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THEORETICAL MODELING AND ANALYSIS OF
NEURONAL DENDRITIC INTEGRATION

ABSTRACT

A neuron, as a fundamental unit of brain computation, exhibits great computation-
al power in processing input signals from neighboring neurons. It receives thousands
of spatially distributed synaptic inputs from its dendrites and then integrates them at
the soma, leading to the neuronal information processing. This procedure is called den-
dritic integration. Dendritic integration rules are under active investigation in order to

elucidate information coding in the brain.

In the thesis, we present our work on theoretical modeling and analysis of dendritic
integration in the following six chapters. To be specific, we introduce the background
knowledge in Chapter 1 and Chapter 2, and introduce our own research work from

Chapter 3 to Chapter 6.

In Chapter 1, we introduce basic neurophysiology for mathematicians who are not
familiar with neuroscience. We also review the current progress in the experimental
and theoretical investigation on dendritic integration. We finally point out the scientific

contribution and novelty of our work.

In Chapter 2, we introduce two types of neuron models to characterize neuronal
electrophysiological properties described in Chapter 1. A neuron can be modeled as
an idealized point with electrical circuit structure, such as the HH model and the IF
model. On the other hand, a neuron can also be modeled as a spatially extended tree
with conductive cable structure, such as the two-compartment and multi-compartment
cable models. All these models can describe neuronal behavior effectively in different
aspects, therefore, they will be used in our following theoretical study of dendritic

integration.

In Chapter 3, we reveal theoretically the underlying mechanism of a dendritic in-

— iii —
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tegration rule for a pair of excitatory (E) and inhibitory (I) synaptic inputs discovered
in arecent experiment. Starting with the two-compartment neuron model, we construct
its Green’ s function and carry out an asymptotic analysis to obtain its solutions. Us-
ing these asymptotic solutions, in the presence of E-I inputs, we can fully explain all
the experimental observations. We then extend our analysis with multi-compartment
neuron model to characterize the E-I dendritic integration on dendritic branches. The
novel characterization is confirmed by a numerical simulation of a biologically realistic

neuron as well as published experimental results.

In Chapter 4, we theoretically generalize the dendritic integration rule in Chapter
3 to describe the spatiotemporal dendritic integration for all types of inputs, including a
pair of E-I, E-E, I-I inputs and multiple inputs with mixed types. In addition, the general
dendritic integration rule is valid at any time during the dendritic integration process
for inputs with arbitrary arrival time difference. The general rule is derived analytically
from the two-compartment neuron model. However, we also verify it in a simulation
of the realistic neuron and in experiments. The general rule finally leads us to a novel
graph representation of the dendritic integration process, which is demonstrated to be

functionally sparse.

In Chapter 5, we address the theoretical issue of how much the dendritic integra-
tion rule discovered in the experiment can be accounted for using the somatic mem-
brane potential dynamics described by the point neuron model. We demonstrate both
analytically and numerically that the IF model can explain partial of the experimental
results. Inspired by a two-port analysis, we then modify the IF model to the DIF model
to characterize all the experimental observations. Meanwhile, the DIF model provides

experimental testable predictions.

In Chapter 6, we systematically investigate the performance of the point neuron
models in characterizing the spatiotemporal dendritic integration effect. We demon-
strate numerically that, compared with the standard IF model and HH model, our DIF
model and DHH model can accurately capture the membrane potential produced by the
two-compartment neuron model with a passive or an active soma, respectively. In par-
ticular, our DHH model can accurately predict the spike time of the two-compartment

neuron model, whereas the prediction error made by the HH model is significantly

v —
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large. In addition, the HH model occasionally predicts a fake spike.

The scientific contribution and the novelty of our work can be summarized as
follows. First, the nonlinearity in the cable equation with time-dependent synaptic
inputs makes its analytical solution difficult to obtain. Here we analytically solve the
cable equation via the asymptotic analysis, and apply the asymptotic solutions to reveal
the underlying mechanism of the dendritic integration rule discovered experimentally.
In addition, the previous research work on dendritic integration are mainly qualitative
and specific. Here we propose a general dendritic integration rule to quantitatively
describe dendritic integration for all types of synaptic inputs. The general rule is further
confirmed in the realistic simulations and real experiments. Moreover, point neuron
models are considered only to describe the somatic membrane potential in previous
works. Here we incorporate the dendritic integration effect into point neuron models
successfully. Contrast to the cable model, our effective point neuron model can be
potentially used in a large scale simulation of a network of neurons with dendrites to

reduce the computational cost.

KEY WORDS: dendritic integration, synaptic integration, neuronal computation,

cable theory, Green’s function, asymptotic analysis, point neuron model
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B 1-1 AP 208 %A M. (A) R Z T, 38k 8 SRR T R E Bl K2 696um. (B) 2
APZ T, BT A D RRREE W K390 um. (C) # KAYZ T, 2% 8 KRB Kk
118um. (D) B RAPZE T, LR A K RARREE O, K 267um. (B) MAAy 27T, LR A XK
B R UK 288um. (F)EFHAPEL, WRAMGAR B, KL 1.5mm. A ELHIEH T &
B NeuroMorpho.Org 11,

Fig 1-1 The diversity of neuronal morphology. (A) A pyramidal cell in macaque prefrontal cortex
with a length of 696m . (B) A stellate cell in rat entorhinal cortex with a length of 390 um
41 (C) A Purkinje cell in mouse cerebellum with a length of 118um ). (D) A basket cell in rat
somatosensory cortex with a length of 267um ©!. (E) A granule cell in rat hippocampus with a
length of 288,:m "1, (F) A motor neuron in cat spinal cord with a length of 1.5mm 8. All data is
downloaded from NeuroMorpho.Org .
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Postsynaptic neuron

\\2%)‘ Apical dendrites
Synapse o

Presynaptic neuron
P
Soma
f Basal dendrites

B 12 A2 EAEMTER. REBGAZAM KT L6 RMIR>BRI KA ZEAITPET
I ANAZ 5. B RARATAY 2 L0 S wALAR 18 2 4 R Kop At s R A N — AV 2B R
WAL RGN ZE LR AR ML B TR AR LE, MES FiBiE, 5 5 K RAk S AP
ZUBENINE FHEARS, RAFERE AL T, RABA R TG WAL B AR RIEE R
K, 5RAMEELCEE GRS R AEES, SRR AL, SRR o4 Lt E
— & BMA N, R ARG AP B U IR G 5 5 )0 T A A WAL ST B A S RAE A T AP 2 L.
A K 155 A Lk [10].

Fig 1-2 The typical structure of a neuron. The postsynaptic neuron receives synaptic inputs from

a presynaptic neuron. When an action potential is initiated and propagated to the axon terminal of
the presynaptic neuron, neurotransmitters will be released. These neurotransmitters will bind to
some specific channel receptors and invoke the open of the ion channels in the postsynaptic neuron.
Consequently, the ionic currents will flow inward or outward the membrane thus change the local
membrane potential of the postsynaptic neuron. The ionic currents inside the postsynaptic neuron
will then flow towards the soma along the dendrites. In the end, the soma integrates all synaptic
inputs and generates an action potential at the axon hillock once its membrane potential crosses a
certain threshold. The action potential will then prorogate along the axon towards the downstream

neurons. Figure is modified from Ref. [10].
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SR SRR T IR AR B TAM A TCIACHT, P28 E LT IRXHE 52T B & 5 A0

[11-13]

1.1.3 =R
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18 22 Bl SRR i N, Al SR S b R T L e 2208 o, X BB AR P s 5 B AR R i S
PRZTORE E I SR (receptor) b, MU S i Jo M 22 To M 58 Y 25118 7E, 2
A HSTHLAL, FATFRIE R 288 P& B A5 5 [ R AP U7 58 (chemical
synapse). TEZA TR K S bR i 10 27 S, TR T HAd 2R Y g 5k (Bn rey
M) A SO S

1.2 BFEE

FREE T B 4R AR R IF B e 20 A4, (A5 N FD BB AN RENS H il 48
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e, A EEALE AT Bk,



B IPNE S S A B—F MWELEIN

By E ] LA R P F A R AR E. e R R R B AR
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TRERNEE TIZE 7R AL B SN NS T IRE LR EUR IR . DUgH
B K o0, —80m R R R — s S T M S IR 2R
SmM, MR EZ) 0 140mM. 7RI A 37°C WITE L T, & B H 20815
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B ER R ASHISRRIRATIRZ N ZAMAL (depolarization) .

X TAE—B TS, B A MM T IZ s R R TIEE T
PRGN, 1% B RS sy JT [ R A B e, SO B RS 44 T Itk

1.3 FFERL

HEFI2MRMCETE T — M PR B AL JRMIRATFIE & TTH)
WANAREE A B E W TR, B TTBE BRI, T XL g 1
W REGERECT L0 -70mV BIFRE AL, BACRT, F B WAL A=Y i) 3
ML A0S BT,

FRATHIE, Nernst-Planck J7 12 (1-1) F#iR i 271 HE AR B AR/ IA TR HH IR AR
A BRI, AR RS Tl E A —E B E A AT RE A RE AL,

NN E 7RI 3RS, R, ARG O, B s8R IR A Nernst-Planck
JiRE. NG R R AR, B AR 22 R RS T LA T AR I B AL AL,
Goldman, Hodgkin PAK Katz $&H T —ME AL B £ RIS, 101 g R

o BETIHIEN WIS
e Nernst-Planck /7 F&1F B 1B TE N ST

— 66—



B IPNE S S A B—F MWELEIN

o HimEitH I
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WRE, W n[C) N HAEES T E N B R, AR R LA EARIR, 0 5 5118 1Y
Nernst-Planck J7 2 1] 5 il 4l F

T
J = —u*kLnM — ,u*zn[C]qﬁ, O<ax</
q ' Ox l

FE S 11l TE P AL BT AT T 5 A

[C1(0) = [Clin,
[C1(€) = [Clout-
TRIATA LA
— eiA[C]out — [C]zn
J = PA(S ),
Hr
-~

FE SR BT HIBIE R (permeability) . /N FIRY A& AR HBIE R, HE €
SR
_2qur
A= pt
EHEMIEIE R A =R/ T Nat KT LUK CI, BTG s sh |
M7, I HAER S8 T A B 1 1 AT i 0, W)

TRREATAF SRR

_ kBT 11’1 <PNa[Na]0ut + PK[K]out + PC][Cl]out>

1-3
q Pra[Na)iy, + Px[K]in + Pai[Cl;, (1=3)
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4 T A 0 T A 5 A AT T R Y Ry

A3 (1-3) #XH Goldman-Hodgkin-Katz (GHK) A=, 7 LA W 5 A 1] U4, 7F
MIEF SRS =R E T HIBER BN Pe : Paa: Po=1:0.03: 0.1, LN =
B T M L3330 (K] = 400mM, [Nal;,, = 50mM, [Cl);, = 40mM, ZH /i 4h
=BT RIWL AN [K] oy = 10mM, [Najoy = 460mM, [Cl],, = 540mM. A1t
A A (1-3) FATHT LME T2 TR S HBALZ R —74mV, 5 L0 45 R
WA

HEEEH GHK A3 (1-3) R E E—Fh g7, B Nernst A2 (1-2) )
G

1.4 BH{ER{L

PAEFRATHIE T AL T AT i w S AL, JRT, 8 — M o 2
ok B HE M ITRT BT RIS, SER F A 2 i B R S R, A2 TTHY
RS LA b A — S AN GE 2 -55mV) , £ HL M4 S 3l S8 He A il e X
PRI E AR SR 25 R i £ Tl 19,

ShVE ALY AR S AR R |2 A AN S A e AR R, X
TABEHEE R TR IE. 55 2, E AT PR B 2 21 40 L2 R N A
LN, AR 1-3 FR, G0 TT I B B e 1 s A P A A, A4 At 4
N B AL/ N TE, BN R T T, AR AL BT R EE N, KR
FE VA5 A8 B - R R T T, AR R L2 IRATHE Y, AR I S e
0328 i T S RAL, TR T B AR 2 (AR A B IR, (675 4 ST L o
G b T, 24 2 5 A 7 K AR DABH L4 B8 - F 28 I, RIS B 11 e
FERRALIN, BB IR, JF ELAAEE T 4R 21 OGP, TR, SRR E T b
WAESTIT. B 7 B9 B B LA T 2 A R AL, DAL O R ) B - AN, (75 40
N B AL T [ R AR AT B AL, B BN S Ims £ 2ms WIESK, 77k
2 100mV K HALAZAL. I 20N AL AR AR 2255 5, FL L A 7KCF, (B2
HT T4 A0 B 2 R R ARIRES, IR AR SR e e B L2 R N T
AN TTHRI 22 3R ) SRR, #2742 28 — A st i in. FA PRI B 10y
A TTHIA R (refractory period) .

HAS S AR, SRR Az AR Hh I FE 7 ) 25 A 1R A TP 28,
ML TC 2 [A] 9 5 i A\ — PR L BE S I EC I HL AL ZAR AL, o A e S P 2 T v 22
(EHALACTE, SEER AT K. A, [F—sh 2 i shE AR JLF- 4
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A V
- +
Ena Na* channels
close
Na* channels
open
K* channels
open
Threshold -
VR >
Refractory period
Exk T

B13wwaraitffefarel AR LIy hEFEaETIT, RS THET
RoAEwln, A A T AR, 40 B TR XN, 47 B TR AT O, I An AL T4 B T RAE
WAL, B R 5B SR [14].

Fig 1-3 The action potential. During the upstroke, Na* channels are open and the membrane
potential approaches the Na™ reversal potential. During the downstroke, Nat channels are closed,

K™ channels are open, and the membrane potential approaches the K™ reversal potential. Figure is

modified from Ref. [14].



AP 2% UM RE A BT 5 5 A7 LGB RFHE AL T

Fk

(A, 8 AN EARME S XN, i A= A (i [ Sl RE L&
FHZETC S A AT S

1.5 MRES

BN EREat PR EEyTw R L Bl wk Al i D B = RN HESSTH=R BN AN
S AEE 11, AT T MR E T S E A2 R R, IRIE A ST
SRHIE, AR B3 A A M AR 2 ST I AR 2 TT . Y SRARAT I E T 2%
AT, Sl e & TTHOR B A A S Az 2 BTF. AT TR f
PLFR AL MRSl I FEAL (EPSP) . [FIHE, 24 5 il pi i &8 7T A I b 2 T 0,
Sl J5 A0 2 TCREIROR B A A SR IR 7 2 TN B BRATTHE T B O 55 e (S R A 0 )
PES Al 5 i FL A7 (IPSP)

PR TT I 24 A 5 T R L e T S 5 SR oy R 0 1 Ao 28088 TR ) P 2s. a
LA T TTRE R — R 08 RN AR (glutamate) , B 285 A FE S
Jo A TC SR AT A AMPA 324481 NMDA 244k _F. H i AMPA 2 AR 5 H
o S EE ST E AT LA e 5 #1571 NMDA 3240 fa AH 18 7Y 25 1
W TEFT AT LA s 7, #4512 AR TTE # 2 i 58
22907742 EPSP, HE NI L ALY 0omV A4, AR, AMPA Z AR L
T PRI T 5 Hogh A B2 OB H , T NMDA 2R B T 4T s 28568 s H
Z AR AR AL . — RIS, AE A& ORI, b7 E A M F s e
TEUELA LRI A S E AL, A S 5T, B, #E ol A7 3 (E LA
Y S EAZF] AMPA ZARAI .

T 00 41 44 Ao 26 0 1 B BRI — P b 65388 R OR y-2 35 TR (GABA) , B4 4k
BAETMF A ETCI M L) GABA A ZART GABAg Z K L. Hif' GABA, %
WO I, R BT EE T AT DU 8 1, 5O L — fREAE -80mV
FiAa, AT A AT S R, (RIS e #2044 77 A2 TPSP. 1E R E| GABA,
1) Jiz % B o7 5 SR RS 4 40, [RI G A 3 TPSP MR B/, B A xE LAV E). 55
—J7 I, GABAg SZAMERIE 5, FFAS B HEFT FHAH I A B8 785, T A2 A5 A P
A — R BV B T I AR A SO, A5 I AL B B T FT . B B I TR A,
T LS 3% L AR, 290 -100m V. LEAR SO FR AT 16 B BR e FH S0 56 78 TC R IR I
RIS 0L T, 221 56T GABA, 21K, BHIT GABAg K.
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EH B RE HE S B—% WEAHAN

1.6 WRES

R Y Ao 2 D0 38 R B OR T BTk B R I 2T B SRS S
AP0 B GEER ], M SO B AR SR R, T BRI e A I, R HARCK
AL T A S LT AS 21 LR A A 25 (RS2 B AT RS I P ] 221, ]IS, B e
o7 A7 AR AR T I ¢ b A R (D2 B A A 1224 DR 5
SLET PR N I P A A AR L AR B ] U220 BRI, AT AT
fs % HLAE 28 M T EE MR B S S A A5 5, AR NSO A LG, 2%
FEASE AL, RE S e M A TT. IEMZ RIS, ETTilis ifE Bk
A REZ AL AE SR FE L= AR O B[R] P 7 . DL, AR 58 K 4 it 15 2L O AL A,
FANTE SCEBR B8 IC — RN R AR BT — W&ok B 5 EA
[ e )55 25 ] i A AR 7 e A LIS Lo X A 5 R (5 ALk FELAN Oy Bl
H) 20 AT, IO AR 2T B A B SLIR AR T FE it i, LK
[ IEASCT AR BT Z AL,

1.6.1 SEIGFFZRIVIK

WREE G IR N HALR A 2R BT S R R 2 — 1220 J i SE 50 Y B
LERRZ EME T, BA VBV HR TAE S Z5IF

B,

=N LN N G 2w B VAR SR A PR R A AN N = 7 N1
GG SE R T 4 B B T, FRATTFR 2 R ] 4 B - T A A
3] (passive) B9, X TRy B SR, YT R MBS N, B 7 HImS IR
fik 350 ) £ G 6 D A 200 LIS, TS0 JR B LS, R R o P T A T 2
NEBE A, SECRNERE 7R ATl BB S E WSS A
i, = IR A S HE 40, [RII, B FAER 58 NS sh i R b, A 3040
T3 5 R E I A AR A, FUA /NS Bk A, DRI, AE AR A P T SR 2
A FEL A7 S A4 T 53 Y SRy S LS i A/ NPT, ]I P T 1 FEIR AR S I
BN HOLRE, R MAIITEAG EPSP B TH-5 N BB 1] RS 3 2 LA 58
Jel EPSP B [R] RUEKET, {8 5 2, MK H) EPSP P2 LE R 58 1Y) EPSP I JF
o W _E AR B A AN Bk E T R AT ] R A IR T 1 B, s
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AP 2% UM RE A BT 5 5 A7 b 3GE KT L

Excitatory Input

B 14 AR F) R A9 I8 IR RORL . A R AT 5k 69 S AP HT N7 £ 69 &) <k EPSP & BLA & EPSP LA+
Fo T M09 1% B3 K T A R U3 Fe fOAR LT K ) 49 EPSP #& B fe LS F Meig & G FRALE
FEAARE) . AR N8 HTRAFILA “+7, BT ARG AT KT,

Fig 1-4 Passive dendritic filtering effect. Activation of a excitatory input on an apical dendrite
produces a local EPSP that is larger and faster than the EPSP recorded at more proximal locations
and at the soma (as indicated by recording electrode symbols). The ion concentration is indicated

by “+” and the current flow is indicated by arrows.

SRAN A S A 80N. B 14— A AT R U S i A o A R A B B B
(AT =V

5 A1, B S B AR 0 E AR ) B2 INP £21280 . DL IR [ M A e 22 5T R 40
HW R ERZH 1-2um, AR ERZH 20um. BEE/NER ST HIA
s BEET, Rlgn e o L rmdan N, 5™ A 0 SRl F R A, 2R, AR R B2
FECT AR DT, (SRR B2 T R R, R X2
AEREAAR A 155 20 A0 I A7 U S b 10 5 1) SRy B FE AT T AR/ N B Rl 22—

B BN S BE S RN, 2 EE AR I [R) A 5 A (A RE S PR T T 20, I [R) S R
TG IO R R _E O R I 21 S fisdin N\ B — R, 5 f & T0 i A B I
[ 5] B ko2, A A A4 I HL A7, (Summed Somatic Potential, SSP) k. DA%



B IPNE S S A B—F MWELEIN

SN B, 242 AN 2V BRI, BT A1 EPSP 4 2 LA H # s 1Y
BN, A2 TC B 2R AN B Ha A A REAR 2102 BB AR SR FELAL. A58 A
A [R) TRI BEAR IS, B T4~ EPSP 2 filiE i ) 52 el 28 e B HLSL, [AT UG 7 4F 1Y EPSP
ARXE IS 2 55 e B AN B . 25 [B) 3 & B Ag & TUN I 58 RO R A&
SEfE N BRSOk, A B 23 [ A BBk, FOhAII F A ek, TR
DISSAs PR A, 24 A3 AL B BIE R, — M AN SEON R A T & &
S E] 55— N T IR B 3K B 77 (driving force) , PRI 45 AAEREAA A
F IR R FELASE A PR B8k BPSP AR I, 25 PN A\ B AL B AR, BATE
RARAT, W ANAE AR PN B IR R L S LIRS Bl EPPS 2 .

BB S — N BB BOE A& TT R T AR Bl oS TR AN R T
FAES - 8E A T 7 RS s E R AL 2 b, HR S Bt g 2 2 e H
JE 1148 ) - sh RS 1108, Qnan s 20, g Eg -y~ 303U g gy 032 &8 SR SR
TK L 2T AR 5 _E A 8RR R 331 DA ) DXAE AR 2870 A 451, 44
T Y A AR SR [ 2 B 43 A e A ) — B4, B 1 S T R LA o
T, 5 3 T v AL % R L AR AL 7S A 301, B AL IR I H R S T
5 A HELAAR 2 A0 8 e iy A2 B 3 401, 78 e AL 25 A HH R ALk T 1371,

H B FAT AR 58 0T H0IE R IX L0 2 7l 18 I E AN DO RE. SAT AT LLH & fil
TR ERL AW RS TH A, H AT FRATHRIE X L8 L G B 78 S 580
HL 38390 DUR AR 2 Te sl VR L r S R AL E k. TR EAE T & e
T, M SR SRR AR FAL T BN, B B AT RE A A Sh AR AL, FRATTHN
BRI S B 7 I A — /NI A 22 AR AL, TR AR SR v Y B A AR
FAEHARAE T BE S IR TS, T S8V E A S ORI v B A5 5, A
0 ] HEIE I A2 2 i AR AL e B B AR s TT 2 R & BRI, 2 5 KN+ > 510
TR R, 75— 07, BTN = A S E AL, — T S E AL &
EHSE R AR TTAER, 73— JT I BT E & o 98 B E RN e 1,
15 VE AL AT DARME 22 58, TR B AR 58 20 5838 22 sh 1 FLAL B 1114 32 /Y
AV, SRR LI R A FRATME e — e EE 4R IT, E 3 &
A LI B RO 1B, 4 &Il 2 M5 5 A, Ay shaE
HAE.

F T 35 3 S -8 A 20 R 2 AT B E LA Il RO R A,
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AP 2% UM RE A BT 5 5 A7 28 K F AT L

-
B

15 AR LME W 3 ) 2 (AR ARATT 23 BT e BTN SRR G i R A IRDME, PR L A AR S
H, A TCRE IR I R O T, FRATT B IR SR 43 40 B N T L B T, T AE
THENEEA LU A P2 S8 v, FRAT175 & BT DA S & OS2

AR,

BATRMG Hp 24 A P S PG A Z TR LB 25 401 W01 e SNk S
ANEBESHERNTRTE R EE o EERE L. B 5SS & I, 2%
a5 A e N 2 B8R ELAE P FRATT ORI AT AL 3 7ML o 0 9 S SRR R4 5
L1441 b s, AR AR FH AT LIRS 4R 42 & e RS 3l 140 DR ~ I3 B A3
1460 2 H SR KNS 3. H 7O T I P& T an oy S0 _E R HR M AN 5 22 KN
HEBHLRO AR ST, RIS SEEG 3R, AN 5 X U 2 481 DL
R DX S 1491, SR S 1 A A ] e A 28 0T & Sl 12 22 A PR A A TR S AN
[F) (o7 B D3, 50521 ST - A B I P A 2 T AR DS PR AR A T _EAN IR Y SR i
FArEVER S IhRe 2 H Arer st s B3,

FBARTRATTA 24 e S P Fa AN A BAE R R0 2 /D, SR — M =, #
PR N B X B HE S Y AR A I AR BB 24K (hyperpolarization) 5 433 11 ]
(shunting inhibition) . T # ] A\ B SRS FELAL 8 50 5 FRAAIR, TR B AE
SEALBHES 7 i ML AN A LA . Bl e BB 7 AR 2 it 2 AR A% PR
fid b A% 2R ) LE B - FE IR AR LA A e i, 5015 200 PR P (S BAAEG. FRATTRR L 30
RN IALAE R 54551, 5 —J7 18, BT Rl il o B 11 E H L, i1t
BT A AL N A 0 B el i P e B s T R A, S
B TR MR B A 1 B 1 PRI IR ST, FRATFR LRSS A R Lt o3-St A A FH 155 561,
3 2 0 B S R g R A I R S AT, L L ge T
I i A, AL 77 A 1 I EEL AL TPSP R 120 G0N, 1 24 [F] i 25 55 2%
PRI Pk Sy A, o P B RS R 2, an & 1-5 Frow.

1.6.2 IEiEHHRIVIK

FEHIE R T, BEA R MY B2 5 i A S T — L8R T BRI A AR S
BRR UTS — NS, HECARTES B — B AR U s DL
B EIE AT E IS B R ATIRME. A, S o SeAL i
B 1) AL 69 S N, R TS R LA T 5 A T RO L Y Bl g A
1L.
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B IPNE S S A H—F WELEA

Excitatory input

S

Inhibitory input

EPSP IPSP SSP

B 1-5 24 53 s 4 N AE AL AR5 69 XX b N (FRIT A B 8 AR R L5 69 4 )
N (AFFIRAZ AR By mdphl. 12 &3] 5 220k T 498 s o, L &£ 69 IPSP 8 B4R )
(P ). AR, G A NS 3 A N B B 4T B, Ao fe 69 JAAR R w4 (R A& 1) 49 SSP)
b5 gk &9 EPSP (£ 3i2) #= IPSP (F ) 89 &M hefe v 69 % AL F AR T AL FALF .
Fig 1-5 The interaction between a pair of excitatory and inhibitory inputs. A single excitatory
synapse (circle) on an apical dendrite is shunted by an inhibitory synapse (triangle) on the path
between the synapse and the soma. Note that the individual IPSP amplitude is nearly zero (middle)
when the inhibitory input is given alone. However, when both inputs are given, the summed somatic
potential (SSP on the right) is much smaller than the sum of the individual EPSP (left) and IPSP

(middle). Three recording sites are indicated by recording electrode symbols.

BRI BB SEIN SEEE A R, X B S AT B i i, — i E
SRB 7 V5 RV S ity A LR FH 20 B s FR S S A AP AT, B EUE, i
Hk [58, 591 FHIASES AT U7 k. SR 127 508 ek T A AR S8 B A3 TR EE AR H,
HIE 2 TCIEA A 5 B B TR AR .

73— J71H, Wilfrid Rall & J& 7 —EHCA IS HIA £l 58 i sl 19
TR 1001 FRATTFRZ A HZEHE I (cable theory). % T iZ FRIS I EAR N AR TG AE
FEAT2.2.1 A A, AT 21 AT LN ST S8 S IR PR AR AE L. 2
LA I LA AT AR LA R B, AR b 1Y 32 30 B 1A SE A O AR AN,
DRI S AT LA & BRI AL A Bl Y PG5 1), ARYE FRAEHIE, M &8 Tom 58 RY
2 e PR T 7 e A PR A\ PR 162 R 6 2 R Y ek O R AR AT AT
DI SR A Rt (5 Fil A0 5 FRL A AN B O 3R, SR, T Sk FLE, S5 JUA51031
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AP 2% UM RE A BT 5 5 A7 b 3GE KT L

RETA NI TE A, BIHRRE AR/ N A 55 o SR, b a5 SO HR LAY
IR, R B B E R PR . R AR, A\ R ST A B
ARLNE R AR, — BT, XM AR S A T 25+ B 2k, BT
ARLNE T, SCHIR [64, 65] 32t — B A Y HL SRR [R) 324, AT Fa i 3]
R LA SR e 240 F o7 B P i AN AR AE, DFSE I S SR B B AR SR,
SE YA 2 TTRRMCE Y S i A\ 38 AR I [R) AR AL, IR R AU & 4T
NSRRI

N E AN A2 TN T TR 224 B A, RIME— B8 A R 7 35 R
ABE TSN B 75 . T ORI TR T 5 B & 1045 U7 ISR
2RI, AT BRI A T i B T R T 2% AP R A B SR 5 i
MEESIENANT EPSP B SBAEEE I 5 B9 0 BN AR LA, SR )5 &1~/ N R
RS LA i A M AR AT Ce: O7) b 5 SR B 5 A A ) S P A 2 G i (68601,
AR, BRI R AT AR AR Z 7R RS R EE S BLR,, SRR B 5
R UR N HL A TH PR B 45 B T LR M A TR R0 R U R R R AT T
AT AT 5 5 ik Y I 2B S5 BLR IO B0 7 9 IR Jie. XA AR SO B e
[l —.

1.6.3 ZARXEIHF=

B SRR SEEE G BB I 58 TAE, ASCTARRI B8 2 AL S 2500 T

T, TR A TR R A 1R ZE AL 89 R Ak N FRLAS T R LR AR R 4
1y, DRI RE SRR 2 WRUOUE, F AT s R ER B R df i, AT T I o A i i
U AR T RERR AT, R 2 B B 583 & R BRI g b, il 207
IIMTE RN T AL i A B — I S S A N RO AL

Hok, BATR T OB A A BRI 5 SRR I 8 10 RE 1R 20 M HLAS 4 06 4R E Y
BN, Rz e, A B I A R AR AT B AR T AT R SR
FEAIEN, o] LUE A IMEE R R RS LG, GUFE X% A -SRI, —
XA, — XA, A2 A AP R 588 & FF HAZ B A5 N
AR B A\ T T oy A R AT S5 O B R s B Bl (R B BT 85 1 B A T 14K
(RS LS A 2 SR P2 B SR N 3EA T T S

i, B AT Ao LTET2.1) HEER i 2o it i i Fe A sl
T35 BATR T AT R AR U TR P SRS TR, 18 TR SR 2%
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LB aE KFE WSk L %—F WELHAN

GO E) S b FE R 2T 4 PDE 158, IR 5€ 445 1) ODE
SRR BT LA R P 380 DR RUBE A 2 ) 285 O S AELASE 0L o, A0 R R 2 T 25 1R
NEEGE BRI B T R IR
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B IPNE S S A BoF AWETEA

BE HETIEE
TEARZ TR RATEN ] B 7 IR 2 TT BT A58 DA A H A= 7
FHE. BSETRNIN B ARG ML TTE 2 U g5 R I S oA B AR AR 4k
A FELA 5 ANER R AN R R B S AT R E A oS E5 i B 23 [R] & e Asy) R
T IR 5 5 AR A4 I HL 2 5 RS N B 96 &R, T T R A EE R Y AN A\ 244
N AR FE T2 (8] ) Sl FE I AR R =T e,

2.1 miE#E

Jo A7 S8 S, AT RIRRE A 22 T Y 55 2R 25 B S A B AEAE R — A RO B A,
HI T T AR P AR S E AL A T, B ZE ST R (5 EAL A0, 2 AT Bk
OB AT AT AT LA 220 g 5 A I o iy 5% S A Ak ) 20 e
(o BERS [ EAL R B 22, BB TR T 1 3T S T & oA 5 S
FEL Y 7 AR BILAR. SRR RN o, A8 Tl BT BT B A, LB s
WBEE M ATISCAR. R, fE T B AN ECH HR A RER B FR AT A 20T
SR NESIFS UR S

N T fE e T AR AL A B A R I B AL AR, b R AR A — A
RN S R A AR A0 21 o, iz A4 =93

o FLT DU I 1T R L
o HIRH LU 1 [ S e LA
o FA MU AN A Y 4 2 1
SR RS T DAL FRATT B ELAE B R A P SN I sl An e SR
ZETCI L A AR AR R/ N T A, T B X2 AT ARG 48

B R SR S, A A I T AT AR G F Ay, AT I AT TR 0 e S Sl

7%, Hoe ity ;
q

dt’

[cap =
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g Vreversal

A 2-1 A2 AF R LRAA . (A) — DA Z TR T EE. I 3-5nm 4955 5 X5
TFTETREmRIEN I, B EM S TEE AR N I B TRET A EE. AR B
B X#k [71]. (B) — /3l v, v vy W EURWRAKR. L P B Eiiks
RO & 69 AT Bk A fe ), R iR B T RE T AR, WRMA B FTEE A R4 Bl iF
AREFHAELRTEARCL A TEE S X R IHBETFEENLFHLLRACMNG
FEREEM) . (C) B ML 89 F B L3 KT

Fig 2—1 Equivalent circuit model. (A) Schematic representation of a small patch of typical mem-
brane. The 3-5nm thin bilayer of lipids isolates the extracellular side from the intracellular side.
From an electrical point of view, the resultant separation of charge across the membrane acts as a
capacitance. Ion channels inserted into the membrane provide a conduit through the membrane.
Figure is modified from Ref. [71]. (B) The associated electrical circuit for this patch consisting of
a capacitance and a conductance in series with a battery. The conductance mimics the behavior of
ion channels inserted throughout the membrane and the battery accounts for the ion channel’s re-
versal potential. Note that here we only consider one type of ion channel, however, multiple types
of channels can be connected in parallel. (C) The electrical circuit representation for the whole

membrane.
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R P NG S e e R BoF AWETEA

Hodr g S B T RRU 2 I S BR 2RE ey 5 {1 35 A B T AR Y KN
e, AR EAL A v, W g = cv. BRI

Loy = c%. 2-1)
TR ER I TT R UG, BT AT AR ) FL 2K/ N B T L we i o012 R 45 44,
SLIG HR B A I, X R ER AR TT I IR ¢ = 1uF/em?7, X TR 131
B F, SE6 & B0 LR 2 MR E AR 73

Ileak - gL(U - €L>7 (2_2)

Hrp g, NEAEFBIN RS (BRI AEIEL) . 1 e, AR B35 T 5%
AL, T 0 e 5 P 7 A B (B LA S L 4 0 B T T ORI, FRA 1A%
JEA PR S T B A BT A L. RS, 2 TR 4B P TR SN B SRR 1,5,
YR R P EE R, TATH

Icap + [leak’ - ]zn]
KILFRATTAS 2 7 A7 T AR AR A S B R R 7 B 7 27

c— = —gr(v —er) + Lin;. (2-3)
5 ENAR E T E RS B TE, IRATAINES 7 Ly, W2 M E A
]Na - gNa(U - ENa)7

A gy NERALEFRENES 1 FF, Eng AR R AL, [RS8 B 7 FiR
Ty T R BRI E A

Ix = gx(v — EK),

et gp HEALTTBUENE TS, By T 6. TR (2-3) TTLME
iz
c% =—gr(v—c1) — gna(v — Ena) — g (v — Ex) + Lin;. (2-4)

BT g, /NIRRT P TP M2 SR BRI, BT v,
(AT EFBAL v Y ZEA, T gy, AN TR L o HIZEAL.

PS80 B 1 SR, 78R (2—4) JFUU L ATLME IE S 4 BT Zeeh L
P TR, SR b3k = RS A A 1, SEBe A g, AT g 0
ANAAAETENT 211 A,
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2.1.1 HH &3

HH #5%7 & Hodgkin A Huxley 7E 1952 542 tH I & T H2E AR I 5
fife e T A TTENVE AL P A AL AR 22 AT R DA A A e 22 7T LA 3
TE AR AR —,

2.1.1.1 WS HE

FRATHE TR &5 & RS Uk, PRARI ik HH AU 2 7 i) AR IR 1l
B Ko, AR S i e A S AR AT

o B SERURI e 5 gic 2 BEERT TG, 8 THFSE gy 5 g HOED 1%,
TRATE 26 T B GBS TR T B BSTT40 BIUEAFIFG%. it i A (voltage
clamp) A, 3 TTAT A BIAMARAG I b B — A 3 . R S JEE
ot S A AR . 54 (P 2, TP T A — 2 O R R L,
(S o AR A (B AR A 0151, 6 (P b PR 2 5, o 4 P B 1 5 2,
I gva 5 g RREEC, ELEBASHIR Loy = cdv/dt . FUKHI BT 93
o e A A0 AT B T B T PR, LR L | T R L R L]
PR TR

AT 5% F T WV PR gy FRAV T 7 R RS, A
. RORR 2 5, 244 T P PR L P (T P S, B9
T LT 5E A, IR TS B 1., (ORI i, 1

Iz'nj ~ gL(U - €L)- (2-5)

T W F B AR/, FA T LAME T gp F ef.

TATWE I T H R A RIAE omV. T 2-2 FFoR, W B A AL, 105
SRR Ly J7 1 B2 AL ANAR AR N, B8 3 PR A Ah. 134 A 40
AL b3S/ PR B AL, SRR b, 0B SR s I FR A T T
P S RS, T [0 0 AL AN B B FRAAE: B T3 S AN S . A T 0 il 50X
TS 7RI, AT RE T H A — s i iE.

Hodgkin A Huxley 4 I 40 /NERVE VA AN B 248 i B AN R 2808 40
HEL R 0 BT T BH S 7. G R (RS 4 S B TE T, 0 T IR A

Y, N



B IPNE S S A BoF AWETEA

0mV

-65 mV

B 2-2 BARBE I B R I, an IR A A & S AR E R 2] OmV. WA IT B A T4 — B
B JA) SRR G0 M Y, G AR an ST, AR AT IR A RNl o A A B B ok

Fig 2-2 Numerically computed voltage-clamp experiment. The membrane potential is stepped from
the resting potential to OmV. This result indicates an inward current followed by an outward current.

The KT and Nat currents are also shown here.
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AR — B BiIHAZ G, IR B B 1, TEOVHE 7 IR I, 8
AL AN T R T ) TR/, e R E A, BATT T AR ST g -5 HUR AR
ES

(v) = X
v) = .
JK v Fr

Pt i 2 N /PR VAR R S LE VAR, AT T RT ICRE I 1 21 A - LR 2
HES T PR A TS 2B 8 T B, B Tvg = Liny — [ RILERATTHL AT DAS IAEA
FIFTHUE N gng -5 HUE AR R

]Na
v — ENa ’

gNtl(U) =

B 2345 T gng M1 gre FE 4 AIE 8 B AT Bl TR0 25 40 19 B AL TS gy, b
FHH T g B, BEAL, B B R 5] B AR 40 0 PR, g EEETEH
BRI/, X2 N, g BEE I PR _ TS TR, XFI G ERE
BB T A S A T

L L, 0 EE A WA RIS T B () R m BOTFIE
(B[] REE b BATT. WIRP R TT P e A e 2T B E T THES
I, m BLICRHI b BRITFT . MM A BTN, m BLITHT I, SER AN+ 7]
DA ZRBEIN . SRTA, b BETCAE R HE AV 4 g e 2 O A, S48 18 T 74 347 O 1,
BEAA I 2B k.

I H A Y 7 12, 1833 2804004, Hodgkin 11 Huxley $f-S:H! T 488 L 51
FikL

gk = gKn47

gNa = gNam?)h; (2_6)

Horb g M1 gng 20 AN BHES TANEN B 1 FL U AEL, nom I B OAT TR BT B, 3R
AN FRICE I HCRAS R S LB, BUEDY 0 21 1 2 0H). X H nt SR 1 aliE
TFRCAIRE SR § B a3 A DY S Sz B9/ NRT, B/ NROTEE S a3 T
m3h FR T TETE T RER: A = A s FLES R B R N
JCAT—/Mg RUEZRY/INRIT. AEZ R WU AR 22 28 i, AATTA AN [F] Y BT B
NG =P S
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Fig 2-3 The voltage dependence of the sodium and potassium conductances in simulation. The
membrane potential is stepped to different values and the resulting K™ and Na™ conductances are

obtained numerically.

2.1.12 [T
Nob T b A A A B 28 A /N BT (myn T R, AR I IX L/ N BT R H
a7, B LA— @ BIRERFT I FISC I, TS 6E B I 2E . S0 A
ARG GBI HL A7 RN, a0 B s
oW 0,
B(v)
Hrp ¢ F O 733037/ NRIT I R PRI RCIRES, a(v) Ferm BT MG EIFT I
MR B(v) Fn I FT 21 5C P B 2, BATEE B ALY REL. IR FRA1B
B (r = m,n, h) HEFBORS B FEERITT s BEZ, W) 1 — » SRR BRI
FETTH ), MR AR e, BATA
dr

= = ()1 =r) =B (v)r (27
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LRATE R (2-7) B TR

dr 1
E = TT(U) (Too - T‘), (2_8)
]
(v
T 0 (o) + B, (0)
H
_ 1
")+ Br(v)
R RISTTHE (2-8) WIfiEN
r(t) = roo(v) + (1(0) = roo(v))e ™7, (2-9)

o (0) NRIES. MAE (2-9) HERATRT LA H, 27 e AR FEAL v, r LA 7,.(v)
HIHE T 7o (v).
AT SN B A2 AU A, Hodgkin A1 Huxley 1521 ¢ T = Fh ST Y Bl 1%

TR AR,
0.01(v + 55)

(V) = T 0 £ 55)/10)

Bn(v) = 0.125exp(—(v + 65)/80),

B 0.1(v + 40)
1 — exp(—(v+40)/10)’

(V)
Bm(v) = dexp(—(v + 65)/18),

ap(v) = 0.07exp(—(v + 65)/20),

1
1+ exp(—(v+35)/10)°
HH B8R T A S AR SL LSRN . gy = 120mS/em?, g =
36mS/cm?, En, = +50mV, Ef = —7TmV, g1, = 0.3m.S/cm?, e, = —54.4mV.

Bn(v)
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Fig 2—4 Gating variable functions. Left is the steady-state opening of the gates and right is their

corresponding time constants.

U 2-4F17R, noo 1 meoe BEAE HL BB AT A0, 4 H 25 o A T S0
LR EATEGE T 0, HHERT omv B EATEGLT 1. A, 2R v A 254
PR, noe R moe BERETEN. [FIRT, hoo BEE HUTHOTH R ITTRRAI, TR 24 AR A L for
EACH, B FEE SRS, H O EER, 7, W, M7, #EV N2,
A i O AR S S R O R i PERE By 67 S (I E R A i G D E RS S G
R P B ARG . Xt LR AR 1 T sl R LAY P AR T R

2.1.2 IF (&3

AR HH BRI AT DR i A0 A 42 0 L A4 1 FE RS B0 7 2, SR AT 045 1Y
FAHR BT HIm B ARG M S5 A AR HIR AT P ERLER B N B2 2. AT JEL A, 24
PR T AR T BB R, 818 B 7 Hm vl LLZBS ATt 0 —J71H, #i& T3l
VERAIZ ISR T E 1Y, RIS K AT REAR A5 B FRATT & Al PAfEIE _Fid HH A5
R ACA A B 25 - T (Integrate-and-Fire, IF) A5 1731

dv

“dt

IF BB (2-10) 20 T 4N H0 B 7 FL i, R oo T~ IS . S AR FLAL o

EIEEE vy, B, AT SIVEFRALER 7 TS 2L, RIS o BB NEREE AL o),
i 2-5AR.

= —gL<U — 5L> + Im] (2—10)
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B 2-5 %4 e IF A, 4F IF AV 2 THER KA 2nA 699830 Wil N IR i [ a
R ALK R EAEA P, 8 WAL A -7T0mV, BAERAAL A -55mV. $h4F AL (k&) &
IF A2 AL P pAR T, B A Z 0958 & B BAs 2] 34 BME (&) BFAZ XA # 8 i,

Fig 2-5 Response of the IF model to a 2nA step current. The resting potential is set to be -70mV
and the threshold is set to be -55mV. The action potential (marked by grey) is removed from the IF

model and the voltage at the threshold (marked by red) is reset to the resting potential immediately.

AL E IR BRLELLE 1907 FEal Ok B et 730 2l A eI T BN, IR
IR AR SLEG U677 vhofl 7 IR B A FL S T I F A2 30 0 2. i R AT I
IF BRI ZH0N R . ¢ = 1pF/em?, g7,=0.05mS/cm?.

22 FEER

IR RS R DA ROt R A A B I B2 B0 g 2, (B e TR B, ANRERS
AR TTM 5 RIS )2, IR EE T 1.6 B AT5E 2, A o m] LASEE
SIRNIE S, AR GEA A7 B IS A I FE 7t AR R PR AE A BT e, AT
KA BEA U S 23 A ST, Bk BE, AT/ 48 Wilfrid Rall T
O 37 B B0, F SRl i ¢ b U & sl s a1 i 2 T 25 )%
SCARMIE AL, AN, MRSl FRARERIE, X TN R B B oA, AT w4
REIR I LGS — P BRI 2210 BOMI AR,
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2.2.1 #HBENAELER

R S Y TUARS 25 #4 ] DA 3580 49 i alr 22 [ AR T 1Y /N 15 B (compartment), &
2-6ff7R. HrrfE— T BOAR AT LU 02— 00 2 rEL A B BHL A S5 R0 i 117721, 3%
WA TR R FL A

B B — 5 BEER BRI AR [z, 2 + Ax], B NEE, Wiz
FEREHUN rdAz. EEFRA, B8 Bm e, JO1A

TAAT(Leap + Licak — Ling) = Liong(%) — Liong(x + Ax).

HA Long FIREPTSAHIAIE TR, 58 Lap T Dear FIFEIE (2-1) 71 (2-2),
HATH

cwdAw% = —gpndAx(v —ep) + mdAxin; + Liong(x) — Liong (v + Ax). (2-11)
B RBATES: Lon, WERIEX. TE [2, 2 4+ Ax] 1, HiALIMSTHEIE R, H
4Ax
Ra == TaW'

Forborg AR AR, R AR R E R, 7E [z, 2 + Ax] FPRIR) FEE YA/

|
nd? v(z) — v(z + Ax)

Liong = )
fong = 4 Ax
& Az — 0, WFATH ,
wd® Ov
ling(3) = =5 @-12)
BA (2-12) WAL 2-11) 1, FATaT LA
ov wd? Ov wd? Ov
Ar— = — Ax(v — Axly,; — — — — . (2-1
crd T grmdAz(v —ep) + mdAx 1y Ir, 02 + Ira 02, 0 (2-13)
SR (2-13) 1 Az — 0, FRAVEE A0 N B2
ov d 0*v
CE = —gL(U—EL)—f—ImJ‘—FZl—Taw. (2—14)

TEEEUTRE (2-14) flA R —/NE SR A 88 p AR I Bl 27 7 AR, ZLARCR AR %
SRR T B RGP A . R T FRAT I 2R B RAS (/] B 0 53 5 Ik
JS7 F A 22 TOARAL,
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x,t) |Ieak(x,t) Iinj (x,1)

<

d Ilong (X!t) Ilong (X+Axat) —>

X+AX

v

X

B 06 A RHAR. Loy A —AHEAFER, THANEAMEHE (REFS) Kb
SEAE A SF BARIT R B R A 09 iR

L

Fig 2-6 Passive cable model. Upper, a schematic plot of a neuron. Lower, the cable model with

different current sources representing a small segment of the neuron’s dendrites (marked by the

black box).



A 2-7 = A ZAEA (A) —AMERMHZATEER. (B) AFABE. (C) F7RMEA
Fig 2-7 Spatial neuron model. (A) A schematic plot of a pyramidal neuron. (B) Two-compartment

model. (C) Multi-compartment model.

222 FTERRE

FATE S 280 2 A 87 FR A O 15 BE (two-compartment) #Z8 TTAEAY. 411 [&]
2-7.B 7w, GRS — B N | RN d IS AR R gk iR B
5, 5K B S BRIV MR, B 5 5 HARAEE, 7 —dms FEE 5T
ANREM SR Ui 2 22 A A1, AR &b O S FELSE AR BR A AR A AR A S, LS T B4k
S oS RAL IR, PRIE AL 28 [ S,

X T P T B AR A1 R 58 AR v 1) 5 A A, FRATT AT AAS 21 L 5 T B
(2-14) FEM SR o = [ AR A4 R

v

e . =0. (2-15)
37 H, T MARRT AR A Bl 607 R FELRH B S 80 i, R FR i <P 1E
ER, ATH

ov®
cS T

Horb vt YA B AL, Tyena 0 MR 5L 00 6 AAC A 1 HRL g, 3Rk 5000 5K
(2-12) £z = 0 ZLBUE. T HRARAL RS B A7 25 1 1 55 AR e A Bt Lz, BT

- _gLSUS + Idenda
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(1) = (0, 1), FIHERATAT LA S & = 0 LR L1

ov(0,t) d® v

= —gr(0,t il I
ot gLU(’)+4Sra ox|,_,

(2-16)

223 ETRERE

SRTM, AT BRI FR 28 TE A 28 B R B 181 B0, ELSE R S8 HAA R 2L
3 X EER, R FRATTR] LA 22715 B (multi-compartment) £ £8 TCAR RS S 3647
SOMRS HHiA. Kl 2-7.C FoR, 2750 BB R s 2 TR B — 1N/ NER
B A AR A — B AR T B, B B ml TR 2-14 SRAIA.

B R R R R PR E R, R B TP RS 1,2, + 1
B BAS 300N 1oyl BERD NN diydoseosdy gy FHPTE 2] 0 B
U ST B 0+ 1 RAHE. ARYRIEEE S AL Y R S IE S A, AT I N I R A

_Wd%zﬂ Vniq - _ 3 W_Cl? %
Ara ity ., = 4rq O; 2j=0
Y B 2 5 2
Vni1(lng1,t) = v1(0,1) = v2(0,1) = ... = v,(0,1). (2-17)

X5 T B AR AL HA 51T B, AT MR B H A AL I 5 A5 (2-15), X T4
AR YT BE, BA R 18 il 12 F I SRR T B 2 (2-16).
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E=EF RUWRESEN

SRR AL U TS [ B [ AL, SRS T B A A S 3 I AT TR0
ZHD EETL FIANE TS BRI 4R, Kl A S s
B Z RN ML, INZ IR SEHE G B A LA B A BRR A A INTXE, AT H
B ERATA M R A = R 40 HE R IYGR. FEARE P, FROTE e Ui S )
It & BRHIA S5 B XA S A\ B S B G Fl R BT
WA IR EIA I S BB RR, FF A R 3 B U7 s AR AT SR LAY, e 2R
SLYRBLGRO) 1 JE BUBLAD. SE AN, FA T B S AR S50 0T AR SR 53
MR SEE T B SR AL L, FRE B ATHIRUE L5 AN B A R A LY L
B0 X AT TRVE HEA T I

3.1 LMK

SEIGIV B 5F K BRI DX AR AR 22 T X 4 - B N AR 5
O], MM TS TIIER-1.A Fin. BEMETTMETET L4 T2
AS2La SN, FATAT DAL REAR B0 5% 3 EPSP, HME (B K/ IME I T 24 a5 1 4
NGRE. R, A ARSI 58 1 L 2n T AN M, FRATAT LAZE 4 i
P e s 2 1PSP, LR (E A BT Sk f A\ SR JE. 4 FRATEM 5 _L RIS 25 77 2%
B S AN PR S N, AR EE LG S AT A B 7 B DA 5 S O s T
iy NS AR R, FATTAT DA JAAR b3 5% 21 A B4 40 AL A4 I H A7 (summed somatic
potential, SSP). SE5u H15%1 L B, SSP WM B 2/ INT EPSP 1 IPSP {2k A
(linear sum), 2E3-1.B flr7~. FLATTHE SSP #1 EPSP+IPSP W ZEMEE X M43t LA

(shunting component, SC),
Vsc(t) = Vs(t) — Ve(t) — Vi(t), (3-1)

o Vise Ao AL FINEAE, Vs, Vi, Vi 435120 SSP, EPSP, Fl IPSP HIME{H. T
EPSP SRR RIS Z) ¢, FATR] AFENLAA IS A0 M [ EPSP, IPSP A1 SSP g {E7>
juj”j‘j VE(tp),VI(tp) U‘& VS(tp)'
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E P& = 1 o 2

)
? 2 023 © 3 °
o2 E: 150 - 175um E: 190 - 210um
o |2 863 -70um I: 80 -100um
0 T T
0 2 5 10
IPSP (mV) EPSP (mV)

B 3-1 54 - A RS LD (A) A 2R AR, ATk R T A A dp B AN
o B (BB B AR R A 232um A= 129um). 47 E KA 100um. (B) 3 F — & 3% 45k Fo dp ) £
#r N, 5321t 5 3] 69 — 21 EPSP, IPSP, SSP, SC, #= Linear sum. # ¥ SC & 3% SSP #= Linear
sum #) Z4&. (C) B & EPSP #&14 (9-10mV), SC & MARHS T IPSP #a{A. £I51T % A w3 oy 2
. LM A B F R=0.974. (D) B 2 IPSP 714 (1.1-1.3mV), SC &4k #i T EPSP H&4t. 4k
Pl T B W@ AN 2 L. KERE ) R=0.965. B 1 15 A LK [59].

Fig 3—1 Dendritic integration of a pair of excitatory and inhibitory inputs in experiments®®”!. (A)
Image of arat CA1 pyramidal neuron. Arrows indicate excitatory and inhibitory input locations (at
232 and 129um from the soma, respectively). (Scale bar: 100um.) (B) Examples of EPSP, IPSP,
SSP, SC and their linear sum response to a pair of concurrent excitatory and inhibitory inputs. SC is
defined as the difference between the SSP and the linear sum. (C) SC vs. IPSP amplitude, measured
for a fixed EPSP amplitude (9—10 mV). Data are from four cells. Line indicates linear fit (R=0.974).
(D) SC vs. EPSP amplitude, measured for a fixed IPSP amplitude (1.1-1.3 mV). Data are from four
cells. Line indicates linear fit (R=0.965). Figures are modified from Ref. [59].
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SEHGION B B, T A AL R A PR RN HI A M A R A I
NRFEANAR, SO IS A BRI R, 76 ¢, B2, SR EAL Vo (t,) BEE Vi(t,) 4%
PEXS I (E3-1.0),

VSC(tp> (S8 VI(tp)-

FH M, 57 [ S P A S R AR , SO A Ve A SR EER, 7E ¢, IS Z1, S
B Vsal(t,) BEE Vi(t,) 35 (E3-1.D),

VSC (tp> X VE (tp).

A AL RS AR > I AT A A A 5 B2, LA ¢, BF %1 SC 5 IPSP HY
FLAE RN EPSP BYK &R, LUK SC 5 EPSP [ (B A IPSP A R, SL56 150 KB,
Viso/ Vi BRI T Vi, BN Vo /Ve SMARET V,. IF Halid el & £ 3
THRAE R R, RGBT RS, WE3-2.A Bk,

DL ESERSIIR R T

Vso(ty) = kVe(t,)Vi(ty).

FAVFR v N R HBUEAMK T EPSP F IPSP WM (E K/, it 454
Vo BIE L (3-1), 1E t, I A, Dby PEE A FIHD My AN RO S8 e A 3 2 DUR
SR

Vs(tp) = Ve(ty) + Vilty) + £VE(tp)Vi(ty)- (3-2)

SLR N GBI Tk KT RACLE R AR KL A183-2.B s, 24 [ E
HVES AR B, o B AP AL E S IR Y B B SRR A I, e
N BRI A A BB, k0 BIA D RREE, A FRET A A B
] NN

3.2 Eigoth

IR SOV iy K B A % A AT A o A\ R R N IO 22 O XA 5
A MG ERAMIA. JRIT, 3T H™ A BB FAT R ATHE. TR
HA A B B Renlth, FoA PRGBS BEA R RE () i R AL < BUE
N RS A B EHE TN RO R e S RS A TP TASR DRI EIZ
XIFRVE. BTG LR ILGRFRN k B 2SR AKIFRAE.
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B 3-2 %4 - R AR AR M. (A) /£ EPSP %) iA 48 69 0t %], SC 5 EPSP #9 tbfd % F
IPSP #9 % 4 (Arie A4 & B B) A% SC 5 IPSP #9tb{d % T EPSP #9 k3 (At AL & 7
). FIEITFKA B — AP Z L. EPSP #9ta A LAY TAL /£ 1-10mV Z 18], IPSP 49 & {& R AL
8 TACAE 0.2-4mV 8], S5 Ak Fodip H SN 694 B 5 ) B AR BB B AR 110 F= 45 um 89
R E, ZIEG 4RI T & 4FE: R=0.96, 4% £=0.142, HIE A4 n=11; % & 4%
R=0.92, # & £=0.145, ZIFE AN n=10. (B) 2R A K v X T XML E 654 B Z#H
TN E, k A S ANIL B i B R, XS AL BA T A
f B B, k FE S5 M N 0945 B 3G e A F B AP EARIT R R 69 dp R A AL B
B i A58 LK [59].

Fig 3-2 Dendritic integration rule for a pair of excitatory and inhibitory inputs in experiments. (A)
Ratio between measured SC and EPSP (SC/EPSP) plotted against IPSP (red circle) and SC/IPSP
plotted against EPSP (blue square) at the time when EPSP reaches its peak value. Data are from
the same cell in the slice recording. The amplitudes of the paired EPSP and IPSP were randomly
set in the range of 1-10mV and 0.2-4mV, respectively. Excitatory and inhibitory input locations
were fixed at 110pum and 45um. Lines indicate linear fit (red: R=0.96, slope k=0.142, n=11; blue:
R=0.92, slope x=0.145, n=10). (B) The shunting coeflicient x as a function of the excitatory input
location. for a fixed location of the inhibitory input on the dendritic trunk, « increases as the distance
between the excitatory input and the soma increases when the excitatory input is located in between
the soma and the inhibitory input, whereas x remains almost constant when the excitatory input
is located further away from the soma than the inhibitory input. Three different inhibitory input

locations are marked by different colors. Figures are modified from Ref. [59].
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3.2.1 SREAEEG
FEFE ST AR EE ORI 2 i, FRATT e N7 i 22 7T 2 [A) S i e A\ R 507 A
L. S R B A N B L, UTACLIRM BRI S F163),
Isyn = gsyn<v - Esyn)' (3_3)

Lot gy AT BB Y BT, v AL, e, SRS TR S
UL, HUSE g TR B 40 N FY O T TS 00, LA T4 A ISR B/, BISE A
R TERERL A I 23 AL, BN TR R BEHLL g,y P BT

Gsyn = fg<t>7
Hrp f RN BRI, g(t) AT, FIH— AR B R BdiiA

t t

g(t) = N(e =1 — e 7r)O(1), (3-4)

XL o, 9 g(t) WI_ETHE B, 04 4 g(t) 19 FHERS A% ©(t) M Heaviside
K, JTI TR 28 0 B, N BIE— (LB g(¢) HIRAMEN 1,

9d

Y- () (@)

322 HETEE

T SE e g AZEAER ST B, IOy T & BRI AC In TAY S2 20 B, AT
T S MR T 43 RE S5 ), 25 R — > BRAE B T 17 Bl B TR BIF T S
PG, AR BB (LB 52.2. 2011827 B), #H £ TR AR A 5 le— 1~ HE
FEALALAASE BRI ER, A S R s — RN 1, B0 d YRR teAh, i
PRI SR LAY - FRBH ALK AT SR . X R 5 a0, ARAE Fa it~ 1ELE
(E=s A MKl
v

ot
Horpr o AR TR BRI AR R (RIER ST 0 = 0mV), ¢ 2B A
WL, g RBIESEEL. Ly, £FAAEHT, 92 RS~

z+Ax
Loy = — Z Wd/ Gy (v —¢g,)dx,

q=FE,I z

cndAr— = —grmdAzv + Ly + Liong () — Liong(x + Ax), (3-5)
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Hrb Gp M Gy A ERMGIE LS8 L, ep AT e R HARRLAY SR AL, 24
FEM R ERRBIIR © = o p BIHTEMZTT D24 tE A, B IR © = 2,
HIt s Zaph ot — MMHI R, FATA

Ge(z,t) = fege(t)d(z — zp),

Gr(z,t) = frgi(t)o(x — xp).

Hp fp ®fr 2 B4 AN S A SR . AL g A g T2 TT 1R
(3—4), Al

t

gp(t) = Np(e 7si — e 75 )0(1),
gr(t) = Ny(e 71 — ¢ 717)O(t).

FETEAT2.2. 19 FRATT EHE SR FEIR Long W62 T7FR (2-12), L4 (3-5)
Az — 0, TATEIN NPT B £ e iy

ov d 0%*v
ca = —grv — q:ZE:Ifng(t)(S(a: —z,)(v—¢,) + 4_7’(1@ (3-6)
Horb o, Sh b A 40 A ST HELBH R AR 192.2.2, A AR A
ov
9 . =0, (3-7)
ov(0,t) d® v
C at = —gLU(O,t) + m % . . (3—8)

Horb S MM AR AR SR TR, X TR A E RS S SRR 4T, HOMESA N

v(z,0) = 0. (3-9)

3.2.3 BHReREL

TERA S A A IS U R, R (3-6) ASAIIBME A (3-7)-(3-9) /& —
MM ARG, R, BIRAVET A 0 REU A RIRHE, E IS IREEL Gz, y, 1)
W N R

oG d 9°G

Tl 1 9z T —y)o(t), (3-10)
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FRE R 7 A
0G(0,y,t) nd* 0G(z,y,t) oGl B
>, = gLG(O’y’t)+4Sra e R 0, and G(z,y,0) = 0.

NEACIT SR, AN N 2R AR 7 = t/c, € = x\/4r./d, n = y\/4r./d,
A = 1\/dr,/d, WITTFE (3-10) FAERT LUE T SRAFDT T FE155

oH 0*H
5 = —grH + Ie2 +6(§ —n)d(7), (3-11)
AR R A
oH(0,n,7) OH(§:n,7) OH| _
T - gLH<O7 7, T)+’Y aé- o ) 85 o - 07 and H(£7 7, 0) — 07
Hrp
_ wd?rad
28

PRI (3-11) B TR R AR, AT
A(n, 5)eVSTILEN 4 B(n), 5)eVsTIEA-E) 4 o=VEFarlel

2\/s+ gL ’

ZEGT RSN AR B(n, s) FTLAMEIE 2, 31752

LH(En,s) = (3-12)

—=— [A(n, s) cosh(/5 gz (A — €)) — sinh(/5 F gz (= )] for& <,

LH(En,s) =
oA, s) cosh(y/s + g1 (A = €)) for £ > 1,
(3-13)
Hrp
Aln, s) = (s + go) sinh(y/s + gn) + v/ + g cosh(y/s + gun) (3-14)

(s + gr)cosh(y/s+ gL A) + vv/s + gr sinh(y/s + gL A)

NOTE R T8, FRATEE 3-14) B3 BEA ((s). A EXE (3-13) #EATHSHL
Wi Ar e, AT LR MR B-13) META AT £, B ¢(s) = 0 BIIR. & 5Kk
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C(s) = 0 WAREIARI AT 57, H LH(8, n, s) TEICFFIRALMEAT. FHIAMTRT LK
LH(En,s) S RANT P

HA o, (&,n) WEFH s ERVWEREL s = —k, AIA R S A5 (3-15)
VAT H b i A e, AT RIS 20 00 N T R

H(n,7) = Ha(&me ™. (3-16)

U, N TRIFTTRE (3-11) HIRSAREREL, TR ZERAF 3-16) H K, HIELAT
H,(&,n) Mz
FATEIRIATT A s = —k, BIHE. 0E XL

w, = —i\/—kn, + gr\,

Wi ¢(s) = 0 %

Wy,
-
H R A R AT DO i B 7 PR R 2. AT LLEME AT E), X T n > 1,
X (3-17) BIR wy, BELE (n — 1/2)m < w, < (n+ 1/2)7 BIFEREIA; X+ n =0,
Wy = 0.

BRI KRR H,, (8, n). ERBAER —FBEEATR s = —k, 1Y

tan(w,,) = (3-17)

L LH(En, s) fEiz 4 BRI A

. 1 !
/Cn LHds = 2m1 <8s [,_H S__kn) . (3-18)

RIETTFE (3-13)-(3-15) LAK (3-18), FKATAT LAF 2

Hy,(€,m) = Dy cos [wn(1 = &/N)] cos [wn (1 —n/M)], (3-19)

)
|

2

D, =
[YA + yAw;, 1 sin(w,,) cos(wy,) + 2 cos?(w,,)]
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TR n > 0 7. BT IR 3-10) THEAREEUIE Gz, y,t) 7

1,
Gla,y.1) =\ G5HEDT). (3-20)

324 #HNESH

HAMTRIER T25 € LB XA I BTN Ly, TTHE (3-6) 72— PERIERZL.
Hogrl LA E B
U(‘/E7t) - G(x7y7t) *]znj(y7t) (3_21)

153, Hp o ORI BT AR, RSl IR i ik = 3-6) FESE R
HIE v, RS R R R T7 2 AN REAS B4 (0 . O T 28 il it A, TR T BERBE
M (3-6) BYSKAREH FIME, B BT TC MR . T I B 1 B (3-6) HI%L
(BR AR A B, A7 BT A BV T P Y SRS BEPSP A/ (GEBHZY SmV LAR), frds
HSFHIASRIE fr B/, RIS, 27 ZERAUH B TPSP A/ GETEZY -2mV LATR), fir
TSR f RN, R AR B RL R I 25— ML T o AEHY
LRI AN — LT oy AR, BATAT LU HAE o (2, 5 2, 7)) RN
T /INGE fp B f RO EOE 0T

0= R v, 6 ), (3-22)

k=0m-+n=~k

Hir X C {zp, 2} WZEEE]. 2y € X BHMA Y m £ 0; 2, € X B HALY
n # 0. £ 4FRIB (3-22) AW T BEEL (3-6) , HALHURFRI B RZ R
BAVEAF B — RFUR G TR X T RE O, Tl1A

OV d vy
— = — —_— . 3-23
C ; gr.Voo + 47“(1 3.172 ( )

A A5G R RIS (3-7)-(3-9), FRATA S RAFH AR N
Voo = 0. (3-24)

2V PR I B MBSO, 25 P B TR S A AT A AR, AR A B Y
R FEL SR PR A e SRS,
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MFRE O(fr), #lTH

81}10 i d 82?}10
C—F— = —gLv ere
ot rY10 4r, Ox?

BT (3-25) Ha il iR A A

+ 9E(t)0(r — zp)er, (3-25)

]syn = gE(t)(S(x - LL’E)éTE,

HFRKA A S AR AT, PR FATT AT LM FAS AR R 205 5K 15 5 R (3-25)
AT
V10 = G(I, IE7t) * [€E9E(t)] (3—26)

Hrr o FRIORXS BT RIS, Z Mt BA M N PR . EERIRIE (3-26) H
SR IR A ATE 2 A cpgr(t), BRI LA A BOR FR R R fR S
A7 0mV BJFE 2 AL A IR

]syn = _gE(t)<O - 5E)‘

KT, — B BRI RF vy BXT TR BHIAE voo HIE IE, HAE IEAEE 175 T 15 FRL AL
Voo E TE ﬂ“’?l@ﬁ@%ﬁ?& Eﬁffﬁ.
KT RE O(f2), FATA

v d 0*v
L R PO CET I 1)

BT (3-27) AR HH AN

Isyn = _gE(t>5(l‘ - iEE)Um,

HAr vy FIFRIAIRMTE AR (3-26) HZEH, I IRAT AT LARI RS A o8 450
SRISGTTRE (3-27) IR T

v = G(x,zp,t) * [—gp(t)vio(zE, t; xE))]. (3-28)
WS B R B ST BN, R EIFEIAI (3-28) FHAEH U AN 2
AL B L

]syn == _gE(t)U10<xE7 ta xE')

|, N
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R, —Br AT f# vag XS T B BRI vo BB IE, HAE IEAETA U7 5 T Hfis
vio FE xp AL A SRR, _EIR AT SR LUK B AR T LAE) ™ 21 B
TR DL
[FIHE, FATR LA A 2T REE O(fr), FATA
vor = G(x,zq,t) * [ergr(t)]. (3-29)
XTRE O(f2), FATA

vop = G(x, 21, t) * [—gr(t)vor (xr, ;7). (3-30)

XTRIE O(fefr), FATEIN

0 d o2
c% = —grvut Ar 8;};_1 — ge(t)0(z — xp)vor — g1(t)0(x — xr)vie,  (3-31)
Hfgh

vin = G(z,xp,t) * [—ge(t)vor(ze, t2r)] + G(x, x5, t) * [—g1(t)vio(2r, 6 25)].
(3-32)

55— J7 T FRATAT DABCAE SR A 1T BRI (3—6) SRAS IR RS 2. AE8UE
SKAgH, FAMEH Crank-Nicolson #% =X, WEHUI [A] 2544 0.0 1ms, 23 ] i A K /)N
A 1. RS S EOSE A AE FL AR B TE R 2 P 058591 331,

A & IR, #8528 I A i A B 5 R RS B, N3 -3 . IRl R AT
TERIAG T BB SR BE A 0 AT 4 520> EPSP I

Ve ~ frvio + favm, (3-33)
H A~ 1PSP (UL
Vi~ froo + f120027 (3-34)
H¥s sSSP WLl A
Vo=V + Vi + Ve, (3-35)
HH Voo XI5 SLIG 0 v G IR 33 FELAE, JEADCH
Vsc = fefron. (3-36)
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& 3-1 7 BAE R AR

Table 3—1 Parameters for two-compartment neuron model.

ZH iR Q1= R X A

c SRR LAY 1.0 pF-cm™?
9r B 0.05 mS-cm2
€L BiRREEBAAEE A 0 mV
£p SR RO R 70 mV

€1 PP S e F i -10 mV

S MR A 9007 pm?

Tq YR LT FLPH R 100 Q-cm

[ LN 600 wm

d WREZ 1 um
op MRS ETHNEEE S ms
opa  CAAMERSTREN AR 7.8 ms

o IHIMERS ETHRSREIEEC 6 ms
orq  MHIMERS FREREHAL 18 ms

325 #HlEHIfERE

TEARZET A, BATEA) b+ 5 B4 B H A2 T AR (3—33)-(3-36) SRk HE i 58
06 UL 2] ) e S R iy AR R3S

B, (ESEE TSR B0 AL SCAEFRATTTERIE 20 A T 3 W Ve T,
HrMEAER (3-36) HZAH. RIRM R AN E XL, TATE

o Vso wu(0,t;op, 1)
Ve - Vi vi0(0,t;2)v0 (0, t; 27)

(3-37)

FEEBIRMBEUES R CEIEE 7 T B A B — s fi (X (3-33)-(3-36))
SHHEM LA, WE3-3 frn. B (3-37) X9 28 s 5 THRA
WA, R, FERATARR T, R B R N R fp B fr PRGBS A7 EPSP #
IPSP HUMEAE. TARHEZ (3-37), AT LAMER S , B9 S (leading order) A&
B fe i fr, FH « BN L5 EPSP #1 IPSP HME(EIC K.
ZUCFRATZE T SL 5 AL B AR SRSk ) (3-2) HYFELRARRE, RN RdAT 25
T w B IERIAR (3-37). FRATAEPE T BARRL v gk 1 7 B B0(E SE 6 i3 — B Bk
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A 4 C 3
---1st ---1st
/8 o 2nd
< 30 XN —nN.S.
E | >
5 2 -
o
o . )
L . @
1 S ---1st
o 2nd
—n.s.
0 -1.5 -
50 100 50 100 50 100
Time (ms) Time (ms) Time (ms)

B 3-3 W RALA 69 BT L. (A)EPSP. (B) IPSP. (C) SSP. 5 & % & A — M-, & &) | A4 —
Brit, B & F&A R T BB (3-6) 09 BALM. S RLFGFILA3-1.

Fig 3-3 Asymptotic solutions of various orders for the two-compartment cable model (3-6) for (A)
EPSP, (B) IPSP, and (C) SSP in comparison with numerical solutions of Eq. (3-6). The dashed
blue line is the first order approximation. The red circle is the second order approximation. The
black solid line is the numerical solution of the full Eq. (3—-6). Parameters in our simulation can be

found in Table 3—-1.

T x WIEUEY EPSP F1 IPSP BE(ETC O, W& 3—4.A FiR.

T FRATRAFRE LI S BI Im R A w KT 2R M AL B =
B FRIE, A0 3-2f 7R, EEEISATE L AL ey = 70mV JLF- LI s
HHNL e = —10mV K— a2, FILEE 4 (3-26),(3-29) PAK (3-32), FA11H]
DL X (3-32) R E I

Gz, xp,t) * [—gp(t)vor (2 g, t; 21))]. (3-38)
MM (3-32) H vy AT A
on & Gz, xp,t) * [—gr(Ovio(ar, & 25)], (3-39)
TX 2 B 73 HU L T2 SR [ T A A A\ A B A S P [ RS A 4 B 5 ik FEL Y
Lyn = —gr(t)vro(zr, 6 2p).

C LA TR AAE 2 A — W R FLAr vio(2r, t0R) T,
R (3-39), FFRAE oy, FATAT LUK 1 Fom N

o G(0,z,t) * [—gr(t)vio(xr, t; Z'E)]

340
v10(0, ¢ 25) ( )
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A B

151 2 03 Exper\mem‘t/‘dsso

Experiment . 02 200
~ 50
o 1 . 2 0.2 ;0. p
E 1l . | I (m)
1) 5 T 0 100 300 450 !
8 < | 350
5 0 4 8 € !
o % 01t ! ! 200
& 05 | “ \ l 1
& | /; | | 50
) [ [ [
n [ [ [
‘ ‘ [ 1 o ‘
0 4 8 0 100 300 500
IPSP (or EPSP) (mV) E location (um)

B 34 X -3 F AT RSN AL Z B, (A) BT BAY 2 U A (3-6) HAE 5 B B E A
REAL N (3-2): SC 5 EPSP #9 tbf& (SC/EPSP) 5 IPSP #9 X A (L& B B) LA SC 5
IPSP #) tbA& (SC/IPSP) 55 EPSP &7 % % (3 & 7 3k&). B £ EPSP #9 1@ ) if # K IPSP 49 #%
{4 (0.2mV-3mV), SC/EPSP [ & IPSP &34 hn. KA, B £ IPSP &9 144 7 % EPSP 49 tg {4
(ImV-8mV), SC/IPSP [ & EPSP & 43§ A, B A Py NA9AL B A 2 = 300um, x; = 240um.
W LR (B) BT ERE (3-6) A K IIIES R AR £ 09 W RATARM: B R=
A0 B A A B 5 ) ) S0pum, 200pum F2 350um, & % T 3L AP H A B 69 5 Hcke B BT
WA ZIER AHEE A K [59], B x-y #iL5 T EAAR, A%, A A
A& 3-1.

Fig 3—4 Numerical experiments on dendritic integration rule for a pair of E-I inputs. (A) Simulation
results of the two-compartment neuron model (3—6) in confirmation of the rule (3-2): Ratio of
SC to EPSP (SC/EPSP) plotted against IPSP (red circle) and SC/IPSP plotted against EPSP (blue
square). Fixing EPSP amplitude while varying IPSP amplitude from 0.2mV to 3mV, SC/EPSP
increases linearly with IPSP. Similarly, fixing IPSP amplitude while varying EPSP amplitude from
ImV to 8mV, SC/IPSP increases linearly with EPSP. Lines indicate linear fit. Stimuli are given
at xg = 300um, z; = 240um. Inset: experimental results (the inset is modified from Ref.
[59]). (B) Spatial asymmetry of shunting coefficient x in the model (3—6): x as a function of
distance between E location and the soma for three fixed I locations at 50pm, 200m and 350pm,
respectively (marked by colored lines). Inset: experimental results for the same set of the I locations
(the inset is modified from Ref. [59]). The insets have the same axis labels as in the main figures.

Parameters in our simulation can be found in Table 3—1.
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jay
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BEZF BRI RELSEN

AT BRI O 1 < 1, WIARTE 3-17) ATAH

1
wp = 0, wn%(n—i)ﬁ

IHMER n > 1 oz, A

ko = g1, k,= ozwi/l2

YR n > 107, H a = d/dr,. FEERIEEIRREF2IE (3-20) AR
(3-26), FATAT LMFEIRT vio(2y, ¢ wp) BIEAASRIAHINT

2Bclgp = 1 x T
Vg = 1ile_9Lt/C * gp + BOWQE;ECOS [wn <1_TI>] cos [wn (1—TE>} .

Hrp

E%*fﬁ‘, Xﬂ‘ﬂ: 85}31}10(901, t; ZL’E) ﬁ
0%y Begr T+ g rr— g
@N—(MZ[ ( (2n—1)7r>+cos< 5 (2n—1)m )]

) (ZB[ + TE )
Enn) = cos / nmw
o Xy — Tg 4 Xy —Tg
cos 57 nmw cos l nmw
pege T+ 2T T+ Tg Ty —TEg Ty —Tg
= 60 - 60 - 50 50 s
avyl 21 [ 21 * [

ot o, NN 2 BI2KRE sE ik iR 44078 (Dirac Comb). T zp; € [0,1], Bl
KRR R E—NLT 2p = o LB 510 § REL & d—k a2 G,
Depvio(zr, tyzg) KT xp B EEREL RIEX 3-41), FATH

Oppvio(zr, t;xp) =0 (3-42)

E Tp = ML[‘BZ_\T EKXﬂ‘:‘F TEp € [O,JI]], &EEle(xI,t;xE) xEv’z*/l\EME?'ﬂIEE‘J
WEG NT xp € o1, Opvio(ry, top) = 0 X AT — RS, FATH
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vio(zr, t; wp) 7 D BOESREL, BHE vp RIMIEK, Y vp = o B EIAR
KM, HY zp > op BORTAE. RAML, 255 5R1F 010(0, 4 25) £ 25 € [0,1] AT
{EEREL MRARLA AT AL (3-40), FATAT LS EIEMRIR | < 1 T ARE «
FR) 23 RIS KR

SR 43 R AL ke B [AAS KRR AETE /N § R F s [FRE a7, ani&3-4.B
B, FRATAE P 1 BB RL A B E A A R AR LSS 2 T S (ARG RIS, %)
TG, w0 B S (RIS REBRAE XS B B A Py B RE AN . A FR AT ] S 41 1
PESIANLE T ap &b, W G0, 27, t) R g (t) YWASTFMAL. H 25T 24 i AL B
T ap € [0,z7] &0, WA 19— B i A 2 AR HRLARTN 20y A0 575 2 A AR 59 301
v10(0, t; 28) Tl vig(zr, t28). M op BT 2 B, op SR RIERSOB RIS BEE
CATHIEEESEE IR, #8 010(0, t; ) ¥/ 73— J71H, 2p 5 2 Z [BIHISFRL
F LR B AT R SR B I NI N, 88 v10 (r, ¢ ) HEE R, AL, 24 2 € [0, 2]
i, a2 (3-40), k WEE vp HRMBER. Y 2p > o I, 2p SHELK 27 Z 18]
9 S5 38 HL FH A G B K, B 010(0, ¢ 2) B vyo (2, £ o) FIRTEE K. 2 (3—40) H
[F I I 93143 BEAH BRI, 15« DO R4

R EIRE_EREIR AT, RIREE SN (3-2) AJRIFR T EPSP 2k IE(E Y
2] ¢, TN AT 2 Y ] s 28] B

3.3 iR #
3.3.1 ST

TEZ T B A SEBE 10 Hh XAy PN i A PIZA TER S8 1 T B SR & T
IR ST A 0B 2%, AR EEH. It H A& TR i a4 A
Bk B H SR L BRI ERATT 100 BT S 58 A i R ),

TR R 2 R 58 5 1 7 T BUMI A U R G T B SR g A, TR A
REF R A o0 A A S8 BE 6. TEARFE T v, FRATTIGS H 2 75 B b & oo s il
(LEETT 2.2.3) RAWIAM 53R R IBT AL, TR 23 S il A, 22795 Brs Rl
AT AR — AR R S8, R 193.2.4 FIEET53.2.5 WX 5 BoAs TR 1) 9 ae
GINTTT I LA R R T 5B B AR 22715 Bt B AR SR pic oz, BT B 0 i 4
FRIRE SIS, A7 N LA TER R L, IO ARG (3-2).

IO, AT BRI AR 25 B O R BT ke SR T4 LB 123 (8] BB AN T Pl
ME3-5.A R, & T EEMSIES ACLE FER3-5.A FFRIC R D), b E
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B35 5 maARTNHIHK (A) BASBREMOHRTER. (B) HAL T+ H 45 AAERATZE T
BASRARAE R AT HAERRMAMIEN I XERAANLELAEME LT (FHE AL
AREE) ZEBIAK, IR AR R — AL (L& T k). FHEXRTHHE FEEF
AFRAZER L), (C) B 2 sHEMAAER T EF L FAFRALER %), v X THAHBEA
1o E 69 R R EET k09K,

Fig 3-5 Spatial dependence of x. (A) A schematic branched dendrite. (B) Spatial profiles of « as
a function of the E input location along the trunk of a realistic neuron (marked orange in the inset)
for a fixed I input on a branch (red square). The dashed vertical line indicates the location of the
branching point (green dot) along the trunk. (C) « values (color-coded) for an I input (red dot) fixed

at the apical trunk, with an E input scanned throughout the active dendrite.

7 4] 347 N MR IR PR S AL B R EE (R (FEIE3-5.A IARIC A ACE). AXETE
B, FERPARZERT, IR IR ME—. A 4 PR A\ Za A dp 4 2642 b, Wk 4 BEE >
PRI ANLE vp 5N BRI NG R, A 24 e MR A 25 15 4 4 812 2 S H
Co L, MM LA A7 2 47 6] 3642 T B SR B2 b v L
MRYRFRATAIRIRL, 538 REX ke 123 [B] BREON B P B R ST . #52%
HIANE op eI #3142 E G op SRS ERIEINES o BB R
/N, IR EATTZ AN SRR FE RE A3 38 IS s, BRI AR YR B9 3RIE (3-40), K 1%
BEE LTI AL E v p SHKH BRSBTS K, 27 op 5140 5 %42 2 41,
MIARFEZ (3—40), X TREER 27,6 AT v10(0,t; 25) T vig(zr, t; 28). FHEESS
B BRI op AL EH N (BI3-5.A FFARIC L), JaiB i S il HL i 2 i i 58
BB 0 E A B 1) PR 1 R R AR AL, AT A B A PR L L
vig(z, t; xp). Z4HHA I E S0 R AL B/(83-5.A HbRIc SR ), e it
FWE Iy AEEUS E AL, T $450 RS 53, — 30 Tt AR, 128 Ts, 70—
GIURIE xp Ab, 0N I HRATEEETE o p RN F RO 2 B AL — SRk
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WAL B AR HL S 58 B PRAEAS S AT R T WO(EANAZ, T BR AR AT 2 ARHY
HUIL Is AT I D5 ORFFANEL. TRLLL, 72 008 sl iy P da A B, FERAR EIASAY
ML v10(0, 85 ) FIFE 2 LTS AV M FE AL 1o 2y, ¢ ) PREFAVE. AR
P (340, XOLT B E ALY 4R, k< EARTEL

332 #HEITE

TR B R FIOI F) 4 8 AR OGBS R I X L S ) AR 2T
ST AL, FATE Je il — T B AR s & TR A AUE T SRR IR AR
ZE IR ZBUR F SR [59]. AEEUE A, FRATHH NEURON #AA-E A AUE R
figas, HAUEMS AN Crank-Nicolson #%2L.

5 B AR TR B T U TR A5 25 T B S KI5 CA1 XA MEAR A& T8 LA
FEA, B K A W AT & 45 7 Duke-Southampton Archive ), 34 200 A~
GRS RINERE RS

FHEETC R HE B i ot AN = 3 B 7l B 2 A A B T B R SR IS
k. AT AL Y Fh = Bl 2 FmiE:

o FEIZEHIBNE FWIHE gy,

o FEIREEFAYHES T HIE gxq

o A SUPFES WA PRI AR — BESITIRHYT of | A ST g
o HPTITE) H MBS 1liE g,

[i] A A TR EL 45 T DY R A 28358 32 {4 . AMPA,NMDA,GABA,,GABAg 21/ 'Y
Fh 2 A4 B B 727 M e Y BT SCRk i 80821 Hir AMPA NMDA, 1 GABA, HY
—Br s AT ]
T

==
Hordr o AFTIF A E Lo, HBUE N 0 2] 1 Z (8o F1 B 435I T IEE T
IS ) L TR R ] s W75 28, [ O] A S A iy A 28 TR I ) Ao 42028 OO 2. Sl R
H

alCl(1—r) = Br

Isyn = gsyn(v - 5syn); (3-43)
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Horp o RN AL, 4, HRIFEHAL, gy, N SM0SZAGETE B 5T AMPA
Tl GABA, 521K, HHFH
Jsyn = T, (3-44)
Hrr g oefil 50 &KAE; TNT NMDA 324K,
_ gr

Jsum = 17033 % [ M g%+]e—0-06v”
Hodr (M g>t] MM AMER TR, GABAg ZIARE N E 2%, i & A0 S
WHEEFTIF Rl B T, e SN

gG"

syn — o 1 346
Jsy G"+ Kp ( )

(3-45)

Hp @ REWEED) G-EHT 4, n N G-EHSAEMSHHE, Ky NAE T
THEMREEEL G T Lha R A
dr

% = Kl[C](l — 7") — KQT, (3—47)
d
d—f — Kyr — K,\G, (3-48)

Hr Ky, Ky 53500 E R R ) s W 5%, K, Ky 90 o8 G-25 H G S 20 il
B R AR 22 v U sz A Fir R 250 S 2 BB SCHRISS: 67, 80821 SRR — 3. 1)
SR AR BESLIG £5 R 9 A TIE 4 R .

BRI B I S B0 E RS LUN SCHARGE « Mg oAb T A I FEAE
WS H) o AT S IR AR Y — M 1831,y B8 74 T Y T AR SRl 1) 25 5 A N 34
34 L (AT S A A Y A SR I B D R A IR, ELBGT R
A R PR R v, R T B A 350 m AL % HH AR AL 7S 505300
ARAL TG H H 28100 1 2 AR 22 R 5 e i 5% 32 305 A1, s sy ALk % 7
HEARAE TLAEST AMPA A2 AR SRR BE 40 A1, S IR B A0 A s B i 184871,

FRAE LB SO TE 285 2R, 18 b (9 200 BN T AR 58 L A s 1
B FIEME gy, = 30mS /em?, #I5E EHIENES 7 RIEMH gy, = 60mS/em?, IEIREE
TRIERES 7 F SIEME grg = SmS/em?, A BLVAES 7 HL S 4 BB IR = < 100pm
[T,

G (@) = ics (1455 (3-49)
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2 100um < = < 350pm B,

d _ x
g (@) =g, (14 5) (3-50)
2 ¢ > 350um i
g%, (x) = 6.5% gr,, (3-51)

Hr gr, = 5mS/em? H W ETIHIER SN

ge — s

s T eapl(i = 20) /(200 (3-52)

gn(z) =g

Hrh g, = 208 /em? (s FRME), g = 10g, (e FRMIFER), I = 600um (I 4
WK E), 61 = 50pum. TERS SIS 2 X GRATFER 58 _E Frde BU 58 i S8 3
A B X 45) NMDA 5 AMPA 32 {48 1 FE Sl Ee (B9 2

0.6

R(x) = 1= = (3-53)

GABAg 5 GABA, SZ A8 FY FE U (E FL 1Y 0.6.
TR PR RS ) A B ZROR BN : A0 RE (RS R EIRD)

Te —Ts

" T eapl( — 20)/(200)]

P = (3-54)
B HRE v, = 80Qcem, AMBIFEA ¢ = 1uF /em?, IBE T = 34°C, H BB AN
v, = —70mV.

BB E A A2 SR A R BT By, = 455mV, Ex = —90mV,
Eh = —301’1’1V, EAMPA = ENMDA = OmV, EGABAA = —SOmV, EGABAB = —90mV.

An1El 3-5.B Fr7, A AT 2 IS A B TR — R E (e
Ji bR ), H HIFE B 58 1 T AEAR R AL B 25 T 24 A M5 A BRI, FRATTAT
LAB R R 8L s 1 0G24t Mg A B R B 2 1S N 3 o, ELE %
B PR LB R R (EAE 18 3-5.B T SRR bR ). B b, 12 E
3-5.C HRTLAAE ], E e st AL E (FEE 3-5.C PR AR SR, S
ATEE ISR 2L A PR AL E R BOC R[] 3-5.B Fl13-5.C IAIUESE LT
(ITERR T A TR 1.
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GEE TR E—MIRL b, BAbA8E FE B Sa A7 B B S TR, SEIG AR FIAE X
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B 3-6 # R Lo o A& RIER A LK [59]. A FTHAR, KEHHERD LT
Flegar 20, R AR Z LK RER AL EE WHRERALE ) XA SRENLE
(EBLE) a7 AKEEeAae B EAF PHRZERAEEHFE. (AT —HEMA EEL =
E2 2 F R —MA LB e b ] L& &Mtk 2] £ XA F LT, MAF A A g 44 IL-F48
F.(B) [z F—# M £ El #= E2 42 F B — M4 L B e 139 vk [ £ 5 S A0AK, 72 A8 5 0L
TF,EI SRk hE2 MR8 k K. O I FHEEFLEI FE2 23 TFHRETFF
—ME E, B4 b 1 £ & RAR, £XAEILT, MFHGHA s EAIL-FAR. (D) 12T —
BERM AL, El A= B2 5 AMe TR £ F Ao Bl —M A £, B3] LMk £XF
WOUT, MMREF L8 B2 A5 w69 o S A 89 EL 2589 k Z00h. B R B50a TR [59).
Fig 3—6 Shunting coefficient  in branched dendrites measured in experiments. Data are from Ref.
[59]. The data in grey was collected from 7 neurons and lines connect data from the same cell. The
data in black is the average of the data in grey. In all figure panels, the locations of the inhibitory
input (I) and excitatory inputs (E1 and E2) are marked by blue dot and red dots, respectively. The
I path is marked by green. (A) The inhibitory input I at an oblique branch: & is nearly constant for
two distal E1 and E2 on the same branch. (B) As in (A) except that E1 and E2 are more proximal
than I. k is significantly different at E1 and E2 sites. (C)The inhibitory input I at the trunk: x is
nearly constant between E1 at the trunk and E2 at the oblique branch. (D) The inhibitory input I at
an oblique branch: & is significantly different between E1 and E2, where E1 is on the same branch

as I and E2 is on a different branch. Figures are modified from Ref. [59].
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PS8 =B P AT 287 S H 0 — 6 24 R 0 A i A ) R 5 B 3k U1
(3-2) FFAl I 2 TURR B BE A AR T T R BOAILE. SRT, PRSI
T (3-2) JRBR XS A B ] AR R F — X% - 0o A 2 TRl R EE SR, B
LN AE EPSP 2RI (B A4 A€ I 2 oy, AEASTE i TP A ETE R Y A, 1
S SRR LM e 25 A SRR Gk I, 485 6 (5 AR ST Y BUE T 8 DAS L S
LTI A SR X R ATHY BRI S5 R TR AE. 320k B S BRI (3-2) B
— M, () &R HORANE — XA AL A NI, BT - FI, A - 24,
LA AMA] - il AR, AN JRBRT X% A -l A G ex s e
R AR I ] s BT R, AR BR T EPSP 2R (E A I 215 (id) & AT LA kAl
IR RIS [F] BT XA, AR PR T A A BB RIS R a3 TR
ENHE BRI N IR 5B, R I 07 oAb 2T R BUE T S gk A T
Bk, LAR FATMR RS 2824 A A, 24y -, ] -], LU 25\ Bp 5
Li.S=pe U

TE: AREEA R AP S o AU U YR 5 B G 0 S 0 2 XA (R 2 58 il 5
B B0 AR N A RAR 2,

4.1 7 i
4.1.1 ST

KRG 2 TURR B FEH B 22 I SIE AR, 81T, 9 1 el &40, 3411
TERFFEIM S BE B O I 250 U A0 7R P 5 3.2.2 H A 19 B 2 T AR AL, [l
2, RSB AL — D RBRAAR, DA — DTN 1, BN d BIR. JE R EAE
B BRI PR BN o RN T v = op OEIGI N ¢ =ty B4
N, FIIZET o = op ARG TR ¢ = ¢ BIMEPER N, A58 EAEE — AU AR
L v BB~ 5 REan

2
c% = —grv — Z fa9,(t —t)0(x — x,) (v —g,) + %%, (4-1)

q=FE,I
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Horfr o DY TT LSRG LA ek 25 e L RS AR I LS AL, ¢ A 2 IS B TR
HIHEAY, r MBI HRE, LUK gp M PRI RIS I BB fp AT fr 20008
AT PERMHIER A RISEEL. gp A gp WAL RS A PEATAM I i, LR
HEARNA T WETT 3.2.1. e M ey 70RO PRI S5 Ha oz

MRPEET73.2.2, A B T 58— i 5 MR A S ORIk L T R 252, 53— St
P EAT L ToFE AN, WZAST ) i 2 F T

ov
or|,_, 0, (4-2)

ov(0,t) d® v
S e G T =

Hrb S Mg IR L X+ — e T BRI ETT, WIMESRME N

C

(4-3)

v(z,0) = 0. (4-4)

e, AR R 3 2.2 B ME — A [R] 2 AL A T Hor AR b [RIB, B Foiff

tp # tr. 5 SR BB 3R EEE /N, RO T 2R AT AT AT LA R H AL
v(x, t) RoRKT fp M fr BB HREANT

v(E ) =D > V(1) (4-5)

k=0m-+n==k

2 @-5) RN (6-1)-(6-1) H, FZIRE R FEH, A0 ISR 98T v (2, 1)
07 R A PR R £k SR . X BLIRAT B R 40 th H 0 LUT BUAE v (2, 2)
(m+n <2). KTREO(Q),

voo(x,t) = 0. (4-6)

KT RE O(fp),
vio(2,t) = G(x, xp,t) * [epgr(t —te)], 4-7)

Hrr o BIRIRIGH. G(x,y,t) NIEREREL, KA RIS WET 3.2.3.
FFRIE O(f2),

U?O(xa t) = G(I’, TE, t) * [_gE(t - tE)”lO(:L‘Ea t)]v (4_8)

KTREO(f)),
vor(x,t) = G(w, xr,t) * [ergr(t — t1)], (4-9)
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KT RIE O(f?),
voo(z,t) = G(x, 2y, t) % [—gr(t — tr)ver(zg,1)]. (4-10)
KMNTREE O(fefr),

U11($,t) = G($,$E,t) k [—gE(t — tE)U()l(IL‘E,t)}
+ Gz, 21, t) * [—g1(t — tr)v10(21, 1)].

HEE] e =70mV I |g;| = 10mV K 7 — PR, K @-11) H ooy, A2
LT

(4-11)

on (2, 1) = G, 21, t) % [—gr(t — tr)vio(zr, 1)) (4-12)
FEZEAT3.2.40, BATOAIGUE T #5193 AR A B B EDRS 2,
WA R T 24t e N, TERR G TO AR AL, FRATAT A0 EPSP AL A#,
Vi(t) = frvio(0,t) + fava(0,1). (4-13)
G TR, AT TPSP AL A,
Vi(t) = frooi(0,t) + ffves(0,1). (4-14)
ERIEE T4 AN, AT SSP 1,
Vs(t) ~ Vi(t) + Vi(t) + fefron(0,t). (4-15)
#15E X Ve (t) 4 SSP 5 EPSP+IPSP I ZEH, NI
Vsc(t) ~ fpfron(0,t). (4-16)

HRAE e B omV, FATAT EAIE VB N2 0, T Ve IIEARLIR/IN. L,

TV KR 2 B RAL RN, Vg R R A8 FE Lt i I i &0y, R S A9

ML EN ) 2 AL ARPEFRATI L, AR i i FEZoRIET O(fefr).

A BRATTE SR T [A) R 23 [R] Y 203 R AR AL ke TR

Vsc

Ve - Vi

- G(0,zr,t) x [gr(t — t1)G(xr,xp,t) * gp(t — tg)]
e1G(0,2p,t) x gp(t —tg) - G(0,z1,t) * g;(t — t1)’

kpi(tite, tr,xp, xr) = (4-17a)

(4-17b)
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W kpr JLFAMEHT EPSP AT IPSP HYBREAE, IR0 0 AT IR ELHY H A\ SR i AT
f1 A @-17b) K21 B A EIHER.
WHEC (4-17a), FATRT LIS B0 TR SREE A HOBS 2535 00

Vs(t) = Ve(t) + Vi(t) + e (t)Ve(t)Vi(t). (4-18)

HA 7 R BRI kg ShS7T EPSP A1 IPSP HIMEAE. AN, kg MR T 24451
WG AR ZS AL E 2p B op. T EE A AL E W — XN, kpr AZRE] ¢ F
WA 22 7 =ty — t; BIRREL E4-1FT7R. BT 4-18) X T EPSP
T IPSP £ P AN B AR LR PR IE AN, DU FRATRRM 585 & I 25 1 )
(4—18) AR

412 HEITE

B A2 ) (4-18) W HE SR BT EAR B W 7 BRI, 1] ELSE AT M4 T
HAE IR S S50 LU 8 B sl 8 T8, F A e R
SR TT ARG IE . FRATE SE T BUE R M — 07 B B 2 TR R R 56 IE
WL, REH ) J LA AS AN 4-1.A Flrow, BRI A0 flR ol 2 05 3.3.2.

TR A NS (tg = tr), W 4-2.A Fi7R, 25 R 45T 2T R 5
FF XA I HIANLE D BN vp = 283um Al z; = 151um, KALLC
SEHYT SSP S EE LAl 25 T A4S TT % e AN A N T 7 A2 ) EPSP LA S TPSP
FIZENE DAL/ N, AEIX PG OL T, B R BE S 3E N (4-18) AT EPSP #iAX:
WA AR AT IS Ti) A5 2, INE 220 1S, BRI, FRATTRT DAMCAR 18 o 4t P i A\ F S ot
fr Ktz EPSP FIME(EAE 0.5mV £ 6mV F7EE AR, Fr i s 28 vk s A
(1SR £, Sk IPSP WIRELE -0.5mV £ -3mV FTEEIN AL, XFEE
A SRIE fp A0, FATAT LA 515 5% EPSP, IPSP 1 SSP [ i ] 2546 i 45 4.
IEERWT R B NG fp F £, FRATATLAS 2] 9 4 { EPSP, IPSP, SSP } FU4E A
FATRIAE t, B2 SC BINEAE Ve (t,) ZVEARHT EPSP A1 IPSP Mg {H 3R, Rl
Vie(t,)Vi(t,). W& 4-3.A FiR, BaF B2t MG BRI RER kpr(t,) AT
EPSP 71 IPSP MG AE. 1245 SR AN SEEE ol 21 (1) 0 5 — 2L,

X R B N B T, R Tt T DASGIE SR T (4-18) FEAT 7 ¢ I ZI Y
JAZ BB, TAAURRT ¢, B2, FRATEME SO rh BB T 5 T 909 R AL
BREL kpr(t) FERTAIBE ¢, — 7 < t < t, + 7 BIIEDL, Ho 7 = 10ms. FATZ LA

58—



J AR R A

I

.
%)
J=
e
+k
et
\_\..
4
=
&
o
I
B
e

K, (41)

100 um

| EPSP

IPSP

A 4-1 2R A RRH kpp B R 5 Bt 18 8] [, 2T B R AKX A -l AL B, 5
AE kg ARER) t B AT E 7 R AB —AMERNEALTER. XS
HPEENGIL B A ST kAR, A B (F 7)) IPSP bt EPSP A2 45 9 i 18] & - i a) £ A i 4% &
T () 2R R 2K kpy 42 EPSP JF46 X 01 A &, X )5 MU 8] -4 18 1C.

Fig 4-1 Shunting coefficient x g as a function of time ¢ and input arrival difference 7 for a fixed pair
of excitatory and inhibitory input locations. Left, a morphological plot of a pyramidal neuron. The
excitatory and inhibitory input locations are indicated by arrows. Right, (lower) an IPSP arrives at
the soma earlier than an EPSP. The arrival times are indicated by vertical dashed lines. (upper) The

shunting coefficient xg; remains at zero until the time when the EPSP starts.

59 __



AP 2% UM RE A BT 5 5 A7 b 3GE KT L

A B
EPSP
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IPSP
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B 42 %45 -3 H] R B S N BT JE] 69 B AR B A, (A) EAY Z AR A & ) BF 2T X A A i )
Br N, fE AR 3k 3] &9 EPSP, IPSP, A= SSP WA % it 13 3| &9 SC #= EPSP+IPSP # £ 1 /o Fo,
F o t, & EPSP %]k %48 69 0t 2. (B) A= (A) #8412 % TPSP tk EPSP #9 4y A B Ja] 42 A
20ms. A G F MG TILFE 7332 AEEMALEA vp = 283um, 37 M AL E A
zr = 151pm.

Fig 4-2 The membrane potential profiles for a pair of concurrent and non-current E-I inputs. (A) An
example of EPSP, IPSP, SSP, SC, and the corresponding linear sum when the EPSP and the IPSP
are elicited concurrently. Here ¢, denotes the time when EPSP reaches its peak value. (B) The
same as (A) except that the IPSP is elicited 20ms before the EPSP. The results are obtained in the
realistic neuron model simulation which is described in detail in Section 3.3.2. The excitatory input

is given at the location x g = 283um and the inhibitory input is given at the location x; = 151um.

W1 B N 20ms B B[R] X3k, A2 AR X B XIS 2 1 EPSP FIEE N 2, (At
EPSP (MG B, Hos ke W BUEIR Z 5N, AR DI R A ¢, ko () W3 2 AL
G ZHIHI 9 24 { EPSP, IPSP, SSP } ZEA 153, WE4-3.B FIror, XT8N A A ¢,
WL B XS R oy B THEE IR/ DR ZE S AN, SMEE R R? L
PO 1L BRIIRATTAT LA S Ve (t) MR T V() Ve(t). MR TAEENZ] t kg,
AT EPSP I IPSP (MG (EL SR, XTI 85 ¢, B ZI A5, Mt ek (7] 5 15
IR AR ZE SIS S BE IR, Rl & EPSP A1 IPSP HYIRAEHET OmV .
WEINE, T4 FLAL SC MR (Lt AH B B9/, DR X Z R 00 (4-18) 7EIXFfiff
N AT LVE BT kg = 0mV ! BT H SR RGE.
T AERII I ANE I (tp # t), WE4-2.B FioR, 2380505 A R H

P I RIHE T 20ms 1, FRATTATEE T 5 25 SR 38 B etk 1 0 (4-18) 11394 ik
ST, WNE4-4.A-B JioR. B8, iZ B AR AR oo 58 & B AL B A
A ELE
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ty—T<t<t,+7,7=10ms ¥R REL. (LE) RE I E Vso Fo VeV Z 18 89 &S
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Fig 4-3 Numerical results for the dendritic integration of a pair of concurrent excitatory and in-
hibitory inputs. (A) Dendritic integration at the EPSP peak time. (B) Dendritic integration in the
time interval t, — 7 < t < t, + 7, 7 = 10ms. (upper) R? for the goodness of the linear fitting of
Vsc vs. Vg Vr at different times. (lower) The shunting coefficient k7 () (in the unit of mV ') as
the slope of the linear fitting is plotted at different times. The error bar indicates 95% confidence

interval. The circle marked by red indicates the case in (A).

4.1.3 SEISIEE

B T 07 B TCEUE T 2 A8, AT LT A P2 SE 56 SR 56 1 W 2 P 35 1)
(4-18). FRATERCK A DX CA1 MR ETTAE NI RN S, TESLKH, FR417
FEMAETCMREET 25 ~ 100um 25T 24N, 1F 21 ~ 50um 25 T F1
PRSI JEIE R B AR S S, FRATT AT AR ] EPSP TR {EAE ImV 2 8mV 2
(AR 4L, [RIBS 32 4 IPSP FIMEEAE -0.5mV £ -3mV 2 [R]AZ1E,

X P i sik B4 RO H A5 I ) A8 A B &8s, FRATT B Se 1 iR W I ()24 Tms Y
8 P T AL IR, SRS SC B {E Ve & T EPSP il IPSP 1B {H ViV,
PR 8 R, 553 VeV KI5 8 10 A DX JR], FHEE AR DX R H p £ T34
W35 2 5 AT DATHBR SE B 1R 22— a0 A B B 4% G AN &1, LAAGE SRR 22
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Fig 44 Numerical results for the dendritic integration of a pair of nonconcurrent excitatory and
inhibitory inputs. IPSP is elicited 20ms before the EPSP. (A) Dendritic integration at the EPSP
peak time. (B) Dendritic integration in the time interval t, — 7 <t < t, + 7, 7 = 10ms. (upper)
R? for the goodness of the linear fitting of Vs vs. ViV at different times. (Iower) The shunting
coefficient kg7 () (in the unit of mV 1) as the slope of the linear fitting is plotted at different times.

The error bar indicates 95% confidence interval. The circle marked by red indicates the case in (A).

YT EINEAIETY (te = tr), LI R INAE ¢, 2] SC BINRAE Vo (t,) Sl
1T EPSP 11 TIPSP WRAERITEF, B Vi (¢,)Vi(t,), WA 4-5.A Frow. R Zet: 4
HHREE kg AMEFT EPSP F1 IPSP B MEHE, B IE N (4-18) ikar. AT
B t, —7 <t <t,+7, Hf 7 =10ms, LI LM Vo (t) 5 V() Vi(t) BIZME
K AR, WE 4-5.B Frzs. IO (4-18) XAE R I 244 557

X TAERII A ST (tp # tr), S0 ] L 24w 1 f I (R 42
BT 20ms I, FRATHI AV SL 56 45 R B Z MR35 (4-18) 1£ EPSP ZIAIE{HIN Z]
DL AR WA 1 H B B 2 98 57, anEl4-6.A-B Flrz. TER R, ILET LG
R? 29 0.77~0.81, [ R4 AAFIE N MEMAE R {HZ) 0.90~0.99. AL
M (4-18) AT RELE FIRT 4 A S0 T FE MRS 1.
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Fig 4-5 Experimental results for the dendritic integration of a pair of concurrent excitatory and
inhibitory inputs. (A) Dendritic integration at the EPSP peak time. (B) Dendritic integration in the
time interval t, — 7 < t < t, + 7, 7 = 10ms. (upper) R? for the goodness of the linear fitting of
Vsc vs. Vg Vr at different times. (lower) The shunting coefficient kg7 (t) (in the unit of mV ') as
the slope of the linear fitting is plotted at different times. The error bar indicates 95% confidence

interval. The circle marked by red indicates the case in (A).
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Fig 4-6 Experimental results for the dendritic integration of a pair of nonconcurrent excitatory and
inhibitory inputs. IPSP is elicited 20ms before the EPSP. (A) Dendritic integration at the EPSP
peak time. (B) Dendritic integration in the time interval t, — 7 <t < t, + 7, 7 = 10ms. (upper)
R? for the goodness of the linear fitting of V¢ vs. Vi V7 at different times. (lower) The shunting
coefficient kg7 () (in the unit of mV 1) as the slope of the linear fitting is plotted at different times.

The error bar indicates 95% confidence interval. The circle marked by red indicates the case in (A).
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Fig 4—7 Numerical results for the dendritic integration of a pair of concurrent excitatory inputs. (A)
Dendritic integration at one of the EPSPs peak time. (B) Dendritic integration in the time interval
t,—T <t <t,+7,7 = 10ms. (upper) R? for the goodness of the linear fitting of Vsc vs. Vi1 Vina
at different times. (lower) The shunting coefficient kg (t) (in the unit of mV ') as the slope of
the linear fitting is plotted at different times. The error bar indicates 95% confidence interval. The

circle marked by red indicates the case in (A).
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Fig 4-8 Numerical results for the dendritic integration of a pair of nonconcurrent excitatory inputs.
One of the EPSPs is elicited 20ms earlier than the other. (A) Dendritic integration at one of the
EPSPs peak time. (B) Dendritic integration in the time interval ¢, — 7 < ¢t < ¢, + 7, 7 = 10ms.
(upper) R? for the goodness of the linear fitting of Vso vs. Vi Vio at different times. (lower)
The shunting coefficient g () (in the unit of mV ') as the slope of the linear fitting is plotted at
different times. The error bar indicates 95% confidence interval. The circle marked by red indicates

the case in (A).
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Fig 4-9 Dendritic integration of a pair of excitatory inputs in experiments. Our experimental result
shows the nearly linear summation for a pair of concurrent excitatory inputs (A) and nonconcur-
rent excitatory inputs with arrival time difference 20ms (B). Two excitatory inputs are given at the

location xg; ~ 50pm and at x g ~ 100um.
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Fig 4-10 Numerical results for the dendritic integration of a pair of concurrent inhibitory inputs. (A)
Dendritic integration at one of the IPSPs peak time. (B) Dendritic integration in the time interval
t, —Bbms < t < t, + 15ms. (upper) R? for the goodness of the linear fitting of Vg vs. Vi Vio
at different times. (lower) The shunting coefficient x;;(¢) (in the unit of mV~!) as the slope of
the linear fitting is plotted at different times. The error bar indicates 95% confidence interval. The

circle marked by red indicates the case in (A).
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Fig 4-11 Numerical results for the dendritic integration of a pair of nonconcurrent inhibitory inputs.
One of the IPSPs is elicited 20ms earlier than the other. (A) Dendritic integration at one of the IPSPs
peak time. (B) Dendritic integration in the time interval ¢, — 5ms < t < t, + 15ms. (upper) R?
for the goodness of the linear fitting of Vs vs. Vi1 Vo at different times. (lower) The shunting
coeflicient x77(t) (in the unit of mV 1) as the slope of the linear fitting is plotted at different times.

The error bar indicates 95% confidence interval. The circle marked by red indicates the case in (A).
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Fig 4-12 Experimental results for the dendritic integration of a pair of concurrent inhibitory inputs.
(A) Dendritic integration at one of the IPSPs peak time. (B) Dendritic integration in the time
interval ¢, — 5ms < t < t, + 15ms. (upper) R? for the goodness of the linear fitting of Vs vs.
V11 Vs at different times. (lower) The shunting coefficient x;;(¢) (in the unit of mV 1) as the slope
of the linear fitting is plotted at different times. The error bar indicates 95% confidence interval.

The circle marked by red indicates the case in (A).
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Fig 4-13 Experimental results for the dendritic integration of a pair of nonconcurrent inhibitory
inputs. One of the IPSPs is elicited 20ms earlier than the other. (A) Dendritic integration at one of
the IPSPs peak time. (B) Dendritic integration in the time interval ¢, — 5ms < t < t, 4+ 15ms.
(upper) R? for the goodness of the linear fitting of Vsc vs. Vi1V at different times. (lower)
The shunting coefficient s (¢) (in the unit of mV~1) as the slope of the linear fitting is plotted at
different times. The error bar indicates 95% confidence interval. The circle marked by red indicates

the case in (A).
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Fig 4-14 Dendritic integration of multiple synaptic inputs. (A) Distribution of 15 excitatory inputs
(red dots) and 5 inhibitory inputs (blue dots) at the dendritic arbor of the model neuron. (B) By
setting the arrival time of each stimulus randomly distributed from Oms to 100ms, the SSP (black
dots) from the simulation of the realistic neuron model nearly overlaps with the SSP (red) predicted
by the bilinear rule (4-32) while deviating from the trace of the direct linear summation of all
postsynaptic potentials elicited separately (blue). (C) The direct linear sum (blue) and the SSP
(red) predicted by rule (4—32) are plotted against the SSP from the simulation of the realistic neuron
model. Here, the data are points on the corresponding curves in (B) sampled uniformly from Oms
to 100ms. For guiding the eye, the slope of the grey line is unity. It can be observed that the red
dots fall on the grey line. This indicates that the predicted SSP is equal to the simulated SSP at any

time.
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Fig 4-15 Graph representation of dendritic integration. (A) A complete dendritic graph with 15
excitatory inputs (red) and 5 inhibitory inputs (blue). (B)-(D) Activated dendritic graph at time
20ms, 50ms and 80ms, respectively. The color of an edge in (B-D) denotes the normalized SC

value. Data are collected from simulations in Fig. 4—-14.
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Fig 5-1 Reproduced profiles of EPSP and IPSP by the IF model. The blue lines are produced
from the IF model, the light gray lines represent EPSP and IPSP measured in the experiment from
different trials, and the red lines represent the trial-averaged responses in the experiment. Param-
eters in the IF model are chosen as follows, fg = 11.6uS/cm?, o, = 5ms, ogg = 7.8ms,

fr=37.1uS/cm?, o7, = 6ms, and 574 = 18ms.
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Fig 5-2 Dendritic integration rule in the IF model. (A) The bilinear dendritic integration rule (5-5)
is verified in the IF model. (B) Shunting coefficient « as a function of the excitatory input location

in the IF model. Inset, experimental results®®®! for comparison.
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Fig 5-3 Spatial dependence of the rise (red square) and the decay (blue circle) time constants for

excitatory conductance. Rise and decay time constants as a function of distance are obtained by

fitting EPSP profiles ¥"1 at different excitatory input locations.
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Fig 5-4 Dendritic integration rule in the modified IF model. (A) The bilinear dendritic integration
rule (5-5) is verified in the modified IF model. Parameters o = —8k{2 - cm?, 8 = 7k() - cm?.
(B) Shunting coeflicient x as a function of the excitatory input location in the IF model. Inset,

experimental results®®! for comparison.

TR, YA (5-15) H gp 7840 K, BOARARAR AL o B S 7 IR T) RO 78434,

PRI o 3138 S A P )
v
~ 0.

S
g — oo, TATE a = 0kQ - em? H. 8 = 0kQ - em?, FEULH R R IR ATTHE IE TF
T (5-15) KB 2 TR A, R 1F AY TR AR B DAA il TR AL A —4 B
SRHET, FH AT LB RS o A B AN [F] 44 58560 N AL B AT ok I ) 40378 28
Bk K.

523 HEITE

B ORBADER BUE T AU IR IF SR FRAS 1T LIS 58 3%
GAEN] (5-5), HLARFEUSFE o [R) 22 A4 B9 B I A 98 88 6 0 U ple a7, 3t Y i
Runge-Kutta #%2,, T TR LIS E]4E EPSP 2ITAGE I %], Vi, Vi, Bl Vg Z [A]F)
KAWMTTTE (5-5) Frtiik, WK 5-4.A. LAk, iR AR AR EPSP I (B I 21t ] LA
FEAER REEAENT (5-5).

85—



AP 2% UM RE A BT 5 5 A7 b 3GE KT L

524 BiEHT

FATFEFER] LA E TS50 29 0T HE 5 B IE TF AR Hr i 5888 43 )
(5-5) W5 R 4L

t u—t)/c
WMy (agp + Ber) [y gp(u)gr(u)ess =1/ du’ (5-16)

ererQ(gr,t)Q(ge, 1)

o oM OB IE TR B A DAL £0 O IF BARLE D HEREL (5-12). Q1) N
3 (5-13) I E LHGTZ A, AR (5-16) 1, 85T w AEREAIS. 1200 CED]
EPSP Al IPSP YR TC K. [AJEE AT 45 3t 5 EPSP Al IPSP & 2 TC K,
PRTE N LR EE IS A SR f R fr £ (5-16) 9070 BEEARTHER. AL,
MRS IEETCC, PSS A N Ze i MIAEAE IR TR B2 (5-15) Rt diar,

HT ey = —10mV Ml e = 70mV HLLEJLF/NT — D, FATA] LAdE—
AL kM AR

t an(u—t)/eg

€IQ<9E7 t)Q(gla t)

BRI kM FN2EL B JUFICR. A RSV _EBAS2] TIRIE. ES-SAR, «M X
FTEAAFEE) 8 BUE 8 = —10,0,10kQ - cm?, JUFEAE DL, IWE, 907 2% <
o ——Xf M.

IR IE B TR B, R ATAT LA B = 0k - em? 158 DA AR

c— = —gr(v—¢r) — Grp(l+aG)(v—cg) — Gi(v—¢;) (5-18)

FATEALARL (5-18) FR MM 5E -#E4 -fil . (Dendritic-Integration-Rule-Based IF,
DIF) 5 , Z AR AT LA —A B 2%k, AT LA B H A AR i 58 B 5 21
G ARSI TR T S8 B e A Al A, FRATRT AT o R K, A
FIH (5-17) PoE o BIK/DN. #1052, FATAT LUEELG & o FEMER G «
BESS A PR AN S A A B R R AL LA B2 RN E5—4.B s,

52.5 SCIGUEHE

B 1R LA AR SEHE G (5-5) 251, FRATT A DIF A m] LA b H e AR
PSR R, BAhunh

— 86—



Ll K F R L FAT BRI RELS ST

0 20 40 60 80 100

Time (ms)
B 5-5FF BBAATHRALKK TR B 23 B4EL B = —10,0, 10kQ - cm?. AL o
B ZH a=—-8kQ -cm? B ETUEE M5 3 ILFL%.
Fig 5-5 The shunting coefficient as a function of time with three different values of 5. 8 =
—10, 0,10k - cm?. Here « is fixed as @ = —8k2 - cm?. It can be seen that, k™ is almost in-

dependent of the parameter 3.
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Fig 5-6 The shunting compoent vanishes under direct current injection hyperpolarization. Here, the
inhibition is caused by direct injection of the inhibitory current to the soma of the DIF neuron with
its amplitude at -2.6mV (red circle) and at -1.3mV (red square). Time constants of the injected
hyperpolarized current are chosen as o, = 4ms, o4 = 10ms. Time constants of the excitatory
conductance are chosen as those in Fig. 5—1. Inset: experimental results (Figure is modified from
Ref. [59]).
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Fig 5-7 SC vs. the relative time delay between IPSP and EPSP. For a fixed inhibitory input site,
we choose two different « values representing two input sites for excitation: one corresponds to the
distal dendrite (red circle online) and the other corresponds to the proximal dendrite (blue square

online). Inset: experimental measurement (Figure is modified from Ref. [59]).

MM SC JLF5 e; Joo%. DIF fB 9 EUE T B 45 R FR 5 sL58 45 2 — 5,
K 5-8Fi 7.

5.2.6 AR

H AT FATHY DIF BIAAT DAARRE A B K R SLIe A, (H B SR i A 1 A4
W SgG Fegt— LU, R DIF B8, FRATRT A A0 T AT # A= 1 SL B0 50 Tk i B e
T

B, M ARE kR kM LERTR) ¢ — 0 BRI AT R AR AN, &l 5-9
N, Mt — 0B s BT AR AT, &M TS, R (5-17), kF F1 kM

2RI 0N
aC f(f Gp(u)Gr(u)eft=/Cqy

e1Q(Gr,1)Q(Gg,t)

AT EFNRIT (remainder). 24 ¢ — 0 B, - T-HIBMECH ~ ¢ B BEHINECH
~ 4, IR IS AR ~ ¢ Wil 1055 . 528 rh, FATR] LA il A

: (5-20)



AP 2% UM RE A BT 5 5 A7 b 3GE KT L

3t
< G\O
E —
? J
s
2r G\o E % 2’?
G\O B2
G\O = —
! DF=0mV DF=-10mV

DF=0m V DF=-10mV

B 5-8 4 wAL 5 4P ) M R4 WAL K. 3 DIF A 2 40 4 1 R 3% 4 (X AR K30 /7 ,DE)
A -10mV ) 0mV, SC JL-F A% 8. 46 B A4 Sl R (B 7 15508 LK [59)).

Fig 5-8 SC is not affected by changing inhibitory reversal potential in the DIF neuron. SC does not
change much if the driving force (DF) for IPSP is changed from -10mV to OmV. Inset: experimental

measurement (modified from Ref. [59]).
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Fig 5-9 The asymptotic behaviors of ™ and x* . When time goes to zero, x* (red) and the
remainder term defined as k™ — x* (blue) tend to infinity, whereas, x* (green) approaches a finite
value. Inset: The remainder term (blue) from Eq. (5-20) overlaps with its asymptotic solution (red)

which is 1.
23 [ G55 B W 1T B & o B BB T B 45 SRR — I T _BIATIE, anlEl 5-10

FlrzR. AL, DIF AR A) AME Gt fhi ik 25 [b) b 22 oA i DA BAT 5B 2R s TR A5 Y
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DIF # A+ H 65 k XA KT S, (B) B-F 098 R E L AN £ EPSP %] ik 94 69 b ) &% L.
HE: ERLERAE o FatE e TALMAF R (C) ZAZEAEK A SFdp b o) ik
WNB, 5 R WAL k. (D) 3 R NSRS, M RESEZMN AR L, ALEERS g
R AR, KABCT LR 3-1, 5 T (A-C), H RMAMILEA 2 = 300um F»
rr = 240pm.

Fig 5-10 Numerical verification of the DIF model prediction. (A) s curve computed by the two-
compartment neuron model (T-C, marked in blue) is almost overlap with the one predicted by DIF
model (red). (B) Bilinear integration rule holds for conductances at the time when EPSP reaches
its peak. (inset: the slope « is a constant as time changes) (C) The SC term disappears when a pair
of depolarized and hyperpolarized current are injected at dendrites. (D) Bilinear integration rule
holds when synaptic inputs are given at soma. Parameters used in the two-compartment model can
be found in Table 3—1. Synaptic inputs are given at the location xp = 300pm and z; = 240um for
(A-O).
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Table 61 Parameters for passive neuron models.

2 ik HiE A

c 20 i LA 1.0 pF-cm™2
gr BT 0.05 mS-cm™?
€L B S L -70 mV
€p LRI B FLAT 0 mV

er PR B B Fa -80 mV

ds IR N=R e 30 um

Taq 2 it FL BH 100 Qcem

[ LN 600 m

d ENI=R G 1 um
opr  LEEREST EAREEE 5 ms
opa  CAETERRTRENEEE 7.8 ms
o IEMERS EARETE 6 ms
org  PIHITERE S TRER RS 18 ms

Forpr o M2 ST AL (REX T ST R, ¢ D AR M I B 7 TRTRR A FEAS, g
AR B ] FRHE, LLUR gy, S B TET AR R . fp A fr 0 DR 2 PRI
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WMANLE (BAEZLFRARRME). REFRT | Mk £

Fig 6-1 The performance of the DIF model with a pair of concurrent excitatory and inhibitory
inputs. (A) The SSP predicted by the DIF model (dash red) is almost overlap with the one produced
by the two-compartment (T-C) model (blue). The difference between the SSP produced by the IF
model (red solid) and by the two-compartment model is approximately 50%. Stimuli are performed
at the locations 2 = 540um and z; = 480um. (B) The spatial profile of the coefficient o/ as
a function of excitatory input location. Four different inhibitory locations are fixed (colored dash

lines). Error bar is one standard deviation.
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Fig 6-2 The performance of the DIF model with a pair of nonconcurrent excitatory and inhibitory
inputs. The arrival time difference between the excitatory and the inhibitory input is (A) 10ms (B)
30ms (C) 50ms (D) -10ms (E) -30ms (F) -50ms. (A-F) The input locations in the two-compartment
(T-C) model are given at xp = 540pm, x; = 480um.
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Fig 63 The performance of the DIF model with a pair of excitatory inputs. (A) Two EPSPs arrive at
the soma simultaneously. (B) For a fixed excitatory input location, the coefficient ¥ as a function
of the the other excitatory input location. Three different fixed locations are marked by colored dash
lines. Error bar indicates one standard deviation. (C) One EPSP arrives at the soma 10ms earlier
than the other one. (D) One EPSP arrives at the soma 30ms earlier than the other one. (A,C,D)
Legend is shared. Two excitatory inputs in the two-compartment (T-C) model are given at 420um

and 450pm away from the soma, respectively.
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Fig 64 The performance of the DIF model with a pair of inhibitory inputs. (A) Two IPSPs arrive at
the soma simultaneously. (B) For a fixed inhibitory input location, the coefficient a!! as a function
of the the other inhibitory input location. Three different fixed locations are marked by colored dash
lines. Error bar indicates one standard deviation. (C) One IPSP arrives at the soma 10ms earlier
than the other one. (D) One IPSP arrives at the soma 30ms earlier than the other one. (A,C,D)
Legend is shared. Two inhibitory inputs in the two-compartment (T-C) model are given at 420um

and 450pm away from the soma, respectively.

— 101 —



AP TURE R AW AR 5 0 A7

* 62 LAV E AR AL

Table 62 Parameters for active neuron models.

2 A BE B

c 2 T FL A 1.0 uF-cm™2
gL BT 0.3 mS-cm™2
€L B SR FRLA -54.4 mV
INa AT S E 120 mS-cm™2
9k PR R (E 36 mS-cm?
ENa PR T SR L 50 mV

€K RS R HLAE 77 mV

€E S S WAL 0 mV

er MNRIE S F A -80 mvV

ds ARz N=RE 30 wm

Tq AR T FLBH 100 Qem

l WA 600 um

d ENI=RES 1 [m
opr  LEMRES LIRS 5 ms
opa  SOPERHSTRENEEE 7.8 ms

o AMHIMEES ETEEEE 6 ms

org  PIHIPER S TRERN ] HEL 18 ms
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Fig 6-5 The performance of the DHH model with a pair of concurrent excitatory and inhibitory
inputs. (A) The SSP predicted by the DHH model (dash red) is almost overlap with the one produced
by the two-compartment (T-C) model (blue). The difference between the SSP produced by the HH
model (red solid) and by the two-compartment model is approximately 50%. Stimuli are performed
at p = 540um and x; = 480um. (B) The spatial profile of the coefficient o/ as a function of
excitatory input location. Four different inhibitory locations in the two-compartment model are

fixed (dash lines). Error bar is one standard deviation.
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the two-compartment (T-C) model are given at xg = 540um, x; = 480um.

— 105 —



AP 2% UM RE A BT 5 5 A7 b 3GE KT L

NERIEHY fm 2GRN, TUZRMIBE L )30 )2 OB LT i B2

ov o
D= Y falt— e =)+ A
¢=E1,E2 ’
AN T AR A P
v
% x=l B O’
(0t) wd? Ov

e = ~9r0(0,1) = gna(v(0,1) = Ea) = gxc(v(0,) — Ex) + 4Sr, Ox |,y
FRME AT

v(x,0) = 0.
R AR R TR, FoATTRT LA2 175 2115 5] EPSP,, EPSP,, #1 SSP. 24 HH
LGS AR, AR Y B Fh e s 3 A AR I A o, FRATRT DA 2540 B

4
A
B HH B8 (G iy B G e M 0)

HRAGRTFRET T Gpy B Gpe. BEJRBATIEILIC R AT SSP 20, I iy it
PO 3045 DHH

HHIZE oPP . IFRANTEBRAAE L CR N fo, fo ©, P BRL DHH f5
LUK HH AR =35 7= 4= 1) SSP 255+

E6-7.A iz, DHH B ™= A: () SSP 5 7 Bl A 7= A 1 SSP L T-5¢ 4
HA. SR HH AR 7 A 1Y SSP A HL I (H 1Y I 2] 5 9 715 BEARE Y ) SSP i Z2 38
K. FEVLE AR WS EPSP B IEAE, FATA] AL A 15 2R AR oFF K/, 10
K6-7.B FoR, oF BB sh B EIAR R /N, Ak, DHH #58 a] ARG A A R R A
i NG FE R WIS Bots R fl 7= 2B 1Y) SSP, Q1 El6—7C-D iz, SRTM, 24 #5247 1
N BIF[R]ZE AR A, A0 S B RN I A2/ N,

BAIBEEI5E T DHH R 2 7T FE S, ZUETH B 25 B, DHH 57
b HH ARG #h 28 50 0 L B I [R) AR B TR A RS 1. a0 1816-8.A BT/, DHH 584 Af
LIRS Tt Y000 R 15 B AR 7 A ) Sl H A ], T O AR ) ) s s s i) B
WA B ) TR H I TE) 325 T Sms. BB AN, W1E] 6-8.B Fir, HH AR 58 20 45R
HFRI H PR 7 B A AN IZ A AR B B FLA.

— 106 —



Ll K F R L BT AR RESERE

>
o

- - -DHH

E(um)

20

J V/\ * 10

0 50 100 0 200 400 600
Time (ms) Location (um)

Membrane potential (mV)
w
-afE (kQ sz)

O
@)

Membrane potential (mV)
5
Membrane potential (mV)

0 50 100 0 50 100
Time (ms) Time (ms)

B 6-7 %4 -5 415 % DHH B 234, (A) B AN EPSP(KR &) F) i 2| X ek 4k (B) B 23+
—/NEPSPAL &, A4 oPP X T5 —ANEPSPIZEMZHX R ZAFRF X ERMANE R
LERELREARRREMAR Y. REFAT I MFEE. (C) L+ — A EPSP b5 —
/> EPSP 3247 10ms 2| & fe k4L, (D) £+ — A EPSP o5 — AN EPSP 4277 30ms 2| & fLAR 4L,
(A,C,D) £ 7 BAER (T-C) F A AN b iy A B 2 AL T 22 8 84K 420um = 450um 4L.
Fig 6-7 The performance of the DHH model with a pair of excitatory inputs. (A) Two EPSPs
arrive at the soma simultaneously. (B) For a fixed excitatory input location, the coefficient o*F as
a function of the the other excitatory input location. Three different fixed locations are marked by
colored dash lines. Error bar indicates one standard deviation. (C) One EPSP arrives at the soma
10ms earlier than the other one. (D) One EPSP arrives at the soma 30ms earlier than the other one.
(A,C,D) Legend is shared. Two excitatory inputs in the two-compartment (T-C) model are given at

420pm and 450pm away from the soma, respectively.
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Fig 6-9 The performance of the DHH model with a pair of inhibitory inputs. (A) Two IPSPs
arrive at the soma simultaneously. (B) For a fixed inhibitory input location, the coefficient o/’ as
a function of the the other inhibitory input location. Three different fixed locations are marked by
colored dash lines. Error bar indicates one standard deviation. (C) One IPSP arrives at the soma
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(A,C,D) Legend is shared. Two inhibitory inputs in the two-compartment (T-C) model are given at

420pm and 450pm away from the soma, respectively.
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Fig 6-10 The performance of the point neuron models for multiple inputs. (A) Voltage traces pro-
duced by the IF model (black), the DIF model (red) and the passive two-compartment model (blue)
given one inhibitory and one excitatory poisson train stimulus at the location 420pm and 450um,
respectively. (B) Voltage traces produced by the HH model (black), the DHH model (red) and the
active two-compartment model (blue) given one inhibitory and one excitatory poisson train stimu-
lus at the location 420pm and 450um, respectively. (C) Voltage traces produced by the HH model
(black), the DHH model (red) and the active two-compartment model (blue) given two excitatory
poisson train stimulus at the location 180um and 240um, respectively. Compared with the spikes
produced by the two-compartment model, the DHH model predicts accurately all the five spike
timing within 2ms while the HH model only predicts two of them correctly. Three of them are
predicted earlier than 2ms (labeled by double star) and four fake spikes are predicted (labeled by
single star). (D) Two poisson trains with rate 20Hz (black) and 30Hz (blue) are used in (A-C).
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