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SI Appendix

!"#i%&'i()*(+*',"*-(."/

:;< =>??<@ABCDED@=< <F>DAGH@ AHHI A;< JH?K

L MN/MA = Q 0/<DI(N) Q 0%D(N,-,,) Q 0T(N,)) Q 0L)%(N,LD) Q 0UV@(N,11 … 1%) Q 0X>KX(%D) Q 0@HGU<

Y;<?<

M2/MA = (2!(N) Q 2) / "Z(N)

M1/MA = ((1 Q 1) 1!(N) Q 3U 1) / "U

MLD/MA = # (1 3$[3 Q 3LD (LD Q LD!))

M%D/MA = $ (Q0L)%(N,LD) Q 0X>KX(%D))

M<U=?GC< A;< <]HE>AGH@ HJ A;< UADA< ]D?GDCE<U, JH? <D=; 2*G@ !-, ,, )}.

-<KC?D@< =>??<@AU Y<?< M<U=?GC<M YGA; =;H?MB=H@M>=AD@=< <F>DAGH@U, G@ UHK< =DU<U

KHMGJG<M JH? LD2+ H? %D+ aDAG@a (0L)% D@M 0X>KX), YGA; <E<=A?Ha<@G= X>KXU (0X>KX) DMDXA<M J?HK /G

<A DE. (1):

0/<DI(N) = a/<DI (N Q 4/)

0%D(N,-5,) = a%D -3 , (N Q 4%D)

0T(N,)) = aT )4 (N Q 4T)

0L)%(N,LD) = aL)% (N Q 4L)%) / (1 + <ZX((LD Q 3L)%)/%L)%))

  **
0UV@(N,11 ... 1%) " aUV@ 1G (N #4UV@)

G=1

%

$

Y;<?< % GU A;< @>KC<? HJ X?<UV@DXAG= @<>?H@U D@M {11 … 1%} GU A;< U<A HJ X?<UV@DXAG= 1

]D?GDCE<U, D@M

0X>KX(%D) = ?X>KX (&(%D) Q &(%D!))

0@HGU< = '(A)
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Y;<?< !6'7 GU D 1D>UUGD@ @HGU< A<?K YGA; D@ D]<?Da< HJ e<?H D@M aDKKD (() DU D@ DMf>UADCE<

XD?DK<A<? =H@A?HEEG@a A;< KDa@GA>M< HJ A;< JE>=A>DAGH@U, <!6'7> = 0 X), <!6'7*!6'87> = (9)6'*:*'87.

:;< ?<KDG@G@a J>@=AGH@U G@ A;< KHM<E, G@=E>MG@a A;HU< ?<X?<U<@AG@a A;< ]HEADa<B

M<X<@M<@=< HJ =;D@@<E IG@<AG=U, Y<?<

2!(N) = 1 / (1 + <ZX((N Q *Z)/%Z))

"Z(N) = "ZBKDZ / =HU;((N Q *Z) / (2 %Z))

&(%D) = %D3 / (%D3 + 3%D
3).

-HM<E XD?DK<A<?U Y<?< U<A AH A;< JHEEHYG@a ]DE><U, >@E<UU HA;<?YGU< UX<=GJG<M: L = 45

Xj, aE<DI = 3 @,, 4/ = Q60 KN, a%D = 150 @,, 4%D = 85 KN, aT = 30 @,, 4T = B75 KN, aL)% = 4 @,,

4L)% = 0 KN, aUV@ = 2.5 @,, 4UV@ = 0 KN, *K = B36 KN, %K = B8.5 KN, "KBKDZ = 1 KU, *; = B30 KN,

%; = 5 KN, ";BKDZ = 15 KU, *@ = B30 KN, %@ = B5 KN, "@BKDZ = 30 KU, *U = 15 KN, %U = B3 KN, "U =

15 KU, ILD = 22.5 KUB1, IL)% = 0.9, %L)% = B0.05 KN, IU = 1, IGX3 = 1200 l- KUB1, ?X>KX = 200 X),

I%D = 10 K-, LD! = 0.05 l-, %D! = 5 K-, # = 0.0007, $ = 6.6Z10B5 K- X)B1KUB1, ( = 0 X)2. m<

U=DE<M A;< UV@DXAG= XD?DK<A<?U aUV@ D@M I$[3*MHY@ CV D JD=AH? HJ 5 JH? 200B@<>?H@ UGK>EDAGH@U.

Calcium currents and synaptic inputs. NHEADa<BM<X<@M<@A LD2+ =>??<@AU D?< X?<U<@A

G@ A;< X?<#nAL D@M =H@A?GC>A< AH C>?UA a<@<?DAGH@ (2, 3) C>A Y<?< HKGAA<M J?HK A;< =>??<@AB

CDED@=< <F>DAGH@ JH? A;< JHEEHYG@a ?<DUH@U. LD2+ =>??<@AU D?< X?<MHKG@D@AEV D=AG]DA<M CV )-[)

?<=<XAH?BK<MG=DA<M M<XHED?GeDAGH@ M>?G@a G@UXG?DAH?V C>?UA a<@<?DAGH@ (4), UH G@UA<DM HJ M<?G]G@a

D@ <ZXEG=GA LD2+ =>??<@A A;DA YH>EM ?<UXH@M UX<=GJG=DEEV AH UV@DXAG= M<XHED?GeDAGH@, Y< =H>XE<M

A;< UV@DXAG= ]D?GDCE< 1 AH A;< LD2+ <F>DAGH@ MG?<=AEV. :;< UV@DXAG= ]D?GDCE< 1 A;<?<JH?<

?<X?<U<@AU CHA; GH@HA?HXG= D@M K<ADCHA?HXG= aE>ADKDA<?aG= ?<=<XAH? (K1E>!) D=AG]DAGH@: )-[)

?<=<XAH?U =D>U< LD2+ =;D@a<U ]GD M<XHED?GeDAGH@, Y;<?<DU a?H>X $ K1E>!U <E<]DA< G@A?D=<EE>ED?

LD2+ CV <]HIG@a G@A?D=<EE>ED? ?<E<DU< J?HK UAH?<U, Y;G=; CHA; =H@A?GC>A< AH LD2+ G@=?<DU<U A;DA

=H>XE< AH D@M D=AG]DA< 0L)% M>?G@a G@UXG?DAH?V C>?UA a<@<?DAGH@ (4). :;< ]D?GDCE< 1 DEUH DXX<D?U G@

0UV@ G@ A;< UAD@MD?M YDV, D@M A;< XD?DK<A<?U IGX3 D@M aUV@ U=DE< GAU ?<EDAG]< =H@A?GC>AGH@U AH LD2+

MV@DKG=U D@M AH 0UV@, ?<UX<=AG]<EV.
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Parameter values. ,V@DXAG= =H>XEG@a DJJ<=AU LD2+ D==>K>EDAGH@ D@M 0L)% D=AG]DAGH@,

Y;G=; =HEE<=AG]<EV >@M<?EG< C>?UA a<@<?DAGH@. LH@U<F><@AEV, C>?UA M>?DAGH@ D@M A;< G@A<?C>?UA

G@A<?]DE M<X<@M H@ A;< XD?DK<A<? ]DE><U JH? aL)%*, 3$[3*, aUV@*, ?X>KX, D@M 3LD*Y;<@ 0X>KX GU X?<U<@A.

!;VA;KG= UHE>AGH@U G@ A;< KHM<E X<?UGUA<M H]<? U>CUAD@AGDE ]D?GDAGH@ G@ A;<U< XD?DK<A<?U J?HK

@HKG@DE CDU<EG@< ]DE><U. !<a>EDAG@a A;<U< I<V XD?DK<A<?U U>XXH?A<M D YGM< ?D@a< HJ G@A<?C>?UA

G@A<?]DEU D@M C>?UA M>?DAGH@U (jGa. ,2). :;GU ?HC>UA@<UU D@M =DXD=GAV AH a<@<?DA< C>?UAU YGA;

]D?VG@a =;D?D=A<?GUAG=U U>XXH?A A;< ?<E<]D@=< HJ A;GU KHM<E AH ?<UXG?DAH?V ?;VA;KHa<@<UGU, Y;<?<

KHM>EDAGH@ D@M ?<a>EDAGH@ HJ A;< CDUG= ?;VA;K GU <UU<@AGDE JH? A;< X;VUGHEHaV HJ ?<UXG?DAGH@ (5B8).

Synaptic delay. $@ UGK>EDAGH@U HJ A;< U<EJB=H>XE<M =<EE, Y< G@A?HM>=<M D EDA<@=V ;M<EDV,

YGA; 1"*<*=*>*6=*?*<ZX66@6'*: ;M<EDV)*:*#17>$177, AH KGKG= A;< M<EDV G@ UV@DXAG= =H>XEG@a G@;<?<@AEV

X?<U<@A G@ A;< K>EAGB=<EE UGK>EDAGH@U M>< AH UXGI< DUV@=;?H@V (9). m< JH>@M F>DEGADAG]<EV UGKGED?

MV@DKG=U JH? ;M<EDV J?HK 0 >X AH 19 KU. $@ a<@<?DE, Y< >U<M ;M<EDV = 6 KU AH a<@<?DA< AGK<

=H>?U<U G@ A;< U<EJB=H>XE<M =DU< (jGaU. 3,4,,2,,3).

Activity-dependent outward currents. $@ UHK< =DU<U5*0X>KX YDU ?<XED=<M CV DEA<?@DAG]<

@<A H>AYD?M =>??<@AU, DU JHEEHYU (U<< jGaU. 4,,3,,4).

1)  ,EHYEVBD=AG]DAG@a -BEGI< T+ =>??<@A (0-):

0-(N, )-) = a- )- (N Q 4T)

M)-/MA = ()-!(N) Q )-) / "@-(N)

"@-(N) = "@-BKDZ / =HU;((N Q *@) / (2 %@))

Y;<?<*4/ = Q57.7 KN, ( = 500 X)2, a- = 2 @,, "@-BKDZ = 1000 KU D@M *@ = B30 KN, %@ = B5 KN,

DU DCH]<, YDU CDU<M H@ D M<EDV<MB?<=AGJG<? =>??<@A G@ D X?<#nAL KHM<E CV #>A<?D D@M

=HEE<Da><U (10, 11) C>A YGA; UEHY<? IG@<AG=U.

2) LD2+BM<X<@M<@A T+ =>??<@A (0TBLD):

0TBLD(N, ATBLD) = aTBLD A2
TBLD (N Q 4T)

MATBLD/MA = (A!(LD) Q ATBLD) / "TBLD

A!(LD) = 1 / (1 + (ITBLD/LD)4)
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Y;<?< 4/ = Q60.15 KN, ( = 500 X)2,  aTBLD = 3 @,, ITBLD = 0.9 l-, "TBLD = 100 KU, YDU CDU<M H@

CGHX;VUG=DE KHM<EG@a D@M a<@<?DE X?HX<?AG<U HJ 0TBLD (12, 13)B

3)  [<?UGUA<@A %D+ =>??<@A (0C&DE) YGA; UEHY G@D=AG]DAGH@:

0%DB[(N, ,%DB[) = a%D[ -%D[!(N) , %DB[ (N Q 4%D)

M,%DB[/MA = (,%DB[B!(N) Q ,%DB[) / "%DB[

-%DB[B!(N) = 1 / (1 + <ZX((N Q *KB%DB[)/%KB%DB[))

,%DB[B!(N) = 1 / (1 + <ZX((N Q *;B%DB[)/%;B%DB[))

Y;<?< 4/ = Q61.25 KN, ( = 500 X)2, a%DB[ = 1 @,, *KB%DB[ = Q40 KN, %K%D[ = Q6 KN, *;%D[ = Q48

KN, %;B%DB[ = 6 KN, D@M "%DB[ = 1000 KU, YDU CDU<M H@ A;< X?<#nAL KHM<E CV #>A<?D <A DE. (10,

11).

m;<@ D@V HJ A;<U< H>AYD?M =>??<@AU YDU G@=E>M<M, ?;VA;KG= D=AG]GAV G@ A;< KHM<E YDU

F>DEGADAG]<EV UGKGED? AH A;DA a<@<?DA<M YGA; 0X>KX (jGaU. 3,4,,3). $@ XD?AG=>ED?, A;< U<EJB=H>XE<M

UG@aE<B=<EE KHM<E D@M A;< AYHB=<EE KHM<E X?HM>=<M ?<X<AGAG]< D=AG]GAV XDAA<?@U J<DA>?G@a

UXH@AD@<H>U UXGIG@a X?GH? AH A;< C>?UA, JHEEHY<M GKK<MGDA<EV CV D ;Ga;<?BJ?<F><@=V UXGI< ?DA<

M>?G@a A;< C>?UA, UXGI< DAA<@>DAGH@ YGA;G@ <D=; C>?UA (G.<., M<XHED?GeDAGH@ CEH=I), D@M D A?D@UG<@A

F>G<U=<@A X<?GHM C<JH?< EHYB?DA< X?<BC>?UA UXGIG@a ?<U>K<M. $@ DEE =DU<U <Z=<XA A;< KHM<E YGA;

0%DB[,* CHA; LD2+ D@M D UEHY D=AG]DAGH@ ]D?GDCE< DUUH=GDA<M YGA; A;< DMMGAGH@DE H>AYD?M =>??<@A

D==>K>EDA<M M>?G@a A;< C>?UA. $@ A;< =DU< HJ 0%DB[, LD2+ D==>K>EDAGH@ YDU D==HKXD@G<M CV D

M<=?<DU< G@ A;< aDAG@a ]D?GDCE< ,%D[, Y;G=; =D>U<M 0%DB[ G@D=AG]DAGH@ D@M J>@=AGH@<M D@DEHaH>UEV

AH D=AG]DAGH@ HJ D@ H>AYD?M =>??<@A (jGa. 4L,,3.). %H KDAA<? Y;G=; =>??<@A YDU >U<M, A;<

?;VA;KG= D=AG]GAV M<X<@M<M =?>=GDEEV H@ UV@DXAG= G@A<?D=AGH@U D@M 0L)%. :;< H@EV UGa@GJG=D@A

MGJJ<?<@=< HCU<?]<M DKH@a A;< =>??<@AU =H@UGM<?<M YDU A;DA YGA; 0X>KX, C>?UAG@a =H>EM H==>?

<]<@ YGA;H>A G@=E>MG@a UV@DXAG= A?D@UKGUUGH@ EDA<@=V, Y;GE< A;< HA;<? =>??<@AU ?<F>G?<M D UKDEE

EDA<@=V (;M<EDV DCH]< D UKDEE XHUGAG]< EHY<? CH>@M) AH =D>U< AH@G= UXGIG@a AH ?DKX >X A;<

UV@DXAG= ?<UXH@U<, A;<?<CV X?HKHAG@a U>JJG=G<@A ?<=>??<@A <Z=GADAGH@ AH <EG=GA C>?UAG@a (jGa. ,3#B

.).
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m< DEUH UGK>EDA<M 200B@<>?H@ @<AYH?IU (jGa. ,4).  jH? A;< 0X>KX UGK>EDAGH@U, 4/ YDU

M?DY@ J?HK D 1D>UUGD@ (@H?KDE) MGUA?GC>AGH@ YGA; D K<D@ HJ Q60.0 D@M UAD@MD?M M<]GDAGH@ HJ 1

KN (G.<., Q60.0±1 KN). jH? A;< HA;<? @<A H>AYD?M =>??<@AU, A;< 4/ MGUA?GC>AGH@ ;DM A;< JHEEHYG@a

K<D@U D@M UAD@MD?M M<]GDAGH@U:*Q57.3±1 KN (jGa. ,4#), Q60.1±1 KN (jGa. ,4L), D@M Q61.±1

KN (jGa. ,4.). :;< MGJJ<?<@=<U G@ K<D@U Y<?< U<E<=A<M AH =HKX<@UDA< JH? A;< MGJJ<?<@A AH@G=

=HKXH@<@AU HJ A;< H>AYD?M =>??<@AU (0-, 0TBLD, D@M 0%D[ G@D=AG]DAGH@) A;DA DJJ<=A<M CDU<EG@<

K<KC?D@< XHA<@AGDEU G@ <D=; =DU<.

Caveats and limitations. 2>? X?<#nALBEGI< KHM<E @<>?H@ ED=IU A?D@UG<@A )BAVX< T+

=>??<@A (0)) D@M ;VX<?XHED?GeDAGH@BD=AG]DA<M KGZ<M =DAGH@G= =>??<@A (0;). 0) G@JE><@=<U A;<

?<=?>GAK<@A XDAA<?@ HJ X?<#nAL @<>?H@U M>?G@a ?<=>??<@A <Z=GADAGH@ G@ A;< 300B1000 KU X?GH? AH

A;< G@UXG?DAH?V C>?UA (14). 0; KHM>EDA<U ?<UXG?DAH?V J?<F><@=V i)*%i'#( D@M G@JE><@=<U A;< CDU<EG@<

K<KC?D@< XHA<@AGDE A?Df<=AH?V (15, 16). 2>? KHM<E X?<MG=AU A;DA A;< HKGAA<M =>??<@AU KDV @HA C<

<UU<@AGDE JH? C>?UA a<@<?DAGH@, C>A ?DA;<? G@JE><@=< G@UXG?DAH?V C>?UA =;D?D=A<?GUAG=U D@M ?<a>EDA<

?<UXG?DAH?V J?<F><@=V (2B5).

:;< KHUA X?HCE<KDAG= UGKXEGJG=DAGH@ KDV C< A;DA A;< KHM<E GU EGKGA<M AH D UG@aE<

GUHXHA<@AGDE =HKXD?AK<@A G@ Y;G=; UV@DXAG= G@A<a?DAGH@ D@M UXGI< a<@<?DAGH@ H==>? <ZXEG=GAEV G@

A;< UDK< EH=DAGH@. !<=<@A ?<XH?AU U>aa<UA A;DA UV@DXAG= ?<=?>GAK<@A HJ 0L)% KDV H==>? X?G@=GXDEEV

G@ A;< M<@M?GA<U (4, 17, 18), Y;G=; GU EGI<EV A;< X?GKD?V UGA< HJ %D/T X>KX D=AG]GAV, Y;<?<DU KHUA

UHMG>K G@JE>Z ]GD 0%D H==>?U G@ A;< DZH@ ;GEEH=I. :;<U< HCU<?]DAGH@U D?< ?<JE<=A<M G@ H>? %D+

<F>DAGH@, Y;G=; G@=E>M<U M<@M?GAG= %D+ =>??<@AU V<A @<aE<=AU 0%D, UG@=< MGJJ>UGH@ HJ UHMG>K J?HK

A;< DZH@ ;GEEH=I AH A;< M<@M?GA<U YH>EM C< KG@GKDE; H>? KHM<E DEUH a<@<?DA<U F>DEGADAG]<EV

UGKGED? C>?UAG@a Y;<@ >X AH 10% HJ A;< %D+ G@JE>Z ]GD 0%D GU G@=E>M<M G@ A;< M%D/MA <F>DAGH@.

.<UXGA< A;GU =HKXEG=DAGH@, KDG@ADG@G@a D UG@aE<B=HKXD?AK<@A KHM<E ;DU D @>KC<? HJ GKXH?AD@A

DM]D@ADa<U: G) A;< UG@aE<B=HKXD?AK<@A =H@UA?>=AGH@ JD=GEGADA<U CGJ>?=DAGH@ D@DEVU<U; GG) C<=D>U<

GAU KH?X;HEHaV GU @HA UX<=GJG= AH X?<#nAL @<>?H@U, A;< KHM<E X?H]GM<U D KH?< a<@<?DE A<KXEDA<

AH C<aG@ <ZXEH?G@a a?H>XBXD=<KDI<? D=AG]GAV CV KHMGJVG@a A;< KHM<E AH KDA=; HA;<? @<>?H@DE
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X;<@HAVX<U JH>@M G@ L[1U G@ HA;<? XD?AU HJ A;< C?DG@ UA<K D@M UXG@DE =H?M; D@M GGG) A;< UGKXEG=GAV

HJ A;< X?<U<@A KHM<E <E>=GMDA<U A;< a<@<?DE X?G@=GXE<U >@M<?EVG@a D @H]<E a?H>X XD=<KDI<?

K<=;D@GUK JH? ?;VA;KHa<@<UGU DXXEG=DCE< AH L[1U, V<A ?<ADG@U GAU =H@@<=AGH@ AH G@UXG?DAH?V

?;VA;K a<@<?DAGH@ G@ A;< X?<#nAL, Y;G=; KHAG]DA<M H>? U<D?=; JH? @<Y ?;VA;KHa<@G=

K<=;D@GUKU.
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