6. Value G ~ 0.045mS/cm? is a threshold towards
the 1 : 1 -frequency locking; G ~ 0.0464mS/cm? corresponds to phase slipping in the chaotic 1 : 1 locking

state of alternating bursting.
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5 Antiphase bursting out of spiking neurons
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K 8: Voltage oscillatory activity generated by the HCO at gc, = 1mS/cm? and Ié}cz

0.02uA /em? : (a) antiphase spiking at G = 0.2mS/cm?; (b) chaotic spiking activity at G = 0.37mS/cm?; (c¢)
forced sub-threshold oscillations (red) in neuron 2 due to fast spiking (black) in neuron 1 at G = 2mS/cm?, ( d)

coupling-induced bursting at G = 4mS/cm?. (For interpretation of the references to color in this figure legend,

=5, and Al =

the reader is referred to the web version of this article.)
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6 P.I.R. mechanism for antiphase bursting

R, JATEN PIR MUHRIBETT 1R & 153 BRI R B EIXH, PR T JE S 5
EH 0.5uA/em® S Lo S 4pA/em® ARFHERACERS, WE 3 . X T PIR &% THEA, Mamm
PHEREBAAF: — Db TR ERIE, 75— METEWALE . 55— RiInE RN R IE DR A B4
TG PIR. Bk LIRZIAASL, RhE oAU A BAE, WK 10(a) HHITEE LTS,

MEFFRTEAE Y, HIXTEES IR & A2 51k PIR MESHERER . M, — L2 Bk % AL 5 il Jm th 4
TEHFER, AR AT T A R R RN, XA RGO R T, P AR E. TR
4, B 10(a) iR A BUEAIIE 2 R WA & 9 A AE — N BRI HCO &7 A s 2 S AR AL
B B 10(b) EERH, BEHE go. MG, &SN PIR HLHIZSEINATEE, XK 7 sk &
BIfE. PIR 2RI 11(a) Fron. B 11(b) fE7r 112 gid A e A S X E, g ©—14
LB YANE /%) 8



6 P.I.LR. MECHANISM FOR ANTIPHASE BURSTINGI

foxilina)

G lin® e

K] 9: (a) Diagram representing inter-spike intervals plotted against the coupling constant G for three increasing
values of gc, indicated by labels on the corresponding panels. Due to similarity, the diagram is presented
for the first neuron. Vertical dashed lines indicate the transition thresholds to emergent anti-phase bursting.
(b) Critical value of the coupling constant G plotted against the maximal conductance of I7 current. For
G < Gy the network stably inhibits antiphase spiking (one ISI value corresponds to one G value); for
G > Gy, the system obtains stable antiphase bursting regime (few ISI values correspond to one G value).

Parameters for both panels are I .4 = 5uA/cm? and Al = 0.02uA/cm? (corresponding to tonic spiking

neurons in isolation).
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7 Coupling of neurons in different regimes
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g™ 1“5 bR e o 1P 3 s, BRAT T PR LA R AR B FIAE - 1)) = 4.1uA /em? and I2) = 3.7uA Jem?,
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8 Conclusions
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Appendix. Conductance based model

The model in this study is adopted from Ref. [22]. The dynamics of the membrane potential, V is

governed by the following equation:
CmVI - Iext - IT - Ileak - INa - IK - Isyn

here, C,, = 1uF/cm? is the specific membrane capacity, Iy is the external current in pA /cm?, I is the slow
low-threshold Ca?* -current, Ii.. is the leakage current, Iy, is the Nat-current, Ix is the K+ -current and

Iy, is the synaptic current from other neurons. The leak current [, is given by

Ileak = dNa (V - Eleak )

with Ejeaxc = —78mV being the reversal potential for leak current, and maximal conductance g;, = 0.05mS /cm?.

Dynamics of the fast Na™ -current Iy, = gnam>h (V — Ey,) is described by the following equations:

032013 - V) 0.28(V — 40)
T 0.25(13-V) _ 1( —m)— Q02(v—10) _ 1"
17—V 4
W =0128 ¢ T (1-h)— ——— |

e—02(V—40) 1 |

where gy, = 100mS/cm? is the maximal conductance of Na* -current, Ey, = 50mV is the reversal potential
for Na® -current, m and h are the gating variables describing activation and inactivation of the current.

Dynamics of the fast K+ — current I is described by

IK = gKTL4 (V — EK)

0.032(15 — V) (10-v)
/260'2(15——‘/)—1(1_71')_0'56 o

with n being the gating activation variable; here Ex = —95mV and gx = 10mS/cm?. Dynamics of the slow

low-threshold Ca®" current I is modeled as follows:

IT = gCam%hT (V - ECa)
with go, = 1.75mS/cm?

The equilibrium potential E¢,, which depends on the intraneuronular concentration of C'a", is found from

Fo = 1, <[C“]°>

the Nernst equation:

2F [Ca]
here R = 8.31441 J K/mol,T" = 309.15 K, dimensionless constant k = 1000 for E¢, is measured in milli-
volts, the extraneuronular concentration of calcium ions is [Calp = 2mM. The gating activation m and the

inactivation h are given by

. mr — mToo(V)
TTm(V) ’

hr = hro(V)

hy =
T TT}L(V)

o
mp =
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with
1

V452

a 1+e 732
0.15

TTm(V) = 0.44 + V21 V4102
(e 10 +e 15 )

mToo(V)

1

V480

- 1+e s
Trm (V) = 62.7 +

hToo(V)

0.27

V448 _ V4407
(e 1 +e 50 >

These constants were taken at temperature 36°C and extraneuronular calcium concentration [Caly = 2mM.

Dynamics of intraneuronular concentration of calcium ions [Cal is described via

]{?IT KT [Ca}

(Ca) = =5 ~ [Ca £

where the first term is an inflow through thin membrane due to a low-threshold C'a®* -current, and the second
term is a contribution of Ca*" ion-pump. Here the parameters are the following: F = 96,469C/mol,d =
lpm, k = 0.1, K7 = 107*mM/ms~! and K; = 10~*mM Synaptic currents are modeled using the fast-threshold
modulation paradigm [28]:

ISyH (‘/“ ‘/]) =G-S (‘/J - 05}’11 ) . (V; - E.syn)

where G is the maximal conductance of synaptic current flowing from pre-synaptic j th neuron into the post-
synaptic ith neuron. For inhibitory coupling we set Ej,,, = —80mV; the synaptic activity function S(V) is

given by
1

T 11 e 1000V _0,,n)

S(V)

with the synaptic threshold 6y, = 20mV set in a middle of fast spikes.
In numerical simulations of the described model we used the 4th order Runge-Kutta method with time
step 0.01.
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