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Abstract o [R5

ABSTRACT

With the rapid development of science and technology leading to the promising
future of neuroscience, the underlying mechanism of human being’s learning and
memory is gradually being discovered. Scientists have demonstrated that 1) Learning
and memory are regulated by the hippocampus in the forebrain, 2) They are
dynamical processes at the level of neuronal network and 3) The mystery of brain
mechanism may come from the rules of neuronal network. As a consequence, it is the
prerequisite step to investigate the activities of neurons in neuronal network of
hippocampus. Due to the similarity between human hippocampus and mouse
hippocampus, we are focused on the investigation of mouse hippocampus, which
contains pyramidal cells and interneurons. These two types of neurons interact with
each other leading to a highly complicated neuronal network where interneurons are
dominant. Here we perform fractal analysis of spontaneous in vivo activity of
interneurons with the hope of figuring out the underlying mechanism of learning and
memory.

In the present thesis, the spontaneous in vivo activities of interneuron are firstly
categorized into four types according to their firing patterns. Then, the Rescale Range
Analysis and Detrended Fluctuation Analysis (DFA) have been employed to study the
monofractal property of inter-spike interval (ISI) sequences of interneurons.
Furthermore, Multifractal Formalism (MF) and Multifractal Detrended Fluctuation
Analysis (MFDFA) have been used to investigate the multifractality of the inter-spike
interval sequences of neurons. Finally, the relation between the fractal property of
neurons and mouse’s behavioral states has been systematically studied. Based on our
research, we conclude:

1) The ISI sequence of interneuron is not neuronal noise but a fractal process
exhibiting long-range dependence;

2) The long-range dependence is dependent on mouse’s different behavioral states;

3) The ISI sequence is multifractal, and the multifractlity analysis can better

characterize the property of ISI sequence.

Keywords: Hippocampus; Interneuron; Fractal, Long-Range Dependence; Nonlinear

Dynamics
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A ZEA PP TTT RIS Bl R Bl 2RI TT %

1.41 EBEMHEICHE &I BEAL TR
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\V4
A B Sk ML L S ek o b

K14  SERiRREl
IR R 40 HH 26 [ Plexon 23 ] 1) 96 T IE AE ARk R4, AR AR
Sk B AP LS o S ORISR A IO R 70 A P, — B HIRAE S 2 oo

10



Bk i Hh R 2RO SR 228 3

TGN, o — B F R S S G X (3 e (B 1.5) ik 1 AR IR
RUBEHT, Af LLGESHEE AR (0 S B AT — P8, AT 280pm, —
PR R I BT VU 4 2 — & 2 — B, mIAdd sk AR AT HE 70— 140pum. )
P 37 FOAL R TR AE T HEI SR FE AR 2 15 2R S CAT X8 1.6). ] 1.6A &
IR DL SE AR AN BUNIAE TS 1R 128 JHE M. & 1.6B KR 1ER: T RE
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gl 2 N H T 220 RHE,  Lhin&eih2:(1, 2]. DNA P310450 173, 41 A
KOS 5] EWRG T WA ZARS) T [6]. & FiliEs) 1757, 815 . &
Wt 9T FH Detrended Fluctuation Analysis(DFA)MHF5T /)N i i £h H 18] #4128 70 155 R TR] B
Feoi o TRt DFA & — M RJEZ M7k, el il vf i m) e 21 i ROBE 454
KA IRAE T A RS R o HH T e RRAR I 1) S WIS 8] P 910 1) 4 TR AP %07
FAFEN Tz N betn, SIFTIAERI A DFA PR BT #E T SE[9],  Ivanov
MFZITVER ORI B Fe 0 BEAT TS, JEWTST T HERR L5 i MRS T Lo Bk 1) B 5
o TERFPE X [ 10];  Jackson X AR s ALY (1K) 7 e kAT T 5[ 117

h T 3 AT e BRI I FEL TR 3> 21 1) 43 TR AR ST S A T8 FE B b X
Al BT 24 A& oo A PURRZEAL[12], HETTA A DFA 23 804 1R B
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DFA 3 MBS ik, e L D ER(2]:
Lo BN N RTBCRIRIRGE 810 5 SR 7y, 43 2000 R e .
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2. BRI 5 5153 t=int (NS AARAS ST IX ] B2 R
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F(n) = {ﬁZ[y(k)— yn(k)]z}z- (2-2)

Hn REHOHKE.

RPN E n #E K. DLRAER] FATn (X R, HRIELK,
WR—AFFHEBLR RS AT F(n)yoen”, Wa ANESRE. o KE R Ui
LA E AR bR ] LR B 3

2.1 X IX— S T R . & 2.1A S 1000 ANIEH )RR FE A1) X (), R4
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k _ —
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FPA) X (i) RIS . 3K BLAE 10 LRI Ze AR AN R IR 7 DXL I R n =100 5 5246
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PRIEETE R o = LI, R PRI P S E AR IIEAZ, &ML i o
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B 2.3A IR AR OO BRI B PP F AT RENLEHE S 1S5 3, R4
SRPRIE (R B 46 5B TR 5 7 41— FE 1) 23 AT BR A, AR ECHEFTL 7 J5 e 41 1 P 3 45
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feE e, Hk, N DFA & BOR AR e 23 T 70 A, 19 2 o fe b ip
RETH 7 AR S, BOELER TG 2, 132N M & T mMeIRES TR ERR
(3 2.2). K 2.5 ZizH DFA 455, S20 R s i EROIRA N DFA 1704
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HZE RIS HHTATEMSTTR A IR S AR
5% 1 Bz F

R IR R, PR oA ARG e S R 3l 0 5P R 2 s B RIBEALIY
PP TCIR L IRIRE 1), SEBR B R A TR R A, A I R AR
[1-6]. i35 [l ZE TOAEAS R AT APIRES T 25 R I H AN R R A=, 1E i
AR R i S 2 RGN [7-11]. AR, HBEIHAT 1, TP i
L R 28 7043 TEARE PR (R R TE

OB AR I M 2543 BTk (Rescaled range analysis, R/S 23 H7115) & —Fh Aeig 2 =l
T I (AR A A IS REAH DG e v 073, e B K S KA ke T 1951 4542
o BIHATA L, RS AL CEE 2N H[12, 13, 14]. BRrEE LUK G R
WEIEE AR FRR B ARG TR R T K REAR DS A7 A, bhdn: I i3 &
Bk E . OKBHAE T2 OBRI AR REE T Rk i& 5515, 16, 17]. fEfi& A BE
AR, R/S S AR A N H TS S R IE T 1R e, SRR I
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TS0/ RAEASRIAT IR v R #2830 HRL R) B8 e A1 I R AH DG, FRAT TR 2
W HEERRAN [ FHERZR P RIOIR A S Pl 2 o iR L TR R P 9 HEAT T F9T . 45 R W] i
W FREOT LR R I 201X P AT AR A .
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T ST H 1) R/S A3 Wi — b 3 M B 1812 91 43 TEARFAIE 1R 7 9% o DT A2 —
REKSCE S, M 1907 4 =R Jé B K WU TR 9T . 3k 40 ZAEMAETT, Ahde
Hizgiil &, HFhkA RS R/S 281k, EREBRAR1S, 211

(1) XFREA M 750 x(0) > 18 H AR X ICEET B E, 132N
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(2) RIS ] DX B35 43 A FE A n ARAEFIX ) A, BRI A*n= N o AridfEA>
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KFER n BYES a A1 DX TR IR P JAE B i SR -
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(4) W2 R, BOE ONAERE AT I, A, X W OREIR S X, R /ME
R, =max(X, ,)-min(X, ),k =1,2,---,n. (3—3)

(5) BE—TIXE N, FREASBRUEZE 52 LA
g;qamwf]Nm—%fﬁ (3—4)

(6) BE—MNZER, R T ERAREZE S, A#EIIEAL. f—ATXE I,
IR ZERIA R, /S, o X T AN n (ARAR 7 X, AR n i1
IR /S fH & LT

(WS%#MAW%RJ&E (3—5)
(DX Tn=2,3,---N/2, EHLE1F 6.
AT A I«
(R/S), =c*n" (3—6)
XF(3—6) A LI 4L, 155
Log(R/S), =Log(c)+H *Log(n) B3—=7
e hHH, H ORI R84 (Hurst Exponent). 234 Log(R/S), 15 Log(n) )
RO HE, T8I /N A R AT DA T AR TR R 2
SN T AR HO < H <1), 775 LR JLRHE L :
(1) HBH=1/2K, Ct)=0, HMWEHAREL X LRBEEEML, 5
Gauss-Markov 1% . 1252, HARFRMILRE KAWL Gauss-Markov % o
(2) HH>1/28F, Ct)>0, BWREARM ARSI E 2, Wzl
KA e ME B R4 (persistence) o HLH EBE T 1, FRELVERUGHE . 781X PP
JEF s WIS LB —m %47 B &, A NTPIESCRE, KRB —A80n.
(3) HH<1/21F, Ct)<0, BWREARKRIEH ST L IEFHKR, iZdE
HA &8 (anti-persistence) . H H {EEIE T 0, REFEEVESUBGR . ZEIXFh 1
AN VESIE IV ERS NS S Qb A <R AR O WO SEL R i o e
LI I
Mandelbrot[26-27]45 !, #70.1<H <1.0, W& S504EH% RN
D=2-H (3—8)
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3.2  FIH RIS ks &g R

AR R/S 73 MrikAe (el 2 o gO BRI R e 1) 5 JERE S I o B
S, NHT RIS orArid vl el e 2 Se SR R 3 SRR R F5 280 SR, RN B
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3.1D 2N JEUAR T B B B P 0 EAT 10 IR LEHE I 23 5313z F S 8Am B i 22 5 v
(S EliES

[ U 45 S s B A T8O AT B 7 21 R BT e i 2R 0.76660 X3 WIAE BTt
FUIRTII R B) B P 51 AP A AR — AN HEAZ 2 i, %0 S A A — AN A 7 S
FiE AR TP DA AR OC o BEATLH AT L BR GG 1R 2 e 41 LB T b 45 R4 TR
5o WA 3.1, B BB SR R 7 A RN EL S e S0 R TR iR 20 TR A A
SETERIZEN o JREGITBCRIAIRG P A1 45 tH—A> 0.7666 IfhiTHED, FTELTZI
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1S FEBFT LIS FE TR o 5 LB IHE W (8] b 22 o i i ) B e 91— AN B
Kz .

31



R RIS P WTIEAEANZ O S By AR R R R BERL A BOR R 2 i 2 018 3

A B
1
E 2
g @
[5)
£ 05 i
2 S 1 Y=0.6570*X-0.0917
[= %
@ R=0.9922
L
= |
| |
0 R - ; 0 . . . : x :
0 1000 2000 3000 0.5 1 1.5 2 25 3 3.5
C Sequence of ISIs D Log(n)
1.6 gsidw 16
Unshuffled
12 12
%) %) Slope=0.7666
3 4 |
_IS’ Y=0.7666*X+0.0029 @ A
- 5
0.8 R=0.9980 08 Shuffled Slope:
mean=0.5575
std=0.0224
047 . . , 0.4 , , ,
1 1.5 2 25 1 1.5 2 25
Log(n) Log(n)

K 3.1 — Bz oo Rl Y R/S 234
IS R/S 43 Fri2ant PURD AL Ty CAT DX ) e (R4 28 TR T 1 25 SR e a6 3.1
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R Frfa s
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Hurst Exponent

Interneuron Type | Interneuron Type Il Interneuron Type Il Interneuron Type IV
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FNE METHEFTNZ S TEFIERR

IEGN AT ST IR, FOB b A 22 4 B v (R/S 4 A v ) R0 2= 38k V& 43 B v
(Detrended Fluctuation Analysis, DFA) 2 28 4%) 12 H KAk v I8 TR R 21 1 20 B 4E . AR
1M, IXLET VAR & R TS (B Fe 51 (R B0 TR [1-7]0 sk b, ATRIRZ
IS 6] 2 AN 2 593 JE1#) . Mandelbrot IR 2 MRS, i, LA A< Rl 1T P I
() 3 71) 15 2 L B TR0 2 TR] PRI AR 4K, T AR VR 5 I Ge v P BE DT VAN RE i A
XEEIR G, TL N IR BE T VAR — 20 () lodE B AN B8 58 4= %1 X LU 5 (8], &2tk
RN, A ARIIX LG R I 2 70 JTERE T, TR NI 7 h i 2 0 JTE IS
YE TWIFE[9, 10]. Mandelbrot 1) TAEHES) T 2 73 JEHIWEST, {6732 70 B0 Hide) ™
2N HHES AR

Fernandez KILM A ICIIIEAF HA 2 7 B 45 HI[11]; Ivanov I fE e OBk
(8] & 7> 41 A £ 43 e RE P [12]; Mandelbrot X A2 AL 25 IR G4 T iF 97
Stanley AMHIEH T — L8 FHW 2 73 TERAEIN 7%, I B BAME 2 b 43 B
MGAE THEIT[13]: EAREESERI R TE3h ) % J5 306 iR SR 25 G 4R 40 1
TR I G Z 73 LSBT ST [14]: MREDSGAERIT 270 B2 T3 2 N1
MRy SRFIE[15]: XAk AR T I R 48 IR AA R A3 (R S50 (1) 2 0 TR R e L S
IKRDARIRER[16]; VLR TR 2 e, wR T 28k,
A6 RN A [ TP S5 B BT R 22 3 TEARFPE[1 7] VPR AR SRS UE T i A5 25 18] 73
i BRI TERHAE, FE0HAE T 253 TERe R BT 9T[18]; Godano 555 HiLfE H 24T
T 25 TEA M, ARATTIE B RS [R] (5 22 2 (R R [ 41 B Ay 2 40 TR R 1 [19]. 2
Gy TG R LA AR IR V2 N AR, B A Ak e B TR 9 () 7 ik

ARG, BA 200 TR PRI IS 18] e 20 A an SR BN U AR K
INRRAHOC; AR, U RBER T S ANy, B 18] e 21 I L ) — Fh 2R B R AL OC i
AAHFRIIAT Jy o XHFE )P 51) 5 B B 22 1) ROBE T 204 RN FEREAT S8 3l ik
Kantelhardt 55 H| 1] 2 73 JE £ Hridont AP AR N (8] Fe S AT 0E 9T [19],  ARATTI X
T TAERT IS [ R ) 22 0 B o Bk B4 2 AE o WFota it th 2 0 B AR A
(Multifractal Formalism, MF)[2]. % 43 JE 2 %k 7% 43 #T (Multifractal Detrended
Fluctuation Analysis, MEDFA)/3 JE 1% . /N AR S5 2 03 T 7 iR R IX IS 7471
ASCH A MF F1 MFDFA S H [a] 4 28 7 T8 FRL Ta] By 21 @A T80 50 1R 45 Rkl s v )
PR TG TRC L IR BE P 31 B AT 22 0 TR s 280 Ha TR B 1 1) 40 220 1 5 22 FH 2440 B
R4
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Rk 2 WAl 22 0 TR R VA LU R, I HIX ST ik AE a5 BT 5 AR 45
FEo AT LA BT, BTLL, WFSUEAEXT 2 20 TERR LA T BT I, — R 2 0 JF
BEARAXMZ TG LB HTE. TR IX PR AR A4

411 MF fa4r
MR p 2D BT 70 (o) 5B EZNERRES T HE TR NOEWT
WES¥
N({)~ 1" 4—1)

WAL R E Z VEIn R E s

N(I)

Z(a,h= Zﬂf‘(l)~l“q) (4—2)

Horp, FREEFEE 1(q) M f(a)f) Legendre A8 2 X
f(a)=0a-7(q) (4—3)

b, o WA SRR R q ML TS IE o, B (iR N
() =2 (q) (d—4)
a

(QFE IS w £ERE A7 SV AR EE , (AN, R 7 1% A BT [ 7 S M A
412 MFDFA f&f

Kantelhardt 5% DFA J7754E, IEEIEThRAERC /3 BR E0T) MF R R BERE
K, $eH T H MFDFA BF5aE - Ra i 8] 291 (1 2 3 JERFIE . MFDFA =35 fLA>

IR, W =AM P DFA A ER[15].

B, NS {x,t=1,2,---, N} RIS 22

Y(n==§i(xk—§) G=1, 2,...... , N) (4—5)

500 Y )R Ns AN B AR T s 19D TR], Ferp Ns=[N/s] (R
PR . TIPSR I A BRI TR s RIEE DT /N ER 23 P 41 i T
Bl s BORREHAN o L, FEASCH, X YO R P T R #AE, 84521
2Ns EEJE X T o
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F=20, MFRAXE v, HEh =ikl & X IR A, 73 815X TE 1)
JRtREa S RIR TR X R R iG Sm 1y 72 -

FZ(V,S)=22W[(V—I)S+H— Y} (V=12 N (4—6)

F(v,s)=— Z{Y [(N=(V=N)s+i]-y, () (V=N +1,N_+2,--- ,2N) (4—7)

i=1

K(@-6)M@-7)H, y, (i) Kz v XA G 2 0. AR5 (10 2 TR T 2 42
PR R =k, S0t b 2 5, W5pJ0id 7 DFA(DFATL). DFA2.
DFA3, ......, DFA m %5, m [ ) DFA J825 R 24 1 m s o LUK it
G F ) m-1 B ) .

FIULD, WP KIXIEIK q B DFA ks o8 4

Egg:{zh zﬁF%msﬁW} qeRHq#0 (4—8)

L S [FA(vs)))  q=0 (4—9)

s v=I

M q=2 I, s DFA ITHE AL kI AL F, () Ha T DFA B4 m A1 s,
JREE s KT K . MTARME L q, EEHE P~

BN, FEREAEL q (s, Fy(s) XU HUE L, %@%@ HIBRBEAT A o
AR {x R KAERAAR G, W F (s) 19 s BEmHC R,

F,(s) ~s"® (4—10)

5D ZREL AR B RIRIZE RN h(g) « X TFARI T P40 5, h(2)
4 Hurst $8%0. KL, h(q) ##5 4) X Hurst $54((generalized Hurst exponent).
AN TR F,(5) WAL, Bim+2<s<N/4.

YT HAR RN A, h(g) ANBE q AR g . A =24/ ik A
KISk HA A FE ISR EAT A, h(q) & 2ZHAMTq: >0, h(q) ZHE KK
WIFRBEAT A5 q< OB, h(q) #EIR NIk IFRBEAT R o T85O T2 20 T IR 1)
Feaiin s, Kk B h(q) B/ TNk i h(g) {H.

DL PR HBEXTIE )T X Hurst F820h(q) HEATAG T, A0 (R] 7 51 4 38 b 5
FACHTFEAROE(h(q) — 0)FF,  h(g) THE IR ZE SR RRA. ik, X Fdis
BHATEIE: RE—DHAX@E—10)7 5 @ — 1DARE— 1288, HerP
BAAR

F,(8) = exp{(

V(i)=Y Iv o -V) @—11)
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Q) ~ M@ _ ch(@)+ _
F, (5) ~s"¥ =s" (4—12)

Al PAIEM, I X Hurst #5840 h(q) 5 MF AR R FIbs RS 2(q) A R o
M58 f (o) B R xR &

2(q) = gh(g) 1 (4—13)
a(q)=%r(q)= h(@)+qh'(q) (4—14)
f (@) = qa— 2(q) = qla—h(@)] +1 (4—15)

4.2 HPIAIAPZTCIBCR RGP 5 2 7 FE i R
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BEB B AR A, BRAT T 52 H R 28 0 F TR B T 41 LA 22 00 TR 2 o b T
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