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It is ǁidelǇ assuŵed that distƌiďuted ŶeuƌoŶal Ŷetǁoƌks aƌe fuŶdaŵeŶtal to the fuŶĐtioŶiŶg of the ďƌaiŶ. ϯϰ 
CoŶsisteŶt spike tiŵiŶg ďetǁeeŶ ŶeuƌoŶs is thought to ďe oŶe of the keǇ pƌiŶĐiples foƌ the foƌŵatioŶ of ϯϱ 
these Ŷetǁoƌks. This ĐaŶ iŶǀolǀe sǇŶĐhƌoŶous spikiŶg oƌ spikiŶg ǁith tiŵe delaǇs, foƌŵiŶg spike ϯϲ 
seƋueŶĐes ǁheŶ the oƌdeƌ of spikiŶg is ĐoŶsisteŶt. FiŶdiŶg Ŷetǁoƌks defiŶed ďǇ theiƌ seƋueŶĐe of tiŵe-ϯϳ 
shifted spikes, deŶoted heƌe as spike tiŵiŶg Ŷetǁoƌks, is a tƌeŵeŶdous ĐhalleŶge. As ŶeuƌoŶs ĐaŶ ϯϴ 
paƌtiĐipate iŶ ŵultiple spike seƋueŶĐes at ŵultiple ďetǁeeŶ-spike tiŵe delaǇs, the possiďle ĐoŵpleǆitǇ ϯϵ 
of Ŷetǁoƌks is pƌohiďitiǀelǇ laƌge. We pƌeseŶt a Ŷoǀel appƌoaĐh that is Đapaďle of ;ϭͿ eǆtƌaĐtiŶg spike ϰϬ 
tiŵiŶg Ŷetǁoƌks ƌegaƌdless of theiƌ seƋueŶĐe ĐoŵpleǆitǇ, aŶd ;ϮͿ that desĐƌiďes theiƌ spikiŶg seƋueŶĐes ϰϭ 
ǁith high teŵpoƌal pƌeĐisioŶ. We aĐhieǀe this ďǇ deĐoŵposiŶg fƌeƋueŶĐǇ-tƌaŶsfoƌŵed ŶeuƌoŶal spikiŶg ϰϮ 
iŶto sepaƌate Ŷetǁoƌks, ĐhaƌaĐteƌiziŶg eaĐh Ŷetǁoƌk͛s spike seƋueŶĐe ďǇ a tiŵe delaǇ peƌ ŶeuƌoŶ, ϰϯ 
foƌŵiŶg a spike seƋueŶĐe tiŵeliŶe. These Ŷetǁoƌks pƌoǀide a detailed teŵplate foƌ aŶ iŶǀestigatioŶ of ϰϰ 
the eǆpeƌiŵeŶtal ƌeleǀaŶĐe of theiƌ spike seƋueŶĐes. UsiŶg siŵulated spike tiŵiŶg Ŷetǁoƌks, ǁe shoǁ ϰϱ 
Ŷetǁoƌk eǆtƌaĐtioŶ is ƌoďust to spikiŶg Ŷoise, spike tiŵiŶg jitteƌ, aŶd paƌtial oĐĐuƌƌeŶĐes of the iŶǀolǀed ϰϲ 
spike seƋueŶĐes. UsiŶg ƌat ŵulti-ŶeuƌoŶ ƌeĐoƌdiŶgs, ǁe deŵoŶstƌate the appƌoaĐh is Đapaďle of ϰϳ 
ƌeǀealiŶg ƌeal spike tiŵiŶg Ŷetǁoƌks ǁith suď-ŵilliseĐoŶd teŵpoƌal pƌeĐisioŶ. BǇ uŶĐoǀeƌiŶg spike tiŵiŶg ϰϴ 
Ŷetǁoƌks, the pƌeǀaleŶĐe, stƌuĐtuƌe, aŶd fuŶĐtioŶ of Đoŵpleǆ spike seƋueŶĐes ĐaŶ ďe iŶǀestigated iŶ ϰϵ 
gƌeateƌ detail, alloǁiŶg us to gaiŶ a ďetteƌ uŶdeƌstaŶdiŶg of theiƌ ƌole iŶ ŶeuƌoŶal fuŶĐtioŶiŶg. ϱϬ 
 ϱϭ 
 ϱϮ 
SigŶifiĐaŶĐe stateŵeŶt ϱϯ 
 ϱϰ 
Spike tiŵiŶg ĐoŶsisteŶĐies iŶ ŶeuƌoŶal Ŷetǁoƌks aƌe ǁidelǇ thought to ďe oŶe of seǀeƌal keǇ pƌiŶĐiples ϱϱ 
ďehiŶd ŶeuƌoŶal fuŶĐtioŶiŶg. TheǇ aƌe ĐhalleŶgiŶg to iŶǀestigate, hoǁeǀeƌ, ďeĐause theƌe is effeĐtiǀelǇ ϱϲ 
aŶ iŶfiŶite Ŷuŵďeƌ of ĐoŵďiŶatioŶs of ŶeuƌoŶs aŶd theiƌ ďetǁeeŶ-ŶeuƌoŶ tiŵe delaǇs foƌ aŶǇ giǀeŶ ϱϳ 
ƌeĐoƌdiŶg. MaŶǇ teĐhŶiƋues haǀe ďeeŶ deǀeloped foƌ theiƌ aŶalǇsis, ďut theǇ aƌe still liŵited ďǇ the ϱϴ 
ĐoŵpleǆitǇ of spike tiŵiŶg patteƌŶs theǇ ĐaŶ ƌeǀeal. Heƌe ǁe pƌeseŶt a Ŷoǀel appƌoaĐh that ĐaŶ ƌeǀeal ϱϵ 
spike tiŵiŶg patteƌŶs ǁith aƌďitƌaƌǇ ĐoŵďiŶatoƌial ĐoŵpleǆitǇ. This pƌoǀides a Ŷeǁ oppoƌtuŶitǇ foƌ ϲϬ 
iŶǀestigatiŶg spike tiŵiŶg Ŷetǁoƌks, ǁhiĐh is ĐƌuĐial to gaiŶ a ďetteƌ uŶdeƌstaŶdiŶg of the ƌole theǇ plaǇ ϲϭ 
iŶ ŶeuƌoŶal fuŶĐtioŶiŶg.  ϲϮ 
  ϲϯ 



 

 ϯ 

IŶtroduĐtioŶ ϲϰ 
 ϲϱ 
Distƌiďuted Ŷetǁoƌks of ŶeuƌoŶs, oƌ Đell asseŵďlies, aƌe ǁidelǇ assuŵed to ďe fuŶdaŵeŶtal to ďƌaiŶ ϲϲ 
fuŶĐtioŶiŶg ;Heďď, ϭϵϰϵ; TƌeisŵaŶ, ϭϵϵϲ; SiŶgeƌ, ϭϵϵϵ; Vaƌela et al., ϮϬϬϭ; Haƌƌis, ϮϬϬϱ; Buzsaki, ϮϬϭϬͿ. ϲϳ 
A suďset of these Ŷetǁoƌks is thought to ďe foƌŵed ďǇ ĐoŶsisteŶt tiŵiŶg of aĐtioŶ poteŶtials, oƌ spikes, ϲϴ 
ďetǁeeŶ ŶeuƌoŶs ;BieŶeŶstoĐk, ϭϵϵϱ; SiŶgeƌ, ϭϵϵϵ; AiŶsǁoƌth et al., ϮϬϭϮ; FeldŵaŶ, ϮϬϭϮͿ, a featuƌe of ϲϵ 
spike ƌeĐoƌdiŶgs aĐƌoss speĐies ;MaiŶeŶ aŶd SejŶoǁski, ϭϵϵϱ; SaliŶas aŶd SejŶoǁski, ϮϬϬϭ; VaŶ‘ulleŶ et ϳϬ 
al., ϮϬϬϱ; Fujisaǁa et al., ϮϬϬϴ; ‘atté et al., ϮϬϭϯͿ. The spikiŶg ďetǁeeŶ ŶeuƌoŶs of suĐh Ŷetǁoƌks ĐaŶ ďe ϳϭ 
sǇŶĐhƌoŶous oƌ iŶǀolǀe tiŵe delaǇs ;IzhikeǀiĐh, ϮϬϬϲ; Fujisaǁa et al., ϮϬϬϴ; Sakuƌai et al., ϮϬϭϯͿ, foƌŵiŶg ϳϮ 
spike seƋueŶĐes ǁheŶ fiƌiŶg iŶ a ĐoŶsisteŶt oƌdeƌ ;Lee aŶd WilsoŶ, ϮϬϬϮ; IkegaǇa et al., ϮϬϬϰ; TiesiŶga et ϳϯ 
al., ϮϬϬϴͿ. Spike seƋueŶĐes ĐaŶ iŶǀolǀe the saŵe ŶeuƌoŶs aŶd oĐĐuƌ ǁithiŶ the saŵe tiŵe ǁiŶdoǁ ;Mao ϳϰ 
et al., ϮϬϬϭ; MaĐLeaŶ et al., ϮϬϬϱ; LuĐzak et al., ϮϬϬϳ; Matsuŵoto et al., ϮϬϭϯ; Milleƌ et al., ϮϬϭϰͿ. ϳϱ 
Though theƌe is still ŵuĐh deďate aďout hoǁ iŵpoƌtaŶt spike tiŵiŶg is iŶ ĐoŵpaƌisoŶ to alteƌŶatiǀes ϳϲ 
suĐh as ƌate-ďased ĐodiŶg sĐheŵes ;Kuŵaƌ et al., ϮϬϭϬ; ‘olls aŶd Tƌeǀes, ϮϬϭϭ; AiŶsǁoƌth et al., ϮϬϭϮͿ, ϳϳ 
the iŶǀestigatioŶ of spike tiŵiŶg Ŷetǁoƌks aŶd theiƌ spike seƋueŶĐes ƌeŵaiŶs ŶeĐessaƌǇ to fuƌtheƌ ouƌ ϳϴ 
uŶdeƌstaŶdiŶg of ďasiĐ ŶeuƌoŶal opeƌatioŶs.  ϳϵ 
 FiŶdiŶg Ŷetǁoƌks defiŶed ďǇ theiƌ seƋueŶĐes of ĐoŶsisteŶt tiŵe-shifted spikes ďetǁeeŶ ŶeuƌoŶs, ϴϬ 
deŶoted iŶ the folloǁiŶg as spike tiŵiŶg Ŷetwoƌks, is a tƌeŵeŶdous ĐhalleŶge due to theiƌ possiďle ϴϭ 
ĐoŵpleǆitǇ, as ŶeuƌoŶs ĐaŶ paƌtiĐipate iŶ ŵultiple spike seƋueŶĐes at a ĐoŶtiŶuuŵ of ďetǁeeŶ-spike ϴϮ 
tiŵe delaǇs. The past deĐades haǀe seeŶ the aƌƌiǀal of ŵaŶǇ ŵethods that ĐaŶ ĐhaƌaĐteƌize spike tiŵiŶg ϴϯ 
Ŷetǁoƌks ;Aďeles aŶd GeƌsteiŶ, ϭϵϴϴ; NadasdǇ et al., ϭϵϵϵ; ChapiŶ aŶd NiĐolelis, ϭϵϵϵ; Tetko aŶd Villa, ϴϰ 
ϮϬϬϭ; GƌüŶ et al., ϮϬϬϮ; Lee aŶd WilsoŶ, ϮϬϬϮ; SĐhŶitzeƌ aŶd Meisteƌ, ϮϬϬϯ; IkegaǇa et al., ϮϬϬϰ; OkataŶ ϴϱ 
et al., ϮϬϬϱ; SĐhŶeideƌ et al., ϮϬϬϲ; NikoliĐ, ϮϬϬϳ; Pipa et al., ϮϬϬϴ; SĐhƌadeƌ et al., ϮϬϬϴ; Beƌgeƌ et al., ϴϲ 
ϮϬϭϬ; Louis et al., ϮϬϭϬ; PeǇƌaĐhe et al., ϮϬϭϬ; EldaǁlatlǇ et al., ϮϬϭϬ; Huŵphƌies, ϮϬϭϭ; Lopes-dos-ϴϳ 
SaŶtos et al., ϮϬϭϭ; GaŶsel aŶd SiŶgeƌ, ϮϬϭϮ; Toƌƌe et al., ϮϬϭϲͿ. Theiƌ appliĐatioŶ has led to iŵpoƌtaŶt ϴϴ 
iŶsights, Ǉet theǇ haǀe seǀeƌal liŵitatioŶs, espeĐiallǇ ǁheŶ it Đoŵes to theiƌ appliĐatioŶ oŶ laƌge sĐale ϴϵ 
ŶeuƌoŶal ƌeĐoƌdiŶgs ;Buzsaki, ϮϬϬϰͿ. NaŵelǇ, eitheƌ: ;ϭͿ the ĐoŵpleǆitǇ of the ideŶtified Ŷetǁoƌks is ϵϬ 
liŵited due to ĐoŵďiŶatoƌial eǆplosioŶ ǁith iŶĐƌeasiŶg Ŷetǁoƌk size ;e.g. teŵplate seaƌĐhiŶgͿ, ;ϮͿ the ϵϭ 
Ŷetǁoƌks aƌe desĐƌiďed oŶlǇ ďǇ the assoĐiatioŶ of theiƌ ŵeŵďeƌ ŶeuƌoŶs ǁithout desĐƌiďiŶg spike ϵϮ 
seƋueŶĐes, ;ϯͿ ďetǁeeŶ-spike tiŵe delaǇs gƌeateƌ thaŶ Ϭ aƌe eitheƌ disĐaƌded oƌ Ŷot ƌeĐoǀeƌed, ;ϰͿ ϵϯ 
teŵpoƌal ďiŶŶiŶg of spike tiŵes leads to ƌeduĐed teŵpoƌal pƌeĐisioŶ, ;ϱͿ Ŷetǁoƌks ǁith oǀeƌlappiŶg ϵϰ 
ŵeŵďeƌ ŶeuƌoŶs aƌe Ŷot sepaƌated, oƌ, ;ϲͿ a ĐoŵďiŶatioŶ of the aďoǀe. Though Ŷot iŵpoƌtaŶt foƌ eǀeƌǇ ϵϱ 
iŶǀestigatioŶ of iŶteƌaĐtioŶs iŶ spikiŶg Ŷetǁoƌks ;e.g., foƌ higheƌ oƌdeƌ iŶteƌaĐtioŶs see Nakahaƌa aŶd ϵϲ 
Aŵaƌi, ϮϬϬϮ; Yu et al., ϮϬϬϵ; EldaǁlatlǇ et al., ϮϬϭϬ; Staude et al., ϮϬϭϬ; Balagueƌ-Ballesteƌ et al., ϮϬϭϭ; ϵϳ 
Shiŵazaki et al., ϮϬϭϮͿ, theǇ aƌe esseŶtial foƌ the eǆaĐt ideŶtifiĐatioŶ of ŶeuƌoŶs aŶd theiƌ spike ϵϴ 
seƋueŶĐes, aŶd iŶǀestigatiŶg theiƌ oĐĐuƌƌeŶĐe as a fuŶĐtioŶ of eǆpeƌiŵeŶtal ǀaƌiaďles. ϵϵ 
 We pƌeseŶt a Ŷoǀel appƌoaĐh foƌ ƌeǀealiŶg spike tiŵiŶg Ŷetǁoƌks that does Ŷot suffeƌ fƌoŵ the ϭϬϬ 
aďoǀe pƌoďleŵs. The keǇ featuƌes of ouƌ appƌoaĐh, aƌe that ;ϭͿ it ĐaŶ fiŶd Ŷetǁoƌks ƌegaƌdless of the ϭϬϭ 
ĐoŵpleǆitǇ of theiƌ spikiŶg seƋueŶĐes, aŶd that ;ϮͿ it desĐƌiďes these seƋueŶĐes ǁith suď-ŵilliseĐoŶd ϭϬϮ 
pƌeĐisioŶ ďǇ a tiŵe ĐoeffiĐieŶt peƌ ŶeuƌoŶ ;peƌ seƋueŶĐe; see Fig ϭͿ. This is aĐhieǀed ďǇ applǇiŶg a ϭϬϯ 
ŵethod deǀeloped foƌ eleĐtƌophǇsiologiĐal ƌeĐoƌdiŶgs ;iŶteŶded foƌ ƌeǀealiŶg phase-Đoupled osĐillatoƌǇ ϭϬϰ 
Ŷetǁoƌks, suĐh as tƌaǀeliŶg ǁaǀes; ǀaŶ deƌ Meij et al., ϮϬϭϱͿ, oŶ the speĐtƌal ĐoǀaƌiaŶĐe ;oƌ, Đƌoss ϭϬϱ 
speĐtƌaͿ oďtaiŶed fƌoŵ a speĐtƌal aŶalǇsis of disĐƌete ŶeuƌoŶal spikiŶg tiŵe seƌies. IŶ these Đƌoss ϭϬϲ 
speĐtƌa, ĐoŶsisteŶt ďetǁeeŶ-ŶeuƌoŶ spike tiŵe delaǇs aƌe desĐƌiďed ďǇ liŶeaƌlǇ iŶĐƌeasiŶg phase ϭϬϳ 
diffeƌeŶĐes oǀeƌ fƌeƋueŶĐies. The ŵethod fiŶds Ŷetǁoƌks aŶd theiƌ spike seƋueŶĐes ďǇ theiƌ uŶiƋue ϭϬϴ 
patteƌŶs of ďetǁeeŶ-ŶeuƌoŶ phase diffeƌeŶĐes oǀeƌ fƌeƋueŶĐies aŶd tƌials ;epoĐhsͿ. IŶ the folloǁiŶg, ǁe ϭϬϵ 
fiƌst shoǁ that ouƌ appƌoaĐh is Đapaďle of ƌeĐoǀeƌiŶg siŵulated spike tiŵiŶg Ŷetǁoƌks aŶd theiƌ ϭϭϬ 
seƋueŶĐes uŶdeƌ ǀaƌious Ŷoise ĐoŶditioŶs, aŶd theŶ pƌoǀide a pƌoof-of-ĐoŶĐept ďǇ shoǁiŶg Ŷetǁoƌks ϭϭϭ 
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eǆtƌaĐted fƌoŵ ƌat hippoĐaŵpus aŶd ŵedial pƌefƌoŶtal Đoƌteǆ ;Fujisaǁa et al., ϮϬϬϴ, ϮϬϭϰͿ, ǁhiĐh ϭϭϮ 
ƌefleĐted peak Đƌoss-Đoƌƌelogƌaŵ tiŵe delaǇs ǁith high aĐĐuƌaĐǇ. Togetheƌ, this deŵoŶstƌates that ouƌ ϭϭϯ 
appƌoaĐh is a ƌoďust ŵethod foƌ ƌeǀealiŶg aŶd ĐhaƌaĐteƌiziŶg spike tiŵiŶg Ŷetǁoƌks iŶ ŶeuƌoŶal ϭϭϰ 
ƌeĐoƌdiŶgs.  ϭϭϱ 
  ϭϭϲ 
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Materials aŶd Methods ϭϭϳ 
 ϭϭϴ 
ϭ. EǆtraĐtiŶg spikiŶg tiŵiŶg Ŷetǁorks froŵ ŶeuroŶal spike reĐordiŶgs ϭϭϵ 
Spike tiŵiŶg ĐoŶsisteŶĐǇ ďetǁeeŶ ŶeuƌoŶs is thought to ďe a keǇ featuƌe of ŶeuƌoŶal spike ƌeĐoƌdiŶgs. ϭϮϬ 
IŶ the folloǁiŶg, ǁe desĐƌiďe hoǁ a Ŷoǀel appliĐatioŶ of a ƌeĐeŶt teĐhŶiƋue, ;SPACE; ǀaŶ deƌ Meij et al., ϭϮϭ 
ϮϬϭϱ, ϮϬϭϲͿ ĐaŶ ďe used to fiŶd seƋueŶĐes of ĐoŶsisteŶt tiŵe-shifted spikes ďetǁeeŶ ŶeuƌoŶs, deŶoted ϭϮϮ 
iŶ the folloǁiŶg as spike tiŵiŶg Ŷetǁoƌks, iŶ laƌge sĐale ŶeuƌoŶal spike ƌeĐoƌdiŶgs, ǁithout a pƌioƌi ϭϮϯ 
iŶfoƌŵatioŶ aďout the iŶǀolǀed ŶeuƌoŶs aŶd theiƌ tiŵiŶg. Beloǁ ǁe illustƌate the pƌoĐeduƌe foƌ ϭϮϰ 
eǆtƌaĐtiŶg spike tiŵiŶg Ŷetǁoƌks ;ǁith details iŶ dediĐated seĐtioŶsͿ, aŶd hoǁ to iŶteƌpƌet theiƌ ϭϮϱ 
ĐhaƌaĐteƌizatioŶ.    ϭϮϲ 
 We staƌt ǁith aŶǇ kiŶd of ŵulti-eleĐtƌode ŶeuƌoŶal ƌeĐoƌdiŶg oǀeƌ tiŵe  of ǁhiĐh ŶeuƌoŶs  aŶd ϭϮϳ 
theiƌ spikes haǀe ďeeŶ ideŶtified ;usiŶg e.g. ‘ossaŶt et al., ϮϬϭϲͿ. Suppose ouƌ ƌeĐoƌdiŶg ĐoŶtaiŶs Ϯ ϭϮϴ 
gƌoups of ϯ ŶeuƌoŶs that haǀe ĐoŶsisteŶt ďetǁeeŶ-ŶeuƌoŶ spike tiŵiŶg ;i.e., spike tiŵiŶg Ŷetǁoƌks, Fig ϭϮϵ 
ϭA ďlue/gƌeeŶ, FigϭBͿ, eŵďedded iŶ otheƌ spikiŶg aĐtiǀitǇ. The ďlue Ŷetǁoƌk has a spikiŶg seƋueŶĐe of ϭϯϬ 
ŶeuƌoŶ ϯ to ϰ to ϱ ǁith a tiŵeliŶe of Ϭŵs-ϭŵs-Ϯŵs, leadiŶg to ĐoŶsisteŶt spike tiŵe delaǇs of ϭŵs foƌ ϭϯϭ 
paiƌs ϯ-ϰ aŶd ϰ-ϱ, aŶd a Ϯŵs delaǇ of ϯ-ϱ. The gƌeeŶ Ŷetǁoƌk has the saŵe patteƌŶ ďut foƌ ŶeuƌoŶs ϱ, ϲ, ϭϯϮ 
aŶd ϳ. If Đƌoss-Đoƌƌelogƌaŵs ǁould ďe Đoŵputed fƌoŵ the ŶeuƌoŶal spike ƌeĐoƌdiŶgs ;Fig ϭBͿ, theǇ ǁould ϭϯϯ 
haǀe peaks at ϭŵs foƌ ŶeuƌoŶ paiƌs ϯ-ϰ, ϰ-ϱ, ϱ-ϲ, ϲ-ϳ, at -ϭŵs foƌ paiƌ ϰ-ϯ, ϱ-ϰ, ϲ-ϱ, ϳ-ϲ, at Ϯŵs foƌ paiƌ ϯ-ϭϯϰ 
ϱ, ϱ-ϳ, aŶd at -Ϯŵs foƌ paiƌ ϱ-ϯ, ϳ-ϱ. Hoǁ ofteŶ the seƋueŶĐes of the ďlue aŶd gƌeeŶ Ŷetǁoƌks oĐĐuƌ, ϭϯϱ 
depeŶds oŶ tǁo eǆpeƌiŵeŶtal ĐoŶditioŶs. The ďlue Ŷetǁoƌks oĐĐuƌ oŶĐe peƌ tƌial of ĐoŶditioŶ A aŶd ϭϯϲ 
tǁiĐe foƌ those of B, ;Fig ϭCͿ, the gƌeeŶ Ŷetǁoƌk ǀiĐe ǀeƌsa.  ϭϯϳ 
 To eǆtƌaĐt a paƌsiŵoŶious desĐƌiptioŶ of the aďoǀe Ŷetǁoƌks, ǁe aƌƌaŶge the deteĐted spikes iŶ ϭϯϴ 
ŶeuƌoŶ-ďǇ-tiŵe ; Ϳ ďiŶaƌǇ ŵatƌiĐes  ;ϭ = spike, Ϭ = Ŷo spike; Fig ϭCͿ, peƌ tƌial  of the eǆpeƌiŵeŶt ;oƌ ϭϯϵ 
aŶǇ otheƌ ŵeaŶiŶgful teŵpoƌal segŵeŶtatioŶ; thƌoughout the teǆt,  ƌefeƌs to ŶeuƌoŶs,  to ϭϰϬ 
fƌeƋueŶĐies,  to tƌialsͿ. TheŶ, ǁe oďtaiŶ ͚Đƌoss speĐtƌa͛ fƌoŵ these tƌial-speĐifiĐ ŵatƌiĐes. To aĐhieǀe ϭϰϭ 
this, ǁe fiƌst ĐoŶǀolǀe the ŵatƌiĐes  ǁith Đoŵpleǆ eǆpoŶeŶtials ;Fig ϭ, Step ϭͿ at ŵultiple fƌeƋueŶĐies ϭϰϮ 

, ƌesultiŶg iŶ fƌeƋueŶĐǇ-speĐifiĐ aŶd tƌial-speĐifiĐ Đoŵpleǆ-ǀalued ŶeuƌoŶ-ďǇ-tiŵe ; Ϳ ŵatƌiĐes . ϭϰϯ 
SuďseƋueŶtlǇ, ǁe Đoŵpute the Đƌoss pƌoduĐts  of these ŵatƌiĐes oǀeƌ tiŵe ;Fig ϭ, Step Ϯ;  = ϭϰϰ 
Đoŵpleǆ ĐoŶjugate tƌaŶsposeͿ, ƌesultiŶg iŶ Đoŵpleǆ-ǀalued fƌeƋueŶĐǇ-speĐifiĐ aŶd tƌial-speĐifiĐ ŶeuƌoŶ-ϭϰϱ 
ďǇ-ŶeuƌoŶ ; Ϳ ŵatƌiĐes : the Đƌoss speĐtƌa ;Fig ϭDͿ. The ĐhoiĐe of Đoŵpleǆ eǆpoŶeŶtials ϭϰϲ 
deteƌŵiŶes keǇ aspeĐts of the spike tiŵiŶg Ŷetǁoƌks aŶd theiƌ eǆtƌaĐtioŶ, aŶd is disĐussed iŶ detail iŶ ϭϰϳ 
Mateƌials aŶd Methods seĐtioŶ ϯ. HaǀiŶg oďtaiŶed the Đƌoss speĐtƌa, ǁe should applǇ a ŶeuƌoŶ-ǁise ϭϰϴ 
aŶd/oƌ tƌial-ǁise ŶoƌŵalizatioŶ ;Fig ϭ, Step ϯ; see Mateƌials aŶd Methods seĐtioŶ ϰͿ. Afteƌ ŶoƌŵalizatioŶ, ϭϰϵ 
ǁe theŶ eǆtƌaĐt spike tiŵiŶg Ŷetǁoƌks usiŶg SPACE ;Fig ϭE, Step ϰ; ǁhiĐh iŶǀolǀes estiŵatiŶg the ϭϱϬ 
Ŷuŵďeƌ of Ŷetǁoƌks to eǆtƌaĐt, see Mateƌials aŶd Methods seĐtioŶ ϮͿ.  ϭϱϭ 
 Spike tiŵiŶg Ŷetǁoƌks, ǁheŶ defiŶed ďǇ theiƌ disĐƌete spikiŶg seƋueŶĐes ĐhaƌaĐteƌized as tiŵe-ϭϱϮ 
shifted Đopies of spikes ďetǁeeŶ ŶeuƌoŶs, ĐaŶ ďe eǆtƌaĐted fƌoŵ the Đƌoss speĐtƌa, ďeĐause the phases ϭϱϯ 
of the off-diagoŶal eleŵeŶts of the Đƌoss speĐtƌa ĐoŶtaiŶ the ĐoŶsisteŶt tiŵe delaǇs ďetǁeeŶ tiŵe-ϭϱϰ 
shifted Đopies of spikes. The ĐƌuĐial pƌiŶĐiple heƌe, is that the tiŵe diffeƌeŶĐe ďetǁeeŶ tǁo ďiŶaƌǇ spikes ϭϱϱ 
iŶ the tiŵe doŵaiŶ tƌaŶslates to phase diffeƌeŶĐes iŶ the fƌeƋueŶĐǇ doŵaiŶ, liŶeaƌlǇ iŶĐƌeasiŶg ǁith ϭϱϲ 
fƌeƋueŶĐǇ. That is, a ϭŵs tiŵe delaǇ eƋuals ϭ/ϮϬth of a ĐǇĐle at ϱϬHz, ϭ/ϭϬth at ϭϬϬHz, ϭ/ϱth at ϮϬϬHz, etĐ. ϭϱϳ 
;foƌ tǇpes of spikiŶg iŶteƌaĐtioŶs otheƌ thaŶ tiŵe-shifted Đopies of spikes, see LiŶdeŵaŶŶ et al., ϮϬϬϭͿ. ϭϱϴ 
The eǆtƌaĐtioŶ teĐhŶiƋue uses this pƌopeƌtǇ to fiŶd the tiŵe delaǇs ďetǁeeŶ tiŵe-shifted Đopies of ϭϱϵ 
ŶeuƌoŶal spikes that eǆplaiŶs the ŵost ǀaƌiaŶĐe iŶ the Đƌoss speĐtƌa. ϭϲϬ 
 SPACE desĐƌiďes the Đƌoss speĐtƌa ďǇ ŵultiple Ŷetǁoƌks, eaĐh Ŷetǁoƌk ĐoŶsistiŶg of thƌee ϭϲϭ 
paƌaŵeteƌ ǀeĐtoƌs ;Fig ϭEͿ: the ŶeuƌoŶ pƌofile ; Ϳ, the tiŵe pƌofile ; Ϳ, aŶd the tƌial pƌofile ; Ϳ. ϭϲϮ 
The ŶeuƌoŶ pƌofile desĐƌiďes hoǁ stƌoŶglǇ eaĐh ŶeuƌoŶ is paƌt of the Ŷetǁoƌk, ďǇ a siŶgle Ŷuŵďeƌ peƌ ϭϲϯ 
ŶeuƌoŶ. The ŶeuƌoŶ pƌofile of the ďlue Ŷetǁoƌk has high ǀalues foƌ ŶeuƌoŶs ϯ, ϰ, aŶd ϱ, aŶd loǁ ǀalues ϭϲϰ 
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foƌ all otheƌ ŶeuƌoŶs. That is, oŶlǇ ŶeuƌoŶs ϯ to ϱ aƌe paƌt of this Ŷetǁoƌk. Due to theiƌ siŵilaƌ ǁeightiŶg, ϭϲϱ 
ŶeuƌoŶs ϯ to ϱ likelǇ haǀe siŵilaƌ fiƌiŶg ƌates, aŶd siŵilaƌ Ŷuŵďeƌ of spike seƋueŶĐe͛ spikes. If aŶotheƌ ϭϲϲ 
ŶeuƌoŶ ǁould haǀe half the ǁeightiŶg, it ǁill likelǇ haǀe eitheƌ tǁiĐe as ŵaŶǇ total spikes, oƌ oŶlǇ fiƌes iŶ ϭϲϳ 
half of the Ŷetǁoƌk͛s spike seƋueŶĐes ;e.g., a seƋueŶĐe of ŶeuƌoŶ ϯ-ϰ-ϱ iŶ half of the tƌials, aŶd ϯ-ϰ iŶ ϭϲϴ 
the ƌestͿ. Note, it is possiďle foƌ the ŶeuƌoŶ pƌofile to haǀe ŶoŶ-zeƌo loadiŶgs foƌ oŶlǇ oŶe ŶeuƌoŶ, see ϭϲϵ 
Mateƌials aŶd Methods seĐtioŶ ϰ foƌ a disĐussioŶ. The tiŵe pƌofile desĐƌiďes the spike seƋueŶĐe of the ϭϳϬ 
Ŷetǁoƌk, ďǇ a siŶgle tiŵe ĐoeffiĐieŶt peƌ ŶeuƌoŶ. BeĐause the ŶeuƌoŶ pƌofile of the ďlue Ŷetǁoƌk oŶlǇ ϭϳϭ 
stƌoŶglǇ iŶǀolǀes ŶeuƌoŶs ϯ to ϱ, oŶlǇ these ĐoeffiĐieŶts of the tiŵe pƌofile aƌe ŵeaŶiŶgful. The tiŵe ϭϳϮ 
pƌofile of ŶeuƌoŶs ϯ to ϱ diƌeĐtlǇ ƌefleĐts the tiŵeliŶe of the spike seƋueŶĐe, Ϭŵs-ϭŵs-Ϯŵs. A ĐƌuĐial ϭϳϯ 
oďseƌǀatioŶ heƌe, is that all the teŵpoƌal ƌelatioŶships at the leǀel of ŶeuƌoŶ-paiƌs aƌe desĐƌiďed at the ϭϳϰ 
leǀel of iŶdiǀidual ŶeuƌoŶs ďǇ the Ŷetǁoƌk͛s ŶeuƌoŶ pƌofile ;ƌelatioŶship stƌeŶgthͿ aŶd tiŵe pƌofile ;spike ϭϳϱ 
seƋueŶĐe tiŵiŶgͿ. The aďoǀe is the saŵe foƌ the gƌeeŶ Ŷetǁoƌk. IŵpoƌtaŶtlǇ, if the ďlue aŶd gƌeeŶ spike ϭϳϲ 
seƋueŶĐes oĐĐuƌ at ƌaŶdoŵ iŶteƌǀals ďetǁeeŶ theŵ, the ďlue aŶd gƌeeŶ Ŷetǁoƌks ĐaŶ ďe sepaƌated, as ϭϳϳ 
theƌe aƌe Ŷo ĐoŶsisteŶt ƌelatioŶships ďetǁeeŶ ŶeuƌoŶs ϯ, ϰ, aŶd ŶeuƌoŶs ϲ, ϳ. If the ďlue aŶd gƌeeŶ ϭϳϴ 
spike seƋueŶĐes oĐĐuƌƌed at ĐoŶsisteŶt iŶteƌǀals, theǇ ǁould ďoth ďe Đaptuƌed ďǇ oŶe Ŷetǁoƌk. This is ϭϳϵ 
Ŷot suƌpƌisiŶg, as the aďoǀe ŵeaŶs theƌe is, iŶ faĐt, oŶlǇ oŶe spike seƋueŶĐe. IŶ the sĐheŵatiĐ of Figuƌe ϭϴϬ 
ϭ, theƌe is also a diffeƌeŶĐe iŶ hoǁ ofteŶ a seƋueŶĐe of eaĐh Ŷetǁoƌk oĐĐuƌs iŶ eaĐh ĐoŶditioŶ, ǁhiĐh ϭϴϭ 
ĐaŶ ďe ƌefleĐted ďǇ the tƌial pƌofiles. Heƌe, the ǁeights foƌ tƌials of the ďlue Ŷetǁoƌk ƌefleĐt the ƌatio of ϭϴϮ 
spike seƋueŶĐes iŶ eaĐh tƌial of the tǁo ĐoŶditioŶs, i.e. a tƌial loadiŶg that is tǁiĐe as laƌge foƌ B as it is ϭϴϯ 
foƌ A. IŵpoƌtaŶtlǇ, the tƌial pƌofile ĐaŶ pƌoǀide a ĐoŶǀeŶieŶt ǁaǇ to iŶǀestigate diffeƌeŶĐes iŶ spike tiŵe ϭϴϰ 
ĐoŶsisteŶĐǇ at the leǀel of Ŷetǁoƌks, iŶstead of the leǀel of ŶeuƌoŶ-paiƌs. Foƌ eǆaŵple, the diffeƌeŶĐe ϭϴϱ 
ďetǁeeŶ tǁo ĐoŶditioŶs ĐaŶ ďe iŶǀestigated ďǇ ĐoŵpaƌiŶg the ŵeaŶs of the ĐoŶditioŶ-speĐifiĐ tƌial ϭϴϲ 
pƌofile ǁeights, oƌ ǀaƌiatioŶs of tƌial pƌofile ǁeights ĐaŶ ďe ƌelated to otheƌ ǀaƌiaďles ;e.g., ƌeaĐtioŶ ϭϴϳ 
tiŵes, paƌaŵetƌiĐ stiŵulus ŵaŶipulatioŶs, etĐ.Ϳ. Though iŶ pƌiŶĐiple possiďle, the tƌial pƌofile ĐaŶ ďe ϭϴϴ 
Ŷoise seŶsitiǀe ;see the ‘esults aŶd DisĐussioŶ seĐtioŶsͿ. AdditioŶallǇ, the aďseŶĐe of aŶ eǆtƌaĐted ϭϴϵ 
Ŷetǁoƌk is Ŷot eǀideŶĐe of a Ŷetǁoƌk͛s aďseŶĐe ;iŶ the ƌeĐoƌdiŶgͿ, ǀaƌious ƌeasoŶs ĐaŶ pƌohiďit a ϭϵϬ 
Ŷetǁoƌk to Ŷot ďe fouŶd ;e.g., Ŷoise, see ‘esults aŶd DisĐussioŶ seĐtioŶsͿ. FiŶallǇ, see Mateƌials aŶd ϭϵϭ 
Methods seĐtioŶ Ϯ oŶ hoǁ to Đoŵpaƌe ǀalues ďetǁeeŶ aŶd ǁithiŶ the aďoǀe pƌofiles. ϭϵϮ 
 WheŶ iŶteƌpƌetiŶg the Ŷetǁoƌk pƌofiles, it is ĐƌuĐial to keep iŶ ŵiŶd that theǇ aƌe estiŵated to ϭϵϯ 
ŵaǆiŵallǇ eǆplaiŶ the Đƌoss speĐtƌa ;see Mateƌials aŶd Methods seĐtioŶ ϮͿ. As suĐh, aŶǇthiŶg that ϭϵϰ 
affeĐts the phase ĐoupliŶg patteƌŶs iŶ the Đƌoss speĐtƌa, affeĐts the pƌofiles aĐĐoƌdiŶglǇ. Foƌ eǆaŵple, iŶ ϭϵϱ 
Đase a ŶeuƌoŶ spikes iŶ a spike seƋueŶĐe of a Ŷetǁoƌk iŶ soŵe tƌials, ďut Ŷot iŶ otheƌs, theŶ the phase ϭϵϲ 
ĐoupliŶg stƌeŶgth ďetǁeeŶ this ŶeuƌoŶ aŶd the otheƌs of the Ŷetǁoƌk ǁill ďe ǁeakeƌ ;oƌ zeƌoͿ iŶ the ϭϵϳ 
Đƌoss speĐtƌa foƌ the latteƌ tƌials Đoŵpaƌed to the foƌŵeƌ. CoŶseƋueŶtlǇ, the ŶeuƌoŶ pƌofile of this ϭϵϴ 
Ŷetǁoƌk ǁill haǀe a loǁeƌ ǁeight foƌ this ŶeuƌoŶ thaŶ foƌ the otheƌs, aŶd the tƌial pƌofile ǁill haǀe loǁeƌ ϭϵϵ 
ǁeights foƌ those tƌials iŶ ǁhiĐh it didŶ͛t spike. ϮϬϬ 
 ϮϬϭ 
Ϯ. SPACE desĐriďes tiŵe ĐoŶsisteŶĐǇ iŶduĐed phase ĐoupliŶg iŶ Đross speĐtra ϮϬϮ 
SPACE is a deĐoŵpositioŶ teĐhŶiƋue that desĐƌiďes the stƌuĐtuƌe of phase ĐoupliŶg iŶ Đƌoss speĐtƌa ďǇ ϮϬϯ 
tiŵe delaǇs ďetǁeeŶ ŶeuƌoŶs ;oƌ eleĐtƌodes/seŶsoƌs/sitesͿ. The teĐhŶiƋue ǁas deǀeloped foƌ fiŶdiŶg ϮϬϰ 
osĐillatoƌǇ phase ĐoupliŶg stƌuĐtuƌe ;e.g., tƌaǀeliŶg ǁaǀesͿ iŶ eleĐtƌophǇsiologiĐal ƌeĐoƌdiŶgs ;ǀaŶ deƌ ϮϬϱ 
Meij et al., ϮϬϭϱ, ϮϬϭϲͿ, a tǇpe of data of ǁhiĐh the fƌeƋueŶĐǇ ĐoŶteŶt itself is of pƌiŵaƌǇ iŶteƌest. This ϮϬϲ 
ĐoŶtƌasts ǁith the appliĐatioŶ ǁe pƌeseŶt heƌe, foƌ ǁhiĐh this is Ŷot the Đase. The fƌeƋueŶĐies of the ϮϬϳ 
used speĐtƌal tƌaŶsfoƌŵ aƌe aƌtifiĐial aŶd aƌe ĐhoseŶ oŶlǇ suĐh that theǇ pƌoǀide aŶ aĐĐuƌate desĐƌiptioŶ, ϮϬϴ 
ǀia the Ŷetǁoƌks SPACE eǆtƌaĐts, of the teŵpoƌal stƌuĐtuƌe iŶ disĐƌete Ŷeuƌal spike tiŵiŶg tiŵe seƌies ϮϬϵ 
;see Mateƌials aŶd Methods seĐtioŶ ϯͿ. Apaƌt fƌoŵ the ŵaŶŶeƌ of ĐoŶstƌuĐtiŶg the Đƌoss speĐtƌa, the ϮϭϬ 
usage of the ŵethod iŶ the ĐuƌƌeŶt appƌoaĐh is ideŶtiĐal to that iŶ the oƌigiŶal puďliĐatioŶ ;ƌefeƌƌed to as Ϯϭϭ 
SPACE-tiŵe theƌeiŶͿ. The algoƌithŵ ďehiŶd the ŵethod is eǆteŶsiǀelǇ tƌeated iŶ its oƌigiŶal puďliĐatioŶ ϮϭϮ 



 

 ϳ 

;ǀaŶ deƌ Meij et al., ϮϬϭϱ, ďut see also ǀaŶ deƌ Meij et al., ϮϬϭϲ foƌ aŶ alteƌŶate pƌeseŶtatioŶͿ, aŶd oŶlǇ Ϯϭϯ 
eleŵeŶts esseŶtial to its ĐuƌƌeŶt use ǁill ďe ŵeŶtioŶed heƌe. BƌieflǇ, the teĐhŶiƋue ĐoŶsists of aŶ Ϯϭϰ 
AlteƌŶatiŶg Least SƋuaƌes ;ALSͿ algoƌithŵ to fiŶd the least sƋuaƌes estiŵates of its deĐoŵpositioŶ Ϯϭϱ 
ŵodel. The eleŵeŶt-ǁise foƌŵulatioŶ of this ŵodel foƌ the Đƌoss speĐtƌa ĐaŶ ďe eǆpƌessed as: Ϯϭϲ 

 Ϯϭϳ 

The Đoŵpleǆ-ǀalued Đƌoss speĐtƌuŵ ; Ϳ of ŶeuƌoŶ paiƌ  aŶd  ;iŶdeǆed oǀeƌ all ŶeuƌoŶsͿ at Ϯϭϴ 
fƌeƋueŶĐǇ  aŶd tƌial  is desĐƌiďed as the pƌoduĐt of Ŷetǁoƌk paƌaŵeteƌs, suŵŵed oǀeƌ Ŷetǁoƌks , Ϯϭϵ 
plus aŶ eƌƌoƌ teƌŵ . The phase of the Ŷetǁoƌk-speĐifiĐ pƌoduĐt is giǀeŶ ďǇ the diffeƌeŶĐe iŶ the ϮϮϬ 
tiŵe pƌofiles ; Ϳ of ŶeuƌoŶ  aŶd  ŵultiplied ďǇ the fƌeƋueŶĐǇ  iŶ Hz, ŵultiplied ďǇ . This ϮϮϭ 
phase is theŶ ǁeighted ďǇ the pƌoduĐt of the tǁo ŶeuƌoŶs͛ ŶeuƌoŶ pƌofile , the ;sƋuaƌedͿ ϮϮϮ 
fƌeƋueŶĐǇ pƌofile  at fƌeƋueŶĐǇ , aŶd the ;sƋuaƌedͿ tƌial pƌofile  at tƌial . As is oďseƌǀed heƌe, the ϮϮϯ 
teĐhŶiƋue also pƌoduĐes a fƌeƋueŶĐǇ pƌofile peƌ Ŷetǁoƌk, desĐƌiďiŶg hoǁ iŵpoƌtaŶt eaĐh fƌeƋueŶĐǇ is ϮϮϰ 
foƌ a Ŷetǁoƌk. Foƌ the puƌpose of spike tiŵiŶg Ŷetǁoƌks, ǁe ǁill igŶoƌe this, as it does Ŷot pƌoǀide ϮϮϱ 
additioŶal iŶfoƌŵatioŶ. It is, hoǁeǀeƌ, aŶ esseŶtial eleŵeŶt of its oƌigiŶal appliĐatioŶ oŶ ϮϮϲ 
eleĐtƌophǇsiologiĐal ƌeĐoƌdiŶgs, desĐƌiďiŶg fƌeƋueŶĐǇ ďaŶd-speĐifiĐ phase-Đoupled osĐillatoƌǇ Ŷetǁoƌks, ϮϮϳ 
suĐh as tƌaǀeliŶg ǁaǀes.  ϮϮϴ 
 Coŵpaƌed to the ƌefeƌeŶĐe puďliĐatioŶs, the aďoǀe eƋuatioŶ sƋuaƌes the tƌial aŶd fƌeƋueŶĐǇ ϮϮϵ 
pƌofile. The ƌeasoŶ foƌ this, is that spike tiŵiŶg Ŷetǁoƌks aƌe ŵoƌe ĐoŶǀeŶieŶtlǇ thought of, aŶalǇzed at, ϮϯϬ 
aŶd siŵulated iŶ, the desĐƌiptioŶ leǀel of Đƌoss speĐtƌa. This is Ŷot the Đase foƌ the oƌigiŶal taƌget of the Ϯϯϭ 
teĐhŶiƋue, phase-Đoupled osĐillatoƌǇ Ŷetǁoƌks, ǁhiĐh aƌe ŵoƌe ĐoŶǀeŶieŶtlǇ thought of as tiŵe-ǀaƌǇiŶg ϮϯϮ 
osĐillatioŶs oǀeƌ eleĐtƌodes desĐƌiďed ďǇ Fouƌieƌ ĐoeffiĐieŶts ;of ǁhiĐh the Đƌoss pƌoduĐts oǀeƌ tiŵe Ϯϯϯ 
pƌoduĐe the Đƌoss speĐtƌaͿ. Due to this, the teĐhŶiƋue pƌoǀides tƌial aŶd fƌeƋueŶĐǇ pƌofiles that aƌe Ŷot Ϯϯϰ 
sƋuaƌed, aŶd sƋuaƌiŶg ďeĐoŵes a ŶeĐessaƌǇ step pƌioƌ to iŶǀestigatiŶg the eǆtƌaĐted Ŷetǁoƌks.  Ϯϯϱ 
 The eǆtƌaĐted Ŷetǁoƌks aƌe uŶiƋue up to tƌiǀial iŶdeteƌŵiŶaĐies ǁithout ƌeƋuiƌiŶg ĐoŶstƌaiŶts Ϯϯϲ 
suĐh as oƌthogoŶalitǇ oƌ statistiĐal iŶdepeŶdeŶĐe. UŶiƋueŶess is disĐussed iŶ ŵoƌe detail iŶ the Ϯϯϳ 
ƌefeƌeŶĐe puďliĐatioŶs ;ǀaŶ deƌ Meij et al., ϮϬϭϱ, ϮϬϭϲͿ. The iŶdeteƌŵiŶaĐies aƌe easilǇ ƌesolǀed ďǇ Ϯϯϴ 
ŶoƌŵalizatioŶs. Heƌe, ǁe ďƌieflǇ highlight those ŶoƌŵalizatioŶs that peƌtaiŶ to the ĐuƌƌeŶt appliĐatioŶ of Ϯϯϵ 
the teĐhŶiƋue. The ŶeuƌoŶ aŶd tƌial pƌofiles, peƌ Ŷetǁoƌk, haǀe uŶdeteƌŵiŶed ŵultipliĐatiǀe sĐaliŶg, aŶd ϮϰϬ 
aƌe Ŷoƌŵalized to haǀe a ǀeĐtoƌ LϮ-Ŷoƌŵ of ϭ. The ĐoŶseƋueŶĐe is that the aďsolute ǀalues of ŶeuƌoŶs Ϯϰϭ 
aŶd tƌials oŶlǇ haǀe ŵeaŶiŶg ǁith ƌespeĐt to the otheƌ ŶeuƌoŶs aŶd tƌials of the saŵe Ŷetǁoƌk. CƌuĐiallǇ, ϮϰϮ 
the ƌatios ďetǁeeŶ ŶeuƌoŶs aŶd tƌials aƌe uŶaffeĐted ďǇ this ŶoƌŵalizatioŶ, aŶd ĐaŶ ďe Đoŵpaƌed fƌeelǇ Ϯϰϯ 
aĐƌoss Ŷetǁoƌks. AdditioŶallǇ, theiƌ sigŶ is also uŶdeteƌŵiŶed, aŶd ƌestƌiĐted to haǀe a positiǀe aǀeƌage Ϯϰϰ 
peƌ Ŷetǁoƌk ;ŶeuƌoŶ pƌofileͿ oƌ to ďe fullǇ positiǀe ;tƌial pƌofileͿ. The iŶdeteƌŵiŶaĐǇ of the tiŵe pƌofile is Ϯϰϱ 
ŵoƌe ĐoŵpliĐated. BeĐause the tiŵe pƌofile desĐƌiďes ĐiƌĐulaƌ phases oǀeƌ ŵultiple fƌeƋueŶĐies, the Ϯϰϲ 
tiŵe pƌofile is ĐiƌĐulaƌ as ǁell. IŶ shoƌt, ǁe Ŷoƌŵalize it suĐh that the stƌoŶgest ŶeuƌoŶ ;of the ŶeuƌoŶ Ϯϰϳ 
pƌofileͿ has a tiŵe pƌofile ǀalue of Ϭs. Due to the aďoǀe ŶoƌŵalizatioŶs, a Ŷetǁoƌk-speĐifiĐ ŵultipliĐatiǀe Ϯϰϴ 
sĐaliŶg paƌaŵeteƌ is also eǆtƌaĐted, ďut it does Ŷot plaǇ a ƌole iŶ the iŶteƌpƌetatioŶ of the iŶdiǀidual Ϯϰϵ 
Ŷetǁoƌk paƌaŵeteƌs. ϮϱϬ 
 Tǁo pƌaĐtiĐal poiŶts Ŷeed to ďe ŵade foƌ usiŶg the teĐhŶiƋue to eǆtƌaĐt Ŷetǁoƌks. The fiƌst is Ϯϱϭ 
that its algoƌithŵ is iŶitialized fƌoŵ ƌaŶdoŵ staƌtiŶg ǀalues. IŶ oƌdeƌ to aǀoid uŶfoƌtuŶate staƌtiŶg ǀalues ϮϱϮ 
that lead to a loĐal ŵiŶiŵuŵ of its least sƋuaƌes loss fuŶĐtioŶ, the algoƌithŵ Ŷeeds to ďe iŶitialized Ϯϱϯ 
ŵultiple tiŵes. WheŶ ideŶtiĐal Ŷetǁoƌks aƌe fouŶd iŶ those iŶitializatioŶs ǁith the highest eǆplaiŶed Ϯϱϰ 
ǀaƌiaŶĐe, it ĐaŶ ďe assuŵed that the gloďal ŵiŶiŵuŵ is ƌeaĐhed. Hoǁ ŵaŶǇ iŶitializatioŶs aƌe ƌeƋuiƌed Ϯϱϱ 
iŶ oƌdeƌ to aĐhieǀe this depeŶds oŶ the paƌtiĐulaƌ dataset. IŶ ouƌ eǆpeƌieŶĐe, it is eǆtƌeŵelǇ ƌaƌe to fiŶd Ϯϱϲ 
a diffeƌeŶt ͚ďest͛ solutioŶ to the loss fuŶĐtioŶ ǁheŶ iŶĐƌeasiŶg the Ŷuŵďeƌ of ƌaŶdoŵ iŶitializatioŶs Ϯϱϳ 
ďeǇoŶd ϱϬ. The seĐoŶd pƌaĐtiĐal poiŶt is that, like ƌelated deĐoŵpositioŶ teĐhŶiƋues, the Ŷuŵďeƌ of Ϯϱϴ 
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Ŷetǁoƌks to eǆtƌaĐt Ŷeeds to ďe deteƌŵiŶed. OŶe appƌoaĐh is to estiŵate the Ŷuŵďeƌ of ƌeliaďle Ϯϱϵ 
Ŷetǁoƌks. Foƌ this, ǁe eǆtƌaĐt N Ŷetǁoƌks fƌoŵ the full ƌeĐoƌdiŶg, aŶd also fƌoŵ tǁo splits of the ϮϲϬ 
ƌeĐoƌdiŶg, the fiƌst ĐoŶtaiŶiŶg the odd Ŷuŵďeƌed spikes of eaĐh ŶeuƌoŶ, the seĐoŶd the eǀeŶ Ŷuŵďeƌed Ϯϲϭ 
spikes. If the Ŷetǁoƌks fƌoŵ the full ƌeĐoƌdiŶg ƌeasoŶaďlǇ ŵatĐh those eǆtƌaĐted fƌoŵ of ďoth splits, N is ϮϲϮ 
iŶĐƌeased, aŶd the pƌoĐess is ƌepeated uŶtil theǇ Ŷo loŶgeƌ ŵatĐh. The Ŷetǁoƌks eǆtƌaĐted fƌoŵ the full Ϯϲϯ 
data aƌe kept, aŶd those of the splits disĐaƌded. Otheƌ sĐeŶaƌios aƌe also feasiďle, suĐh as aŶ odd-eǀeŶ Ϯϲϰ 
tƌial split, oƌ a k-split appƌoaĐh, iŶ ǁhiĐh Ŷetǁoƌks aƌe eǆtƌaĐted fƌoŵ k suďsets of the ƌeĐoƌdiŶg aŶd Ϯϲϱ 
Đoŵpaƌed to those eǆtƌaĐted fƌoŵ the full ƌeĐoƌdiŶg. The Ŷuŵďeƌ of splits, aŶd the ŵaŶŶeƌ of splittiŶg, Ϯϲϲ 
ǁill deteƌŵiŶe the seŶsitiǀitǇ of the appƌoaĐh. It is useful heƌe to ŵake a teĐhŶiĐal stateŵeŶt ƌegaƌdiŶg Ϯϲϳ 
the splittiŶg of iŶdiǀidual Ŷetǁoƌks iŶto tǁo oƌ ŵoƌe sŵalleƌ Ŷetǁoƌks, ǁhiĐh ǁould ĐoŵpliĐate the Ϯϲϴ 
aďoǀe. IŶ oƌdeƌ to aǀoid suĐh splittiŶg, Ŷetǁoƌk iŶteƌaĐtioŶ teƌŵs iŶ the deĐoŵpositioŶ ŵodel aƌe foƌĐed Ϯϲϵ 
to ďe zeƌo ;iŶteƌaĐtioŶ teƌŵs aƌe Ŷot ǀisiďle iŶ the eleŵeŶt-ǁise ŵodel aďoǀe; foƌ optiŵizatioŶ details ϮϳϬ 
see ǀaŶ deƌ Meij et al., ϮϬϭϱ, ϮϬϭϲͿ. A pƌaĐtiĐal ĐoŶseƋueŶĐe is that spike tiŵiŶg Ŷetǁoƌks that aƌe Ϯϳϭ 
ŶeaƌlǇ peƌfeĐtlǇ Đoƌƌelated ;shaƌe spike seƋueŶĐe tiŵiŶgͿ ǁill likelǇ ďe eǆtƌaĐted as a siŶgle ĐoŵďiŶed ϮϳϮ 
Ŷetǁoƌk ;see ǀaŶ deƌ Meij et al., ϮϬϭϲ foƌ siŵulatioŶs iŶǀestigatiŶg Ŷetǁoƌk ĐoƌƌelatioŶͿ. FiŶallǇ, Ϯϳϯ 
ƌegaƌdiŶg the ŵaǆiŵuŵ Ŷuŵďeƌ of Ŷetǁoƌks that ĐaŶ ďe uŶiƋuelǇ eǆtƌaĐted, though ŶoŶ-tƌiǀial to Ϯϳϰ 
estiŵate ;CoŵoŶ et al., ϮϬϬϵͿ, it likelǇ is gƌeateƌ thaŶ the Ŷuŵďeƌ of ŶeuƌoŶs. IŵpoƌtaŶtlǇ, aŶǇ kiŶd of Ϯϳϱ 
ƌeliaďilitǇ pƌoĐeduƌe suĐh as the aďoǀe ǁill pƌeǀeŶt eǆĐeediŶg aŶǇ ŵaǆiŵuŵ, as ŶoŶ-uŶiƋue Ŷetǁoƌks Ϯϳϲ 
ǁill, ďǇ defiŶitioŶ, Ŷot ďe ƌeliaďle oǀeƌ splits. IŶ ouƌ eǆpeƌieŶĐe, the Ŷuŵďeƌ of ƌeliaďle Ŷetǁoƌks is ofteŶ Ϯϳϳ 
ŵuĐh loǁeƌ thaŶ the Ŷuŵďeƌ of ƌeĐoƌded ŶeuƌoŶs.  Ϯϳϴ 
 To deteƌŵiŶe ǁhetheƌ tǁo Ŷetǁoƌks aƌe siŵilaƌ, suĐh as iŶ the aďoǀe split-ƌeliaďilitǇ appƌoaĐh, a Ϯϳϵ 
ĐoeffiĐieŶt ĐaŶ ďe Đoŵputed foƌ the thƌee paƌaŵeteƌs of the Ŷetǁoƌks. Foƌ the ŶeuƌoŶ aŶd the tƌial ϮϴϬ 
pƌofiles, this is siŵplǇ the iŶŶeƌ pƌoduĐt ďetǁeeŶ the LϮ-Ŷoƌŵalized pƌofiles of tǁo Ŷetǁoƌks, aŶd Ϯϴϭ 
ƌaŶges fƌoŵ Ϭ to ϭ ;ideŶtiĐal pƌofilesͿ. Foƌ the tiŵe pƌofile, a ĐoeffiĐieŶt is the folloǁiŶg:  ϮϴϮ 

 Ϯϴϯ 
Tiŵe pƌofile siŵilaƌitǇ is Đoŵputed as the aďsolute ǀalue  of the iŶŶeƌ-pƌoduĐt  oǀeƌ ŶeuƌoŶs  Ϯϴϰ 
of the tiŵe pƌofiles  of tǁo Ŷetǁoƌks ;supeƌsĐƌipt ϭ aŶd Ϯ,  deŶotes Đoŵpleǆ ĐoŶjugateͿ, ǁeighted ďǇ Ϯϴϱ 
the Ŷoƌŵalized ŶeuƌoŶ pƌofiles  of eaĐh Ŷetǁoƌk ;  deŶotes the eleŵeŶt-ǁise pƌoduĐtͿ. Heƌe,  staŶds Ϯϴϲ 
foƌ the gƌeatest ĐoŵŵoŶ diǀisoƌ of the fƌeƋueŶĐies used to eǆtƌaĐt the Ŷetǁoƌks, iŶ Hz, ǁhiĐh Ϯϴϳ 
deteƌŵiŶes the ͚ĐǇĐle leŶgth͛ of the ĐiƌĐulaƌ tiŵe pƌofile ;ǀaŶ deƌ Meij et al., ϮϬϭϱͿ. This siŵilaƌitǇ Ϯϴϴ 
ĐoeffiĐieŶt also ƌaŶges fƌoŵ Ϭ to ϭ ;ideŶtiĐal pƌofilesͿ. AlloǁiŶg foƌ soŵe diffeƌeŶĐes iŶ the pƌofiles due Ϯϴϵ 
to Ŷoise, ǁe ĐoŶsideƌed Ŷetǁoƌks siŵilaƌ eŶough ǁheŶ ĐoeffiĐieŶts foƌ the ŶeuƌoŶ, tiŵe, aŶd tƌial, ϮϵϬ 
pƌofiles aƌe all eƋual to, oƌ gƌeateƌ thaŶ, Ϭ.ϳ.  Ϯϵϭ 
 ϮϵϮ 
Softwaƌe aŶd Đode aĐĐessiďilitǇ  Ϯϵϯ 
The teĐhŶiƋue is fƌeelǇ aǀailaďle iŶ a puďliĐ GitHuď ƌepositoƌǇ teƌŵed ŶwaǇdeĐoŵp Ϯϵϰ 
;ǁǁǁ.githuď.Đoŵ/ƌoeŵeƌǀaŶdeƌŵeij/ŶǁaǇdeĐoŵpͿ, togetheƌ ǁith tutoƌials oŶ its use. The toolďoǆ also Ϯϵϱ 
ĐoŶtaiŶs softǁaƌe to deal ǁith the pƌaĐtiĐal poiŶts aďoǀe. The Đode is also aǀailaďle as EǆteŶded Data ϭ. Ϯϵϲ 
 Ϯϵϳ 
ϯ. OďtaiŶiŶg Đross speĐtra that are optiŵal for eǆtraĐtiŶg spike tiŵiŶg Ŷetǁorks Ϯϵϴ 
To ďe aďle to eǆtƌaĐt spike tiŵiŶg Ŷetǁoƌks ǁe Đoŵpute Đƌoss speĐtƌa fƌoŵ ďiŶaƌǇ spike tƌaiŶs, ďǇ Ϯϵϵ 
ĐoŶǀolǀiŶg the spike tƌaiŶs ǁith Đoŵpleǆ eǆpoŶeŶtials ;͚ǁaǀelets͛Ϳ aŶd ĐoŵputiŶg theiƌ Đƌoss pƌoduĐts ϯϬϬ 
oǀeƌ tiŵe ;Fig ϭ, step ϭ-ϮͿ. DoiŶg so tƌaŶsfoƌŵs the tiŵe delaǇs ďetǁeeŶ spikes of diffeƌeŶt ŶeuƌoŶs, ϯϬϭ 
iŶto phase diffeƌeŶĐes at ŵultiple fƌeƋueŶĐies. The leŶgth of the Đoŵpleǆ eǆpoŶeŶtials, aŶd theiƌ ϯϬϮ 
fƌeƋueŶĐǇ, deteƌŵiŶes hoǁ seŶsitiǀe the Đƌoss speĐtƌa aƌe to ĐoŶsisteŶt ǀs ŶoŶ-ĐoŶsisteŶt tiŵe delaǇs, ϯϬϯ 
aŶd is desĐƌiďed iŶ the folloǁiŶg. Heƌe, it is iŵpoƌtaŶt to keep iŶ ŵiŶd that the Đƌoss speĐtƌuŵ ďetǁeeŶ ϯϬϰ 
tǁo ŶeuƌoŶs, is eǆaĐtlǇ the Đoŵpleǆ-ǀalued suŵ, of the phase diffeƌeŶĐes ďetǁeeŶ spikes of ŶeuƌoŶ ϭ ϯϬϱ 
aŶd spikes of ŶeuƌoŶ Ϯ that aƌe oǀeƌlappiŶg afteƌ the ĐoŶǀolutioŶ, ǁeighted ďǇ theiƌ aŵouŶt of ϯϬϲ 



 

 ϵ 

teŵpoƌal oǀeƌlap. Due to the latteƌ, loŶg tiŵe delaǇs ŶeĐessaƌilǇ haǀe loǁeƌ ǁeightiŶg iŶ the Đƌoss ϯϬϳ 
speĐtƌa thaŶ shoƌt tiŵe delaǇs.  ϯϬϴ 
 OďtaiŶiŶg the Đƌoss speĐtƌa ĐaŶ ďe eǆpƌessed as folloǁs: ϯϬϵ 

 ϯϭϬ 
 ϯϭϭ 

That is, the Đƌoss speĐtƌuŵ ďetǁeeŶ ŶeuƌoŶ ŶeuƌoŶs  aŶd  at fƌeƋueŶĐǇ  aŶd tƌial  is oďtaiŶed as ϯϭϮ 
the Đƌoss pƌoduĐt, oǀeƌ tiŵe, of ǀeĐtoƌs  ;  = Đoŵpleǆ ĐoŶjugate tƌaŶsposeͿ. The ǀeĐtoƌ  foƌ ϯϭϯ 
ŶeuƌoŶ  is oďtaiŶed ďǇ the ĐoŶǀolutioŶ  of the ďiŶaƌǇ spike tƌaiŶ ǀeĐtoƌ  ǁith a Đoŵpleǆ eǆpoŶeŶtial ϯϭϰ 
;uŶtapeƌed ͚ǁaǀelet͛,  is the iŵagiŶaƌǇ uŶitͿ at fƌeƋueŶĐǇ . Heƌe,  is a ǀeĐtoƌ of tiŵe poiŶts fƌoŵ ϯϭϱ 

 to , ǁith  ďeiŶg the tiŵe doŵaiŶ leŶgth of the Đoŵpleǆ eǆpoŶeŶtial, aŶd ďoth  aŶd  aƌe ϯϭϲ 
saŵpled at the ŵaǆiŵuŵ aĐhieǀaďle saŵpliŶg ƌate. Note, the edges of , foƌ ǁhiĐh the Đoŵpleǆ ϯϭϳ 
eǆpoŶeŶtial ǁas Ŷot fullǇ iŵŵeƌsed iŶ , aƌe kept. ϯϭϴ 

The tiŵe doŵaiŶ leŶgth  of the Đoŵpleǆ eǆpoŶeŶtials deteƌŵiŶes ǁhiĐh ďetǁeeŶ-spike tiŵe ϯϭϵ 
delaǇs ĐaŶ ĐoŶtƌiďute to the Đƌoss speĐtƌa, aŶd it should ďe ĐhoseŶ ďased oŶ the eǆpeĐted ƌaŶge of tiŵe ϯϮϬ 
delaǇs. Heƌe, ǁe aiŵ to ďe seŶsitiǀe to tiŵe delaǇs of Ϭ +/- ϭϬŵs, a ƌaŶge that Đaptuƌes ĐoŵŵoŶlǇ ϯϮϭ 
oĐĐuƌƌiŶg ĐoŶsisteŶt spike tiŵiŶg ;e.g., NelsoŶ et al., ϭϵϵϮ; Fujisaǁa et al., ϮϬϬϴ; Sakuƌai et al., ϮϬϭϯͿ. ϯϮϮ 
The optiŵal tiŵe doŵaiŶ leŶgth foƌ this ƌaŶge is a tƌade-off. The loŶgeƌ the leŶgth, the loǁeƌ the ϯϮϯ 
seŶsitiǀitǇ ǁill ďe to the eǆpeĐted tiŵe delaǇs, as the Đƌoss speĐtƌa ǁill ƌefleĐt a suŵ of ŵoƌe spike paiƌs. ϯϮϰ 
The shoƌteƌ the leŶgth, the ďiggeƌ the ƌatio ďetǁeeŶ the ǁeightiŶg ;saŵples oǀeƌlapͿ of the shoƌtest aŶd ϯϮϱ 
the loŶgest eǆpeĐted tiŵe delaǇ, aŶd thus the stƌoŶgeƌ the ďias iŶ seŶsitiǀitǇ toǁaƌds the foƌŵeƌ. As a ϯϮϲ 
Đoŵpƌoŵise ďetǁeeŶ the tǁo, ǁe Đhoose a tiŵe doŵaiŶ leŶgth of tǁiĐe of the ŵaǆiŵuŵ tiŵe delaǇ ǁe ϯϮϳ 
ǁish to ďe seŶsitiǀe foƌ, ϮϬŵs. This ƌesults iŶ aŶ oǀeƌlap of ϱϬ% of the Đoŵpleǆ eǆpoŶeŶtials͛ saŵples foƌ ϯϮϴ 
spikes at a delaǇ of +/-ϭϬŵs, haǀiŶg aŶ aĐĐeptaďle seŶsitiǀitǇ ďias ƌatio of Ϭŵs ;shoƌtest; ϭϬϬ% oǀeƌlapͿ ϯϮϵ 
to +/-ϭϬŵs of Ϯ:ϭ ;Đoŵpaƌed to ϰϬϬ:ϭ foƌ Ϭŵs:+/-ϮϬŵs at a saŵpliŶg ƌate of ϮϬkHzͿ. WheŶ theƌe is Ŷo a ϯϯϬ 
pƌioƌi eǆpeĐtatioŶ ƌegaƌdiŶg the leŶgth of the tiŵe delaǇs, the tiŵe doŵaiŶ leŶgth  ĐaŶ ďe ďased oŶ, ϯϯϭ 
e.g., aŶ iŶǀestigatiŶg of the peak of the ďetǁeeŶ-ŶeuƌoŶ Đƌoss Đoƌƌelogƌaŵs. IŶ geŶeƌal, it is pƌefeƌaďle ϯϯϮ 
to Đhoose a leŶgth  that is too loŶg ƌatheƌ thaŶ too shoƌt, as the seŶsitiǀitǇ Đost due to additioŶal spike ϯϯϯ 
paiƌs iŶ the Đƌoss speĐtƌuŵ is ŵuĐh less thaŶ that of ;ϭͿ a ŵoƌe skeǁed seŶsitiǀitǇ ďias ƌatio aŶd ;ϮͿ the ϯϯϰ 
eǆpeƌiŵeŶtal Đost of spike tiŵe ĐoŶsisteŶĐǇ at loŶgeƌ delaǇs ďeiŶg iŶǀisiďle. IŶ oƌdeƌ to fuƌtheƌ ƌeduĐe ϯϯϱ 
the ďias of shoƌt tiŵe delaǇs to loŶg tiŵe delaǇs, the Đoŵpleǆ eǆpoŶeŶtials should haǀe ĐoŶstaŶt ϯϯϲ 
ŵagŶitude, aŶd Ŷot ďe tapeƌed usiŶg a paƌtiĐulaƌ ǁiŶdoǁiŶg fuŶĐtioŶ ;suĐh as a HaŶŶiŶg ǁiŶdoǁͿ. ϯϯϳ 
 The fƌeƋueŶĐies  of the Đoŵpleǆ eǆpoŶeŶtials gƌeatlǇ deteƌŵiŶe the seŶsitiǀitǇ of the Đƌoss ϯϯϴ 
speĐtƌa to ŶoŶ-ĐoŶsisteŶt tiŵe delaǇs. IŶ oƌdeƌ to ďe ŵaǆiŵallǇ seŶsitiǀe to ĐoŶsisteŶt tiŵe delaǇs, the ϯϯϵ 
ĐoŶtƌiďutioŶ to the Đƌoss speĐtƌuŵ of all otheƌ tiŵe delaǇs should ďe as sŵall as possiďle. IŶ the teƌŵs of ϯϰϬ 
phase diffeƌeŶĐes iŶ the Đƌoss speĐtƌa, this is aĐhieǀed ǁheŶ the aǀeƌage of the Đoŵpleǆ-ǀalued phase ϯϰϭ 
diffeƌeŶĐes of the ŶoŶ-ĐoŶsisteŶt tiŵe delaǇs appƌoaĐhes a ŵagŶitude of Ϭ. This is the Đase foƌ aŶǇ ϯϰϮ 
fƌeƋueŶĐǇ ǁhose ĐǇĐle leŶgth is aŶ iŶtegeƌ ŵultiple of the tiŵe doŵaiŶ leŶgth ĐhoseŶ aďoǀe ;foƌ ϮϬŵs, ϯϰϯ 
ϱϬHz, ϭϬϬHz, ϭϱϬHz, etĐ.Ϳ, uŶdeƌ the assuŵptioŶ that ŶoŶ-ĐoŶsisteŶt spike paiƌs aƌe eƋuallǇ likelǇ at aŶǇ ϯϰϰ 
tiŵe delaǇ. To aƌƌiǀe heƌe, it is ĐƌuĐial to appƌeĐiate the faĐt that phase diffeƌeŶĐes foƌ laƌge tiŵe delaǇs ϯϰϱ 
aƌe ǁeighted loǁeƌ thaŶ those foƌ sŵall tiŵe delaǇs. Foƌ phase diffeƌeŶĐes oƌigiŶatiŶg fƌoŵ tiŵe delaǇs ϯϰϲ 
ďetǁeeŶ Ϭŵs aŶd the tiŵe doŵaiŶ leŶgth ;ϮϬŵs aďoǀeͿ to haǀe aŶ aǀeƌage ŵagŶitude of Ϭ, the ϯϰϳ 
ǁeightiŶg ĐoeffiĐieŶts foƌ phase diffeƌeŶĐes ďetǁeeŶ  to , the left side/ƋuadƌaŶt Ϯ aŶd ϯ of the ϯϰϴ 
uŶit ĐiƌĐle, Ŷeed to haǀe the saŵe suŵ as those foƌ  to , the ƌight side/ƋuadƌaŶt ϭ aŶd ϰ of the ϯϰϵ 
uŶit ĐiƌĐle. CƌuĐiallǇ, foƌ the fƌeƋueŶĐǇ ǁhose ĐǇĐle leŶgth eƋuals the ŵaǆiŵuŵ tiŵe delaǇ, the Ϯϱ% ϯϱϬ 
sŵallest tiŵe delaǇs fall iŶ ƋuadƌaŶt ϭ, the ŵiddle ϱϬ% of tiŵe delaǇs fall iŶ ƋuadƌaŶt Ϯ aŶd ϯ, aŶd the ϯϱϭ 
Ϯϱ% laƌgest tiŵe delaǇs fall iŶ ƋuadƌaŶt ϰ. EƋuallǇ ĐƌuĐial, the ǁeightiŶg is a liŶeaƌ fuŶĐtioŶ of the tiŵe ϯϱϮ 
delaǇs. As foƌ aŶǇ liŶeaƌ fuŶĐtioŶ the suŵ of the fiƌst Ϯϱ% aŶd the last Ϯϱ% of a suďset of its ǀalues is ϯϱϯ 
eƋual to the suŵ of its ŵiddle ϱϬ%, the fƌeƋueŶĐǇ ǁith a ĐǇĐle leŶgth eƋualiŶg the laƌgest tiŵe delaǇ ǁill ϯϱϰ 
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haǀe phase diffeƌeŶĐes fƌoŵ ŶoŶ-ĐoŶsisteŶt tiŵe delaǇs that appƌoaĐh aŶ aǀeƌage ŵagŶitude of Ϭ. This ϯϱϱ 
also holds foƌ aŶǇ iŶtegeƌ ŵultiple N of this fƌeƋueŶĐǇ, as the aďoǀe ǁill ďe the Đase foƌ N eƋual splits of ϯϱϲ 
the tiŵe delaǇ ƌaŶge. Note that to oďtaiŶ aŶ aǀeƌage ŵagŶitude of Ϭ, it is also ƌeƋuiƌed that the suŵ of ϯϱϳ 
ǁeightiŶg ĐoeffiĐieŶts foƌ ƋuadƌaŶt ϭ aŶd Ϯ ;top of uŶit ĐiƌĐleͿ is eƋual to that of ƋuadƌaŶt ϯ aŶd ϰ ϯϱϴ 
;ďottoŵ of uŶit ĐiƌĐleͿ. This sǇŵŵetƌǇ is easilǇ aĐhieǀed hoǁeǀeƌ, as the ǁeightiŶg ĐoeffiĐieŶts foƌ -ϯϱϵ 
ϮϬŵs to Ϭŵs pƌogƌess aloŶg the uŶit ĐiƌĐle iŶ opposite diƌeĐtioŶ thaŶ those foƌ +ϮϬŵs to Ϭŵs. As a last ϯϲϬ 
Ŷote, the fƌeƋueŶĐies of the Đoŵpleǆ eǆpoŶeŶtials also deteƌŵiŶe the ƌoďustŶess to jitteƌ aƌouŶd a ϯϲϭ 
ĐoŶsisteŶt tiŵe delaǇ. The loǁeƌ the fƌeƋueŶĐǇ, the Đloseƌ the phases of jitteƌed ďut ĐoŶsisteŶt tiŵe ϯϲϮ 
delaǇs, the higheƌ theiƌ aǀeƌage ŵagŶitude, aŶd thus, the ŵoƌe ƌoďust to jitteƌ.  ϯϲϯ 
 CoŶĐludiŶg, ǁe Đoŵpute Đƌoss speĐtƌa ďǇ ĐoŶǀolǀiŶg spike tƌaiŶs ǁith Đoŵpleǆ eǆpoŶeŶtials of ϯϲϰ 
ϮϬŵs leŶgth, ĐoŶstaŶt ŵagŶitude, aŶd at ϮϬ fƌeƋueŶĐies fƌoŵ ϱϬHz to ϭϬϬϬHz iŶ steps of ϱϬHz. WheŶ ϯϲϱ 
iŶǀestigatiŶg loŶgeƌ tiŵe-sĐale ŶeuƌoŶal dǇŶaŵiĐs, aŶ aŶalogous set ǁould ďe e.g. ϭs leŶgth, at ϭHz to ϯϲϲ 
ϮϬHz iŶ steps of ϭHz. The Ŷuŵďeƌ of fƌeƋueŶĐies to use is soŵeǁhat aƌďitƌaƌǇ. IŶitial siŵulatioŶs ϯϲϳ 
shoǁed Ŷo ŶotiĐeaďle diffeƌeŶĐe ďeǇoŶd ϮϬ fƌeƋueŶĐies ;aŶd ϭϬϬϬHz is alƌeadǇ ǀeƌǇ seŶsitiǀe to jitteƌͿ, ϯϲϴ 
aŶd siŵulated Ŷetǁoƌks ǁeƌe ƌeliaďlǇ ƌeĐoǀeƌed fƌoŵ siŵulatioŶs as little as ϱ fƌeƋueŶĐies. ϯϲϵ 
 ϯϳϬ 
ϰ. NorŵalizatioŶs of the Đross speĐtra ϯϳϭ 
The ŶeuƌoŶ pƌofiles of spike tiŵiŶg Ŷetǁoƌks desĐƌiďe the off-diagoŶal eleŵeŶts of eaĐh Đƌoss speĐtƌuŵ, ϯϳϮ 
ƌefleĐtiŶg ďetǁeeŶ-ŶeuƌoŶ spike paiƌs, aŶd the diagoŶal eleŵeŶts, i.e. poǁeƌ, ƌefleĐtiŶg the total ϯϳϯ 
Ŷuŵďeƌ of spikes of ŶeuƌoŶs. IŶ ƌealistiĐ data, the fiƌiŶg ƌates of ŶeuƌoŶs ĐaŶ diffeƌ gƌeatlǇ, ƌesultiŶg iŶ ϯϳϰ 
laƌge diffeƌeŶĐes iŶ poǁeƌ. BeĐause the poǁeƌ of eaĐh Đƌoss speĐtƌuŵ is tǇpiĐallǇ ŵuĐh laƌgeƌ thaŶ its ϯϳϱ 
off-diagoŶal eleŵeŶts, this ĐaŶ lead to spike tiŵiŶg Ŷetǁoƌks ǁhose ŶeuƌoŶ pƌofiles aƌe dƌiǀeŶ ŵoƌe ďǇ ϯϳϲ 
fiƌiŶg ƌates of iŶdiǀidual ŶeuƌoŶs, ƌatheƌ thaŶ ĐoŶsisteŶt spike tiŵiŶg ďetǁeeŶ ŶeuƌoŶs. AŶ eǆtƌeŵe ϯϳϳ 
eǆaŵple is a ŶeuƌoŶ pƌofile ǁith a ŶoŶ-zeƌo ǁeightiŶg foƌ oŶlǇ a siŶgle ŶeuƌoŶ. SuĐh a ͚Ŷetǁoƌk͛ oŶlǇ ϯϳϴ 
desĐƌiďes the diagoŶal eleŵeŶt ;i.e. fiƌiŶg ƌateͿ of the Đƌoss speĐtƌa of the ƌespeĐtiǀe ŶeuƌoŶ, aŶd should ϯϳϵ 
ďe ĐoŶsideƌed as aŶ aƌtefaĐtual Ŷetǁoƌk. To iŶĐƌease seŶsitiǀitǇ to ĐoŶsisteŶt spike tiŵiŶg, iŶ oƌdeƌ to ϯϴϬ 
aǀoid the aďoǀe, poǁeƌ diffeƌeŶĐes ďetǁeeŶ ŶeuƌoŶs ĐaŶ ďe Ŷoƌŵalized ;Fig ϭ, step ϯͿ. NoƌŵaliziŶg ϯϴϭ 
poǁeƌ suĐh that it is eƋual to aŶ Nth ƌoot, suŵŵed oǀeƌ fƌeƋueŶĐies aŶd tƌials, is oŶe suĐh ϯϴϮ 
ŶoƌŵalizatioŶ: ϯϴϯ 

 ϯϴϰ 

Heƌe,  is a diagoŶal ŵatƌiǆ ĐoŶtaiŶiŶg oŶlǇ the diagoŶal eleŵeŶts of . BǇ iŶĐƌeasiŶg N, the poǁeƌ ϯϴϱ 
diffeƌeŶĐes ďetǁeeŶ ŶeuƌoŶs deĐƌease. IdeallǇ, the poǁeƌ of eǀeƌǇ ŶeuƌoŶ ďeĐoŵes eƋual, i.e. the Đƌoss ϯϴϲ 
speĐtƌa ďeĐoŵe ĐoheƌeŶĐǇ speĐtƌa, as this ǁill haǀe the highest seŶsitiǀitǇ to spike tiŵe ĐoŶsisteŶĐǇ. ϯϴϳ 
Hoǁeǀeƌ, this ĐaŶ haǀe the uŶiŶteŶded ĐoŶseƋueŶĐe of iŶteƌfeƌiŶg ǁith the split ƌeliaďilitǇ pƌoĐeduƌe ϯϴϴ 
foƌ estiŵatiŶg hoǁ ŵaŶǇ Ŷetǁoƌks to eǆtƌaĐt. BƌieflǇ, ǁheŶ eǆtƌaĐtiŶg feǁeƌ thaŶ the total Ŷuŵďeƌ of ϯϴϵ 
Ŷetǁoƌks, ǁhiĐh Ŷetǁoƌks aƌe eǆtƌaĐted stƌoŶglǇ depeŶds oŶ theiƌ eǆplaiŶed ǀaƌiaŶĐe; those ǁith the ϯϵϬ 
ŵost, teŶd to ďe eǆtƌaĐted fiƌst ;as the Ŷetǁoƌks aƌe fouŶd ďǇ a ƌaŶdoŵlǇ iŶitialized least sƋuaƌes ϯϵϭ 
algoƌithŵͿ. WheŶ the diffeƌeŶĐes iŶ eǆplaiŶed ǀaƌiaŶĐe ďetǁeeŶ Ŷetǁoƌks deĐƌease, the oƌdeƌ iŶ ǁhiĐh ϯϵϮ 
theǇ aƌe eǆtƌaĐted ďeĐoŵes ŵoƌe ǀaƌiaďle, ǁhiĐh ĐaŶ pƌeŵatuƌelǇ stop the split ƌeliaďilitǇ pƌoĐeduƌe. ϯϵϯ 
IŶĐƌeasiŶg ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ stƌeŶgth ĐaŶ ƌesult iŶ deĐƌeasiŶg diffeƌeŶĐes iŶ eǆplaiŶed ϯϵϰ 
ǀaƌiaŶĐe. As suĐh, ǁhile ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ iŶĐƌeases the usefulŶess of the Ŷetǁoƌks, it ĐaŶ also ϯϵϱ 
ƌesult iŶ fiŶdiŶg less split-ƌeliaďle Ŷetǁoƌks. PƌaĐtiĐallǇ, aŶ optiŵal ŶoƌŵalizatioŶ stƌeŶgth ĐaŶ ďe fouŶd ϯϵϲ 
as folloǁs. Fiƌst, a split ƌeliaďilitǇ pƌoĐeduƌe is ƌuŶ ǁith ŶoƌŵalizatioŶ stƌeŶgth N = ϭ ;Ŷo ŶoƌŵalizatioŶͿ. ϯϵϳ 
If this ƌesults iŶ, ;ϭͿ split-ƌeliaďle Ŷetǁoƌks, aŶd, ;ϮͿ Ŷetǁoƌks that aƌe uŶlikelǇ to ƌefleĐt spike tiŵe ϯϵϴ 
ĐoŶsisteŶĐǇ ;ŶeuƌoŶ pƌofiles that haǀe stƌoŶg ǁeightiŶg foƌ oŶlǇ oŶe ŶeuƌoŶͿ, the ŶoƌŵalizatioŶ ϯϵϵ 



 

 ϭϭ 

stƌeŶgth N is douďled aŶd the split ƌeliaďilitǇ pƌoĐeduƌe ƌepeated. This is ƌepeated uŶtil suffiĐieŶt ϰϬϬ 
ƌeliaďle Ŷetǁoƌks aƌe fouŶd that ƌefleĐt spike ĐoŶsisteŶĐǇ. A ĐoŶǀeŶieŶt ƋuaŶtifiĐatioŶ of ǁheŶ ϰϬϭ 
Ŷetǁoƌks aƌe uŶlikelǇ to ƌefleĐt spike tiŵe ĐoŶsisteŶĐǇ is to Đoŵpute the ƌatio of the stƌoŶgest aŶd ϰϬϮ 
seĐoŶd stƌoŶgest ǁeights of the ŶeuƌoŶ pƌofile; the higheƌ this ƌatio, the ŵoƌe likelǇ the seĐoŶd ϰϬϯ 
stƌoŶgest ǁeight ƌefleĐts Ŷoise aŶd that the Ŷetǁoƌk does Ŷot ƌefleĐt spike tiŵe ĐoŶsisteŶĐǇ. TheŶ, iŶ ϰϬϰ 
the aďoǀe pƌoĐeduƌe, a Đut-off ƌatio of ϱ-to-ϭ ĐaŶ ďe used as a ĐoŶseƌǀatiǀe ĐƌiteƌioŶ ;see also ‘esults ϰϬϱ 
seĐtioŶ ϱͿ. CƌuĐiallǇ, the aďoǀe oŶlǇ affeĐts the pƌoďaďilitǇ of uŶĐoǀeƌiŶg those spike tiŵiŶg Ŷetǁoƌks ϰϬϲ 
that alƌeadǇ eǆist iŶ the ƌeĐoƌdiŶg, the phase ĐoupliŶg stƌuĐtuƌe iŶ the Đƌoss speĐtƌa iŶduĐed ďǇ the ϰϬϳ 
Ŷetǁoƌks ƌeŵaiŶs uŶaffeĐted. ϰϬϴ 
 The fiƌiŶg ƌate of ŶeuƌoŶs ĐaŶ also diffeƌ gƌeatlǇ ďetǁeeŶ tƌials. BeĐause the tƌial pƌofile ƌefleĐts ϰϬϵ 
ǀaƌiatioŶs iŶ the Đƌoss speĐtƌa oǀeƌ tƌials iŶ its ǁeights, it ƌefleĐts ďoth the tƌial-speĐifiĐ fiƌiŶg ƌate of the ϰϭϬ 
iŶǀolǀed ŶeuƌoŶs as ǁell as theiƌ tƌial-speĐifiĐ aŵouŶt of spike tiŵiŶg ĐoŶsisteŶĐǇ. Siŵilaƌ to the aďoǀe, ϰϭϭ 
ŶoƌŵaliziŶg the Đƌoss speĐtƌa oǀeƌ tƌials ĐaŶ ƌeduĐe the iŵpaĐt of fiƌiŶg ƌate oŶ the tƌial pƌofile. ϰϭϮ 
NoƌŵaliziŶg Đƌoss speĐtƌal poǁeƌ suĐh that it is eƋual aĐƌoss tƌials is oŶe suĐh ŶoƌŵalizatioŶ: ϰϭϯ 

 ϰϭϰ 

As aďoǀe,  is a diagoŶal ŵatƌiǆ ĐoŶtaiŶiŶg oŶlǇ the diagoŶal eleŵeŶts of . IŵpoƌtaŶtlǇ, iŶ the ϰϭϱ 
ĐoŵŵoŶ Đase of a ŶeuƌoŶ Ŷot spikiŶg iŶ a paƌtiĐulaƌ tƌial, its eleŵeŶts of the Đƌoss speĐtƌa ; Ϳ ǁill ďe ϰϭϲ 
zeƌo, leadiŶg to diǀisioŶ-ďǇ-zeƌo eƌƌoƌs duƌiŶg the aďoǀe ŶoƌŵalizatioŶ. This is aǀoided ďǇ addiŶg ϰϭϳ 
ƌaŶdoŵ Ŷoise of tƌiǀial stƌeŶgth ;Đlose to the used ŶuŵeƌiĐal pƌeĐisioŶͿ to the ƌespeĐtiǀe eleŵeŶts of the ϰϭϴ 
Đƌoss speĐtƌa pƌioƌ to ŶoƌŵalizatioŶ. Tƌial-ǁise ŶoƌŵalizatioŶ is aĐhieǀed ďǇ fiƌst ŶoƌŵaliziŶg fƌeƋueŶĐǇ- ϰϭϵ 
aŶd tƌial-speĐifiĐ Đƌoss speĐtƌal poǁeƌ to ϭ ;ďǇ diǀisioŶ ďǇ itselfͿ, aŶd theŶ ŵultiplǇiŶg it ǁith the ϰϮϬ 
fƌeƋueŶĐǇ-speĐifiĐ suŵŵed poǁeƌ oǀeƌ tƌials ; ; Đoŵputed pƌioƌ to ŶoƌŵalizatioŶͿ. Tƌial-ǁise ϰϮϭ 
ŶoƌŵalizatioŶ is iŶdepeŶdeŶt of the aďoǀe ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ, ďoth ŶoƌŵalizatioŶs ĐaŶ ďe ϰϮϮ 
applied joiŶtlǇ. The ŶoƌŵalizatioŶ aďoǀe is eǆtƌeŵe, as it ƌeŵoǀes all Đƌoss speĐtƌal poǁeƌ ǀaƌiaďilitǇ ϰϮϯ 
oǀeƌ tƌials. Hoǁeǀeƌ, ďeĐause ŶoƌŵalizatioŶ oĐĐuƌs ǀia a diagoŶal ŵatƌiǆ ;as is the Đase ǁith ŶeuƌoŶ-ϰϮϰ 
ǁise ŶoƌŵalizatioŶͿ, the off-diagoŶal eleŵeŶts of the Đƌoss speĐtƌa oŶlǇ uŶdeƌgo a sĐaliŶg pƌopoƌtioŶal ϰϮϱ 
to theiƌ diagoŶal eleŵeŶts; theiƌ ŵagŶitudes still ƌefleĐt the ;ƌelatiǀeͿ aŵouŶt of spike tiŵiŶg ϰϮϲ 
ĐoŶsisteŶĐǇ ďetǁeeŶ theiƌ iŶǀolǀed ŶeuƌoŶs. As suĐh, the ƌeŵaiŶiŶg tƌial-ďǇ-tƌial ǀaƌiatioŶs iŶ Đƌoss ϰϮϳ 
speĐtƌal ŵagŶitudes ŵaǆiŵallǇ ƌefleĐts tƌial-ďǇ-tƌial ǀaƌiatioŶs iŶ the aŵouŶt of spike tiŵiŶg ĐoŶsisteŶĐǇ. ϰϮϴ 
Siŵilaƌ to the ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ, the tƌial-ǁise ŶoƌŵalizatioŶ ĐaŶ ŵake it haƌdeƌ to uŶĐoǀeƌ ϰϮϵ 
Ŷetǁoƌks that aƌe pƌeseŶt iŶ the ƌeĐoƌdiŶg. This ĐaŶ ďe dealt ǁith ŵoƌe ĐoŶǀeŶieŶtlǇ hoǁeǀeƌ. Fiƌst, ϰϯϬ 
Ŷetǁoƌks aƌe eǆtƌaĐted usiŶg a split ƌeliaďilitǇ pƌoĐeduƌe as disĐussed aďoǀe, ǁithout tƌial-ŶoƌŵaliziŶg ϰϯϭ 
Đƌoss speĐtƌa. OŶĐe ƌeliaďle Ŷetǁoƌks aƌe oďtaiŶed, the tƌial pƌofiles aƌe ƌe-estiŵated iŶ oŶe fiŶal ϰϯϮ 
deĐoŵpositioŶ usiŶg Đƌoss speĐtƌa that aƌe additioŶallǇ tƌial-Ŷoƌŵalized, iŶ ǁhiĐh the ŶeuƌoŶ aŶd tiŵe ϰϯϯ 
pƌofiles aƌe kept ĐoŶstaŶt. Although the aďoǀe Ϯ-step appƌoaĐh is adǀised, iŶ the Đase of ouƌ siŵulatioŶs ϰϯϰ 
the diffeƌeŶĐes ǁeƌe Ŷegligiďle, aŶd foƌ siŵpliĐitǇ the ƌesults that aƌe pƌeseŶted ǁeƌe eǆtƌaĐted fƌoŵ ϰϯϱ 
tƌial-ǁise Ŷoƌŵalized Đƌoss speĐtƌa iŶ oŶe step.  ϰϯϲ 
 ϰϯϳ 
ϱ. SiŵulatiŶg aŶd eǆtraĐtiŶg ŶoisǇ spike tiŵiŶg Ŷetǁorks ϰϯϴ 
To iŶǀestigate the effeĐts of ǀaƌious kiŶds of Ŷoise oŶ spike tiŵiŶg Ŷetǁoƌk eǆtƌaĐtioŶ, ǁe siŵulated ϰϯϵ 
spike ƌeĐoƌdiŶgs of ϭϱ ŶeuƌoŶs at ϭϬϬ tƌials of ϭs ĐoŶtaiŶiŶg ϰ spike tiŵiŶg Ŷetǁoƌks. Netǁoƌk spikiŶg ϰϰϬ 
seƋueŶĐes had a fiǆed teŵpoƌal stƌuĐtuƌe that ǁas ƌepeated ďetǁeeŶ Ϭ-ϯǆ ;pƌedeteƌŵiŶedͿ peƌ tƌial ϰϰϭ 
;ϭ.ϮHz aǀeƌage spike seƋueŶĐe ƌate foƌ eaĐh ŶetǁoƌkͿ. WithiŶ eaĐh tƌial, eaĐh spike seƋueŶĐe Đould ϰϰϮ 
oĐĐuƌ aŶǇǁheƌe ǁith uŶifoƌŵ pƌoďaďilitǇ, ǁith a Ϯϱŵs offset fƌoŵ tƌial ďouŶdaƌies. OŶ tƌials ǁheƌe ϰϰϯ 
spike seƋueŶĐes of ŵultiple Ŷetǁoƌks ǁeƌe pƌeseŶt theiƌ oƌdeƌ ǁas ƌaŶdoŵized, aŶd ǁith a ŵiŶiŵuŵ of ϰϰϰ 



 

 ϭϮ 

Ϯϱŵs ďetǁeeŶ seƋueŶĐes. Thƌee kiŶds of Ŷoise ǁeƌe siŵulated. Fiƌst, all ŶeuƌoŶs of a siŶgle siŵulatioŶ ϰϰϱ 
had a Ŷoise spikiŶg ƌate of ϬHz, ϱHz, ϭϬHz, ϮϬHz, oƌ ϭϬϬHz, as PoissoŶ spikiŶg supeƌiŵposed oŶ the ϰϰϲ 
Ŷetǁoƌk spike seƋueŶĐes. SeĐoŶd, eaĐh spike of eaĐh spike seƋueŶĐe Đould haǀe aŶ iŶdiǀidual ƌaŶdoŵ ϰϰϳ 
jitteƌ ;uŶifoƌŵlǇ distƌiďutedͿ at a ŵaǆiŵuŵ of Ϭŵs, Ϭ.Ϯϱŵs, Ϭ.ϱŵs, ϭŵs, oƌ Ϯŵs. Thiƌd, eaĐh spike ϰϰϴ 
iŶ eaĐh spike seƋueŶĐe oĐĐuƌƌeŶĐe had aŶ iŶdiǀidual deletioŶ pƌoďaďilitǇ of Ϭ%, ϭϬ%, ϮϬ%, ϰϬ%, ϴϬ%, ϰϰϵ 
ƌesultiŶg iŶ paƌtial spike seƋueŶĐes. Cƌoss speĐtƌa of eaĐh siŵulatioŶ ƌuŶ ǁeƌe oďtaiŶed as desĐƌiďed ϰϱϬ 
aďoǀe, usiŶg a tiŵe-ǁiŶdoǁ leŶgth of ϮϬŵs aŶd fƌeƋueŶĐies fƌoŵ ϱϬHz to ϭϬϬϬHz iŶ steps of ϱϬHz. The ϰϱϭ 
ϰ Ŷetǁoƌks ǁeƌe eǆtƌaĐted usiŶg ϭϬ ƌaŶdoŵ iŶitializatioŶs of the eǆtƌaĐtioŶ algoƌithŵ. Note that the ϰϱϮ 
puƌpose of these siŵulatioŶs is to shoǁ hoǁ ǁell spike seƋueŶĐes ĐaŶ ďe eǆtƌaĐted uŶdeƌ ŶoisǇ ϰϱϯ 
ĐoŶditioŶs, aŶd Ŷot hoǁ suĐh a patteƌŶ ĐaŶ ďe geŶeƌated phǇsiologiĐallǇ, Ŷoƌ ǁhetheƌ suĐh a patteƌŶ is ϰϱϰ 
phǇsiologiĐallǇ ŵeaŶiŶgful. As suĐh, ǁe siŵulated data fƌoŵ the peƌspeĐtiǀe of spikes, iŶstead of ŵodel ϰϱϱ 
ŶeuƌoŶs geŶeƌatiŶg spikes, ǁhiĐh also pƌoǀides a ĐoŶǀeŶieŶt gƌouŶd tƌuth foƌ ĐalĐulatiŶg ƌeĐoǀeƌǇ. ϰϱϲ 
 ϰϱϳ 
ϲ. QuaŶtifǇiŶg reĐoǀerǇ of siŵulated spike tiŵiŶg Ŷetǁorks ϰϱϴ 
To ƋuaŶtifǇ the ƌeĐoǀeƌǇ of the eǆtƌaĐted ŶeuƌoŶ pƌofile, tiŵe pƌofile, aŶd the tƌial pƌofile, theǇ ǁeƌe ϰϱϵ 
Đoŵpaƌed to theiƌ siŵulated eƋuiǀaleŶts. The siŵulated ŶeuƌoŶ pƌofiles ǁeƌe ĐoŶstƌuĐted as a ďiŶaƌǇ ϰϲϬ 

 ǀeĐtoƌ peƌ Ŷetǁoƌk, its ǀalues iŶdiĐatiŶg Ŷetǁoƌk ŵeŵďeƌship of eaĐh ŶeuƌoŶ. SiŵilaƌlǇ, siŵulated ϰϲϭ 
tƌial pƌofiles ǁeƌe ĐoŶstƌuĐted as  ǀeĐtoƌ, its ǀalues ƌefleĐtiŶg the Ŷuŵďeƌ of seƋueŶĐe ƌepeats ϰϲϮ 
;liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ oǀeƌ tƌialsͿ. FiŶallǇ, siŵulated tiŵe pƌofiles ǁeƌe ĐoŶstƌuĐted as a ϰϲϯ 

 ǀeĐtoƌ, its ǀalues desĐƌiďiŶg the teŵpoƌal seƋueŶĐe of spikes iŶ seĐoŶds ;ŶoŶ-ŵeŵďeƌ ŶeuƌoŶs set ϰϲϰ 
aƌďitƌaƌilǇ to ϬͿ. Foƌ displaǇ puƌposes these siŵulated paƌaŵeteƌs ǁeƌe Ŷoƌŵalized iŶ the saŵe ŵaŶŶeƌ ϰϲϱ 
as the eǆtƌaĐted Ŷetǁoƌk paƌaŵeteƌs. IŶ oƌdeƌ to Đoŵpute ƌeĐoǀeƌǇ, eǆtƌaĐted Ŷetǁoƌks ǁeƌe paiƌed to ϰϲϲ 
the siŵulated Ŷetǁoƌks usiŶg the siŵilaƌitǇ ĐoeffiĐieŶts desĐƌiďed aďoǀe, ďǇ fiƌst deteƌŵiŶiŶg the ŵost ϰϲϳ 
siŵilaƌ paiƌ, theŶ the Ŷeǆt ŵost siŵilaƌ iŶ the ƌeŵaiŶdeƌ, etĐ. ‘eĐoǀeƌǇ of ŶeuƌoŶ aŶd tƌial pƌofiles ǁas ϰϲϴ 
deteƌŵiŶed usiŶg a PeaƌsoŶ ĐoƌƌelatioŶ ĐoeffiĐieŶt. Tiŵe pƌofile ƌeĐoǀeƌǇ ǁas judged ďǇ the folloǁiŶg ϰϲϵ 
ĐoeffiĐieŶt: ϰϳϬ 

 ϰϳϭ 

Tiŵe pƌofile ƌeĐoǀeƌǇ is Đoŵputed as the aďsolute ǀalue  of the ǁeighted suŵ oǀeƌ ŶeuƌoŶs  of the ϰϳϮ 
Đoŵpleǆ-ǀalued diffeƌeŶĐe of the ĐiƌĐulaƌ tiŵe pƌofiles  of the eǆtƌaĐted aŶd siŵulated Ŷetǁoƌks ϰϳϯ 
;supeƌsĐƌipt e aŶd s ƌesp.;  deŶotes Đoŵpleǆ ĐoŶjugateͿ, ǁeighted ďǇ the siŵulated ŶeuƌoŶ pƌofile  ;  ϰϳϰ 
deŶotes the eleŵeŶt-ǁise pƌoduĐtͿ. Siŵilaƌ to the siŵilaƌitǇ ĐoeffiĐieŶt desĐƌiďed aďoǀe,  is the ϰϳϱ 
gƌeatest ĐoŵŵoŶ diǀisoƌ of the fƌeƋueŶĐies used foƌ eǆtƌaĐtioŶ ;i.e., ϱϬHzͿ, aŶd is used to deal ǁith the ϰϳϲ 
ĐiƌĐulaƌitǇ of the tiŵe pƌofile. This ĐoeffiĐieŶt ƌaŶges fƌoŵ Ϭ to ϭ ;peƌfeĐt ƌeĐoǀeƌǇͿ.  ϰϳϳ 
 ϰϳϴ 
ϳ. EǆtraĐtiŶg spike tiŵiŶg Ŷetǁorks froŵ reĐordiŶgs of rat ŵedial prefroŶtal Đorteǆ aŶd hippoĐaŵpus ϰϳϵ 
As a pƌoof of pƌiŶĐiple, ǁe eǆtƌaĐted spike tiŵiŶg Ŷetǁoƌks fƌoŵ ƌeal spikiŶg ƌeĐoƌdiŶgs, oďtaiŶed fƌoŵ a ϰϴϬ 
dataset puďliĐallǇ aǀailaďle at C‘CNS.oƌg ;Fujisaǁa et al., ϮϬϬϴ, ϮϬϭϰͿ. This dataset ĐoŶtaiŶs ideŶtified ϰϴϭ 
ŶeuƌoŶs aŶd theiƌs spikes fƌoŵ ƌeĐoƌdiŶgs oďtaiŶed fƌoŵ ƌat ŵedial pƌefƌoŶtal Đoƌteǆ aŶd aƌea CAϭ of ϰϴϮ 
the hippoĐaŵpus, ǁhile the ƌat peƌfoƌŵed aŶ odoƌ-ďased delaǇed ŵatĐhiŶg-to-saŵple task, ƌeƋuiƌiŶg it ϰϴϯ 
to ƌuŶ thƌough eitheƌ the left oƌ ƌight aƌŵ of a ŵaze to oďtaiŶ its ƌeǁaƌd. AŶiŵal ƌeĐoƌdiŶg pƌotoĐols ϰϴϰ 
ǁeƌe appƌoǀed ďǇ the IŶstitutioŶal AŶiŵal Caƌe aŶd Use Coŵŵittee of ‘utgeƌs UŶiǀeƌsitǇ, Neǁaƌk, NJ, ϰϴϱ 
USA. The ƌeĐoƌdiŶg used ;ƌat GG.ϬϲϵͿ Đaŵe fƌoŵ ϴ aŶd ϰ eleĐtƌode shaŶks ;ϮϬϬμŵ shaŶk sepaƌatioŶͿ iŶ ϰϴϲ 
ŵedial pƌefƌoŶtal Đoƌteǆ aŶd CAϭ ƌespeĐtiǀelǇ, eaĐh shaŶk ĐoŶtaiŶiŶg ϴ ĐoŶtaĐts ;ϮϬμŵ ĐoŶtaĐt ϰϴϳ 
sepaƌatioŶ; ϭϲϬμŵϮ ĐoŶtaĐt suƌfaĐeͿ. The ƌeĐoƌdiŶg ǁas saŵpled at ϮϬkHz, aŶd offliŶe spike soƌtiŶg ǁas ϰϴϴ 
peƌfoƌŵed ;afteƌ ďaŶd-passiŶg ďetǁeeŶ Ϭ.ϱ-ϱkHzͿ usiŶg KlustaKǁik ;foƌ spike soƌtiŶg details see ϰϴϵ 
Fujisaǁa et al., ϮϬϬϴ, ϮϬϭϰͿ. ϲϯ ŶeuƌoŶs ǁeƌe ideŶtified oŶ ϵ shaŶks. The dataset ĐoŶtaiŶed ϮϬ left aŶd ϰϵϬ 
ϮϬ ƌight tƌials, haǀiŶg aŶ aǀeƌage duƌatioŶ of ϴ.Ϭϰs ;SD = ϭ.ϳϯsͿ. OŶlǇ ŶeuƌoŶs ǁith aǀeƌage spikiŶg ƌates ϰϵϭ 



 

 ϭϯ 

of ϭHz aŶd aďoǀe ǁeƌe seleĐted. IŶ oƌdeƌ to eǆtƌaĐt Ŷetǁoƌks, ǁe fiƌst oďtaiŶed Đƌoss speĐtƌa as ϰϵϮ 
desĐƌiďed iŶ Mateƌials aŶd Methods seĐtioŶ ϯ, usiŶg a tiŵe ǁiŶdoǁ of ϮϬŵs aŶd fƌeƋueŶĐies fƌoŵ ϱϬHz ϰϵϯ 
to ϭϬϬϬHz iŶ steps of ϱϬHz, diǀidiŶg eaĐh Đƌoss speĐtƌa ďǇ its tƌials͛ duƌatioŶ. SuďseƋueŶtlǇ, Đƌoss speĐtƌa ϰϵϰ 
ǁeƌe ŶeuƌoŶ-ǁise Ŷoƌŵalized as desĐƌiďed aďoǀe. A ŶoƌŵalizatioŶ suĐh that Đƌoss speĐtƌal poǁeƌ ǁas ϰϵϱ 
eƋual to its ϯϮŶd ƌoot ŶoƌŵalizatioŶ ǁas ĐhoseŶ as aŶ optiŵal ŶoƌŵalizatioŶ, ďeĐause ϲϰth ƌoot ϰϵϲ 
ŶoƌŵalizatioŶ ƌesulted iŶ Ŷo split ƌeliaďle Ŷetǁoƌks ;likelǇ due to ǀaƌǇiŶg Ŷetǁoƌk oƌdeƌ ŵeŶtioŶed iŶ iŶ ϰϵϳ 
Mateƌials aŶd Methods seĐtioŶ ϰͿ, aŶd ϭϲth ƌoot ŶoƌŵalizatioŶ ƌesulted iŶ ŵaŶǇ Ŷetǁoƌks ŵostlǇ ϰϵϴ 
ĐoŶsistiŶg of siŶgle ŶeuƌoŶs ;i.e. the ďias toǁaƌds poǁeƌ diffeƌeŶĐes ďetǁeeŶ ŶeuƌoŶs ǁas too stƌoŶg to ϰϵϵ 
oǀeƌĐoŵeͿ. The Ŷuŵďeƌ of Ŷetǁoƌks to eǆtƌaĐt ǁas deteƌŵiŶed usiŶg odd-eǀeŶ spike split ƌeliaďilitǇ ϱϬϬ 
pƌoĐeduƌe desĐƌiďed iŶ Mateƌials aŶd Methods seĐtioŶ Ϯ ǁith a siŵilaƌitǇ ĐoeffiĐieŶt Đut-off of Ϭ.ϳ, ϱϬ ϱϬϭ 
ƌaŶdoŵ iŶitializatioŶs ǁeƌe used at eaĐh step. This ƌesulted iŶ ϰ Ŷetǁoƌks ďeiŶg eǆtƌaĐted. CoŶtiŶuous ϱϬϮ 
Đƌoss-Đoƌƌelogƌaŵs ǁeƌe oďtaiŶed at tiŵe lags of ϮϬŵs at Ϭ.Ϭϱŵs steps ďǇ suŵŵatioŶ of the ;laggedͿ ϱϬϯ 
ďiŶaƌǇ spike tƌaiŶs afteƌ theǇ ǁeƌe ĐoŶǀolǀed ǁith a GaussiaŶ ǁith full-ǁidth at half-ŵaǆiŵuŵ of Ϭ.ϱŵs ϱϬϰ 
;ŵaǆiŵuŵ = ϭͿ.  ϱϬϱ 
  ϱϬϲ 



 

 ϭϰ 

Results ϱϬϳ 
 ϱϬϴ 
Spike tiŵiŶg Ŷetǁoƌks ĐoŶsist of ŵultiple ŶeuƌoŶs that haǀe ĐoŶsisteŶt tiŵe delaǇs ďetǁeeŶ theiƌ ϱϬϵ 
spikes, foƌŵiŶg a spike seƋueŶĐe. Heƌe, ǁe ǀalidate a Ŷoǀel appƌoaĐh foƌ fiŶdiŶg aŶd ĐhaƌaĐteƌiziŶg ϱϭϬ 
these Ŷetǁoƌks iŶ ŶeuƌoŶal spike ƌeĐoƌdiŶgs. Fiƌst, ǁe eǀaluate its ƌoďustŶess to ǀaƌious Ŷoise ϱϭϭ 
ĐoŶditioŶs. We shoǁ hoǁ the ƌeĐoǀeƌǇ of siŵulated spike tiŵiŶg Ŷetǁoƌks is affeĐted ďǇ spike jitteƌ iŶ ϱϭϮ 
the Ŷetǁoƌk spike seƋueŶĐes aŶd ǀaƌiaďilitǇ of ŶeuƌoŶ paƌtiĐipatioŶ iŶ the Ŷetǁoƌk, uŶdeƌ iŶĐƌeasiŶg ϱϭϯ 
spikiŶg Ŷoise of all siŵulated ŶeuƌoŶs. TheŶ, ǁe shoǁ hoǁ ǀaƌiaďle fiƌiŶg ƌates of ŶeuƌoŶs affeĐts ϱϭϰ 
ƌeĐoǀeƌǇ, aŶd ǁhat aĐtioŶs ĐaŶ ďe takeŶ to ƌeduĐe Ŷegatiǀe effeĐts. FiŶallǇ, ǁe pƌoǀide a pƌoof-of-ϱϭϱ 
pƌiŶĐiple ďǇ shoǁiŶg Ŷetǁoƌks eǆtƌaĐted fƌoŵ ƌat hippoĐaŵpus aŶd ŵedial pƌefƌoŶtal Đoƌteǆ ;Fujisaǁa ϱϭϲ 
et al., ϮϬϬϴ, ϮϬϭϰͿ, aŶd Đoŵpaƌe the eǆtƌaĐted spike tiŵiŶg ƌelatioŶs to Đƌoss-Đoƌƌelogƌaŵs of the ϱϭϳ 
iŶǀolǀed ŶeuƌoŶs. ϱϭϴ 
 ϱϭϵ 
ϭ. Siŵulated spike reĐordiŶgs froŵ spike tiŵiŶg Ŷetǁorks ϱϮϬ 
To iŶǀestigate the ƌoďustŶess of spike-tiŵiŶg Ŷetǁoƌk eǆtƌaĐtioŶ to ǀaƌious kiŶds of Ŷoise ǁe siŵulated ϱϮϭ 
spike ƌeĐoƌdiŶgs of ϭϱ ŶeuƌoŶs oǀeƌ ϭϬϬ tƌials of ϭs ĐoŶtaiŶiŶg ϰ Ŷetǁoƌks ;foƌ siŵulatioŶ details see ϱϮϮ 
Mateƌials aŶd Methods seĐtioŶ ϱͿ. A Ŷetǁoƌk ǁas defiŶed as a gƌoup of ŶeuƌoŶs that spike iŶ seƋueŶĐe, ϱϮϯ 
ǁith ďetǁeeŶ-spike tiŵe delaǇs ƌaŶgiŶg fƌoŵ Ϭ ;sǇŶĐhƌoŶousͿ to Ϯ.ϱŵs. The spike seƋueŶĐe tiŵeliŶes ϱϮϰ 
ǁeƌe Ϭ-Ϭ-ϭ-ϭ.ϱ-Ϯ.ϱ-ϯ-ϰ.ϱ-ϲ.ϱŵs foƌ Ŷetǁoƌk ϭ, Ϭ-ϭ-Ϯ-ϯ-ϰŵs foƌ Ŷetǁoƌk Ϯ, Ϭ-Ϭ-Ϭ-Ϭŵs foƌ Ŷetǁoƌk ϯ ;all ϱϮϱ 
sǇŶĐhƌoŶousͿ, aŶd Ϭ-Ϯ.ϱ-ϳ.ϱŵs foƌ Ŷetǁoƌk ϰ. EaĐh Ŷetǁoƌk͛s spike seƋueŶĐe ǁas ƌepeated Ϭ-ϯ tiŵes iŶ ϱϮϲ 
gƌoups of tƌials to siŵulate liŶeaƌ ŵodulatioŶs of Ŷetǁoƌk aĐtiǀitǇ aĐƌoss the task. Soŵe of the Ŷetǁoƌks ϱϮϳ 
had ŶeuƌoŶs that ǁeƌe iŶǀolǀed iŶ otheƌ Ŷetǁoƌks͛ spike seƋueŶĐes: all of the ŶeuƌoŶs of the spike ϱϮϴ 
seƋueŶĐe of Ŷetǁoƌk Ϯ ǁeƌe also paƌt of Ŷetǁoƌk ϭ, aŶd oŶe ŶeuƌoŶ ǁas shaƌed ďetǁeeŶ Ŷetǁoƌk ϭ aŶd ϱϮϵ 
ϯ, aŶd Ŷetǁoƌk ϯ aŶd ϰ. IŶ Figuƌe ϮA-C ǁe shoǁ the Ŷetǁoƌks͛ ŶeuƌoŶ pƌofiles ;Fig ϮAͿ, tiŵe pƌofiles ;Fig ϱϯϬ 
ϮBͿ, aŶd tƌial pƌofiles ;Fig ϮCͿ. The siŵulated ƌeĐoƌdiŶgs of the ϭϱ ŶeuƌoŶs ƌesult iŶ ŵaŶǇ paiƌ-ǁise spike ϱϯϭ 
tiŵe ƌelatioŶships ďetǁeeŶ ŶeuƌoŶs, ǁhiĐh ǁe shoǁ sĐheŵatiĐallǇ iŶ Figuƌe ϮD. These paiƌ-ǁise ϱϯϮ 
ƌelatioŶships ĐaŶ also ďe ǀisualized as Đƌoss-Đoƌƌelogƌaŵs foƌ all ŶeuƌoŶs, ǁhiĐh ǁe shoǁ iŶ Figuƌe ϮE.  ϱϯϯ 
 The pƌofiles iŶ Figuƌe ϮA-C aƌe diƌeĐtlǇ Đoŵpaƌaďle to the thƌee pƌofiles of spike tiŵiŶg Ŷetǁoƌks ϱϯϰ 
eǆtƌaĐted usiŶg ouƌ appƌoaĐh ;see Mateƌials aŶd Methods seĐtioŶ ϭ foƌ hoǁ to iŶteƌpƌet the pƌofilesͿ, ϱϯϱ 
aŶd aƌe used iŶ ‘esults seĐtioŶs Ϯ-ϰ foƌ judgiŶg ƌeĐoǀeƌǇ of the siŵulated Ŷetǁoƌks ďǇ the eǆtƌaĐted ϱϯϲ 
spike tiŵiŶg Ŷetǁoƌks. Note, the aďsolute ǀalues of the ŶeuƌoŶ aŶd tƌial pƌofiles aƌe Ŷot ŵeaŶiŶgful, ϱϯϳ 
oŶlǇ the withiŶ-Ŷetwoƌk ƌatios aƌe ;see Mateƌials aŶd Methods seĐtioŶ ϮͿ. As suĐh, it is Ŷot the spike ϱϯϴ 
seƋueŶĐe ƌepeats peƌ tƌial that is desĐƌiďed ďǇ the tƌial pƌofile ;i.e. Ϭ, ϭ, Ϯ, ϯ; Fig ϮCͿ, ďut ƌatheƌ the ƌatio ϱϯϵ 
ďetǁeeŶ theŵ ;e.g. a tƌial ǁith ϯ seƋueŶĐes haǀiŶg a ǁeight ϯǆ that of a ϭ seƋueŶĐe tƌialͿ.    ϱϰϬ 
 To iŶǀestigate ǁheŶ the ƌeĐoǀeƌǇ of the siŵulated Ŷetǁoƌks fails, ǁe ǀaƌied the stƌeŶgth of ϱϰϭ 
thƌee kiŶds of Ŷoise ;see Mateƌials aŶd Methods seĐtioŶ ϱͿ. These ǁeƌe: ;ϭͿ spikiŶg Ŷoise, oƌ ŶoŶ-ϱϰϮ 
Ŷetǁoƌk spikes, supeƌiŵposed oŶ the spike seƋueŶĐes ;see Fig ϮFͿ, ;ϮͿ jitteƌ of eaĐh spike iŶ a spike ϱϰϯ 
seƋueŶĐe oĐĐuƌƌeŶĐe, aŶd, ;ϯͿ paƌtialitǇ of Ŷetǁoƌk spike seƋueŶĐes ;ƌaŶdoŵ spikes ŵissiŶg fƌoŵ the ϱϰϰ 
seƋueŶĐeͿ. The ƌaŶge of eaĐh of the Ŷoise leǀels ǁas ĐhoseŶ to pƌoǀide aŶ iŶtuitioŶ foƌ ǁheŶ aŶ ϱϰϱ 
eǆpeĐted Ŷetǁoƌk ĐaŶ still ďe ƌeĐoǀeƌed, aŶd to pƌogƌessiǀelǇ ƌesult iŶ failuƌe to ƌeĐoǀeƌ the siŵulated ϱϰϲ 
Ŷetǁoƌks. As suĐh, the higheƌ leǀels aƌe Ŷot ŶeĐessaƌilǇ phǇsiologiĐallǇ ƌeasoŶaďle. The siŵulated ϱϰϳ 
Ŷetǁoƌks ǁeƌe also diffeƌeŶt iŶ size, spike seƋueŶĐe tiŵiŶg, spatial oǀeƌlap, aŶd tƌial oǀeƌlap, to iŶĐƌease ϱϰϴ 
the likelihood that aŶǇ ƌelated ǁeakŶesses of the teĐhŶiƋue ǁould ďe ƌeǀealed. ϱϰϵ 
 ϱϱϬ 
Ϯ. ReĐoǀerǇ of siŵulated spike tiŵiŶg Ŷetǁorks ǁith spikiŶg jitter ǁheŶ surrouŶded ďǇ spikiŶg Ŷoise ϱϱϭ 
NeuƌoŶs ĐaŶ ďe ŶoisǇ, aŶd aŶǇ spike seƋueŶĐe of a spike tiŵiŶg Ŷetǁoƌk is likelǇ eŵďedded iŶ otheƌ ϱϱϮ 
spikes of the saŵe ŶeuƌoŶs. Fuƌtheƌŵoƌe, pƌeĐise spike tiŵes depeŶd oŶ the fluĐtuatiŶg ŵeŵďƌaŶe ϱϱϯ 
poteŶtial of the ŶeuƌoŶ aŶd otheƌ faĐtoƌs, poteŶtiallǇ addiŶg teŵpoƌal jitteƌ. To iŶǀestigate hoǁ these ϱϱϰ 
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tǁo faĐtoƌs iŶflueŶĐe Ŷetǁoƌk ĐhaƌaĐteƌizatioŶ, ǁe siŵulated spike tiŵiŶg Ŷetǁoƌks ǁith diffeƌeŶt leǀels ϱϱϱ 
of ďaĐkgƌouŶd spikiŶg Ŷoise aŶd ǁith diffeƌeŶt leǀels of jitteƌ of eaĐh spike iŶ the spike seƋueŶĐes. ϱϱϲ 
Netǁoƌks ǁeƌe siŵulated ϱϬ tiŵes foƌ eaĐh ĐoŵďiŶatioŶ of the Ŷoise faĐtoƌs. We Đoŵputed ƌeĐoǀeƌǇ of ϱϱϳ 
siŵulated Ŷetǁoƌks aŶd shoǁ the ƌesult iŶ Figuƌe ϯ. ‘eĐoǀeƌǇ of the ŶeuƌoŶ aŶd tƌial pƌofiles ǁas ϱϱϴ 
Đoŵputed as the PeaƌsoŶ ĐoƌƌelatioŶ ďetǁeeŶ the ƌeĐoǀeƌed aŶd siŵulated pƌofiles. Foƌ the tƌial ϱϱϵ 
pƌofiles, the ĐoƌƌelatioŶ also diƌeĐtlǇ ƌefleĐts the ƌeĐoǀeƌǇ of the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ϱϲϬ 
aĐƌoss the task ;peƌfeĐt ƌeĐoǀeƌǇ is ϭͿ. ‘eĐoǀeƌǇ of the tiŵe pƌofiles ǁas Đoŵputed usiŶg a ƌeĐoǀeƌǇ ϱϲϭ 
ĐoeffiĐieŶt that ƌaŶges fƌoŵ Ϭ to ϭ ;peƌfeĐt ƌeĐoǀeƌǇ; see Mateƌials aŶd Methods seĐtioŶ ϮͿ.  ϱϲϮ 

FiƌstlǇ, ǁe oďseƌǀe that ǁith ƌeasoŶaďle jitteƌ ;i.e. Ϭ.Ϯϱŵs Đoŵpaƌed to Ϭ-Ϯ.ϱŵs spike ϱϲϯ 
seƋueŶĐe delaǇsͿ aŶd spikiŶg Ŷoise ;e.g. ϮϬHz ǀs ϭ.ϮHz aǀeƌage Ŷetǁoƌk spikiŶg ƌateͿ the ŶeuƌoŶ aŶd ϱϲϰ 
tiŵe pƌofiles ǁeƌe ƌeĐoǀeƌed ǁith ƌeasoŶaďle aĐĐuƌaĐǇ, ǁith the tƌial pƌofile ďeiŶg the ŵost affeĐted. At ϱϲϱ 
ϮϬHz spikiŶg Ŷoise aŶd Ϭ.Ϯϱŵs jitteƌ the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ǁas still ǀisiďle ďut ϱϲϲ 
ǁeakeŶed ;Fig ϯ, ďottoŵ: ŵeaŶ ;SEMͿ oǀeƌ siŵulatioŶs of PeaƌsoŶ͛s ĐoƌƌelatioŶs foƌ Ŷetǁoƌk ϭ-ϰ: Ϭ.ϳϴ ϱϲϳ 
;Ϭ.ϬϮͿ, Ϭ.Ϯϵ ;Ϭ.ϬϮͿ, Ϭ.ϲϮ ;Ϭ.ϬϭͿ, Ϭ.ϰϰ ;Ϭ.ϬϭͿͿ. ShoǁŶ iŶ the eǆaŵples ;Fig ϯ, ďottoŵͿ, the effeĐt of Ŷoise oŶ ϱϲϴ 
the tƌial pƌofile ĐaŶ ďe oďseƌǀed as a shƌiŶkiŶg of the ƌatios ďetǁeeŶ loadiŶgs of tƌials ǁith a diffeƌeŶt ϱϲϵ 
Ŷuŵďeƌ of siŵulated Ŷetǁoƌk seƋueŶĐes aŶd aŶ iŶĐƌease iŶ the tƌial pƌofiles ͚ďaseliŶe͛; the loadiŶgs of ϱϳϬ 
those tƌials ǁhiĐh had Ϭ Ŷetǁoƌk seƋueŶĐes. The latteƌ is iŵpoƌtaŶt iŶ pƌaĐtiĐe, ďeĐause uŶdeƌ the ϱϳϭ 
assuŵptioŶ that a Ŷetǁoƌk is Ŷot aĐtiǀe iŶ all tƌials, the loǁest tƌial loadiŶgs ǁith ƌespeĐt to the higheƌ ϱϳϮ 
tƌial loadiŶgs ĐaŶ ďe used as aŶ iŶdiĐatioŶ of the ƌeliaďilitǇ of Ŷetǁoƌk paƌaŵeteƌs. SeĐoŶdlǇ, ǁe oďseƌǀe ϱϳϯ 
that, eǆĐept fƌoŵ the laƌgest jitteƌ Đase ; ϮŵsͿ, Ŷetǁoƌk spike jitteƌ had a siŵilaƌ effeĐt oŶ ƌeĐoǀeƌǇ of ϱϳϰ 
Ŷetǁoƌk paƌaŵeteƌs as spikiŶg Ŷoise, as eǀideŶĐed ďǇ the siŵilaƌitǇ ďetǁeeŶ the ϭϬHz/Ϭŵs aŶd the ϱϳϱ 
ϱHz/ Ϭ.Ϯϱŵs Đases, aŶd the ϮϬHz/Ϭŵs aŶd the ϱHz/ Ϭ.ϱŵs Đases. ThiƌdlǇ, ǁe oďseƌǀe that, uŶdeƌ ϱϳϲ 
stƌoŶg Ŷoise ĐoŶditioŶs ;>ϮϬHz spikiŶg Ŷoise aŶd > ϭŵs jitteƌͿ, the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ϱϳϳ 
ďeĐaŵe ǀeƌǇ ǁeak to laƌgelǇ iŶǀisiďle ;ŵaǆiŵuŵ ŵeaŶ PeaƌsoŶ͛s ĐoƌƌelatioŶ oǀeƌ siŵulatioŶs of Ϭ.ϭϭ, ϱϳϴ 
Ϭ.Ϭϰ, Ϭ.Ϯϯ, Ϭ.Ϭϴ foƌ Ŷetǁoƌk ϭ-ϰͿ. ‘egaƌdiŶg Ŷetǁoƌk speĐifiĐ ƌeĐoǀeƌǇ, though theƌe ǁas soŵe ǀaƌiatioŶ ϱϳϵ 
iŶ ƌeĐoǀeƌǇ, apaƌt fƌoŵ the aďoǀe, the diffeƌeŶĐes ǁeƌe ŵiŶiŵal aŶd did Ŷot highlight a seŶsitiǀitǇ to a ϱϴϬ 
paƌtiĐulaƌ aspeĐt of the siŵulated Ŷetǁoƌks.  ϱϴϭ 
 ϱϴϮ 
ϯ. ReĐoǀerǇ of siŵulated spike tiŵiŶg Ŷetǁorks ǁith partial spikiŶg ǁheŶ surrouŶded ďǇ spikiŶg ϱϴϯ 

Ŷoise ϱϴϰ 
To iŶǀestigate hoǁ paƌtial spikiŶg iŶ spike tiŵiŶg Ŷetǁoƌks, i.e. Ŷot all ŵeŵďeƌ ŶeuƌoŶs joiŶiŶg iŶ eaĐh ϱϴϱ 
spike seƋueŶĐe, affeĐts ĐhaƌaĐteƌizatioŶ of the full spike seƋueŶĐes, ǁe siŵulated Ŷetǁoƌks ǁheƌe eaĐh ϱϴϲ 
spike of a seƋueŶĐe had a ĐhaŶĐe to ďe deleted. Siŵilaƌ to the aďoǀe, ǁe did so ϱϬ tiŵes foƌ eaĐh leǀel ϱϴϳ 
of spike deletioŶ pƌoďaďilitǇ, aŶd of spikiŶg Ŷoise. The ƌesults aƌe shoǁŶ iŶ Figuƌe ϰ. We oďseƌǀe that, ϱϴϴ 
;ϭͿ as the ĐhaŶĐe of spike deletioŶ iŶĐƌeased, ƌeĐoǀeƌǇ aĐĐuƌaĐǇ ǁas deĐƌeased, ;ϮͿ as ǁith spikiŶg ϱϴϵ 
jitteƌ/Ŷoise, the tƌial pƌofile ǁas ŵoƌe affeĐted ďǇ Ŷoise thaŶ the ŶeuƌoŶ pƌofile, ;ϯͿ as ǁith spikiŶg ϱϵϬ 
jitteƌ/Ŷoise, the effeĐts of spike deletioŶ oŶ ƌeĐoǀeƌǇ ǁeƌe siŵilaƌ to those of spikiŶg Ŷoise, ;ϰͿ the full ϱϵϭ 
spike seƋueŶĐes iŶ the tiŵe pƌofile ǁeƌe aĐĐuƌatelǇ eǆtƌaĐted uŶdeƌ ƌeasoŶaďle Ŷoise ;ϮϬHzͿ ǁith ϰϬ% ϱϵϮ 
pƌoďaďilitǇ of spike deletioŶ, eǀeŶ though the ŵajoƌitǇ of iŶdiǀidual spike seƋueŶĐes ǁeƌe iŶĐoŵplete, ϱϵϯ 
aŶd, ;ϱͿ uŶdeƌ the saŵe Ŷoise ĐoŶditioŶs the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ǁas ǁeak ďut ϱϵϰ 
deteĐtaďle foƌ Ŷetǁoƌks ϭ aŶd ϯ, aŶd ŶeaƌlǇ iŶǀisiďle foƌ Ŷetǁoƌks Ϯ aŶd ϰ ;ŵeaŶ ;SEMͿ PeaƌsoŶ͛s ϱϵϱ 
ĐoƌƌelatioŶ oǀeƌ siŵulatioŶs of Ϭ.ϯϵ ;Ϭ.ϬϮͿ, Ϭ.Ϭϲ ;Ϭ.ϬϮͿ, Ϭ.Ϯϵ ;Ϭ.ϬϮͿ, Ϭ.Ϭϴ ;Ϭ.ϬϮͿ foƌ Ŷetǁoƌks ϭ-ϰͿ. These ϱϵϲ 
diffeƌeŶĐes possiďlǇ steŵ fƌoŵ Ŷetǁoƌk oǀeƌlap ;Ŷetǁoƌk Ϯ shaƌes all its ŶeuƌoŶs ǁith Ŷetǁoƌk ϭͿ aŶd ϱϵϳ 
Ŷetǁoƌk size ;Ŷetǁoƌk ϯ is the sŵallestͿ.   ϱϵϴ 
 ϱϵϵ 
ϰ. Cross speĐtra ŶorŵalizatioŶ diŵiŶishes effeĐts of differeŶtial firiŶg rates of uŶits aŶd trials ϲϬϬ 
The spike tiŵiŶg Ŷetǁoƌks siŵulated aďoǀe ǁeƌe eǆtƌaĐted uŶdeƌ Ŷoise ƌelated fiƌiŶg ƌates that ǁeƌe ϲϬϭ 
ideŶtiĐal oǀeƌ ŶeuƌoŶs aŶd oǀeƌ tƌials. This ǁas ĐhoseŶ to shoǁ the oǀeƌall effeĐt of spikiŶg Ŷoise, ďut is ϲϬϮ 



 

 ϭϲ 

atǇpiĐal foƌ ƌeal ƌeĐoƌdiŶgs. Heƌe, ǁe shoǁ the effeĐt oŶ Ŷetǁoƌk ƌeĐoǀeƌǇ of fiƌiŶg ƌate diffeƌeŶĐes ϲϬϯ 
ďetǁeeŶ ŶeuƌoŶs aŶd tƌials, ǁhile keepiŶg the Ŷuŵďeƌ of spike seƋueŶĐes ĐoŶstaŶt.  ϲϬϰ 
 We fiƌst shoǁ the ƌeĐoǀeƌǇ of siŵulated Ŷetǁoƌks ǁheŶ the fiƌiŶg ƌate diffeƌs oǀeƌ ŶeuƌoŶs ;Fig ϲϬϱ 
ϱͿ. We siŵulated Ŷetǁoƌks ϱϬ tiŵes, ǁith ŶeuƌoŶ ϱ ;a ŵeŵďeƌ iŶ Ŷetǁoƌk ϭ aŶd ϮͿ aŶd ŶeuƌoŶ ϭϮ ϲϬϲ 
;ŵeŵďeƌ iŶ Ŷetǁoƌk ϯ aŶd ϰͿ haǀiŶg ϭϬϬHz spikiŶg Ŷoise, the otheƌ ŶeuƌoŶs ϱHz ;Fig ϱAͿ. Netǁoƌk ϲϬϳ 
spikiŶg jitteƌ ǁas Ϭ.Ϯϱŵs. The ƌeĐoǀeƌǇ of the Ŷetǁoƌks ;Fig ϱB; Đoŵpaƌe to Fig ϮͿ ǁas distoƌted: ;ϭͿ the ϲϬϴ 
ŶeuƌoŶ pƌofiles of the Ŷetǁoƌks foƌ ŶeuƌoŶs ϱ aŶd ϭϮ ǁeƌe stƌoŶglǇ iŶĐƌeased/deĐƌeased, ;ϮͿ the Ŷoise ϲϬϵ 
of ŶeuƌoŶ ϱ led to a stƌoŶg loadiŶg foƌ Ŷetǁoƌk ϯ, of ǁhiĐh it ǁas Ŷot a ŵeŵďeƌ, ;ϯͿ Ŷetǁoƌk ϰ ǁas ϲϭϬ 
doŵiŶated ďǇ ŶeuƌoŶ ϭϮ, ;ϰͿ, the tƌial pƌofiles shoǁed deĐƌeased ƌeĐoǀeƌǇ ;Đoŵpaƌed to Fig ϮͿ, aŶd ;ϱͿ ϲϭϭ 
although the tiŵe pƌofile of Ŷetǁoƌks ϭ, Ϯ, aŶd ϰ ǁeƌe Ŷot ;ŶotiĐeaďlǇͿ distoƌted, Ŷetǁoƌk ϯ͛s is. Oǀeƌall, ϲϭϮ 
the diffeƌeŶtial fiƌiŶg ƌate ĐaŶ ďe said to haǀe pulled the estiŵated Ŷetǁoƌk paƌaŵeteƌs toǁaƌds those ϲϭϯ 
ŶeuƌoŶs ǁith ŵoƌe spikiŶg. This effeĐt hoǁeǀeƌ, ĐaŶ ďe suďstaŶtiallǇ ƌeduĐed ďǇ ŶoƌŵaliziŶg Đƌoss ϲϭϰ 
speĐtƌa pƌioƌ to Ŷetǁoƌk eǆtƌaĐtioŶ. Heƌe, ǁe shoǁ the effeĐt of ŶoƌŵaliziŶg Đƌoss speĐtƌa suĐh theiƌ ϲϭϱ 
poǁeƌ is eƋual to theiƌ Nth ƌoot ;see Mateƌials aŶd Methods seĐtioŶ ϰͿ, ƌeduĐiŶg diffeƌeŶĐes iŶ fiƌiŶg ϲϭϲ 
ƌates. We shoǁ its effeĐts pƌogƌessiǀelǇ ďǇ usiŶg N = Ϯ, ϰ, ϴ, ϭϲ, ϯϮ ;Fig ϱCͿ, aŶd eŶdiŶg ǁith N = ϲϰ ;Fig ϲϭϳ 
ϱDͿ. We oďseƌǀe that ;ϭͿ the ƌeĐoǀeƌǇ of the ŶeuƌoŶ pƌofiles ǁas iŵpƌoǀed, ǁith Ŷetǁoƌk ϭ shoǁiŶg the ϲϭϴ 
ŵost ƌeŵaiŶiŶg distoƌtioŶ at ŶeuƌoŶ ϱ, ;ϮͿ the tƌial pƌofiles ǁeƌe siŵilaƌ to the Đase ǁith ϱHz spikiŶg ϲϭϵ 
Ŷoise foƌ all ŶeuƌoŶs ;see Fig ϮͿ, aŶd, ;ϯͿ the ƌeĐoǀeƌǇ of the tiŵe pƌofile of Ŷetǁoƌk ϯ ǁas iŵpƌoǀed ϲϮϬ 
suĐh that the distoƌtioŶ is ŵiŶiŵal. ϲϮϭ 
 To iŶǀestigate the effeĐt of diffeƌeŶtial spikiŶg ƌate oǀeƌ tƌials ǁe siŵulated Ŷetǁoƌks ǁith ϱHz ϲϮϮ 
spikiŶg Ŷoise, eǆĐept foƌ tƌials Ϯϭ to ϲϬ, ǁhiĐh had ϭϬHz spikiŶg Ŷoise ;Fig ϲAͿ. Netǁoƌk spikiŶg jitteƌ ǁas ϲϮϯ 
set at Ϭ.Ϯϱŵs spikiŶg jitteƌ, aŶd Ŷetǁoƌks ǁeƌe siŵulated ϱϬ tiŵes. The tƌials ǁith additioŶal spikiŶg ϲϮϰ 
Ŷoise ǁeƌe ĐhoseŶ suĐh that theǇ ďoth iŶǀolǀed ϭϬϬ% of tƌials of seƋueŶĐe ƌepeats ;ϭǆ aŶd Ϯǆ foƌ ϲϮϱ 
Ŷetǁoƌk ϭ, ϭǆ foƌ Ŷetǁoƌk Ϯ, ϭǆ foƌ Ŷetǁoƌk ϰͿ aŶd a paƌtial set of seƋueŶĐe ƌepeats ;ϱϬ% of ϭǆ aŶd Ϯǆ ϲϮϲ 
foƌ Ŷetǁoƌk ϯ, ϱϬ% of Ϭǆ foƌ Ŷetǁoƌk ϮͿ. The ƌeĐoǀeƌǇ ǁithout ŶoƌŵalizatioŶ is shoǁŶ iŶ Figuƌe ϲB. We ϲϮϳ 
oďseƌǀe that ;ϭͿ the ƌeĐoǀeƌǇ of the ŶeuƌoŶ pƌofiles aŶd tiŵe pƌofiles ǁas siŵilaƌ to the Đase of ϱHz ϲϮϴ 
Ŷoise aŶd Ϭ.Ϯϱŵs spikiŶg jitteƌ ;see Fig ϮͿ aŶd, as suĐh, theǇ ǁeƌe ŵiŶiŵallǇ affeĐted ďǇ the diffeƌeŶtial ϲϮϵ 
Ŷoise oǀeƌ tƌials, ;ϮͿ, the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ǁas ƌeĐoǀeƌaďle, ďut ǁeakeŶed, foƌ all ϲϯϬ 
Ŷetǁoƌks ;espeĐiallǇ Ŷetǁoƌk ϯ; ŵeaŶ ;SEMͿ PeaƌsoŶ͛s ĐoƌƌelatioŶ oǀeƌ siŵulatioŶs of Ϭ.ϵϯ ;<Ϭ.ϬϭͿ, Ϭ.ϲϳ ϲϯϭ 
;Ϭ.ϬϭͿ, Ϭ.ϳϲ ;<Ϭ.ϬϭͿ, Ϭ.ϯϲ ;Ϭ.ϬϭͿ foƌ Ŷetǁoƌk ϭ-ϰͿ Đoŵpaƌed to ǁithout tƌial ǀaƌiatioŶs of fiƌiŶg ƌate ;Ϭ.ϵϴ ϲϯϮ 
;<Ϭ.ϬϭͿ, Ϭ.ϵϰ ;<Ϭ.ϬϭͿ, Ϭ.ϴϵ ;<Ϭ.ϬϭͿ, Ϭ.ϳϳ ;Ϭ.ϬϭͿ; Fig ϯͿ, aŶd, ;ϯͿ the tƌial pƌofile loadiŶgs foƌ those tƌials ϲϯϯ 
affeĐted ďǇ iŶĐƌeased spikiŶg Ŷoise ǁeƌe distoƌted suĐh that the ƌatios of loadiŶgs Ŷo loŶgeƌ ƌefleĐted ϲϯϰ 
the ĐoƌƌeĐt oƌdeƌ of the Ŷuŵďeƌ of seƋueŶĐe ƌepeats ;i.e. ϭǆ>Ϯǆ tƌials foƌ Ŷetǁoƌk Ϯ aŶd ϰͿ. Though the ϲϯϱ 
liŶeaƌ ŵodulatioŶ ǁas ŵodeƌatelǇ ƌeĐoǀeƌaďle, the latteƌ ŵeaŶs aŶ iŶǀestigatioŶ of the Ŷetǁoƌk ϲϯϲ 
aĐtiǀities iŶ speĐifiĐ tƌials of Ŷetǁoƌk Ϯ aŶd ϰ ;suppoƌted ďǇ e.g., aŶ iŶdepeŶdeŶt saŵples t-testͿ ǁould ϲϯϳ 
haǀe ƌesulted iŶ the iŶĐoƌƌeĐt ĐoŶĐlusioŶ of ŵoƌe Ŷetǁoƌk aĐtiǀitǇ ďeiŶg pƌeseŶt iŶ ϭǆ Đoŵpaƌed to Ϯǆ ϲϯϴ 
tƌials. As ǁas the Đase foƌ diffeƌeŶtial Ŷoise oǀeƌ ŶeuƌoŶs, ŶoƌŵalizatioŶ of the affeĐted diŵeŶsioŶ ĐaŶ ϲϯϵ 
iŵpƌoǀe ƌeĐoǀeƌǇ. Heƌe, ǁe Ŷoƌŵalized the Đƌoss speĐtƌa suĐh that theiƌ poǁeƌ foƌ eǀeƌǇ tƌial is eƋual to ϲϰϬ 
theiƌ poǁeƌ suŵŵed oǀeƌ tƌials ;see Mateƌials aŶd Methods seĐtioŶ ϰͿ. CƌuĐiallǇ, this does Ŷot affeĐt the ϲϰϭ 
ƌatio of the off-diagoŶal eleŵeŶts to the diagoŶal ;poǁeƌͿ. As suĐh, tƌials that haǀe ŵaŶǇ spike ϲϰϮ 
seƋueŶĐes ;stƌoŶg off-diagoŶal eleŵeŶts Đoŵpaƌed to poǁeƌͿ aƌe still distiŶguishaďle fƌoŵ tƌials ǁith ϲϰϯ 
feǁ spike seƋueŶĐes ;ǁeak off-diagoŶal eleŵeŶts Đoŵpaƌed to poǁeƌͿ. Note, as ǁell, that this tƌial-ǁise ϲϰϰ 
ŶoƌŵalizatioŶ is uŶƌelated to the ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ iŶ the aďoǀe, aŶd theǇ ĐaŶ ďe applied ϲϰϱ 
joiŶtlǇ. We shoǁ the ƌesult of the tƌial-ǁise ŶoƌŵalizatioŶ iŶ Figuƌe ϲC. We oďseƌǀe that, ;ϭͿ the tƌial ϲϰϲ 
pƌofile ƌeĐoǀeƌǇ ǁas iŵpƌoǀed suĐh that the oƌdeƌ of theiƌ loadiŶgs agaiŶ ƌefleĐted the oƌdeƌ of the ϲϰϳ 
Ŷuŵďeƌ of seƋueŶĐe ƌepeats, ;ϮͿ, ƌeĐoǀeƌǇ of the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ ǁas gƌeatlǇ ϲϰϴ 
iŵpƌoǀed ;ŵeaŶ ;SEMͿ PeaƌsoŶ͛s ĐoƌƌelatioŶ oǀeƌ siŵulatioŶs of Ϭ.ϵϲ ;<Ϭ.ϬϭͿ, Ϭ.ϵϲ ;<Ϭ.ϬϭͿ, Ϭ.ϴϮ ;<Ϭ.ϬϭͿ, ϲϰϵ 
Ϭ.ϴϵ ;<Ϭ.ϬϭͿͿ, aŶd, ;ϯͿ though iŵpƌoǀed, the tƌial pƌofiles͛ ƌeĐoǀeƌǇ ǁas pooƌeƌ thaŶ those at eƋual Ŷoise ϲϱϬ 
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leǀels foƌ all tƌials ;see Fig ϯͿ. We additioŶallǇ oďseƌǀe that the ŶoƌŵalizatioŶ also affeĐted the tƌial ϲϱϭ 
pƌofile loadiŶgs of tƌials that did Ŷot haǀe iŶĐƌeased Ŷoise. This ǁas ŵost ŶotiĐeaďle iŶ the loadiŶgs foƌ ϲϱϮ 
those tƌials of Ŷetǁoƌk ϰ that had Ϭ aŶd Ϯ seƋueŶĐe ƌepeats ;tƌials ϭ to ϮϬ aŶd ϲϭ to ϭϬϬͿ: the ƌatio of ϲϱϯ 
the loadiŶg of Ϭ ƌepeats to that of Ϯ ƌepeats ǁas ŵuĐh higheƌ ǁithout ŶoƌŵalizatioŶ ;Fig ϲBͿ, thaŶ ǁith ϲϱϰ 
ŶoƌŵalizatioŶ ;Fig ϲCͿ. As tƌials ǁith Ϭ ƌepeats should ideallǇ haǀe a loadiŶg of Ϭ, the higheƌ this ƌatio the ϲϱϱ 
ďetteƌ. IŶteƌestiŶglǇ, eǀeŶ though the tƌial pƌofile shoǁed ǁoƌse ƌeĐoǀeƌǇ oǀeƌall, the ƌeĐoǀeƌǇ of the ϲϱϲ 
liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ afteƌ tƌial-ǁise ŶoƌŵalizatioŶ ǁas ďetteƌ thaŶ the ƌeĐoǀeƌǇ at ϲϱϳ 
eƋual Ŷoise leǀels aĐƌoss tƌials ǁithout ŶoƌŵalizatioŶ, espeĐiallǇ foƌ Ŷetǁoƌk ϰ ;ŵeaŶ ;SEMͿ ĐoƌƌelatioŶ ϲϱϴ 
of Ϭ.ϴϵ ;<Ϭ.ϬϭͿ aŶd Ϭ.ϳϳ ;Ϭ.ϬϭͿ ƌesp.Ϳ. This ǁas likelǇ Đaused ďǇ the tƌial pƌofiles of the foƌŵeƌ shoǁiŶg ϲϱϵ 
less ǀaƌiaďilitǇ thaŶ those of the latteƌ ;i.e., the ĐoeffiĐieŶt of ǀaƌiatioŶ of the tƌial pƌofile of Ŷetǁoƌk ϰ, ϲϲϬ 
aǀeƌaged oǀeƌ siŵulatioŶs, ǁas ϭϰ.ϭ% aŶd Ϯϳ.ϵ% ƌesp.Ϳ. ϲϲϭ 
 ϲϲϮ 
ϱ. Spike tiŵiŶg Ŷetǁorks eǆtraĐted froŵ real reĐordiŶgs refleĐt ďetǁeeŶ-ŶeuroŶ spike tiŵiŶg ϲϲϯ 

relatioŶships ϲϲϰ 
To pƌoǀide a pƌoof-of-pƌiŶĐiple ǁe eǆtƌaĐted spike tiŵiŶg Ŷetǁoƌks eǆtƌaĐted fƌoŵ spike ƌeĐoƌdiŶgs fƌoŵ ϲϲϱ 
ŵedial pƌefƌoŶtal Đoƌteǆ aŶd hippoĐaŵpus of a ƌat peƌfoƌŵiŶg aŶ odoƌ-ďased delaǇed ŵatĐhiŶg-to-ϲϲϲ 
saŵple task ;Fig ϳ; see Mateƌials aŶd Methods seĐtioŶ ϳͿ. Afteƌ odoƌ pƌeseŶtatioŶ, the ƌat had to ƌuŶ ϲϲϳ 
thƌough the left oƌ ƌight aƌŵ of a figuƌe-eight T-ŵaze to oďtaiŶ its ƌeǁaƌd. Netǁoƌks ǁeƌe eǆtƌaĐted ϲϲϴ 
siŵilaƌlǇ to the siŵulatioŶs aďoǀe, usiŶg a ŶeuƌoŶ-ǁise ϯϮŶd ƌoot poǁeƌ ŶoƌŵalizatioŶ, aŶd a split-half ϲϲϵ 
ƌeliaďilitǇ appƌoaĐh to deteƌŵiŶe the Ŷuŵďeƌ of Ŷetǁoƌks ;see Mateƌials aŶd Methods seĐtioŶ ϮͿ. This ϲϳϬ 
ƌesulted iŶ ϰ eǆtƌaĐted Ŷetǁoƌks.  ϲϳϭ 

We shoǁ ŶeuƌoŶ pƌofiles, tiŵe pƌofiles, aŶd tƌial pƌofiles foƌ eaĐh eǆtƌaĐted spike tiŵiŶg ϲϳϮ 
Ŷetǁoƌk iŶ Figuƌe ϳ. To pƌoǀide a gƌouŶd-tƌuth estiŵate of ǁhetheƌ the ďetǁeeŶ-ŶeuƌoŶ spike tiŵes ϲϳϯ 
fƌoŵ the Ŷetǁoƌks ƌefleĐt ƌeal spike tiŵiŶg ƌelatioŶships iŶ the ƌeĐoƌdiŶgs, ǁe also shoǁ foƌ eaĐh ϲϳϰ 
Ŷetǁoƌk ĐoŶtiŶuous Đƌoss-Đoƌƌelogƌaŵs ;Đoŵputed post-hoĐ; see Mateƌials aŶd Methods seĐtioŶ ϳͿ of ϲϳϱ 
the ŶeuƌoŶs ŵostlǇ stƌoŶglǇ ĐoŶtƌiďutiŶg to eaĐh Ŷetǁoƌk. IŵpoƌtaŶtlǇ, iŶ eaĐh of these Đƌoss-ϲϳϲ 
Đoƌƌelogƌaŵs ǁe iŶdiĐate ǁheŶ the Đƌoss-ĐoƌƌelatioŶ is eǆpeĐted to ďe highest, ďased oŶ the tiŵe pƌofile ϲϳϳ 
of the Ŷetǁoƌks.  ϲϳϴ 

Foƌ Ŷetǁoƌk ϭ, ŶeuƌoŶ paiƌs ϭ-Ϯ, ϭ-ϯ, aŶd Ϯ-ϯ had peaks iŶ theiƌ Đƌoss-Đoƌƌelogƌaŵs that ϲϳϵ 
ŵatĐhed the tiŵe pƌofile͛s spike tiŵiŶg ƌelatioŶships ǁithiŶ Ϭ.Ϭϯŵs, Ϭ.Ϭϯŵs, aŶd Ϭ.Ϭϲŵs ƌespeĐtiǀelǇ. ϲϴϬ 
NeuƌoŶ ϰ does Ŷot appeaƌ to haǀe ĐoŶsisteŶt spike tiŵiŶg ƌelatioŶship ǁith the fiƌst thƌee, ǁhiĐh is ϲϴϭ 
uŶsuƌpƌisiŶg giǀeŶ that its ǁeight iŶ the ŶeuƌoŶ pƌofile is ŵuĐh ǁeakeƌ ;suggestiŶg its ǁeight ƌefleĐts, at ϲϴϮ 
least ŵostlǇ, ŶoiseͿ. Although theƌe appeaƌs to ďe a diffeƌeŶĐe iŶ Ŷetǁoƌk aĐtiǀitǇ ďetǁeeŶ left aŶd ƌight ϲϴϯ 
tƌials, this likelǇ due to fiƌiŶg ƌate diffeƌeŶĐes ďetǁeeŶ ĐoŶditioŶs, as tƌial pƌofiles ĐalĐulated oŶ tƌial-ǁise ϲϴϰ 
Ŷoƌŵalized Đƌoss speĐtƌa shoǁed Ŷo statistiĐallǇ sigŶifiĐaŶt diffeƌeŶĐe ;see Mateƌials aŶd Methods ϲϴϱ 
seĐtioŶ ϰ; this should ďe iŶteƌpƌeted ǁith ĐautioŶ hoǁeǀeƌ, as the pƌofile͛s loǁest ǁeights suggested ϲϴϲ 
theǇ ƌeŵaiŶed ŶoisǇͿ. Foƌ Ŷetǁoƌk Ϯ, ŶeuƌoŶ paiƌs ϭ-Ϯ, ϭ-ϯ, aŶd ϭ-ϰ had Đƌoss-Đoƌƌelogƌaŵ peaks that ϲϴϳ 
ŵatĐhed the tiŵe pƌofile ǁithiŶ Ϭ.Ϭϵŵs, Ϭ.Ϭϳŵs, aŶd Ϭ.ϭϵŵs ƌespeĐtiǀelǇ. NeuƌoŶ paiƌ Ϯ-ϯ aŶd paiƌ ϯ-ϰ ϲϴϴ 
did Ŷot haǀe siŶgle Đƌoss-Đoƌƌelogƌaŵ peak ;though theiƌ ĐeŶteƌ peaks ŵatĐhed ǁithiŶ Ϭ.ϭϳŵs aŶd ϲϴϵ 
Ϭ.ϭϮŵs ƌesp.Ϳ, aŶd ŶeuƌoŶ paiƌ Ϯ-ϰ appeaƌs iŶhiďitoƌǇ. These oďseƌǀatioŶs Đould iŶdiĐate that the spike ϲϵϬ 
seƋueŶĐe did Ŷot iŶǀolǀe all ϰ ŶeuƌoŶs iŶ a suďset of tƌials. It is useful to ƌeiteƌate heƌe, that the ϲϵϭ 
eǆtƌaĐted spike seƋueŶĐe should ďe ĐoŶsideƌed oŶlǇ at the leǀel of the full ƌeĐoƌdiŶg ;i.e. Đƌoss speĐtƌa ϲϵϮ 
of all tƌialsͿ. That is, the eǆtƌaĐted spike seƋueŶĐe should ďe ĐoŶsideƌed as a desĐƌiptioŶ of the N-ǁaǇ ϲϵϯ 
ƌelatioŶship ďetǁeeŶ N ŶeuƌoŶs, i.e. the laƌgest possiďle spike seƋueŶĐe foƌ the Ŷetǁoƌk, aŶd seƌǀe as a ϲϵϰ 
staƌtiŶg poiŶt foƌ taƌgeted aŶalǇses. Netǁoƌk ϯ shoǁ a siŵilaƌ patteƌŶ as Ŷetǁoƌk ϭ aŶd Ϯ aĐĐoƌdiŶg the ϲϵϱ 
Đƌoss-Đoƌƌelogƌaŵs, ǁith the peaks of ŶeuƌoŶ paiƌs ϭ-Ϯ, ϭ-ϯ, ϭ-ϰ, aŶd Ϯ-ϯ, ŵatĐhiŶg the tiŵe pƌofile ϲϵϲ 
ǁithiŶ Ϭ.ϭϬŵs, Ϭ.Ϭϵŵs, Ϭ.Ϭϱŵs, aŶd Ϭ.ϭϵŵs ƌesp. Netǁoƌk ϰ likelǇ ƌefleĐts ĐoŶsisteŶt spike tiŵiŶg oŶlǇ ϲϵϳ 
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ďetǁeeŶ the stƌoŶgest tǁo ŶeuƌoŶs ;ŵatĐhiŶg ǁithiŶ Ϭ.ϬϴŵsͿ, as the ŶeuƌoŶ pƌofile has feǁ ŶeuƌoŶs ϲϵϴ 
ǁith stƌoŶg loadiŶgs.   ϲϵϵ 



 

 ϭϵ 

DisĐussioŶ ϳϬϬ 
 ϳϬϭ 
IdeŶtifǇiŶg aŶd iŶǀestigatiŶg Đell-asseŵďlies ǁith spike tiŵiŶg ĐoŶsisteŶĐǇ ďetǁeeŶ ŶeuƌoŶs is keǇ to ϳϬϮ 
gaiŶ a fuƌtheƌ uŶdeƌstaŶdiŶg of theiƌ ƌole iŶ ŶeuƌoŶal ĐodiŶg ;BieŶeŶstoĐk, ϭϵϵϱ; SiŶgeƌ, ϭϵϵϵ; TiesiŶga ϳϬϯ 
et al., ϮϬϬϴ; PaŶzeƌi et al., ϮϬϭϬͿ, ďut fiŶdiŶg theŵ is a tƌeŵeŶdous ĐhalleŶge due to the possiďle ϳϬϰ 
ĐoŵpleǆitǇ of patteƌŶs of ďetǁeeŶ-ŶeuƌoŶ spike tiŵe delaǇs. Heƌe, ǁe iŶtƌoduĐed aŶd ǀalidated, iŶ ϳϬϱ 
siŵulated aŶd ƌeal data, a Ŷoǀel appƌoaĐh foƌ eǆtƌaĐtiŶg Ŷetǁoƌks defiŶed ďǇ theiƌ ďetǁeeŶ-ŶeuƌoŶ ϳϬϲ 
spike tiŵiŶg ĐoŶsisteŶĐǇ, ǁheŶ foƌŵiŶg seƋueŶĐes of tiŵe-shifted spikes, fƌoŵ ŶeuƌoŶal spike ϳϬϳ 
ƌeĐoƌdiŶgs ;foƌ otheƌ tǇpes of iŶteƌaĐtioŶs, see e.g. LiŶdeŵaŶŶ et al., ϮϬϬϭͿ. The keǇ featuƌes of this ϳϬϴ 
appƌoaĐh aƌe that ;ϭͿ Ŷetǁoƌks aŶd theiƌ spike seƋueŶĐes ĐaŶ ďe eǆtƌaĐted ƌegaƌdless of theiƌ ϳϬϵ 
ĐoŵpleǆitǇ iŶ size aŶd spike tiŵiŶg patteƌŶs, aŶd ;ϮͿ the spike seƋueŶĐes of the Ŷetǁoƌks aƌe speĐified ϳϭϬ 
ǁith high teŵpoƌal pƌeĐisioŶ. Netǁoƌks ĐoŶsist of thƌee pƌofiles, desĐƌiďiŶg ;ϭͿ ǁhiĐh ŶeuƌoŶs aƌe ϳϭϭ 
iŶǀolǀed iŶ ǁhiĐh Ŷetǁoƌks, ;ϮͿ ǁith ǁhiĐh spike tiŵiŶg patteƌŶ, ;ϯͿ iŶ ǁhiĐh tƌials oƌ ĐoŶditioŶs. The ϳϭϮ 
latteƌ ĐaŶ iŶ pƌiŶĐiple ďe used as aŶ iŶdeǆ foƌ Ŷetǁoƌk aĐtiǀitǇ. Togetheƌ, these pƌofiles foƌŵ a ϳϭϯ 
paƌsiŵoŶious desĐƌiptioŶ of the spike tiŵiŶg patteƌŶs iŶ the ƌeĐoƌdiŶg, aŶd ĐaŶ used as a ďasis foƌ ϳϭϰ 
suďseƋueŶt spike tƌaiŶ aŶalǇses of eǆpeƌiŵeŶtallǇ ƌeleǀaŶt ǀaƌiatioŶs iŶ Ŷetǁoƌk suďsets. UsiŶg ϳϭϱ 
siŵulatioŶs, ǁe shoǁed hoǁ the eǆtƌaĐted Ŷetǁoƌks ǁeƌe affeĐted ďǇ spikiŶg jitteƌ, ǀaƌiaďilitǇ iŶ ϳϭϲ 
Ŷetǁoƌk paƌtiĐipatioŶ ďǇ its ŵeŵďeƌ ŶeuƌoŶs, aŶd ŶoŶ-Ŷetǁoƌk ƌelated spikiŶg aĐtiǀitǇ. Netǁoƌks ǁeƌe ϳϭϳ 
ƌeĐoǀeƌaďle uŶdeƌ ƌeasoŶaďle Ŷoise ĐoŶditioŶs, ǁith the tiŵe pƌofile ďeiŶg espeĐiallǇ ƌoďust to the ϳϭϴ 
siŵulated Ŷoise. Though the tƌial pƌofiles ǁeƌe stƌoŶglǇ iŶflueŶĐed ďǇ Ŷoise, theǇ still tƌaĐked siŵulated ϳϭϵ 
Ŷetǁoƌk aĐtiǀitǇ to a degƌee. UsiŶg ŶeuƌoŶal spike ƌeĐoƌdiŶgs fƌoŵ ƌats, ǁe shoǁed ǁe ǁeƌe aďle to ϳϮϬ 
eǆtƌaĐt Ŷetǁoƌks fƌoŵ ƌeal ƌeĐoƌdiŶgs, of ǁhiĐh the tiŵe pƌofile ƌefleĐted ďetǁeeŶ-ŶeuƌoŶ spike tiŵiŶg ϳϮϭ 
ĐoŶsisteŶĐǇ that ŵatĐhed Đƌoss-Đoƌƌelogƌaŵs ǁith high aĐĐuƌaĐǇ. Togetheƌ, this shoǁs that ouƌ ϳϮϮ 
appƌoaĐh ĐaŶ ďe useful foƌ the iŶǀestigatioŶ of spike tiŵiŶg Ŷetǁoƌks. ϳϮϯ 
 The eǆtƌaĐted Ŷetǁoƌks ĐaŶ ďe of aƌďitƌaƌǇ ĐoŵpleǆitǇ iŶ size aŶd tiŵe delaǇs. This is a ϳϮϰ 
ĐoŶseƋueŶĐe of the faĐt that the uŶdeƌlǇiŶg ŵethod fiŶds Ŷetǁoƌks Ŷot iŶ the ŶeuƌoŶ-ďǇ-tiŵe tiŵe ϳϮϱ 
seƌies, ďut iŶ the ŶeuƌoŶ-ďǇ-ŶeuƌoŶ Đƌoss speĐtƌa. These Đƌoss speĐtƌa ĐoŶtaiŶ all of the spike tiŵiŶg ϳϮϲ 
ĐoŶsisteŶĐies of the spike seƋueŶĐes, ĐoŶdeŶsed iŶto ďetǁeeŶ-ŶeuƌoŶ phase ĐoupliŶg. Netǁoƌks ĐaŶ ďe ϳϮϳ 
sepaƌated ǁheŶ theiƌ spike seƋueŶĐes haǀe diffeƌeŶt ďetǁeeŶ-ŶeuƌoŶ phase ĐoupliŶg patteƌŶs, aŶd ϳϮϴ 
diffeƌeŶĐes iŶ phase ĐoupliŶg patteƌŶs oǀeƌ tƌials ;oƌ epoĐhsͿ iŶĐƌeases theiƌ sepaƌaďilitǇ. Netǁoƌks aƌe ϳϮϵ 
eǆtƌaĐted ďǇ fiŶdiŶg those ŶeuƌoŶ, tiŵe, aŶd tƌial pƌofiles ǁhose phase ĐoupliŶg patteƌŶs eǆplaiŶ the ϳϯϬ 
ŵost ǀaƌiaŶĐe iŶ the Đƌoss speĐtƌa. BeĐause the estiŵated pƌofiles haǀe the saŵe size foƌ eaĐh Ŷetǁoƌk, ϳϯϭ 
laƌgeƌ Ŷetǁoƌks oŶlǇ diffeƌ fƌoŵ sŵalleƌ Ŷetǁoƌks ďǇ theiƌ diffeƌeŶt distƌiďutioŶ of ǁeight ŵagŶitudes. ϳϯϮ 
As a laƌgeƌ Ŷetǁoƌk does Ŷot iŶǀolǀe estiŵatiŶg a laƌgeƌ Ŷuŵďeƌ of ǁeights, theƌe is Ŷo ĐoŵďiŶatoƌial ϳϯϯ 
eǆplosioŶ ǁith iŶĐƌeasiŶg Ŷetǁoƌk size. IŶ faĐt, higheƌ ĐoŵpleǆitǇ Ŷetǁoƌks aƌe likelǇ easieƌ to fiŶd thaŶ ϳϯϰ 
loǁeƌ ĐoŵpleǆitǇ Ŷetǁoƌks, as theǇ ǁill tǇpiĐallǇ eǆplaiŶ ŵoƌe ǀaƌiaŶĐe iŶ the Đƌoss speĐtƌa. The aďoǀe is ϳϯϱ 
diffeƌeŶt fƌoŵ teĐhŶiƋues that seaƌĐh foƌ teŵplate spike seƋueŶĐes iŶ theiƌ oƌigiŶal ŶeuƌoŶ-ďǇ-tiŵe ϳϯϲ 
ƌepƌeseŶtatioŶs ;Aďeles aŶd GeƌsteiŶ, ϭϵϴϴ; NadasdǇ et al., ϭϵϵϵ; Tetko aŶd Villa, ϮϬϬϭ; Lee aŶd WilsoŶ, ϳϯϳ 
ϮϬϬϮ; SĐhŶitzeƌ aŶd Meisteƌ, ϮϬϬϯ; IkegaǇa et al., ϮϬϬϰ; GaŶsel aŶd SiŶgeƌ, ϮϬϭϮͿ. As these seaƌĐh foƌ ϳϯϴ 
eǆaĐt spikiŶg teŵplates, theǇ haǀe to do so ǁithiŶ soŵe ƌestƌiĐted spaĐe to aǀoid a ĐoŵďiŶatoƌial ϳϯϵ 
eǆplosioŶ. Although fiŶdiŶg high ĐoŵpleǆitǇ Ŷetǁoƌks is iŵpƌaĐtiĐal ǁith suĐh appƌoaĐhes, theǇ haǀe the ϳϰϬ 
adǀaŶtage of ďeiŶg aďle to fiŶd spike seƋueŶĐes that ƌepeat ǀeƌǇ feǁ tiŵes iŶ the Đouƌse of a ƌeĐoƌdiŶg. ϳϰϭ 
BeĐause ouƌ appƌoaĐh is ŵost seŶsitiǀe to those Ŷetǁoƌks that eǆplaiŶ the ŵost ǀaƌiaŶĐe iŶ the Đƌoss ϳϰϮ 
speĐtƌa, it is Ŷot ǁell suited foƌ fiŶdiŶg seƋueŶĐes ǁith ǀeƌǇ feǁ ƌepeats, as theǇ tǇpiĐallǇ eǆplaiŶ ǀeƌǇ ϳϰϯ 
little ǀaƌiaŶĐe iŶ the Đƌoss speĐtƌa. As suĐh, ouƌ appƌoaĐh tƌades seŶsitiǀitǇ to suĐh seƋueŶĐes foƌ ϳϰϰ 
seŶsitiǀitǇ to seƋueŶĐes ǁith aƌďitƌaƌilǇ high ĐoŵpleǆitǇ, ďut that aƌe ŵoƌe pƌoŵiŶeŶt.  ϳϰϱ 
 AŶ iŵpoƌtaŶt aspeĐt of the ŵethod ďehiŶd ouƌ appƌoaĐh is that it is a deĐoŵpositioŶ of ϳϰϲ 
ďetǁeeŶ-ŶeuƌoŶ Đƌoss speĐtƌa oǀeƌ fƌeƋueŶĐies aŶd tƌials iŶto sets of Ŷetǁoƌk pƌofiles. BeĐause this ϳϰϳ 
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deĐoŵpositioŶ atteŵpts to fiŶd pƌofiles that paƌsiŵoŶiouslǇ eǆplaiŶ all of the ǀaƌiaŶĐe iŶ the Đƌoss ϳϰϴ 
speĐtƌa, its pƌofiles Ŷeed to Ŷot oŶlǇ desĐƌiďe ďetǁeeŶ-ŶeuƌoŶ spike paiƌs, ďut also theiƌ total Ŷuŵďeƌ of ϳϰϵ 
spikes. IŵpoƌtaŶtlǇ, the latteƌ tǇpiĐallǇ outŶuŵďeƌ the foƌŵeƌ to a stƌoŶg degƌee ;e.g., GoĐhiŶ et al., ϳϱϬ 
ϭϵϵϭ; NelsoŶ et al., ϭϵϵϮ; Kƌeiteƌ aŶd SiŶgeƌ, ϭϵϵϲ; BƌosĐh aŶd SĐhƌeiŶeƌ, ϭϵϵϵͿ. This iŵpaĐts the ϳϱϭ 
iŶteƌpƌetatioŶ of the ŶeuƌoŶ pƌofile ǁeights. Foƌ aŶǇ tǁo ŶeuƌoŶs, theiƌ ǁeights iŶ the ŶeuƌoŶ pƌofile ϳϱϮ 
Ŷeed to desĐƌiďe fouƌ ŵagŶitudes of the Đƌoss speĐtƌa: theiƌ total Ŷuŵďeƌ of spikes iŶ the ŵagŶitude of ϳϱϯ 
theiƌ Đƌoss speĐtƌal poǁeƌ, aŶd theiƌ spike tiŵiŶg ĐoŶsisteŶĐǇ iŶ the ŵagŶitude of theiƌ off-diagoŶal ϳϱϰ 
eleŵeŶts. IŶ the Đase these ŵagŶitudes diffeƌ, the ŶeuƌoŶ pƌofile ǁeights ďeĐoŵe a Đoŵpƌoŵise, aŶd ϳϱϱ 
aƌe dƌaǁŶ to those ŵagŶitudes that eǆplaiŶ the ŵost ǀaƌiaŶĐe. These ǁeights should theƌefoƌe ďe ϳϱϲ 
iŶteƌpƌeted ǁith ĐautioŶ, aŶd should ďe ĐoŶsideƌed ŵoƌe as aŶ iŶdiĐatioŶ of Ŷetǁoƌk ŵeŵďeƌship ǁheŶ ϳϱϳ 
suffiĐieŶtlǇ aǁaǇ fƌoŵ Ϭ, thaŶ as a stƌaightfoƌǁaƌd iŶdeǆ iŶto the stƌeŶgth of theiƌ spike tiŵiŶg ϳϱϴ 
ĐoŶsisteŶĐǇ. This is also the ƌeasoŶ ǁhǇ a ŶeuƌoŶ-ǁise ŶoƌŵalizatioŶ of the Đƌoss speĐtƌa is adǀisaďle, as ϳϱϵ 
it ǁill ƌeduĐe the effeĐt of fiƌiŶg ƌate diffeƌeŶĐes. IŶ faĐt, iŶ ouƌ eǆpeƌieŶĐe, ǁheŶ the Đƌoss speĐtƌa aƌe ϳϲϬ 
Ŷot ŶeuƌoŶ-ǁise Ŷoƌŵalized, feǁ eǆtƌaĐted Ŷetǁoƌks ǁill ĐoŶsist of ŵoƌe thaŶ oŶe ŶeuƌoŶ ;i.e., ϳϲϭ 
aƌtefaĐtual Ŷetǁoƌks that aƌe Ŷot ďased oŶ spike tiŵiŶgͿ. If it is also the Đase that the total Ŷuŵďeƌ of ϳϲϮ 
spikes of ŶeuƌoŶs diffeƌs ŵoƌe oǀeƌ tƌials thaŶ the Ŷuŵďeƌ of theiƌ spike paiƌs do, theŶ the tƌial pƌofile ϳϲϯ 
ǁeights ǁill ďe dƌaǁŶ toǁaƌds the foƌŵeƌ, as theǇ ǁill eǆplaiŶ ŵoƌe ǀaƌiaŶĐe iŶ the Đƌoss speĐtƌa. This ϳϲϰ 
ǁas likelǇ the Đase foƌ the Ŷetǁoƌks ǁe eǆtƌaĐted fƌoŵ ƌat hippoĐaŵpus aŶd ŵedial pƌefƌoŶtal Đoƌteǆ ϳϲϱ 
;see e.g. Ŷetǁoƌk ϭ iŶ Fig ϳͿ, aŶd is also likelǇ the ƌeasoŶ ǁhǇ the tƌial pƌofile ǁas stƌoŶglǇ iŵpaĐted ďǇ ϳϲϲ 
siŵulated spikiŶg Ŷoise. A tƌial-ǁise ŶoƌŵalizatioŶ foƌ this ǁas iŶtƌoduĐed, that iŶ the speĐifiĐ Đase of ϳϲϳ 
ouƌ siŵulatioŶs, iŵpƌoǀed ƌeĐoǀeƌǇ of the liŶeaƌ ŵodulatioŶ of Ŷetǁoƌk aĐtiǀitǇ. NoŶetheless, the tƌial ϳϲϴ 
pƌofile ƌeŵaiŶed seŶsitiǀe to Ŷoise aŶd, as suĐh, should ďe used ǁith ĐautioŶ, ideallǇ ǁith ϳϲϵ 
ĐoŵpleŵeŶtaƌǇ aŶalǇses ;suĐh as a taƌgeted seaƌĐh, see ďeloǁͿ. The aďoǀe ĐoŶtƌasts ǁith a pƌeǀious ϳϳϬ 
appliĐatioŶ oŶ huŵaŶ eleĐtƌophǇsiologiĐal ƌeĐoƌdiŶgs, ǁheƌe the tƌial pƌofile ǁas less seŶsitiǀe to Ŷoise ϳϳϭ 
;likelǇ Đaused ďǇ ŵoƌe spatiallǇ eǆteŶded Ŷetǁoƌks; ǀaŶ deƌ Meij et al., ϮϬϭϱ, ϮϬϭϲͿ.  ϳϳϮ 
 Ouƌ appƌoaĐh desĐƌiďes the stƌuĐtuƌe of spike tiŵiŶg ĐoŶsisteŶĐies iŶ the Đƌoss speĐtƌa of the ϳϳϯ 
eŶtiƌe ƌeĐoƌdiŶg. This ŵeaŶs that the spike seƋueŶĐes ƌepƌeseŶted ďǇ eaĐh Ŷetǁoƌk͛s tiŵe pƌofile ϳϳϰ 
desĐƌiďe the spike tiŵiŶg ĐoŶsisteŶĐies of the iŶǀolǀed ŶeuƌoŶs oǀeƌ the eŶtiƌe ƌeĐoƌdiŶg. As suĐh, the ϳϳϱ 
tiŵe pƌofile ƌefleĐts aŶ aggƌegate spike seƋueŶĐe, oŶe that does Ŷot ŶeĐessaƌilǇ eǆaĐtlǇ ƌepeat iŶ eaĐh of ϳϳϲ 
the iŶǀolǀed tƌials. Foƌ eǆaŵple, soŵe tƌials ŵight oŶlǇ ĐoŶtaiŶ a paƌt of the seƋueŶĐe. This pƌopeƌtǇ ĐaŶ ϳϳϳ 
also ďe ĐoŶsideƌed ďeŶefiĐial, aŶd it is soŵethiŶg ǁe eǆpliĐitlǇ tested iŶ ouƌ siŵulatioŶs ǁith paƌtial ϳϳϴ 
spike seƋueŶĐes. IŶ the Đase of stƌoŶg ǀaƌiaďilitǇ iŶ the eǆaĐt spike seƋueŶĐe of eǀeƌǇ tƌial, the ͚ŵaiŶ͛ ϳϳϵ 
seƋueŶĐe Đould still ďe ideŶtified.  ϳϴϬ 
 The aggƌegate Ŷatuƌe of ouƌ spike seƋueŶĐes ĐoŶtƌasts ǁith those of appƌoaĐhes that seaƌĐh foƌ ϳϴϭ 
eǆaĐtlǇ ƌepeatiŶg spike seƋueŶĐes ;Aďeles aŶd GeƌsteiŶ, ϭϵϴϴ; NadasdǇ et al., ϭϵϵϵ; Tetko aŶd Villa, ϳϴϮ 
ϮϬϬϭ; Lee aŶd WilsoŶ, ϮϬϬϮ; SĐhŶitzeƌ aŶd Meisteƌ, ϮϬϬϯ; IkegaǇa et al., ϮϬϬϰ; GaŶsel aŶd SiŶgeƌ, ϮϬϭϮͿ. ϳϴϯ 
These appƌoaĐhes tǇpiĐallǇ also iŶĐoƌpoƌate soŵe foƌŵ of statistiĐal testiŶg of the ideŶtified spike ϳϴϰ 
seƋueŶĐes, ǁhiĐh is ŶeĐessaƌǇ to oďtaiŶ ŵoƌe ĐeƌtaiŶtǇ that the fouŶd seƋueŶĐes aƌe Ŷot aŶ aĐĐideŶtal ϳϴϱ 
ĐoŶseƋueŶĐe of statistiĐal pƌopeƌties of the fiƌiŶg ƌates ;see e.g. GƌüŶ, ϮϬϬϵ, foƌ a disĐussioŶ of suƌƌogate ϳϴϲ 
data foƌ this puƌposeͿ. IŵpoƌtaŶtlǇ, ǁe ĐoŶsideƌ ouƌ appƌoaĐh Ŷot as aŶ alteƌŶatiǀe to the aďoǀe, ďut as ϳϴϳ 
ĐoŵpleŵeŶtaƌǇ. That is, ouƌ spike tiŵiŶg Ŷetǁoƌk pƌofiles ĐaŶ ďe used to ĐoŶstƌuĐt a Ŷetǁoƌk-speĐifiĐ ϳϴϴ 
spikiŶg teŵplate ǁith ďetǁeeŶ-spike tiŵe delaǇs at high teŵpoƌal ƌesolutioŶ, that ĐaŶ ďe used iŶ ϳϴϵ 
appƌoaĐhes like the aďoǀe to loĐate disĐƌete oĐĐuƌƌeŶĐes of the Ŷetǁoƌk͛s spike seƋueŶĐes. This ǁould ϳϵϬ 
alloǁ foƌ suďseƋueŶt iŶǀestigatioŶs iŶto, e.g., spike tiŵe ǀaƌiaďilitǇ ǁithiŶ seƋueŶĐes, ǀaƌiaďle ϳϵϭ 
oĐĐuƌƌeŶĐe of seƋueŶĐes oǀeƌ ĐoŶditioŶs, aŶd spike seƋueŶĐe ĐoŵpleteŶess, of Ŷetǁoƌk spike ϳϵϮ 
seƋueŶĐes ǁith a ĐoŵpleǆitǇ that ǁould otheƌǁise ďe pƌohiďitiǀe. ϳϵϯ 
 AƌguaďlǇ the appƌoaĐhes Đlosest to ouƌs aƌe those that also depeŶd oŶ ŶeuƌoŶ-ďǇ-ŶeuƌoŶ ϳϵϰ 
ƌepƌeseŶtatioŶs to iŶǀestigate spike tiŵiŶg ĐoŶsisteŶĐǇ. Of these appƌoaĐhes, soŵe staƌt fƌoŵ a ϳϵϱ 



 

 Ϯϭ 

PƌiŶĐipal CoŵpoŶeŶt AŶalǇsis ;PCAͿ oŶ the ďetǁeeŶ-ŶeuƌoŶ Đƌoss-ĐoƌƌelatioŶs ;ChapiŶ aŶd NiĐolelis, ϳϵϲ 
ϭϵϵϵ; PeǇƌaĐhe et al., ϮϬϭϬ; Lopes-dos-SaŶtos et al., ϮϬϭϭͿ. These appƌoaĐhes ƌesult iŶ a ŶeuƌoŶ pƌofile ϳϵϳ 
peƌ ĐoŵpoŶeŶt, desĐƌiďiŶg Đoƌƌelated aŶd aŶti-Đoƌƌelated ŶeuƌoŶs, aŶd a teŵpoƌal pƌofile, pƌoǀidiŶg a ϳϵϴ 
ĐoŵpoŶeŶt aĐtiǀitǇ tiŵe Đouƌse of soŵe foƌŵ that ĐaŶ ďe ŵatĐhed to the oƌigiŶal ŶeuƌoŶal spikiŶg tiŵe ϳϵϵ 
seƌies. The ďiggest diffeƌeŶĐe to ouƌ appƌoaĐh, is that, iŶ those ŵethods, ďetǁeeŶ-ŶeuƌoŶ tiŵiŶg ϴϬϬ 
iŶfoƌŵatioŶ is lost ǁheŶ tƌaŶsfoƌŵiŶg the ŶeuƌoŶal spikiŶg tiŵe seƌies to Đƌoss-ĐoƌƌelatioŶ ŵatƌiĐes. ϴϬϭ 
Apaƌt fƌoŵ losiŶg the speĐifiĐatioŶ of the oƌdeƌ aŶd tiŵiŶg of the Ŷetǁoƌk spikiŶg seƋueŶĐe, this also ϴϬϮ 
ŵakes it ŵoƌe diffiĐult to distiŶguish ďetǁeeŶ those Ŷetǁoƌks that iŶǀolǀe the saŵe ŶeuƌoŶs, ďut at ϴϬϯ 
diffeƌeŶt ďetǁeeŶ-ŶeuƌoŶ spike tiŵes. This adds uŶto the ƌotatioŶal aŵďiguitǇ of PCA that iŶflueŶĐes ϴϬϰ 
Ŷetǁoƌk ideŶtifiĐatioŶ aŶd sepaƌatioŶ, although ;Lopes-dos-SaŶtos et al., ϮϬϭϭͿ ŵade sigŶifiĐaŶt ϴϬϱ 
adǀaŶĐes ǁith ƌespeĐt to the latteƌ. IŶ ĐoŵpaƌisoŶ, the ŵethod ďehiŶd ouƌ appƌoaĐh ;ǀaŶ deƌ Meij et ϴϬϲ 
al., ϮϬϭϱͿ, aŶd ƌelated ŵethods ;HaƌshŵaŶ aŶd LuŶdǇ, ϭϵϵϰ; Bƌo, ϭϵϵϴ; Kieƌs et al., ϭϵϵϵ; Sidiƌopoulos ϴϬϳ 
et al., ϮϬϬϬ; Moƌup et al., ϮϬϬϴͿ, eǆtƌaĐts Ŷetǁoƌks that aƌe uŶiƋue ǁithout ƌotatioŶal aŵďiguitǇ, aŶd ϴϬϴ 
sepaƌates theŵ oŶ the ďasis of theiƌ diffeƌeŶt stƌuĐtuƌe aĐƌoss ŶeuƌoŶs, fƌeƋueŶĐies, aŶd tƌials. Seǀeƌal ϴϬϵ 
otheƌ appƌoaĐhes use Đƌoss-ĐoƌƌelatioŶ ŵatƌiĐes iŶ ǁaǇ that did alloǁ foƌ aŶ iŶǀestigatioŶ of ďetǁeeŶ-ϴϭϬ 
ŶeuƌoŶ spikiŶg at tiŵe delaǇs ;SĐhŶeideƌ et al., ϮϬϬϲ; NikoliĐ, ϮϬϬϳ; Huŵphƌies, ϮϬϭϭͿ, ďut these ϴϭϭ 
appƌoaĐhes ǁeƌe Ŷot taƌgeted at ideŶtifǇiŶg aŶd sepaƌatiŶg Ŷetǁoƌks aŶd theiƌ spikiŶg seƋueŶĐes.  ϴϭϮ 
 IŶ suŵŵaƌǇ, ǁe haǀe pƌeseŶted aŶ appƌoaĐh that ĐaŶ eǆtƌaĐt Ŷetǁoƌks defiŶed ďǇ theiƌ ϴϭϯ 
ďetǁeeŶ-ŶeuƌoŶ spike tiŵiŶg ĐoŶsisteŶĐǇ, ǁith aƌďitƌaƌǇ Ŷetǁoƌk size aŶd high teŵpoƌal pƌeĐisioŶ of ϴϭϰ 
the ideŶtified spike seƋueŶĐes. EspeĐiallǇ the latteƌ is iŵpoƌtaŶt ĐoŶsideƌiŶg the gƌoǁiŶg Ŷuŵďeƌ of ϴϭϱ 
ŶeuƌoŶs that ĐaŶ ďe ƌeĐoƌded siŵultaŶeouslǇ, aŶd the ĐoŵpleǆitǇ of spike seƋueŶĐes that ĐaŶ thus ďe ϴϭϲ 
ŵeasuƌed. UltiŵatelǇ, the usefulŶess of ouƌ appƌoaĐh aŶd those ƌelated to it, lies iŶ ǁhetheƌ spike ϴϭϳ 
tiŵiŶg plaǇs a ĐƌuĐial ƌole iŶ laƌge, distƌiďuted, ŶeuƌoŶal Ŷetǁoƌks. BeiŶg aďle to seaƌĐh foƌ these ϴϭϴ 
Ŷetǁoƌks ǁith iŶĐƌeased seŶsitiǀitǇ is esseŶtial to the iŶǀestigatioŶ of theiƌ eǆisteŶĐe aŶd fuŶĐtioŶ. ϴϭϵ 
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Figuƌe ϭ. SĐheŵatiĐ of eǆtraĐtiŶg spike tiŵiŶg Ŷetǁorks. NeuƌoŶal spikiŶg tiŵe seƌies ĐaŶ ĐoŶtaiŶ ϵϱϲ 
ĐoŶsisteŶt spike tiŵiŶg ďetǁeeŶ ŶeuƌoŶs, foƌŵiŶg spike seƋueŶĐes. A, sĐheŵatiĐ of tǁo spike tiŵiŶg ϵϱϳ 
Ŷetǁoƌks, ǁith theiƌ ŶeuƌoŶs ;ĐiƌĐlesͿ aŶd seƋueŶĐe spikes ;ǀeƌtiĐal liŶesͿ Đoloƌed ďlue aŶd gƌeeŶ. The ϵϱϴ 
dashed liŶes ƌefleĐt the ďetǁeeŶ-ŶeuƌoŶ ĐoŶsisteŶt spike tiŵe ƌelatioŶships ƌesultiŶg fƌoŵ the spike ϵϱϵ 
seƋueŶĐes. The ďlue Ŷetǁoƌk͛s seƋueŶĐe goes fƌoŵ ŶeuƌoŶ ϯ to ϰ to ϱ ;daƌk dashed liŶesͿ, ǁith ϭŵs ϵϲϬ 
tiŵe delaǇs, ƌesultiŶg iŶ a Ϯŵs delaǇ fƌoŵ ϯ to ϱ ;light dashed liŶeͿ. The gƌeeŶ Ŷetǁoƌk͛s seƋueŶĐe is the ϵϲϭ 
saŵe ďut fƌoŵ ŶeuƌoŶ ϱ to ϲ to ϳ. B, the spike tiŵe ĐoŶsisteŶĐies iŶ A ĐaŶ also ďe ǀisualized as Đƌoss-ϵϲϮ 
Đoƌƌelogƌaŵs ďetǁeeŶ all ŶeuƌoŶ paiƌs, at lags ƌaŶgiŶg fƌoŵ -ϭϬŵs to ϭϬŵs ǁith ϭŵs ďiŶs. C, the ϵϲϯ 
Ŷetǁoƌks iŶ A aŶd B ďut shoǁŶ as spike tƌaiŶs peƌ tƌial of tǁo eǆpeƌiŵeŶtal ĐoŶditioŶs. The ďlue ϵϲϰ 
Ŷetǁoƌk tƌials͛ haǀe oŶe seƋueŶĐe iŶ ĐoŶditioŶ A aŶd tǁo seƋueŶĐes iŶ ĐoŶditioŶ B, ǀiĐe ǀeƌsa foƌ the ϵϲϱ 
gƌeeŶ Ŷetǁoƌk. To eǆtƌaĐt these tǁo Ŷetǁoƌks, ǁe aƌƌaŶge spike tƌaiŶs of all ŶeuƌoŶs iŶ a ŶeuƌoŶ-ďǇ-ϵϲϲ 
tiŵe ďiŶaƌǇ ŵatƌiǆ. These spike tƌaiŶs aƌe theŶ ĐoŶǀolǀed ǁith Đoŵpleǆ eǆpoŶeŶtials ;oƌ ͚ǁaǀelets͛Ϳ of ϵϲϳ 
eƋual leŶgth at diffeƌeŶt fƌeƋueŶĐies, ƌesultiŶg iŶ a Đoŵpleǆ-ǀalued ŶeuƌoŶ-ďǇ-tiŵe ŵatƌiǆ peƌ ϵϲϴ 
fƌeƋueŶĐǇ peƌ tƌial. D, the Đƌoss pƌoduĐts aƌe theŶ Đoŵputed aloŶg the tiŵe diŵeŶsioŶ, ƌesultiŶg iŶ a ϵϲϵ 
ŶeuƌoŶ-ďǇ-ŶeuƌoŶ Đƌoss-pƌoduĐt ŵatƌiǆ peƌ fƌeƋueŶĐǇ peƌ tƌial: the Đƌoss speĐtƌuŵ. The ďetǁeeŶ-ϵϳϬ 
ŶeuƌoŶ phase diffeƌeŶĐes of the Đƌoss speĐtƌa oǀeƌ fƌeƋueŶĐies, ƌefleĐt the ĐoŶsisteŶt ďetǁeeŶ-ŶeuƌoŶ ϵϳϭ 
spike tiŵe delaǇs. E, usiŶg a ƌeĐeŶt teĐhŶiƋue deŶoted as SPACE, the stƌuĐtuƌe iŶ the Đƌoss speĐtƌa oǀeƌ ϵϳϮ 
fƌeƋueŶĐies ĐaŶ ďe eǆtƌaĐted, aŶd desĐƌiďed as sepaƌate spike tiŵiŶg Ŷetǁoƌks. The ďlue aŶd gƌeeŶ ϵϳϯ 
Ŷetǁoƌks aƌe eaĐh desĐƌiďed ďǇ a ŶeuƌoŶ pƌofile, desĐƌiďiŶg Ŷetǁoƌk ŵeŵďeƌship ďǇ a siŶgle ǁeight peƌ ϵϳϰ 
ŶeuƌoŶ, a tiŵe pƌofile, desĐƌiďiŶg the spike seƋueŶĐe ďǇ a tiŵe ĐoeffiĐieŶt peƌ ŶeuƌoŶ, aŶd a tƌial pƌofile, ϵϳϱ 
haǀiŶg a siŶgle ǁeight peƌ tƌial, iŶdiĐatiŶg hoǁ stƌoŶglǇ the Ŷetǁoƌk ǁas pƌeseŶt. Foƌ details see ϵϳϲ 
Mateƌials aŶd Methods seĐtioŶ ϭ, Ϯ, ϯ. ϵϳϳ 
 ϵϳϴ 
Figuƌe Ϯ. Siŵulated spike tiŵiŶg Ŷetǁorks. To iŶǀestigate the ƌoďustŶess of Ŷetǁoƌk eǆtƌaĐtioŶ to ϵϳϵ 
ǀaƌious kiŶds of Ŷoise ǁe siŵulated spike ƌeĐoƌdiŶgs fƌoŵ ϭϱ ŶeuƌoŶs ĐoŶtaiŶiŶg ϰ spike tiŵiŶg ϵϴϬ 
Ŷetǁoƌks aĐƌoss ϭϬϬ tƌials. A-C, desĐƌiptioŶ of siŵulated Ŷetǁoƌks iŶ saŵe foƌŵat as eǆtƌaĐted ϵϴϭ 
Ŷetǁoƌks. A, the ŶeuƌoŶ pƌofile of eaĐh Ŷetǁoƌk desĐƌiďes ŶoŶ-ŵeŵďeƌ ŶeuƌoŶs ďǇ Ϭs aŶd ŵeŵďeƌ ϵϴϮ 
ŶeuƌoŶs ďǇ ϭs. BeĐause aďsolute ŵagŶitudes of the ŶeuƌoŶ aŶd tƌial pƌofiles of Ŷetǁoƌks aƌe Ŷot ϵϴϯ 
ŵeaŶiŶgful, theǇ aƌe LϮ-Ŷoƌŵalized ďǇ ĐoŶǀeŶtioŶ ;leadiŶg to the ǀisiďle aƌďitƌaƌǇ ďetǁeeŶ-Ŷetǁoƌk ϵϴϰ 
aŵplitude diffeƌeŶĐesͿ; the ďetǁeeŶ-ŶeuƌoŶ/tƌial ƌatios aƌe ŵeaŶiŶgful. B, the spikiŶg seƋueŶĐe of eaĐh ϵϴϱ 
Ŷetǁoƌk, shoǁŶ as theiƌ tiŵe pƌofiles ;oŶlǇ ŵeŵďeƌ ŶeuƌoŶs aƌe shoǁŶͿ. C, the tƌial pƌofile. EaĐh ϵϴϲ 
Ŷetǁoƌk spikiŶg seƋueŶĐe ǁas ƌepeated Ϭ-ϯ tiŵes iŶ eaĐh tƌial, shoǁŶ peƌ tƌial iŶ the fiƌst ƌoǁ. The ϵϴϳ 
seĐoŶd ƌoǁ of C shoǁs aŶ alteƌŶatiǀe ǀisualizatioŶ of the tƌial pƌofile, ǁhiĐh is ĐoŶǀeŶieŶt foƌ ǀisualiziŶg ϵϴϴ 
ƌeĐoǀeƌǇ ;see Fig ϯ-ϲͿ. Heƌe, Ŷoƌŵalized tƌial pƌofile ǁeights ;Ǉ-aǆisͿ aƌe shoǁŶ as theiƌ ŵeaŶ ;SDͿ, peƌ ϵϴϵ 
siŵulated Ŷuŵďeƌ of spike seƋueŶĐe ƌepeats ;ǆ-aǆisͿ. D, sĐheŵatiĐ of all ĐoŶsisteŶt spike tiŵiŶg ϵϵϬ 
ƌelatioŶships ƌesultiŶg fƌoŵ the siŵulated spike seƋueŶĐes. EaĐh ĐiƌĐle is a ŶeuƌoŶ, eaĐh dashed liŶe ϵϵϭ 
ƌefleĐts a spike tiŵiŶg ƌelatioŶship. Foƌ ǀisiďilitǇ, the fiƌst-oƌdeƌ ƌelatioŶships aƌe daƌk Đoloƌed, all otheƌs ϵϵϮ 
aƌe light Đoloƌed. Nuŵďeƌs iŶdiĐate the fiƌst-oƌdeƌ ǁithiŶ-seƋueŶĐe spike tiŵe delaǇs. E, Đƌoss-ϵϵϯ 
Đoƌƌelogƌaŵs Đoŵputed foƌ all ŶeuƌoŶ-paiƌs fƌoŵ a siŵulatioŶ ƌuŶ ǁith ϮϬHz spikiŶg Ŷoise, at lags ϵϵϰ 
ƌaŶgiŶg fƌoŵ -ϭϬŵs to ϭϬŵs ǁith ϭŵs ďiŶs. F, ƌasteƌ plots of eǆaŵple spike tƌaiŶs as a fuŶĐtioŶ of ϵϵϱ 
spikiŶg Ŷoise leǀels used iŶ the siŵulatioŶs. EaĐh ǀeƌtiĐal dash is a siŶgle spike. EaĐh ƌoǁ ĐoŶsists of ϱ ϵϵϲ 
ĐoŶĐateŶated tƌials, sepaƌated ďǇ a ǀeƌtiĐal liŶe. Netǁoƌk spikiŶg seƋueŶĐes aƌe shoǁŶ ďǇ theiƌ Đoloƌ as ϵϵϳ 
iŶ A-D. See Mateƌials aŶd Methods seĐtioŶ ϱ. ϵϵϴ 
 ϵϵϵ 
Figuƌe ϯ. ReĐoǀerǇ of siŵulated spike tiŵiŶg Ŷetǁorks ǁith spikiŶg jitter aŶd spikiŶg Ŷoise. Netǁoƌks ϭϬϬϬ 
ǁeƌe siŵulated ϱϬ tiŵes at ϱ leǀels of spikiŶg jitteƌ aŶd ϱ leǀels of spikiŶg Ŷoise. ‘eĐoǀeƌǇ of the ŶeuƌoŶ ϭϬϬϭ 



 

 Ϯϲ 

aŶd tƌial pƌofiles aƌe shoǁŶ as PeaƌsoŶ ĐoƌƌelatioŶs ďetǁeeŶ the eǆtƌaĐted aŶd siŵulated Ŷetǁoƌks ϭϬϬϮ 
;ƌaŶged fƌoŵ -ϭ to ϭ, ǀisualized fƌoŵ Ϭ to ϭ; aǀeƌaged oǀeƌ siŵulatioŶs; shadiŶg = SEMͿ. The ƌeĐoǀeƌǇ of ϭϬϬϯ 
the tiŵe pƌofile is shoǁŶ ďǇ a ƌeĐoǀeƌǇ ĐoeffiĐieŶt ƌaŶgiŶg fƌoŵ Ϭ to ϭ ;peƌfeĐt ƌeĐoǀeƌǇ; aǀeƌaged oǀeƌ ϭϬϬϰ 
siŵulatioŶs; shadiŶg = SEMͿ. Netǁoƌks aƌe Đoloƌed as iŶ Figuƌe Ϯ. Bottoŵ paŶels ǀisualize eǆtƌaĐted ϭϬϬϱ 
Ŷetǁoƌks as iŶ Figuƌe Ϯ at seǀeƌal eǆaŵple jitteƌ aŶd Ŷoise leǀels. NeuƌoŶ pƌofiles aƌe shoǁŶ as ŵeaŶs ϭϬϬϲ 
oǀeƌ siŵulatioŶs ;shadiŶg = SDͿ, ǁith that of iŶdiǀidual siŵulatioŶs as thiŶ liŶes. Tiŵe pƌofiles aƌe ϭϬϬϳ 
displaǇed as aǀeƌage oǀeƌ siŵulatioŶs ;eƌƌoƌ ďaƌ = SD; aligŶed usiŶg aǀeƌage diffeƌeŶĐe ďetǁeeŶ ϭϬϬϴ 
siŵulated aŶd ƌeĐoǀeƌed ŶetǁoƌksͿ. Tƌial pƌofiles shoǁ ŵeaŶs oǀeƌ tƌial ǁeights peƌ # of siŵulated ϭϬϬϵ 
seƋueŶĐe ƌepeats, aǀeƌaged oǀeƌ siŵulatioŶs ;eƌƌoƌ ďaƌ = SDͿ. The siŵulated tƌial pƌofiles aŶd tiŵe ϭϬϭϬ 
pƌofiles aƌe iŶdiĐated iŶ gƌaǇ foƌ ƌefeƌeŶĐe. Note that, ;ϭͿ ǁheŶ spikiŶg Ŷoise aŶd jitteƌ iŶĐƌeased, the ϭϬϭϭ 
tƌial pƌofiles ͚ďaseliŶe͛ ;ǁeights of ŶoŶ-ĐoŶtƌiďutiŶg tƌials that should ďe ϬͿ gƌaduallǇ iŶĐƌeased, ;ϮͿ ϭϬϭϮ 
spikiŶg Ŷoise had a stƌoŶgeƌ effeĐt oŶ the tƌial pƌofiles of Ŷetǁoƌks ǁith feǁeƌ ŶeuƌoŶs, aŶd, ;ϯͿ the tiŵe ϭϬϭϯ 
pƌofiles ǁeƌe ŵoƌe ƌoďust to Ŷoise thaŶ the ŶeuƌoŶ pƌofiles aŶd tƌial pƌofiles, ǁith aĐĐuƌate ƌeĐoǀeƌǇ ϭϬϭϰ 
eǀeŶ ǁheŶ spike jitteƌ ǁas a ŵultiple of the ďetǁeeŶ-ŶeuƌoŶ tiŵe delaǇs. Also Ŷote iŶ the eǆaŵples ϭϬϭϱ 
that as Ŷoise iŶĐƌeased, ŵatĐhiŶg of siŵulated Ŷetǁoƌks to eǆtƌaĐted Ŷetǁoƌks ďeĐaŵe tƌouďlesoŵe, ϭϬϭϲ 
leadiŶg to diffeƌeŶĐes ďetǁeeŶ Ŷetǁoƌk-speĐifiĐ ƌeĐoǀeƌǇ ďeĐoŵiŶg less ŵeaŶiŶgful. See Mateƌials aŶd ϭϬϭϳ 
Methods seĐtioŶ ϱ aŶd ϲ. ϭϬϭϴ 
 ϭϬϭϵ 
Figuƌe ϰ. ReĐoǀerǇ of siŵulated spike tiŵiŶg Ŷetǁorks ǁith partial Ŷetǁork spikiŶg aŶd spikiŶg Ŷoise. ϭϬϮϬ 
Netǁoƌks ǁeƌe siŵulated ϱϬ tiŵes at ϱ pƌoďaďilitǇ leǀels of spike deletioŶ, aŶd ϱ leǀels of spikiŶg Ŷoise. ϭϬϮϭ 
PƌoďaďilitǇ is the ĐhaŶĐe foƌ eaĐh iŶdiǀidual ;ŶoŶ-ŶoiseͿ spike to ďe deleted. ‘eĐoǀeƌǇ aŶd eǆaŵples aƌe ϭϬϮϮ 
displaǇed ideŶtiĐallǇ to Figuƌe ϯ. Note that, ;ϭͿ the effeĐt of spike deletioŶ affeĐted the ŶeuƌoŶ pƌofiles, ϭϬϮϯ 
tiŵe pƌofiles, aŶd tƌial pƌofiles siŵilaƌlǇ to that of spike jitteƌ aŶd spikiŶg Ŷoise, aŶd, ;ϮͿ eǀeŶ ǁheŶ the ϭϬϮϰ 
spikiŶg seƋueŶĐes of the Ŷetǁoƌks ǁeƌe highlǇ ǀaƌiaďle ;ϴϬ% ĐhaŶĐe of eaĐh spike͛s aďseŶĐeͿ the ϭϬϮϱ 
Ŷetǁoƌks Đould still ďe ideŶtified iŶ the eǆaŵples at ϱHz spikiŶg Ŷoise. See Mateƌials aŶd Methods ϭϬϮϲ 
seĐtioŶ ϱ aŶd ϲ. ϭϬϮϳ 
 ϭϬϮϴ 
Figuƌe ϱ. Cross speĐtra ŶorŵalizatioŶ diŵiŶishes effeĐts of differeŶtial ŶeuroŶ firiŶg rates. IŶ ƌealistiĐ ϭϬϮϵ 
ŶeuƌoŶ ƌeĐoƌdiŶgs, the fiƌiŶg ƌate of ŶeuƌoŶs tǇpiĐallǇ diffeƌ. To shoǁ the effeĐt of diffeƌeŶtial fiƌiŶg ϭϬϯϬ 
ƌates oŶ Ŷetǁoƌk ƌeĐoǀeƌǇ, ǁe siŵulated spike tiŵiŶg Ŷetǁoƌks ;spikiŶg jitteƌ = ±Ϭ.Ϯϱŵs; spike deletioŶ ϭϬϯϭ 
= ϭϬ%Ϳ ϱϬ tiŵes ǁith tǁo ŶeuƌoŶs haǀiŶg ϭϬϬHz spikiŶg Ŷoise, the otheƌ ŶeuƌoŶs ϱHz. To iŵpƌoǀe ϭϬϯϮ 
Ŷetǁoƌk ƌeĐoǀeƌǇ, the Đƌoss speĐtƌa ĐaŶ ďe Ŷoƌŵalized. OŶe ŵethod is to Ŷoƌŵalize theŵ suĐh that the ϭϬϯϯ 
poǁeƌ of the Đƌoss speĐtƌa ďeĐoŵes eƋual to theiƌ Nth ƌoot. A, spikiŶg Ŷoise as a fuŶĐtioŶ of ŶeuƌoŶs, ϭϬϯϰ 
ǁith the siŵulated ŶeuƌoŶ pƌofiles iŶ the ďaĐkgƌouŶd. B, Ŷetǁoƌk ƌeĐoǀeƌǇ ǁithout ŶoƌŵalizatioŶ. ϭϬϯϱ 
Though the Ŷetǁoƌks aƌe ƌeĐogŶizaďle, ƌeĐoǀeƌǇ ǁas ĐleaƌlǇ affeĐted. Netǁoƌks aƌe displaǇed ideŶtiĐallǇ ϭϬϯϲ 
to eǆaŵples iŶ Figuƌe ϯ. C, the effeĐt of sƋuaƌe, ϰth, ϴth, ϭϲth, ϯϮŶd ƌoot poǁeƌ ŶoƌŵalizatioŶ oŶ ƌeĐoǀeƌed ϭϬϯϳ 
Ŷetǁoƌks, ĐulŵiŶatiŶg iŶ: D, ƌeĐoǀeƌed Ŷetǁoƌks afteƌ ϲϰth-ƌoot poǁeƌ ŶoƌŵalizatioŶ. See Mateƌials aŶd ϭϬϯϴ 
Methods seĐtioŶ ϰ aŶd ϱ. ϭϬϯϵ 
 ϭϬϰϬ 
Figuƌe ϲ. Trial-ǁise Đross speĐtra ŶorŵalizatioŶ diŵiŶishes effeĐts of differeŶtial trial firiŶg rates. IŶ ϭϬϰϭ 
ƌealistiĐ ƌeĐoƌdiŶgs, the fiƌiŶg ƌate of ŶeuƌoŶs ĐaŶ diffeƌ oǀeƌ tƌials. To shoǁ its effeĐt oŶ Ŷetǁoƌk ϭϬϰϮ 
ƌeĐoǀeƌǇ, ǁe siŵulated spike tiŵiŶg Ŷetǁoƌks ;spikiŶg jitteƌ = ±Ϭ.Ϯϱŵs; spike deletioŶ = ϭϬ%Ϳ ϱϬ tiŵes ϭϬϰϯ 
ǁith ϰϬ tƌials haǀiŶg ϭϬHz spikiŶg Ŷoise ;foƌ all ŶeuƌoŶsͿ, the otheƌ tƌials ϱHz. To iŵpƌoǀe Ŷetǁoƌk ϭϬϰϰ 
ƌeĐoǀeƌǇ, the Đƌoss speĐtƌa ĐaŶ ďe Ŷoƌŵalized iŶ a siŵilaƌ ǁaǇ as foƌ diffeƌeŶtial ŶeuƌoŶ fiƌiŶg ƌates. ϭϬϰϱ 
Heƌe, ǁe Ŷoƌŵalize the Đƌoss speĐtƌa of eaĐh tƌial suĐh that theiƌ poǁeƌ is eƋual to that suŵŵed oǀeƌ ϭϬϰϲ 
tƌials. A, spikiŶg Ŷoise as a fuŶĐtioŶ of tƌials, ǁith the siŵulated tƌial pƌofiles iŶ the ďaĐkgƌouŶd. B, ϭϬϰϳ 
ƌeĐoǀeƌed Ŷetǁoƌks ǁith tƌial-ǁise ŶoƌŵalizatioŶ. Netǁoƌks aƌe displaǇed ideŶtiĐallǇ to eǆaŵples iŶ ϭϬϰϴ 
Figuƌe ϯ. The tƌial pƌofiles of the ƌeĐoǀeƌed Ŷetǁoƌks ǁeƌe stƌoŶglǇ affeĐted. C, like B ďut foƌ Ŷetǁoƌks ϭϬϰϵ 



 

 Ϯϳ 

ƌeĐoǀeƌed afteƌ tƌial-ǁise ŶoƌŵalizatioŶ. While the tƌial pƌofiles still deǀiated fƌoŵ the siŵulated ϭϬϱϬ 
Ŷetǁoƌks, the ƌatios of theiƌ ǁeights ǁ.ƌ.t. the # of siŵulated seƋueŶĐe ƌepeats ǁeƌe paƌtiallǇ ƌestoƌed. ϭϬϱϭ 
See Mateƌials aŶd Methods seĐtioŶ ϰ aŶd ϱ. ϭϬϱϮ 
 ϭϬϱϯ 
Figuƌe ϳ. Eǆaŵple spike tiŵiŶg Ŷetǁorks eǆtraĐted froŵ rat ŵedial prefroŶtal Đorteǆ aŶd ϭϬϱϰ 
hippoĐaŵpus. We eǆtƌaĐted ϰ spike tiŵiŶg Ŷetǁoƌks fƌoŵ ƌeĐoƌdiŶgs iŶ ǁhiĐh a ƌat eitheƌ had to take ϭϬϱϱ 
the left oƌ ƌight aƌŵ of a figuƌe-eight T-ŵaze. The Ŷuŵďeƌ of Ŷetǁoƌks to eǆtƌaĐt ǁas estiŵated usiŶg a ϭϬϱϲ 
split-half appƌoaĐh. The fiƌst ƌoǁ of eaĐh Ŷetǁoƌk shoǁs the ŶeuƌoŶ pƌofile, the tiŵe pƌofile, aŶd the ϭϬϱϳ 
tƌial pƌofile. The tiŵe pƌofile oŶlǇ shoǁs the stƌoŶgest ϱ ŶeuƌoŶs of the tƌial pƌofile ;as giǀeŶ ďǇ the ϭϬϱϴ 
ŶeuƌoŶ pƌofileͿ. Seǀeƌal of the stƌoŶgest ŶeuƌoŶs aƌe highlighted iŶ eaĐh ŶeuƌoŶ pƌofile. To shoǁ that ϭϬϱϵ 
the Ŷetǁoƌks ƌefleĐt spike tiŵiŶg ĐoŶsisteŶĐies iŶ the data, ǁe also shoǁ Đƌoss-Đoƌƌelogƌaŵs iŶ the ϭϬϲϬ 
seĐoŶd aŶd thiƌd ƌoǁ. The Đƌoss-Đoƌƌelogƌaŵs of eaĐh paiƌ of the highlighted ŶeuƌoŶs aƌe shoǁŶ as spike ϭϬϲϭ 
deŶsities, the Ǉ-aǆis liŵit ƌoughlǇ ƌefleĐts spike ĐouŶts. The dashed gƌaǇ liŶe is the tiŵe delaǇ ďetǁeeŶ ϭϬϲϮ 
the ŶeuƌoŶs as giǀeŶ ďǇ the tiŵe pƌofile of the Ŷetǁoƌk. We oďseƌǀe the folloǁiŶg. Foƌ Ŷetǁoƌk ϭ, ϭϬϲϯ 
ŶeuƌoŶ paiƌs ϭ-Ϯ, ϭ-ϯ, aŶd Ϯ-ϯ the eǆtƌaĐted tiŵe delaǇs aƌe Đlose to the Đƌoss-Đoƌƌelogƌaŵ. Though the ϭϬϲϰ 
ϰth ŶeuƌoŶ has a higheƌ ǁeight thaŶ the ŶoŶ-highlighted ŶeuƌoŶs iŶ the ŶeuƌoŶ pƌofile, the Đƌoss-ϭϬϲϱ 
Đoƌƌelogƌaŵs aƌe Ŷot as stƌoŶglǇ peaked as foƌ the otheƌ paiƌs. Foƌ Ŷetǁoƌk Ϯ, the eǆtƌaĐted tiŵe delaǇs ϭϬϲϲ 
of paiƌs ϭ-Ϯ, ϭ-ϯ, ϭ-ϰ aƌe Đlosest to theiƌ Đƌoss-Đoƌƌelogƌaŵs. Though foƌ Ŷetǁoƌk ϯ the Đƌoss-ϭϬϲϳ 
Đoƌƌelogƌaŵs shoǁ ǁeakeƌ spike tiŵiŶg ĐoŶsisteŶĐǇ ;higheƌ ďaseliŶe spike deŶsitǇͿ, the eǆtƌaĐted tiŵe ϭϬϲϴ 
delaǇs of paiƌ ϭ-Ϯ, ϭ-ϯ, ϭ-ϰ, aŶd Ϯ-ϯ aƌe Đlose to theiƌ peaks. Netǁoƌk ϰ iŶǀolǀes feǁ stƌoŶg ŶeuƌoŶs, as ϭϬϲϵ 
iŶdiĐated ďǇ the ŶeuƌoŶ pƌofile; oŶlǇ the ŶeuƌoŶ paiƌ ϭ-Ϯ is Đlose to its peak. See Mateƌials aŶd Methods ϭϬϳϬ 
seĐtioŶ ϳ. ϭϬϳϭ 
















