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1.1 D000 ooooooooon

Jooooooooooboboboboboboboobobobobooddoooooooooooooono
dodgooooobobobobobobobobobobobbtbodddddooooooooL b
ygodgooooobobobobobobooobbobobobbudddidoooooooooL b
0dodoooooooboobobobobobobbooobooooooa

godoobooooooboooooob - oo bboooooboooo
194300 McCulloch O PitzO DD ODDODDODODO0O0OOOOOODODODOOOOO McCulloch-
PitzOOOOOOOO (McCulloch and Pitts, 1943)0 Rosenblatt DO OO0 0 195700 3
0000000000000 00000000000 (Perceptron) D O0O0O00O0O0O0OO0O
O00000O0O0oOoOoOO (Rosenblatt, 1958)0 0 0 0 O (Neuronal network) 0000000
000000000000 0000000000000DO000O000 (Neural network) O
000dodooooooooooobooooobbooddddooooooooooooono
oooooooooooboooboboobooboodddoooooooooooooon
goddooooobobobobobobobobobobobbtboddddooooooooL b
dddodoooobobobobobbbooboooon

0000000000000 oooobooooboooooooon
0000000002016 000000000000D00000OO0ODODOO DeepMind OO
AlphaGo (Silver et al., 2016) 0 00 0000000000000 O0OODOOODOOOODOOO
godggooooobbbboobooobobobbbbuddddoooooooooo o bbb
00000000000 3000000000 bOo0o0o0ooDbOooooOooDobOOooooon
00 (Hintonet al.,2006)0 0000000000000 0OODOODOOODOODOOODOODO
gogoooooon

000000000000 ooooooooooooooboooooooooooon
00 (Fig. 1.1A) 000000000 DDOO0OO0DOO0O0O0DOO0ODOOOO0DOO00O0 (Feed-forward
neural network: FFNN) 0 000 000000000000 DOO0OOOOODOOOOOOOO
0ooooboooobooboooboooooboobobo e bOoUoDOOO
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ddooddooooobobobobobobobobbobbbboddddoooooooooo oo
udoddooooobobobobobobboobobobbbtbudddddoooooooooL b
0000dooooooooooobobobooobooddddooooooooooooono
oooooooooooboboobobobobobooboooddddooooooooooooon
gogooooono
FFNNOOOOOOOOOOOOOOOoOOooooooDoooooooooooooooon
00000D0D0DDoOOoO0ODOOO0000000000000000DDODOOFFNNOOOODOO
ooooooooobobobobobobobobboobbbodddddooooooooooo oo
000000000000 0000000000DO0000000DO OO0 (Recurrent neural
network: RNN; Fig. 1.1B) 0 0 00000000 0O0OOOORNNOODOODOOODOOOO
000000000000 obbboboooooooobobooDooooo0obobooo
goooobboooboboobboobboobboobboobboooboooooo
doddgooooobobobobobobooobobobobbtbodddddooooooooL b
oooooooono
Jooooooooooboboboboboboooobboboooddoooooooooooooono
OOORNNOOOOOOOOOOOOOOOOOODOOOOORNNOOODOOODOOOODO
0000000 Long short-term memory (LSTM) (Hochreiter and Schmidhuber, 1997) O
0oodooooooboobobobobobooboobbbooddddoooooooooooo oo
O0O000OO0OORNNOOOOOODOODODODOODODODODOOOOOO0OO0O0O0O (Reservoire
computing) 0000000000 DO (Maass et al., 2002; Sussillo and Abbott, 2009)0 O O O
000000000000 000O0D000000000 RNNOOODOODOODOoDoooo
Joodoooooobobobobobobobobboobbboodddoooooooooooo oo
gdodooooooboboboboboboboboboobbbooddddooooooooooo oo
O00000OO0O0O0OOORNNOOODODODODODODODODO
000dodoooooooooboboboobooobooodddoooooooooooooo
0o0odooobooooobooooboobboooboooooobobooooooooon
dodgooooobobobobobobboobobobbbtboddddoooooooooL b
ygodgooooobbobbobobooboobbobobbtbudddddoooooooooon b
0oodooooooboobobobobobooboobbbooddddoooooooooooo oo
ddoddooooobobobobobobobobboboobbbodddddooooooooo o oo
goddoooooboboboboboboboobobobobbtbodddddoooooooooL b
godogooooobbobboobooobbobbbbudddduoooooooooon b
0000000 b0o0oo0obo0obooo0bbooo0oDo0o0ooO o000 0ooboOoOoon
ggd
ggooogoooobobobbobobbboobobobobbdddddoooooooon b
0000000000000 oooooooooooooooon
oooooooooooboooboboobooboodddoooooooooooooon
goddooooobobobobobobobobobobobbtboddddooooooooL b
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A

Feedforward Neural Network
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Fig.1.1. Schematic illustrations of artificial neural network models. (A) A typical structure
of feed-forward neural network (FFNN). (B) A typical neural network structure for
the reservoir computing, where a recurrent neural network plays a principal role.
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goooobogooboboobobooobooboboobbooboooboobbooboon
gbobooobogbbooboooboobboobbooboobobooboboooboon
oo0ooobooboboobboobooobooboboobooobooboboooboon
gooooboogobooooo

00000000000 00DO0o0DOO000O00DODOU0DOOO00O0OU0ODOOOOFENN
OO0OO0o0O0O0obOO00OO0UODOORNNOODOOOODOOOODOOOODODOOODO
odoooobooboboobbo0oboooboobobooboooboobobooboon
goooobogoboboobbooobooboboobbooboooboobbooboon
gobooobogobbdoobobooobooboboobbooboobobooboooboon
gbbogboogbog

1.2 JOoOoobobood

goboobogooboobobooboooboobboobooobogon

121 O0OD0OOOOO0ODODOOObDbOOOoOoon

gdoooooooobobobobobbobobobbobbodddoooooooooo oo
godgoooooboboboboboboooboobobobbtboddddoooooooooL b
0o0odooooooboobobobobobooboobbooddddoooooooooooo oo
go0odoboooooobooobob oo oooobooooooon
goddgoooooboboboboboboboobobobobbtbddddddoooooooooL b
ggoggooooobbbboobooobobobbbbuddddoooooooooo bbb
gooooooono

0000000000000 0D00000000000iInvivoeODOOOGOOO CA1OO
0000000000000 00000000000D0D00O0O (CReplay00)00OO0ODO
0000 (Lee and Wilson, 2002; Wilson and McNaughton, 1994) 0 0 0000000000
0000000000000 0000000 NREM (Non rapid eye movement) 0 0 0 0O O
00000d0d0d00oooooooooooooonon (Memory consolidation) 0 0 0 0O O
(Diekelmann and Born, 2010) D0 000000000000 OCOO0OOOODOOOOOOOO
0000000000000 0D000000000000o0O00d (“Reverse replay”) O O
(Foster and Wilson, 2006) 0 00 00000000 D0OODODOODOODOODOODOODOODOOO
(“Preplay”) 0 O (Dragoi and Tonegawa, 2011,2013) 000 0000000000000 00O
O0000D000D0CA1IO0D0O0O0OO0DOOD (Place cell) (O'Keefe and Dostrovsky, 1971;
O’Keefe and Nadel, 1978) D 0 00000 O00OOO0OOODOOODOODOODOOOOOODOOOOO
gooooooooobobobobobobobooon

0000000000000 00000000004d (Carr et al., 2011; Grosmark and
Buzsaki, 2016; Karlsson and Frank, 2009; Kudrimoti et al., 1999; Takahashi, 2015; Villette
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etal,,2015) 0 0000000000000 00OO0OOOO0OODOOOOOOODOOOOOO
O0D0O0O000O0DOO000DO0OO0OO0O0ODOO (Takahashi, 20150 0000000000
000000000000 0000000000 (Tulving,1985) 0000000000000

000000000000 000O00000000D000D00O0O000O0oOOoO00nOdio
Wilson 000000000 Replay 00000000000 OOODOV1IOODODOOOO
0000000000000 000000D00000000 (Ji and Wilson, 2007) 00 0 O
Replay 0 0 0000000 Sharp-waveripple 00 0000000000 DOO (Prefrontal
cortex: PFC) 00 replay 0 00000 0OOOOO0OOO (Jadhav et al., 2016; Peyrache
etal,,2009)0 0 0000000000000 0OO0OODOODOOO ReplayOOOOOOGOoOO
0000000000000 o0ooOoooooOoooood (Luczak et al., 2007) 00 0 O
Jooodoooooobobobobobobobobboobobbooddddoooooooooooo oo
0000000000000 0000000000000000000D0O0 (Luczak et al.,
2013; Noda and Takahashi, 2015)0]

122 0O0OO0DOO

00000000000 000D0000OBeggs PlenzOODDOOOODODOOODOOO
0000000000000 000D0O0000 (LFP: Local field potentia) 000000 O
000000000000 0000000000 (Beggs and Plenz, 2003)0 0000000
00000000000 0O LFPOOOOOCOODOOOOOOOOOOOOO LFPOOODO
dodoooooobobobobobobooobbobobbtbodddddooooooooL b
000ddooooooooooobobobooboboodddddoooooooooooono
oooooooooooboboboboboboboobooodddoooooooooooooon
ggoobbboodooooobbboooouobbb bbb ooooooo
gdodgooooobobobobobobooobobobbtbodddddoooooooooL b
0000000000000 000000000000O00 (Neuronal avalanche) 000 00O
(Plenz and Thiagarajan, 2007) 0 0 000 0000000000000 O0OOOOOOOOO
000000000000 0D00OdD Self-organized criticality (SoC) D OO0 000000

Beggs O PlenzO0 OO OOOOO0ODO0O0ODOOOODOODOO SeCOOODOOODOOOO
000000000000 00000000 (Beggs and Plenz, 2004)0 000000000
0000000000000 000D000ooOoO SeCOODODOODOODDODOODDOODODn
00000000 DO00b0O00DO0OO0OobOOoOonOd (Chen et al., 2010; Haldeman and Beggs,
2005000 0000000000000 000 (Shewetal,,2011)00000000O0OO
00 (Shewetal.,2009) 00000000000 0OOSecCOODOODOODOODOOOOOOOD
dodoooooobobobobobobbobobooooood

SoCOODODO0ODODODODODODODOOOOODOOD (Beggs and Plenz, 2003) O O
000000 (Friedman et al., 2012; Haldeman and Beggs, 2005; Stewart and Plenz, 2008)
0000000000000 0000000000000000000A0 (Petermann et al.,
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2009; Shew et al., 2009, 2011; Yang et al., 2012)0in vivo 0 0 0 0 0 0 O O (Gireesh and
Plenz, 2008)0 0 0 0 00 00O (Petermann et al., 2009)0 0 0 (Priesemann et al., 2014)
000000ooooooooooooooooooooooooOo0oO0OgggSseCOOO
000000000000 booooboobooooobooooobooboao
(Massobrio et al., 2015; Shin and Kim, 2006)

123 0O0OO0ODOOOODOOOO

0000000000000 000D0000000O0pstate” 000000 O0OOOOO
godogooooobobobboboboboobobobobbtbodddddooooooooooL b
00000000000 (Anderson et al., 2000; Cossart et al., 2003; Maclean et al., 2005;
Petersen et al., 2003; Sanchez-Vives and McCormick, 2000) 00 000000000000
dodgooooobobobobobobobobobbobbtboddddoooooooon b
ggodoooobobobobboobobbobbbodddluooooooooob b b

00o0o0oooooooboobobobobooobobobbooodddoooooooooooooo
00000000000 Trial to trial variability 0 OO0 00 JArieli D0 00000000
0000000000000 00000 LFPOOOOOODOO (Voltage sensitve dye) 0 00 O
000000000000 000 Trialtotrial variablity 000 0000000000000
0000000000 LFPOOOOOOODDODODOOOODDODODOOOODODODOOOOOO
O000000000D000000000 (Arielietal.,1996)0 0 0000000000000
ggoddoooobobobobobobbboobbbbddddddooooooooL b

0000doooooooooboboboooboobboodddoooooooooooooo
ooooooooooobobooboboboboobbooddddooooooooooooon
0000000000000 00000D000 (Mazzucatoetal.,2015) 0000000000
000000000000 0000 (Mazzucatoet al.,, 201500 000000000000
000000000000 0000 (Mazzucatoet al.,2016)0 0000000000000
oooooooooobooboboboboooon

124 0O00O0OO0OO0OOOOOO

goobooboooboobboobboooboobboobboooboobobooboo
oD DD LD DD DO
goddoooobooboboboooooooooooooodooooooooDbDbDbo
000000000000 00000000000000D0D000000000d (Tsodyks
etal,1999) 0 0000000000000 O0O0ODOOOODODOOODOOOOODOOOO
oo oooooooooooooooDDDn
(Kenetet al.,2003)0 0000000000000 COCO0000OOOODOOO0OOODOCOO
0000 Ca*00000000000000000000000000000000000
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000000 (Maclean et al., 2005)0

O00O0Luczak 000 O0O0D0OD00OODOOODOODOOODODOODOOODOODOOODOO
0000doooooooooooboboboobbooddddooooooooooooono
00000000000 (Luczak et al.,2009) 0 00 0000000000000 DOOOO0O
bbbttt oobobooobbooob oo oobboobbooooo
0000000 [@Luczak et al., 2009,2013)0 0 0 0000000000000 0O0OOO0O
0o0odooooooboobobobobobooboobbooddddoooooooooooo oo
doooooooobobobobobobobobobobobbdddddooooooooooo oo
bbbt uooob oo ooob oo bboobooob o
0000000000000 0000000000000000000000 (Luczak et al.,
2009, 2015)0

125 0O000O0OO0O0O0OODOOODOOOOO0

000000000000000 HebbO OO -O0000O0O (Cell assembly) O O (Hebb,
1949) 0 000000000Hebb 00000 ODOOODOOODOODOODOOODOODOOD
0000000000000 D0 HebbODOOODDODOODDOOODOOODOOO Hebbian
ggoggooooobbbboobooobobobbbbuddddoooooooooo bbb
Jdddooooooooooooooobbbobobobbobobooooono -0bb0bobobobono
ggddo -ggoobbobbodoooooobbob o0 -Obooooooooooobon
ggooboooouooboodogouooobbbo - bboobobbuoooobbuooo
0000000 HebbOODODOODOOODOOOODOODODODODODODODODODODODOOD
O00000000o0Oooon (Mao et al., 2001)0

000000000000 0000D00000D0000000000000000 (Abeles
and Gerstein, 1988) 0 0 0 0 00000000000 DOO0OOOODOOOAbeles 0 Synfire
chain 00 (Abeles, 1991) 000000000000 ODOODOODOOOOODOOOOOOOO
0000 (Fig. 1.2A)000000000000D000DO00O0O00O0O0OOOODOOODOO0
goddgoooooboboboboboboboobobobobbtbddddddoooooooooL b
00 Fig 12B)0000000O0O0O0O0O0O0O0O0OO0OO0O0OO0OO0OO0OO0OO0O0O0O0O0O0
0000000000000 o0DO00o0oDooooooooooooongd (Diesmann
et al., 1999; Ikegaya et al., 2004)0]

Synfirechain 000 0000000000000 O0D00OOOOO0OOOOOOOOOOO
(Ikegaya et al., 2004; Reyes, 2003; Zandvakili and Kohn, 20150 0 00000000000
ooooo0oooooooo”ddddddddddddddo”»dddoooooooo
bbb oboooobbobobooboobuobobbuooboobobon
(Baker and Lemon, 2000; Long et al., 2010; Mokeichev et al., 2007; Oram et al., 1999)0 O
O0OSynfirechain 0 0000000000000 0O00OO00OO0OODOODODOODOODOOOOO
ooooooooboboboboobbbobbooddoogoooooad
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Fig.1.2. Schematic illustration of the synfire chain model and the brancing process model.
(A-B) Schematic illustration of the synfire chain model. The neurons form func-
tional feedforward structure in a network. A specific synchrinous activity in the
group #1 excite particular neurons in the group #2 (A). The activty pattern in the
group #2 ignite neurons in the group #3 likewise, and a spatiotemporal firing pat-
tern propagates as a synchronous firing chain (B). (C-E) Shematic illustration of the
theoretical branching process model. The model parameter o defines the expected
number of neurons ingnited by firing of a neuron. (C) If ¢ > 1, the network activity
easily diverges. (D) If o = 1, the network operates in a stable mode. (E) If 0 <1, the

network activity disappears rapidly.
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ooooo secCOO0DO0O0DO0OODOO0ODooOoDoOOooDOooDooDooooood
0000 Critical branching process (Harris, 1989) D 000000000 DODO OO (Beggs
and Plenz,2003) 0 0 0 000000000000 O0DOO0OO0O0OODOOODOOOOODOOOOOO
o0ooooobooooobboooooboooooooooooboooon0 edooooO
doodgooooobobobobobobobobobobobbtbodddoooooooooo b
00o0b00d0dUOe>1000000000000O0DO0O0O0ODODDODDOOOODDODOOOO
00000000000no (Fig. 12000000 e<100000000000OC0OOCOOOODO
000000oO00oooooooooDoooooog (Fg. 1.2E)0=1000000000
0000000000000 00000 (Fig. 1.2D)000OO0OD0O Criticality 00O O0D0O0O
O Critical branching process 0 D0 0o =1000 0 00 Branching process 00 0000
Jooodoooooobobobobobobobobboboobobboodddooooooooooooo oo
a=-150000000000000000000000O00O0O0O0O0O0O0DOOO0O000O000Od
O (Beggs and Plenz, 2003; Gireesh and Plenz, 2008) O 0 O O Critical branching process [
0000000000000 0000D0000000D0O0Od0OOBranching process O 0 O
ooooooooooobobooboboboboobodddddooooooooooooono
ggodooooobobobobobbboooobbdbddddoooooooooo o oo

ggbbobodoguobbodooubbbbooodl ms0booobbboo o
0000000000000 000000000000 (Luczak et al.,, 200000000
do0oooooboobobouoooooboboooobooobobooooooboon
000000000000 0000D0O0000000DO0O000000ODOD0O (Barthé et al.,
2009; Wang et al., 2005)0 Luczak D0 0 0000000000000 OOOO Packet-based
communication 0 00 (Luczak et al.,2015) 000000000000 PacketOO OO OOO
000000000000 0000000D000000 PacketODOOOODOODOOODOODO
00000000000 00D000000DO000D0O00DO00D0O00D000D0O00 Packet
0000000000000 0000000 Packet 000 OO00O0O0DOODODOOOOOODO
000000000000 0oo0oooooDooo0ooooooOoond Packetd O OO
0000000000 DO0O0D0O0ODOODOPacket-based communication 00000000
ydodooooobobbobobobboboobbtbdddooooooooooob b b

126 O0O0OOOOODOOO

guboogbboobobooboboobb bbb boobbuoobbUoobo
00000 Lwezak DO O ODOOO0OOO0ODOO0OODOODODODODOOODOODODODOD
0000000000000 000000000000000000 (Luczak and Maclean,
2012; Luczak et al., 2009, 2015)0

ggoddooooobobobboboboboobbobbddddduooooooooon b
0000000000 noooododDO0o00oo0oodDo0oO0noOdnoOoDOoOO (Predictive
coding)0 000000000 DO0O0OO0OOODOOODOOOODOOOOOOODOOOOOOOO
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ddooddooooobobobobobobobobbobbbboddddoooooooooo oo
0000000000000 DODOD0OO00d (Buesing et al., 2011; Fiser et al., 2010)0 00O
0000dooooooooooobobobooobooddddooooooooooooono
0000000000000 00000000000D0BerkesO O OOOOO0OOODOODO
doodgooooobobobobobobobobobobobbtbodddoooooooooo b
godgoooooboboboboboboooboobobobbtboddddoooooooooL b
00000000 Berkesetal.,,201) 0000000000000 0OOO0OOODOOODOODO
doooooooobobobobobobobobobobobbdddddooooooooooo oo
goddgoooooboboboboboboboobobobobbtbddddddoooooooooL b
0000 (Berkes et al., 2011; Orban et al., 2016)0 0 00000000000 OO0ODOO0O
000000000 oooooooDobobOOobDOooDoDOoooog (Fig. 1.3)0

godoboooboboooboboobobooobboob oo booooboooo
gbdbogoboogobobboobtbooobobuoob b oo uoobbuoobbuooobo
Luczak 00000000000 DOO0O0O0OODOO Luczak 00O OO (Luczak et al., 2009) O
oooooooooooboboobobobobobooboooddddooooooooooooon
godbooobooooboooboooob oo ooob oL boooboogooo
gdd

0o0oodoooooobobobobobobobobobobdodddoooooooooooooo
000000000 (Stochastic resonance) 0 O (Douglassetal.,1993) 000000000
bbb b bbb oo ooobooob o
gdd

127 O0OOOO

gbobooboobobuoobboobooobuoobbooboooboobbooboo
odoooobooboboobbo0oboooboobobooboooboobobooboon
goooobogobboobboooboobboobboobooboboobboooboon
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1.3 Ooooooon

gdoooooooobobobobobbobobobbobbodddoooooooooo oo
ygodgooooobobobobobobooobbobobobbudddidoooooooooL b
0ooooooboobobOboOooOo000do0oo0oooooobObooODO 1000000 oo
000000 (Ichikawa et al., 1993; Muramoto et al., 1993)0 0 00 0000000000
0o0o0ooooooooooooo 200000000 booooooDboooooooon
ggoggooooobbbboobooobobobbbbuddddoooooooooon bbb
Jooooooooooooo

0000000o0o0ooooooooooooooooooooooooooDn (Jimbo
et al., 1998; Kamioka et al., 1996)0 0 0 0 00000000000 OOCDOOOOOOOO
O (Synchronized burst; Population burst, Network burst 0 0) 000000000000
O00ooooooooooooooooon (Eytan and Marom, 2006; van Pelt et al.,
2004)00000000000000000000O000O0OO (Madhavan et al., 2007; Segev
etal.,2004)0 000000000000 00D0O0O0O00OOO0ODOQOO (Massobrio et al., 2015;
Mazzoni et al., 2007; Pasquale et al., 2008; Tetzlaff et al., 2010)0 00000000000
ddoodogooooobobobobobobobobbobobbbooddddooooooooooo oo
0000000000000 DO0DO0DOO0DO0DOO0DOO0DOOn (Pirino et al., 2015)0

000000000000 DO0DO00O00O00O00O0O0O0O0OO00O00DOO0O000 (Long-tern
potentiation: LTP) 0 0 0O 0 0O O O (Long-term depression: LTD)(Jimbo et al., 1999; le Feber
et al., 2010; Ruaro et al., 2005; Shahaf and Marom, 2001)) D0 0000 O0O00OO0OOOO
0000000000000 (Stimulus specific adaptation: SSA)(Eytan et al., 2003)0 O O
0 0O (Dranias et al., 2013, 2015;Juetal.,2015) 0 0 000 00000000000 0O0OO0O
goooooooooono

131 00o0Ooood

oo UOogoooooo
O00D0O0O0000000000000O0OO0DODODOOO0O000ooooooDoO (Self-
organization) (Kauffman, 1993) 00 00 0000000000000 O000OO0ODOOOO
odo0ooobooboboobobooboooboobobooboooboobobooboon
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000000000000 00000000000ODawkins 0 Edelman 00 00O O Neural
Darwinism 0000000 00O (Dawkins, 1971; Edelman, 1993)0 Neural Darwinism O [
dddd - ddUuuuuobobooobbbbbbbboboboboo
gobgguobooogboboooboooboboobboobbuoobbooboooobbn
0000000000000 0000000000000000000 (Apoptosis) (Meier
etal., 200000 00000000000 (Synapticpruning) OO0 O0O00OOO0O0O (Axon
pruning) 00 O (Cowan et al., 1984; Luo and O’Leary, 2005; Purves and Lichtman, 1980) O
oooodoooooooooooo
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gooogobooootbobooboboobobboobboobboobbuoobuoboooono
000000000000 0D0000000000000000D0000000C OHebbO O
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000000000000 00000 (Microelectrode array: MEA) DO 0O 0OO0O0O0O
00000000000 00ooooooooooSsSeCO00ooooooooooooon
ooooooooooocMOSOOoDOoOoooooDOoooOoooooDoobOooDoooDon
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00000000000 Self-organized crticiality (SoC) D0 000000 O0O0OOOOOO
goboobooobooooobooonoo

31 0dooog

Self-organized criticality (SoC) D 0 00000000 O0OOODODOODOOOOOOODOODO
0000000000000 0000DDO (Beggs and Plenz, 2003; Friedman et al., 2012;
Mazzoni et al., 2007; Pasquale et al., 2008; Petermann et al., 2009) 0 SoCO OO OODO OO
ggoggooooobbbboobooobobobbbbuddddoooooooooon bbb
0000000000 (Beggsand Plenz, 2003)0 0000000000000 O0OOODOODO
000 (Beggs and Plenz, 2004)0SoC 000000 D0OOODOODOODOODOODODO
000000000000 (Massobrio et al., 2015)0SoCOO00D0OOODOOOODOODO
O00000000oooooooooooooogooSecCcOoDnoodooooooaon
(Beggs and Plenz,2003) 0 0 0 0000000000000 (Chen et al., 2010; Haldeman and
Beggs, 2005) 000000000 (Shewetal.,201) 0000000000000 (Shew et al.,
2009) 0 0000000000000 00DO0OOD00OOSeCO0DOOOODOOOODn
0000000000000 D000000000000O000 (Levina et al., 2007; Millman
et al., 2010; Shew et al., 2015) 00 0 00 0 OO (Pasquale et al., 2008; Stewart and Plenz,
2008) 000000 SeCOOODODOODODOODOOOOOOOOOO

O000000oooOo SeCOoddooouDooooooopnoooooooooon
Jooooooooobobobobobobobobboboobooddddoooooooooooo oo
dgoooooooobobobobobobobobobobbbbooddddooooooooooo oo
godogooooobobobboboboboobobobobbtbodddddooooooooooL b
O00000000GABAOOOODODODOODOODOODODODOODODODODODODOOD
0000000000000 000000 (Bourgeois and Rakic, 1993; Chechik et al., 1998;
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Wuetal, 20120 000000000000 CIT 00000000000 ODOOOOOOOO
GABAOOUOOO ClroO00oOoOoOoU0OoOooOoOoOoooOooooooo crooooooo
0000000000 00oooooo Clr 0000000000000 000GABAOO
0000000000000 000000000D000000000000D0OO000000
0000000000 000000000000000000O0T Tetzlaff 000000000
0000000000 GABAOUOOOOUOOOOOOOOoOOooDoOoooooooooooo
00000000 (Tetzlaffet al., 2010)0 000000000000 0O0O0O0OOOOCOOOO
O0000000oooooooooooo

0000000000000 000D000oO SeCOOOODOoOOoUoOoOooooDoO
go0oo0dooooooooo0oO0oooooooooOoO0ooooooooooOogoo
0000000000 00000000000000000000000Do0oDoOooOO
O000000d000oooooooooo0 100000000 ooooooooooooo
0 (Kamiokaetal.,1996)0 0 0 0000000000 OCO0OOOOOOOOOOOOOO
00000000 20000000000000000000000 (Pasquale et al., 2008;
Tetzlaffet al., 2010)0 0000000000000 0000OOOOOOOOOO0O (MEA)O
0000000000000 0oo0ooooo0oo0ooooooooooDoooooo
0000000000000 0C0O0000000D00D0OO0d (Tetzlaffet al., 2010)0

00000000 CMOSOOO0O0O (Berdondini et al., 2009; Frey et al., 2010; Miller
etal,,2015) 00 0000000000000 0O0O0O0OO0O0 CMOSOOO0OODOOOOOO
O00(200pymO0000000CO00O0OODOCOCO MEAOOOOODOOOOODODOOOO
go0oo00dooooooooo0O0ooooooooooO0ooooooooooogoo
0000000000000 000000000DDoo0o0o00o0oooooooooOoooo
O0000000000ooooo0o0o00ooooooooooooSeCOooDoooooon
Oooooooooooo

O00000ooogooo cMOSOU0D0OO0U0DOoOUO0OOoU0DOoOooDOoOoooooooooo
O00000000000000000000000000000000000 SeCOOOO
00000000o0ooooo0o0o000ooooooooo00oooooooooooooo
0o0oo0000oooooooo0O0UooooooooOoOOoO0oUooooDoooOobDOoOoo
0000000000000 000000000000oo0ooooooo-00o0o0oo
O000000000000oo0000000ooooo0ooo00oooooooooooooo
O000000oooooo SeCOO0OO0O00DODOUOOODOUOOOUOOOUOoOOnO
00000000 GABAOOOUOUOOODOOOOOODOODOOOOOODOODO SeCOOO
0000000000000 000000000D000000000000oooOooO0o0o
O0000000o0oooo0o0o000ooooooooo00ooooooooooogoo
0000000000000 U0oDoo0oDo0oo00ooO0o0oo0ooooDooDooUoDoOO
O integration-then-fragmentation model 0 00 00000000000 O00OOOO0O0O0O
0000000 SeCOOOODOOODODOOOOODODOOON (gradual-expansion model 00 O
0)00 000 00O Integration-then-fragmentation model 0 0 00000 O0O00O0O0DO0O0O
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O00000000000ooo0o0o0O00ooooooooo00ooooooooooogoo
0000000000000 DbO00O0DbOO00D0DOO0DDOdgradual-expansion model O O O
0000000000000 00000000000D0O000D000000000000SeC
0000000000000 000000000D000000000000D0OO000000
O00000000oooooo0oo00ooooooooooooooooon

3.2 00O

321 0000

OO000OO0o0boCbC 22000000000000000 CcMOSOUUODOOOODOOOHiDens
(BEL ETH Switzerland)(Frey et al.,2010) 0 0 000000000000 180000000
O0o0O00OopoooOoocecMOoOSOOoOOoOooooogg 30,000-50,00000000000
0000000 86.5°C05%CO, 00 000000000000 0QoOoOoOoOn

322 OO0O0OOO

00000000 CMOSOODOOO (HDens) DOOOO0OOOODO (N=9) 0O 4-30DIV O
OO00000O0OCUO0O0OOHIDensOO0OOODOOOOOOOD 23100000000000O
gboobogoobobooboneiooogob 12600000000 DL0OODLODOODOO
0100000000000000000oO00o0o0oboooooooooooooooUoooo
gooboobogbboobbooobooboboobobooboooboobboooboon
gobooobogbboobobooobooboboobbooboobobooboooboon
oobobooooobbooobobbooobobooobobboooobobOog =126000000
OO0 =126000000000000 =1260000000000DO0OCO0OODODODOOCO
obooobo0oooboobobooobobooobobooobooobOoooDbOoo soooboboOon
gboooobogbbooboon

00000000000 7700000000000000 MEAbench (Wagenaar et al.,
2005) 0000000000000 0O00O00DODO0O0ODO0O0DOO0O0DODO LimAdaOODO
00 (Wagenaaretal.,2005) 00000 (CO:500 0000000000 0ODODOODOO
gbboobogobuoobbooboobobuoobboobooobod

323 00OO0OO0OO0OOOODO

O00000O0000OO0OODDODO Tezlaff (Tetzlaffet al.,2010) 0 0000000000
odoooobooboboobboobooobooboboobooobooboboooboon
gooboobogbooboobbooobooboboobbooboooboobboooboon
gbobooobooooobobo Acboobobobooobobooobobooboboonoo
ooboO0obOoOooOobooodobooooboboOoboOoboOoboOob0 AvrOboboboOoDbo
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Fig.3.1.

i expansion
expansion p log(Avalanche Size)

Schematic illustration of possible developmental variation models. (A-B): network
structures. (C-D): avalanche size distributions corresponding to A and B, respec-
tively. Each neuron initially has few connections with others and exhibits mutually
independent activity; therefore, the avalanche size should be described by an expo-
nential distribution. As the complex neural circuit structure develops, including fine
excitatory-inhibitory balance, the critical state may emerge. Such a state is charac-
terized by an avalanche size distributed according to the power-law distribution. Be-
tween these states, there could be a hypothetical state that would feature weak but
dense excitatory connections, produces characteristic large-scale synchronization,
and whose connections would then be fragmented during development (Le Maguer-
esse and Monyer, 2013; Tetzlaff et al., 2010) (A: integration-then-fragmentation); al-
ternatively, neurons could gradually expand their connections during development
of the SoC (B: gradual expansion). In the integration-then-fragmentation model,
the avalanche size distribution could capture the characteristic large-scale synchro-
nization as specific, large avalanches that are significantly larger than the typi-
cal avalanche sizes (C). In the gradual-expansion model, on the other hand, the
avalanche size distribution would exhibit gradual transformation from the exponen-
tial distribution to the power-law distribution (D). Adopted from (Yada et al., 2017).
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00000000000 bOoo0ooo0 1000000 booooooooDoOooooooon
O0A0DD00000000000DOO0000DOb00oooDbObO0ooooDbooooDboOoon
000000000000 00000000000d (mean inter-spike interval: mISI) O At
000 (Pasquale et al., 2008; Tetzlaff et al., 2010)0

324 0OO0O0O0OOOODOOO

0o0oodoooooobobobobobobobobobobdodddoooooooooooooo
doooooooobobobobobobobobobobobbdddddooooooooooo oo
0000000000 (Tetzlaffetal.,2010)0 0 0000000000000 DOODOO0OO0O
gbbgguoouoouoboouoboouobboooobbooobboobboobboooobb
00o0oooooooooboboobobobobooboboodddooooooooooooooo
0 0 Kolmogorov-Smirnov (KS)test 10 0000000000 D0DO0O0OODOOOOODOODO
0000000000000 DO000 (Clauset et al., 2009; Klaus et al., 2011)0

googgo

a o <g<
P,(s) = cs (Smm'—s—smax) (3.1)
0 (otherwise)
O00000000000sO0000000DO000O00O0ce0O0O0OOODBOO
Smax
Y Puls)=1 (3.2)

$=Smin

cobooooboooooboooboobooooboobooooOoO0 s1bo0o0ob0oub abOO
ooooooboooobooooboooobobooboooobooboboOoooOoooDoo

ce s (Smin < 8 < Smax)

Py(s)= { (3.3)

0 (otherwise)

obooboobobooboobA0OOO0OOU0OOUOOOOU0OOebOODODOD

S P =1 (3.4)

$=Smin

000000381 0003300000000000000 {Smin,Smax; 000000 Spin =10

smax=<00000(=126)>000000000 3.1000 330000000000 aO
0 A0000000000000000O0 31000000000 0000b000000

logL ,(a|x) =

i=1
0000000000x=[x1,%,..,x%,]0 n0000000000000000000O0
3.50000000000000 0000000000 3.30000000000000O00
ooono

logPy(x;) (3.5)

n

logL)(Alx) = Z logP(x;) (3.6)
i=1
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0000000000000 A0DD000D0D0O0000000D00000000000000
gbooogobooboboooboobo

LLR =1logL4(&|x)—logL4(1|x) (8.7

000000 (LLR: Log-likelihood ratio) O OO OOLLROODOOODOODOOOOOO
goooooooobOobOoboOoboOoo0oOoU0oUoboUobooOOoDOoDLLRODODbDODO
oboooobooboboobboobooobooboboobuoooboooo
KSOODODOoOoOooooooDoooooooooooooooooooooooooooo
OOoKSOODOOoOoooooooooooboooboooobouooobobogbooooobo
O00000000ooooooooOodoOo KSooood

KSstatpower(X|a) :msax|Cemp(s)—Ca(s)|. (3.8)

O000Cemp(s) 0000000000000 O0C.(s)00000000000000000
oo0ooobooboboobbo0obooobooboboobooobooboboooboon
000000000000 (Clausetetal.,2009) 0 00000000000000CO0O0O0OO
gO000000OoO0O0oOo0oobOo1d0o0oboooooOoooD KSood

KSstatpowers(x|a) = max |Cemp(s) = Co(s)) . (3.9)
S=
00000oooooooooooo0oo0o00o00000o0ooooooooonD KSOoooo
K Sstatexponential(XIA) = max |Cemp(s) - C,l(s)| . (3.10)

00000000C,000000000000000000000000

0000000000000 000000000000000000000000000C
000000000000 000000000000000000000000000000
000000000000000000000 GOO0O0O000000000000000
GOO0000000000000000000000000000000000000000
0000000000000 00000000000000000000000000000
oooooo

0000000000000 0000000000300000000000000000
000000000000 GOOOO0OOO00O00O0000000000000000000
0000000000000 GOOOOODO00000000GOO0O0NOONON00NON0OOd
0000000000000000000000LLROOOO00 KSstatpewers 10000
00 (<0.05)00000000000000000000LLROODODO0 KSstatexponential
0000000 (<005 00000000000000000

0000000000000 0000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000000000000
0000000000000 00000000000000000000 powerR20 expR2
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goooobogooboboobobooobooboboobbooboooboobbooboon
gbobooobogbbooboooboobboobbooboobobooboboooboon
000000 powerR?0expR2 00 0000000000000 D0000000O0OODODO
goooobooboboobbooobooboboobbooboooboobbooboon
goo

325 00O0O0O

guobggbboobobooooboobboobboobbboobboobbooobb
0000000000000 o000 ooo0ooooboooooDooonon
00oooooooooobbobooooDo0oddoooooooooooboooooooos3n
000000000 (44, 54,69 DIV) O 0 0O 0O O DL-2-amino-5-phosphonovaleric acid (AP5;
Sigma-Aldrich)[]16-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma-Aldrich)Obicuculline
(Sigma-Aldrich) 0 0O 0 0 O AP50 CNQXO bicuculline 0 0 0 0O 00 NMDA O 0O 0O 0O AMPA
O000GABA,OOOOOODODOODOOODOODODOODODOODOODOODODOODOODODn
0000000 0OogooooooOo 30 MO AP5010 uM O CNQXO30 uM O bicuculline
00000000 (Beggs and Plenz, 2004; Jiang and North, 1991)0

3.2.6 Fano Factor

00000000000 0D00DO0O00DOCO00DOCODODO000OOO0O0OOd Poisson
000000000000 0DOOoU0DObO00DO0OU0DOObDOOg PoissondOoooooO
O0000000O0O0OFanoFactor 0000000000000 OCOCDOOO0O mISIOOOOO
O0D00000mISIOOOOOO0OOODO0OOODO0O0O0OD0OO00O0O0DOO Poisson O
O0000000000000000 Poisson0O0O00O0D0O0O0OOODODOFano Factor 00O
gobooobogoobooboo

F=— (3.11)
L

O000000000pu00000000?20000000000000000000 Poisson
OO00ooooodoF=100000

327 ODO0ODOODOOOO

gooboobogooboobbooboooboobbooboooboobbooboo
odooooboobobooboboobooobooboboobooobooboboooboon
goooobooboboobbooobooboboobbooboooboobbooboon
O0000000000D00O0000000000 (Segevetal.,2004)0000000000
obooobooboo 220000000000 2000000000000D0O0ODO0OOO
000000000000 0D000000000000 mISIOOOO0O0O0O0O0O00000
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O00000000ooOoooo 30oobooobooooooooooooDoooooon
000000000000 00D00000000000<0D000000 »>x<[O00D0OO
O0000/MmISIl>0000000000000000000000000D000O00000O0
ooooooooooobooobobooboobobboodddoooooooooooooon
00o0o0ooOodoooobooooooobodD 10ooobooooooobooooon
0000000000000 0000D00d (Beggs and Plenz, 2004; Madhavan et al., 2007)0
0oodoooooobooboboboboboboboobobooddddoooooooooooooo
gooooooooboboboobobbbooboogooooood

33 00
331 00O00DOO0OO0DOOOOOOO0O00OO0O

N=9OODOOOoOODoDOOoOO0ooOOoDOOooooDoooooooboooooooooorog
doddoooooboboboboboboboobobobbbtbodddddooooooooL b
0000000000000 D000 300000000Fig. 320000 CMOSODOOODO
0000000000000 00000Fig. 3.2A04DIVOOOOOFig. 32B,CO0OO0O0O
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Fig.3.2. Spontaneous activity of dissociated cortical cultures at different developmental
stages. (A-C) Spatial maps of action potential amplitude obtained using high-
density complementary metal-oxide semiconductor microelectrode arrays (CMOS
MEAs). CMOS MEAs from the same culture at 4 days in vitro (DIV) (A), 7 DIV
(B), and 16 DIV (C). Black (and green) circles indicate designated recording sites.
(D-F) show examples of mean spike waveforms detected at the green circles in A-C,
respectively. (G-I) Raster plots of 120 s of spontaneous spiking activity out of 30 min
of recorded data. Activities were recorded from the same dissociated cortical culture
shown in A-C, at 4 DIV (G), 7 DIV (H), and 16 DIV (I). Adopted from (Yada et al.,

2017).
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Fig.3.3. Avalanche size distributions obtained from a culture. This figure shows data from
4 days in vitro (DIV) (A), 7 DIV (B), and 16 DIV (C), respectively. The red lines
represent power-law distribution fitted to the empirical distributions, where the pa-
rameters were estimated by maximum likelihood estimation (MLE). The blue lines

are fitted exponential distribution estimated by MLE. Adopted from (Yada et al.,
2017).
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Fig.3.5. The developmental variation of avalanche distribution features over time. (A-G) il-
lustrates the developmental variation of array-wide firing rates (A), the Kolmogorov-
Smirnov (KS) statistic for power-law distribution where size 1 avalanches were ex-
cluded (B), the KS statistic for exponential distribution (C), G values (D), the ratio
of expR9 to powerRg (E), the maximum avalanche sizes (F), and the alpha expo-
nent (G), respectively. Plotted points of the same color indicate features from the
same culture on a different DIV. Black lines indicate a moving average (A, G: mean,;
B, C, D, E, F: median) and gray shades indicate errors (A, G: SD; B, C, D, E, F:
first and third quartiles) for each feature, including the day before and after. (H—J)
show comparison of avalanche distribution features (for B-D, respectively) between
developmental periods (4-6 DIV, 7-10 DIV and 11-30 DIV). Adopted from (Yada et al.,
2017).
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Fig.3.6. Poisson-like spiking activity in cortical cultures with synaptic blockers. (A) A raster
plot of spontaneous activity in a culture supplemented with CNQX/AP5 and bicu-
culline. (B) The avalanche size distribution of a culture supplemented with synaptic
blockers. (C-D) The KS statistics for exponential distribution (C) and Fano factors
(D) from cultures at 4—6 days in vitro (DIV), cultures older than 6 DIV, and from
cultures supplemented with synaptic blockers. The horizontal dashed line in D indi-
cates a point where the Fano factor equals one. Adopted from (Yada et al., 2017).



030 0OOoobboooboooboOo:-boobooboobo 33

1 ~
c bimodal
2
+ .
S5 | exponential
3 \
o %

0 S 10 15 20 25 30

DIV

Fig.3.7. The changing proportion of avalanche distribution over time. This figure displays
the proportion of each avalanche distribution type occurring at a specific time point.
The details for distribution type classification are described in the Experimental
Procedures. The proportions of each day include the day before and after. Adopted
from (Yada et al., 2017).
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000000000000 000D00D0000000 SeCO00O0ODODODODOOOO
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goooobogooboboobobooobooboboobbooboooboobbooboon
gbobooobogbbooboooboobboobbooboobobooboboooboon
oo0ooobooobooboboobobooboboon
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Jgdddduuoboooooon: O
Jdddduoooog

oooboobooboboobboobboooboobobuoobboooboobobooboo
goooobogoboboobbooobooboboobbooboooboobbooboon
goobogobogooboobbooboooboooboobooobooooboooo

41 0O0O0OOO

go0odobbooooboooobooobbooobooobooobbooooooooono
0 O in vivo (Ji and Wilson, 2007; Lee and Wilson, 2002; Luczak et al., 2007; Villette et al.,
2015)0in vitro 0 0 O O O (Beggs and Plenz, 2003, 2004; Ikegaya et al., 2004)00 00000
00000 (Eytan and Marom, 2006; Madhavan et al., 2007; Rolston et al., 2007; Schroeter
et al., 2015; Segev et al., 2004; van Pelt et al., 2004) OO 0000000 O0OOOCDOOOOO
ggoobbobooogooouobbbbooooobob bbb oouobbobbbuoo
(Maass et al., 2002; Sussillo and Abbott, 2009) D 0 0000000000000 O0O0OO0O
O00000000000000000000 (Shewetal.,,2011)00000000000O
oo boooboobboobob oo oobboobboooobo
000000000000 000000000D00000 (Arieli et al., 1996; Kenet et al.,
2003; Luczak et al., 2009; Tsodyks et al., 19990 0 000 0000000000000 O0
000000000 000000d (Luczak et al., 2009; Villette et al., 2015)0 0000000
goddgoooooboboboboboboboobobobobbtbddddddoooooooooL b
ggoggooooobbbboobooobobobbbbuddddoooooooooo bbb
good

godooobboootboboooboboooobo oo boobboooboooono
bbb oobobooooboobboobbuoobbuooobbuooobo
0000000000000 oDooooooon
0000000000000 oooooooon
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00O (Abeles, 1991; Aertsen et al., 1996; Diesmann et al., 1999; Ikegaya et al., 2004)0 O O
udoddooooobobobobobobboobobobbbtbudddddoooooooooL b
ooooooooooooooo

0000000000000 00000000n0dn (Buonomano and Maass, 2009) O O
doodgooooobobobobobobobobobobobbtbodddoooooooooo b
0000000000 (metastablestate) 10 0000000000000 0CO00O0OO0ODOO
00000000 (Mazzucatoet al., 2015)0 000 000000000000 0O0O0O0OO0O
0000000000000 D0000D0000000000DO00000oOgn (Dranias
et al, 2013;Juetal., 20150 0 0000000000000 00O00O0OOOOOODOO0OO
0000000000000 (“hidden states” (Buonomano and Maass, 2009) 0 00000
Joodoooooobobobobobobobobboobbboodddoooooooooooo oo
0000000000000 0D00ooo0oDo0odoooooD@bOoooDoooogn
000000000 DO00O000O00DO00bOO0oDOoO0oDOOoo0DOoOG@G)ObOODOoOoDOon
0000dooooooooooobobobooobbooddddooooooooooooono
oooooooooobobobobobobobooboooooood

gdoodgooooobobobobobboboobobbobddddooooooooo oo
0000000000 (MEA)ODODODOODOODO (Beggs and Plenz, 2003; Eytan and Marom,
2006; Madhavan et al., 2007)0 0 000000 MEAOODOOOOOOOOOOOOOOO
godoooobooooboooboooob oo oo ooobbooboooono
0 0 (Gerhard et al., 2011; Ribeiro et al., 2014)0 0 00 0000000000000 0O00OO
0000000000000 00o0oOoo CcMOSOOOOO0OOO0OOO0O (Berdondini et al.,
2009; Frey et al., 2010; Miller et al., 2015; Obien et al., 2014)0 000 CMOSOOOOOO
invitroOOOOOOODODOOOOOO0OOO0OODOOODOOOOOOODODOOOOODOOO
000000 CMOSOOOODO BioChip 4096S 0 02.67mm x 267mm 000000 4096
O0000007kHzOOODODODODODODODODOODODODODODODOODOOOOOODOOOOO
0000000000000 00000 (Non-negative matrix factrization: NMF) O 0 0 O
000 (Lee and Seung, 1999; Leonard et al., 2015; Weiet al., 2015) 0 000000000
ygodoooooobbobbobobooobobobobbtbudddidooooooooooL b
ooooooooooooooo

42 00
421 0DOO

O000000o0 2200000000000000 18000 WistarOOODOODOODO
O00O00oooooo0oooooooOoocecMOoSoOoOoOoooo 30,00040,00000000
0000000000000 00000D00O0O000 37°CO5%Co, 0000000000
odooboooboobobooobooobbo0ool1boUu 200b0booboDbooobOoOon
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gboboobooooobooo

422 ODOOCMOSOOOOOOOOOO

O0CDODO0OOOCMOSOOOOO BioChip4096SO000000D0DODO0O0O BioCAM OO
00000000 BBrain) 000000 OCOOOODOOODOOOOODOOODOODO21DIV
gboosO0b00O0b00bOobO0O0ObI000bO0bOOObOobOOObODbOobObOODbODOn
o0Oo0o1woDblvOoOoDOOoobOoOobOoOobOO0o 1000ob0o0ob0o0obOobooooooooo
ooooooobooooo 23200000

423 00O0O0OO0O

000000000000 0BrainWave 00 00O 0O Precise spike timing detection
(PSTD) OO D OODO (Maccione et al.,2009) 0000000000 0O0PSTDOOODOOOO
0o0o0oobooobooooboo oo boobnibO 20ms00000 10msODOQOO
Jodddooboboooooooooobb o000 oo ooooooobboboooo
gdodooooooboboboboboboboboboobbbooddddooooooooooo oo
godgooooobobobboboboboobobobobbtbodddddooooooooooL b
000ooooooooooobobobobobobooooooooa

424 O000O0O0O0OO0O

0000000000000 00000000000000D00000 (Kamioka et al.,
1996)0 0000000000000 0000O0C00O0D00ODOO (Bakkum et al., 2013b) 0 O
000000000000 00O0d0OO0DO00oOdDOo0oDOdOOo0ooODTmsOO0DOO
00000 Ngipe 00000000000 O0O0O0DOOO0OO0OOODOOOOOOOOOOO
odoooobooboboobobooboooboobobooboooboobobooboon
gooobooob0boo0obU0ooboooobOo0oboOobODUooobOoobOoobOoobo To
0000000000000 0000000000 (Inter-spike interval: ISDO OO0 O OO
O000000ooooooooOo ISIgo00ooooooo0oooooooooooogoo
g00000o0ob20000000000000O000OO0OOODOODOODOODOOTOOOOO
O0000000000000D00000D00 NgieO 200000000000000000
000000 (=100000O00bOOo00obooO0oUoboOOoobboUOOoooOog:-409600000O
0000000000:126000000000000000000N;e 00000000
goobooboobboobboobooboboobboobooboboobbooboon
gooobooboogoooboobooboooooboobboooooobboooooobobbooooooobo
gboobooobogbboobobooobooboboobbooboobobooboooboon
odo0boo0obooobobooobooobobo 1ooms 0000000 bOoOoobobOoOon
gooooboooboobboobobon
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425 0O0O0O0OOOOOOOO

oooboobooboboobboobboooboobobuoobboooboobobooboo
gbob00obo0ob0obobobobuobilomsOOoOoOoOoOoOoOOoOOoOUObOUObObObOOn
gobooobogobbdoobobooobooboboobbooboobobooboooboon
gbobooobogbboobbooboobboobboobuooboboobboooboon
goboboobooooobobbooobobbboooobobobooooobbbbooooooboobo
goobogn

_ Elx-ElI*

E[(x - E[x])?]?
0000000000x0000000000EK]DOO00000000
0000000000000000000000000010DIVOOOO0O0OOOOOO
000000000 %uperburst” 00 000000000000000000000000
00O020DIVO0000000000000000000000000 ”long-tailed” 000
00000000000000 (Wagenaaretal., 20060)00000010DIVOOO0O0000
000000000020DIVOOO0O0000000
000x20000000000000000000000000000000000000
00000000000000000000

(4.1

426 0DDO0O0O0O0ODODOOODODDOOOOODODOOO

OO0ocCcMOSOOODOODOOOD (=409600)0000000000000ODOODOO
000000 10ms 0000000000000 OOODOO0OOOODOOOOOOO
4096x60000 0 000 O00DOO0OOOOOOOOODO Y OOOOODODOOUODOOOODOOO
0000000000000 0000000000DOO000oo000o0oOO0d (Madhavan
et al., 2007)0

0000000000000 0000000000000000000ooDooooo0Ooo
O00000000o0ooooo0o0o0o0oooooooooo00ooooooooooogoo
00o0o0000oooooooo00ooooooooooO0ooooooooooDoOoo
0000000000000 00000000000000000000ooooOoOo0O0Oo
0000000000000 00000ooo0Doooooo00oooooooooooooo
00004 (SPP: Sub-population pattern) 0 00O 0O OO

0000000000000 ;G =1,2,---,4096;¢ = 1,2,---,60000) 00000 s;4 O
Poisson 00 0000000000O0O0O00O00O0Os;; 000000000000 O0O0OCO
ooooooooooo

P(y; ) =Poisson(y; ¢|si ) 4.2)
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0000000004096 000 0000000000000 0O0ODOOSPPOOOOOODO
00000000000 O0OO0ODDDOO0O0OD0DOO0OODO0DOO0O0OO0DOOO0ODODOOoO0ODODOoOooOoOOog S
(4096 x 60000) OO OO0 SPPODODOOO SPPOO H (409 xD)OODDOOOOOOOO
0000000000000 000000 SPAW(Sub-population activation weight) 0 0 W
(Dx60000)0000O0DOODO.

S=HxW (4.3)

OO0o0oooooSpPO0DOOOOOODOOOOOOODOOOODOODODOOODOOODOO
OO0ooOoSpPOOC0OO0OOOOOODOOODOOYOOOODODOODOOODOOUODOODO
O0000000O00SPPOO HOSPAWO O WODOOUOODODOOODOODODOOOOOOO
O000O0000SPPOO HOSPAWO O WODODDOOOD OO (NMF) (Lee and Seung,
2001)0000000C000OO0ONMFOCOQOO Kullback-Leibler 0O O0O0O0O0O00O0DOOCOO
O0000000C000O00DO0O PeissonO0O0O00O00O0OOOO0OOOODOOOOOODO
0000000000ooooooOoOSPPOO HOSPAWDOO WOOOGOO

minimize Dgr(YIHW) (4.4)

s.it. Vi,Vd,h;q=<0;Yd,Vt,wg; <0 (4.5)
00000000000 Kullback-Leibler 00000000 Dgr O

B
Dk (A|B)= Z Am,n log# _Am,n +Bm,n (4.6)

m,n m,n

O00000000D0O0OD0O Leed Seung OO OO0 ODOO0OODODODOODOOOOO
MATLABOOOODOOOOOOOOOODOODODOOOOoOoOoOooooooooosep
OO0 pOoO0oOOdOOoUODOOD=1000000000D0O0ODOOO0OCOODOOODOOOOODO
gbooboogosoboboooooobob o00bobobobooobobOobDon
gbooobooooooooooboooo

427 OD00O0O0ODOOOODODDOOOODOOO

00o0o0doooooooooO0oUoooooooooOog0oooooDoooooOogo
000000000000 0000O00000000oO0oD SsePAWDOODOOOOODODODOOOO
0000000 (Burst feature matrix: BFM) D0 OO0 O000OO0O0O0O0O0OOOO0OOOOOOO
O0000000oooooooo000ooooDoooOooO0ooooooooooDoOoo
000000000 0D00o0oDOo0o0oDo0ooooooDoooooDog 1000000
000000000000 0000000000000000000000000000O0
OO0O00o00oOodoOOo00ooU0bOOoU0bOOoU0DOOoU0DOOoU0UDOoUODOO0ODOO 10msOODOO
00 00oo00ooo0ooo0ooooU0ooO00oooUoooooUoooOooooooooo
0000000000000 000000000000000000BFMOOOOO0OOOO
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OO00ooooodooOooo0boo0oo0oo0oogooO0 BFIMOODOOODOOODO
good

O0OBFMOOOOOOOODOOOODOOODOOOODOO (Beggs and Plenz, 2003)0
BFMUOODOOODOUOODDOOODDOOOOODOOODO BPMOOOOOOOOODOOODOOO
OO00O0OO0OBFMOUOOODODOOOOOODOODOOBFMODOOOOODOODOODODOO
gbobooobogbobooboboooboonbobad

L D
Corr(A,A)= Z Z Ag1Aqy 4.7)
I=1d=1
L D Adqy Bai-k
Similarity(A,B) = ’ : 4.8
imilarity(4,B) m}?XZZZIEICorr(A,A)l/z Corr(B,B)12 @8
(k=-L,~L+1,---,0,---,L—1,L) (4.9)

O000OLOBFMOOODOOOOOOODODOI-kRE<O0O0DOOI-k>LO0000OBFM
ooOoOodo0o0DOO0OOO0CODOUOO0OOUOOODOUOOBFMAO BFMBOOOOO
Similarity(A,B)=10000000 BFMOOOOOOOODOOOOOOOOOODOOOO
o00O00000bO0O000000o0oo0oObO0 BFPIMODODDODOOOODOOODDOOOO
00000 BFMODOOODOOOOOOOO BFMOOOODOOOOODOOODOOOODO
goo

0000000000000 0000000000000D00O (Beggs and Plenz, 2004)
goooobooboboobbooobooboboobbooboooboobbooboon
gobooobogooboobbooobooboboobboobooobooboooboon
gooOobOOo0oboO0ooOobD0oboO0ooOobDOoOobOoOoODOobOoOobD 9% b00b0OoDOobDO
odoooobooboboobbo0oboooboobobooboooboobobooboon
goooobogoboboobbooobooboboobbooboooboobbooboon
goobooobogoobooboboooobooon

428 O00O0OO0OODOOOOOO

goooobogoboobboobooobooobboobooobooobobooboo
gbobooobogbboobboooboobobodbboobuooobooboboooboon
oooooboobobooobooooo

O00O00000DO000O0O0 BFMODOOOD=1000000000000000O BFM
oboboooooooooooooboooobooboobooboOo sbObObOoDbODb b/OOO
gbbogobogbboobbooobuoobbuodbboobuoobobooboooboon
gooboobooboboobboobooboboobobooboooboobbooboOon
gobooobogbobooboooboooboobbooboooboobboooboOon
O00oOOo00oOoOoUoboobOO0O0oDOOoO0oO0OBFMOOO SPAWOOOODOOOODOOODO
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ooooooodooOoooOooodoogoodoogoogooo BFMOODOOODOO
gboboobooobooooboonboo

0000000000000 00DO00DDO00O0@MOOO0DbOO0O0ODOOO0DbOOODOOd
gobo0o0oobOoobOoobobooobOo@Uoobooob0obDoobobobOobooooDOoo
g0o0o0d0oodooooodo@yoooo0ood0oo0o0oo0oooDOoooDoooDoooDo
gboobodooooboobooboboooboobooboboDboobDoOobDOooDbOoon
0000000000000 000000000002000000000 (Lee and Wilson,
2002)0 000000000000 0DOO00C00DO0O0O00OODOO0O0OoOOoDOoOoOooOon
oo ooobbDbDbDbDbObbDbDDbDDODDDDO
NOOOOOoOooOooobooooooobooooooooobooooooboooobobooooo
000000000000 0000000000000000 (duplet)ydODOOODOOODOO
(triplet) OO0 000000000000 OOCOO00O0O0COO duplet000O triplet 00O
0000000000000000000000000O00UO0ooOOn duplet/triplet 0O
00000000000 duplettriplet 0000000000000 DOOOO0OODOOOOO
gooooboobboobbooobooboboobbooboooboobbooboon
goooobogooboobbooobooboboobboobooobooboboooboon
gbobooobogbboobboobooobuoobbooboooboobbooboo

429 0O0OOOOODOOO

gboboobobobobobobobob428@boboboboboboooonog
000000000DO0000DO00000O00DO00ODOO0oO0bOOoDOOoOoDO 1D Oo0oDOoDn
gooooboobboobbooobooboboobbooboooboobboooboon
goooobogooboobbooobooboboobboobooobooboboooboon
gboobooboob42100b0b0b0b0obO0obOob0obOobobOobUoDbo

4210 DOODOODOOODOOOOOO

gboboobogobuoobboobooobuoobbooboooboobbooboo
ooobobooooobobboooobobooooobobbooooobobboooooobo
gobooobooboboobbooobooboboobbooboooboobbooboon
oL bbb DbDDbDDO
ilood0ooo0oboboobobobobooobooboooboobobobobobDOobDOooon
odoooobooboboobbo0oboooboobobooboooboobobooboon
googn
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4211 O00O0OOOOOODDOOOOODODO

000000000000 o00oodoDoD000oDoDddooO0OooOOoDddFisher
0OgO0OO000O000O (Wichert et al., 2003)0 Fisher 0 g0 000

_ max; I(a)i)
g a [Nsample/z] (4 10)

Zi:l I(wl)
00000000000 I(w;) 000000000000O00000O00000D0 O Nsample

000000000000 o, 000000000000000w; =27i/NegmpedOODODO
Fisher0 c00000000D0ODOOOOOODOOO

M
P(g>g")= 3 Dy Cm(1—mg™) 27D (4.11)
m=1

O000OMDO 1/g*rO0O0O0DO00000000D00O0O000000000ooooonD (o
gooooboooboOoooo G)ooooooOoo0ooo0oboOoboboobboobooOoDo
000 oooobOoobOOobD Gy)oooobOobOOooOo0obOob,00b0b00bOoDbOoDbDOon
oooo 1, 0000000.00000000000000000000000000000
(GUO0O0OO0200000000000000G)H)ODOOO400sOO00000O0OO

43 OO

431 OD0OOCMOSOOOOOOOOOODDOOODO

OOoOocCcMOSOOOOOO sS00000D00D000ODOO0DOODODOO0DOODODOOoDOOOd
000000000 (20.8+£22DIVmean+SD)0 100 000000000000 O0O0O
0000000000 (9.8+£0.8DIVVmean+SD)00 100000000000 D0OO0OO0O
gbobogogbboogobobboobboobbobobuoobobooobbuooobbuoobb
000000000000 DOO000b0bOO000oDbOOoOoOoD 1000000000 DOOOOO
0000000000000 000000000000000000000 (Kamioka et al.,
1996)0 0000000000 (Bakkumetal.,,2013b) 000 00000000O0ODO1000
00000000000 000000D0000 88 +54(mean+SD)O000OOO0NO 139 + 68
(mean + SD)O O OO0

000000000000 (=10DIV)OOODOOODOOOODOODOOOODOOODOO
000000000000000000 (=21 DIV)OO00DOODOODOOOODOOOOODOOD
000dodoooooooooooboooboobooddddooooooooooooono
00 Fig. 41A-DO0O0O0O0OOODODOODOODOOOOOOOOOOOOOO0O0O0O00d (Fig.
41AB) 0000000000 DO0O0DO0O0DO0O0ODO0O0DO0OO0DOOO0DOOO0OOOOOOO
000000000 (Fig. 4.1C.D)0 000000000 O0ODOOO0O0O0ODO0OO0OOOOO0
000000 10ms 000000000000 DOOO0DOOO0DOOO0DOOOO (Fig. 4.1E)00
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Fig.4.1. Spontaneous spiking activities of cultured cortical neurons recorded on CMOS MEAs
and distributions of burst peak amplitude. (A-B) A representative raster plot (A)
and the number of array-wide spikes (B) from 30 s of spontaneous activity recorded
from a culture at 10 DIV. (C-D) A raster plot (C) and the number of array-wide
spikes (D) from recorded data from a culture at 18 DIV. (E) Histogram of burst
peak amplitude (the maximum number of array-wide spikes in 10-ms bins during
synchronized bursts) from the same recorded data shown in A and B. (F) Histogram
of burst peak amplitude from the same recorded data shown in C-D. (G) Kurtosis of
the burst-peak-amplitude distribution from spontaneous activities at 9—-11 DIV and
those at 18—24 DIV. Adopted from (Yada et al., 2016).
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00000D0000D00000 (Fig. 41F0Fig 41G0000000000000000O0
O0Culture #3000 000000000000 000000000 000 OO0 Culture #3
00000000000000000000000000000000000000000

00000000000 00000000000000000 4200000000000
O000D0000000D0000000D000000000000000000 (Culture #1,
p=32x10"8 mean + SD: 484.8 + 225.1; Culture #2, p =4.7 x 1071°, mean + SD: 250.7 +
176.2; Culture #4, p = 0.0054, mean + SD: 198.7 + 88.1; Culture #5, p = 3.8 x 10716, mean +
SD: 1437 +631)0 0 0000000000000 0000000D0O0000O0O0O0 (Culture
#1, p = 0.77, mean + SD: 46.36 + 6.92; Culture #2, p = 0.52, mean + SD: 46.64 + 7.34;
Culture #4, p =0.94, mean + SD: 137.1 + 41.5; Culture #5, p = 0.096, mean + SD: 91.02 +
18.23) 0000000000000 0O0DO0O0O0O0OO00DO0OODOO0ODOOOOOOODO
00000000000 000000D0000000000D000000000000000
000000000000000000000000000000000000000000
00000000000000n

432 NMFOOODOODOODOOOOOODOO

00000000 (=21DIV)000O0 SPPO SPAWO O OOOOOOOOOOOOOOO
00000000000 10msO0O000000D0O10msO00D00O0O0D00OO0DODODOOO
0O ONMF(Lee and Seung, 2001) 0 4096 0 0 0000000 O0O0OOOOO0OODOOOOOO
O00oO0o0bOOo0o0obDoOobOOOo 000 spPOOOOOODSPPOOOOODOO 100
OO0SPAWO O ODOOOOODODOO0OO0O010ms 00000000000 0OD0OO0OO00O0O
O000O000000000000 Poisson0O00O0O00O0O0O0DOODOQOQC Kullback-Leibler
000000000000 NMFOOOOD PeissonO0 00000000 SPPOODOODOO
gboboobogoobogn

NMFOODODOOOOODODODOOOOODODDODOOOOOODODDOOOOoOooobDoDboOooo
O000000O0O0O0OFig. 41CO000000ODO0O0O0OO0OO0OODOODODOOOOOOO
SPAW OO UOOUOOOOOOODOO (Fig. 420000000 SPAWDO OO OO SPP O Fig.
42B0000SPPOO0ODODOODODOODODOOODOOOOOOOOOOOOOOOODOOODOO
goobooboobboobboobooboboobobooboooboobbooboon
0000000 0O0ODOODOOobOOooOspPAWOOOOOOOOODOODODOOOOOOOO
gbobooobogbbooboooboobboobboobooobooboooboon
0000000000000 0000Fig. 42A0000000 SPAWOOOODO15s000
00001s00000000000000000000O00O000O00O00000SPP#1
gobogooboogbooboobbooobooboboobboobooobooboboooboon
OSpPPOCOO0O00000O0ODODOOOOOO0OOOODOOOOOOOO

00000000000 00D0O000000D0OD000 SPAWOOOOBFMOOOOOODO
goooobogobboobbooobooboboobbooboooboobboooboon
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Burst index

Decomposition of high-dimensional neuronal activity and classification of synchro-
nized burst patterns. (A) Low-dimensional activity of the neuronal network repre-
sented with sub-population activation weights (SPAWs). The same period of Fig.
4.1C-D is illustrated. (B) Sub-population patterns (SPPs) of spontaneous activity of
cultured cortical neurons obtained with NMF. The SPPs are shown as correspond-
ing to recording electrodes configuration. (C) A dendrogram represents a process of
hierarchical grouping of BFMs. The dotted horizontal line indicates a selected level
of the grouping. (D) A similarity matrix of sub-population activation weights during
synchronized bursts. (E) A contrast function for the dendrogram shown in C. Aster-
isk indicates a maximum peak of the function. (F-G) Mean SPAWs within classified
burst classes. Adopted from (Yada et al., 2016).
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Fig.4.3. Similarity in partial sequence of sub-population activation between synchronized
burst classes. (A) Illustration of the procedure to evaluate partial similarity between
sub-population sequences of bursts. SPAWs during bursts were converted into a
sequence of their peaks. Sub-population sequences of bursts were compared with
the template sequence. Permutation times for matching refers to the way in which
many pair permutations are required to match the template sequence. Duplet/triplet
order matching indicates whether the order of two/three sub-populations matches
the template sequences. (B) Probability that permutation times for matching is

two or less. (C-D) Probability that the duplet (C) or the triplet (D) order matched

the template. The most reproduced duplet or triplet was selected for analysis. The

MannaASWhitney U-test. *p < 0.05. Adopted from (Yada et al., 2016).
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Fig.4.4. Evaluation of consecutiveness in appearance of burst spatiotemporal patterns
classes. (A) (Top) Periods in which each class of bursts appeared. (Bottom) Num-
ber of array-wide spikes through the whole recording. (B) Schematic illustration of
the transition between multiple burst classes. The probability of “ remaining” was
evaluat. (C) Probability that the same class of bursts appeared in succession. Ran-
domized data was generated by randomly shuffling original data. The red lines in
randomized data indicate the median of the probabilities. The blue boxes are ranges
from the 25th percentiles to the 75th percentiles. The whiskers are the ranges of the
all probabilities excluding outliers (the red crosses). One-sample Wilcoxon signed-
rank test. * * *p < 0.001. Adopted from (Yada et al., 2016).
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Fig.4.5. Consecutive and periodic appearance of similar spatiotemporal patterns of bursts.
(A) Similarity matrix of bursts. Bursts are listed in temporal order. (B) Relationship
between similarity and the difference of the burst indices in temporal order. The red
line indicates mean similarity against the difference of burst indices in temporal
order. The error bars are SD. The thick black line is a linear regression line to
the mean similarity. (C) Autocorrelation of the mean similarity that subtracted the
regression line shown in B. (D) Periodogram of the mean similarity that subtracted
the regression line. Asterisk indicates a maximum peak. The significance level of
the maximum peak was tested using Fisher’ s g-statistic. (E-G) The same analysis
as shown in B-D about relationship between similarity and the difference of burst
appearance time. Adopted from (Yada et al., 2016).
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Fig.4.6. Variation of spatiotemporal patterns during a period of the same class burst. (A)
Similarity of the first two bursts in a given period (Start—Start pair), that of the
burst pair at the start and end of a given period (Start—-End pair) and that of the
successive burst pair at the transition of the period (Class A—Class A pair) were
evaluated. (B) Similarity of Start-Start pair, Start—-End pair and Class A—Class A
pair. The red lines indicate the median of the similarities. The blue boxes are ranges
from the 25th percentiles to the 75th percentiles. The whiskers are the ranges of
the all similarity excluding outliers (the red crosses). Wilcoxon signed-rank test.
* % p <0.01. **+*p <0.001. Adopted from (Yada et al., 2016).
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Fig.4.7. Schematic illustration of the hypothesis. (A) Stable spatiotemporal patterns ob-
served in synchronized spontaneous activity are generated by sequential activa-
tion of neuronal sub-population. (B) Such sequential activation of sub-population
is state-dependent, whereby multiple metastable states can be defined as a finite
continuous period. Adopted from (Yada et al., 2016).



040 DOo0OOOOO0OOODOOOOOO:DOO0DbObOObOOObOODbOo 59

goooobogooboboobobooobooboboobbooboooboobbooboon
gbobooobogbbooboooboobboobbooboobobooboboooboon
oo0ooobooboboobboobooobooboboobooobooboboooboon
goooobooboboobbooobooboboobbooboooboobbooboon
gobooobogooboobbooobooboboobboobooobooboooboon
gbbooboooboobboobboobboobuoooobaon

44?2 0O00O0O0OO0OO0ODOOOODOODOOODOO

goboogbbooobooobbooobobooboboobbuoobbuoobbooobo
0000000000000 00000D00 (Madhavan et al., 2007; Rolston et al., 2007;
Segevetal,h200)0 0000000000000 00O0O0O0DOOO0OOO0DOOODOOOOO
ggdodobobbbooooooobbbuooooooobbbboooooobbbbooo
00000000021 DIVOODDOODOO0OODOO0O0O00O0O0ODO0ODODOODO0O0ODOO0O0ODOn
00000000000 000 (Eytan and Marom, 2006; Madhavan et al., 2007; Wagenaar
etal,2006b)0 0000000000000 DOOOODOOOOODOOOOOOOOOOOO
0000000000000000 (Segevetal.,,2000) 0000000000000 0O0O0O0O
0000 (Madhavanet al.,2007) 00 0000000000000 0O00O0O0O0OO0OOO0O
00o0oooooooooboboobobobobooboboodddooooooooooooooo
goooooooooboboboboboboooon

443 0O0O0O0O0OOOOOODOOO

goooobooboooobboobooboobboobbooboobooboo
gooogoboooobbooobouobooboobboobooboooboboobo
(metastable states) 0 0 0 000000000 COOO0000000OOOODOOOOOOO
oD UUUOL
0000000 ooDLoDoOLODUoOU0DU0OUOU0ODUOUOUOUUOO in
vivoOOODOOOOODOOOOO (Mazzucatoet al.,, 2015000 0invivo 00000000
odooooboobobooboboobooobooboboobooobooboboooboon
(Harris and Thiele, 2011)0 000000000000 COOOCODOO0OOOOOODOOOO
gobogoobogoboboobooobooboboobbooboooboobboooboon
Oo000000O0O0O0O0O0O0OOO0OO0OO0O00000 (Puetal,2013) 000000000000
oooo0oboooobooooo

0000000000 0DOO0D0O0O00O000000000000000 (Cossart et al.,
2003; Wagenaar et al., 20062)0 0 0 00000000 O0O0OOOOODOODOOOOOOO
00000000000 (Hopfield, 1982)0 0000000000000 00O0C0OOOOO
dodooboboboboboboboboooooo0o0o0o0o0o0o0oooooobobobobobobooboobobobDb



040 DOo0OOOOO0OOODOOOOOO:DOO0DbObOObOOObOODbOo 60

A Class 1 Class 2

Sorted SPP
& o o

N
o

B Class 1 Class 2 C

5( T C— ]

LI SO I S S 1 08

5 1 R —— ] % .

2 ] 2 06

(A SRS [ S v I 3

W — 3 —F— 1z 045

5 I [ A ]

500 T - 1 0.2
= SO A I 1 ] B 0
<5 1 ] CA—— ] 100 150 200
o 100 T 1 L ] Burst index

2 1 [ E—— )

W e 1 ]

51 S S I —— ]

50] T | A - f 0.8

2 T 1 T 5

50f \ ] I ] 8

40; | ] L~ 2.4

20 1 i I

0 100 200 300 400 500 0 100 200 300 400 500 0.2
Time [ms]

0
Template Non-template Random
class class

Fig.4.8. Dimension-reduced activity of cultured neuronal networks represented by 20 sub-
populations. (A) Representative 20-dimension activity of cultured neurons during
20 seconds. (B) Mean 20-dimension SPAWs in each class of synchronized bursts.
The red lines indicate the timings of the peaks in SPAWs. (C) Similarity matrix of
20-dimension SPAW during synchronized bursts. (D) The probability that the triplet
order matched with the template. Mann-Whitney U-test. *p < 0.05.
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