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Table 1. Parameter value in PR neuron model.

28 HufE S8 B
Cin /(pF-cm?) 3 g/ (pF-cm ) 0.1
gna/(pF-em™) 30 gc/(pF-cm) 2.1
gkpR / (pF-cm2) 15 WNa/mV 60
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2.2 T PR MZIT Subunit BEAHEEY

Subunit M5 78 B 3 T M ER K-
L, TR R BERLTG 3 (A0 TR BERLIT
P i S SRR, I T ROIUZ . I, % IE
B LR g M AR, 1R AR R R T A T

190501-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 % 3R Acta Phys. Sin. Vol. 73, No. 19 (2024) 190501
d./L' — _ _ — d‘/; o IDS ISapp
i az (1 —2) — Byzx, (x =m, h, n), C’mﬂfflLeak — Ina — Ixpp — ?Jr? (3)
(D (1) = <= (“ﬁ%)up¢m PR PR 2T, 6 LA, Nat
f”a%% m HL . KL SR S RIS A L3 . L Nat L 37
En(t)En (¢') = WSt —t), (2 AW, Ine = gramZh (Vi — V) , U Iy, =
NNaZNa (Oéh + Bh) N . = N
> aB axalt) (Va — Vi), HI T4 22 T AE 76 K Bk (0 B8 T3
S () = G om0 1) B, gna () SE IO BIF S R BN R0

Hoip ) Natifl i il KHE B B8 3N Nya=pra-S
Nk =px - S, S AMAITCIHFKN, pna A px 53
7R Nart Al K38 18 457 7 ok b il e 8 $c
PRMBESE, 73510 pna = 60 pm=>, pg = 18 pm 2.
WA B TR TE B Y N A Ny BT 30 38 T 7 A5
AU S3RE [, DASE IR 22 700 0 R 7 i 2 3 T 4K
IR FEARCR.

‘8 PR #8425 Conductance PEFEIREY

Conductance M 75 S I T 22 Fh 2] 138 18 1Y bl
BLFF P15 | RS PR R AR S F (v AR A, e BHM R 5 1) 22
WG 5. AR T PR A 2250 Mg AR % (1 B S48
AL A A 2

2.3

—20,, — ayp, B 0
—20,, A — B — 208m
An — 0 Qo —2Bm — ap,
ap, 0 0
0 Qp, 0
0 0 ap,

FHAE o T AR FR R AR AR 40 X R 43 55k
B e AT R A RS TE) 8 o , BRASTT 22 o2 L Ff 5% A
WAL K PR ORI T B F- 3 AR B [E A 1

#* 2 PR MEITANMEME SR RECRE
Table 2.  Coefficient value of PR neuron intrinsic
noise model.
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Table 3.  Value of time constant in the intrinsic noise model of PR neuron.
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Fig. 1. Action potential sequence and discharge frequency of PR neurons under different degree of ion channel obstruction, when
Isapp = 0.3 mA : (al) Sequence of action potentials induced by obstruction of Na* ion channels; (a2) variation in frequency with ob-
struction of Na* ion channels; (bl) action potential sequence of PR neurons blocked by K* ion channels; (b2) variation in fre-
quency with obstruction of K* ion channels; Action potential sequence of PR neurons under obstruction of (¢1) Ca’" ion channels;
(c2) variation in frequency with obstruction of Ca?" ion channels. In (al), (b1) and (cl), the red solid line represents the blocking

coefficient of 0.8, the green solid line represents the blocking coefficient of 0.6, and the blue solid line represents the blocking coeffi-

cient of 0.4.
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AR 0.1, BRI WE 3 iR i PR 2T sk
HaL AV G T P SE 1) 4 725 1L

M T Ca?tif i FHZEA 2 33 PR &Itk
AR AL, RIEAE B T4 75087 & 3
W21 (8 55 3% Hopf 43725710 i, HANEM AT

L?F% AR (FRIRE), Al Fom R Gk
A&, KOl ia FHIE R 20 201 A2 3(a) s i,

117 N3 18 BH %€ (1) 43 72 AH b K3 78 58 i 5 —
[l 3(b) Fr7, H Hopf 4387 sAE ane = 0.0798 4b.
GEAFE 4, A LUEARMT KO T 2 73 B EARY
1E Hopf 4325715 1 2k = 0.6507 &b, PR £ TDZjJﬂ?
HL A7 & TECIRAS AR 1 i JEL A 2 o JE U 2 IR
FE AL SEST Hopf 4325 0B, i 5867 )5 /s
PRI 4375 05 1 F0 2 (TR1 A TR2), B @7 554051

FORWBR S5 12 (LP1 F1 LP2).

AT ARSI AT LUAS BT A 3 ) 2 A
T, 76 TR1 AL, #2850 09 2 AE s A7 H A 19 ) 10
figg (BRI o B0 SIPIRAS (R ), B A
T2 B A B, T 22 IS . 7E LP1
A, RGERRE PR AR AR AL, 75 LP2 A SR LA
Ab T 0 S SR AR A, TC W A e R, A
TR2 431 i (o DRI S LD 78 o Je S0Pk
HCIRAS. X EEZERE /R T PR MATCHEART Kt &
T A B ZEFEE T S A AR ) DG B A
Wi T IRATIN H B AT R B R T PR
Kk, o B Hopf 437 1 55 55 A IR AR 1k,
KA RS g | AXUSE 2 5304

F4 PPETFEESH A
Table 4. Nodes of bifurcation analysis of potassi-
um ion channels.
WEAK  HB TR1 LP1 LP2 TR2
o fE  0.6507 0.6745 0.7146  0.7021  0.9104
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Fig. 2. Action potential sequence and discharge frequency of PR neurons under different degree of ion channel obstruction, when
Isapp = 5mA : (al) Sequence of action potentials induced by obstruction of Na™ ion channels; (a2) variation in frequency with ob-
struction of Na* ion channels; (bl) action potential sequence of PR neurons blocked by K* ion channels; (b2) variation in fre-
quency with obstruction of K* ion channels; (c1) action potential sequence of PR neurons under obstruction of Ca?* ion channels;

(c2) variation in frequency with obstruction of Ca?" ion channels.
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[€ s HB 2/ Hopf 43 % (Hopf bifurcation) 7 £, /8 R 48 o — 1 H 8 (9 [ 2 sl 48 Ty AR Y 461 5 i, ) B 0 92 0 B 72 A — A
T B BR 2R TR /R 11 43 %, (torus bifurcation), &4t ' — AN B R IA 3E— 28 Kk A= 8 4k, I8 il — -k R 906 ; LP R
B 54325 (limit point bifurcation), L FK K ¥ 45 43 72 (fold bifurcation), 7R — & & Al — N A F& 2 W A, BEFE S 5048 1h i Rl 3
RO K RO RRTRERS, A 6RRARERE, OQRBBURE, @G RFIERIRE

Fig. 3. Bifurcation analysis of K*, Na* ion channel obstruction when Is,, = 3 mA : (a) Results of a bifurcation analysis based on K*
ion channel obstruction; (b) results of a bifurcation analysis in the sense of Na* ion channel obstruction. In the diagram, HB repres-
ents a Hopf bifurcation node, which indicates that a stable fixed point in the system becomes an unstable fixed point, while a stable
limit cycle emerges near this point; TR represents a Torus bifurcation, where a stable limit cycle in the system undergoes further
changes, leading to the formation of a quasi-periodic orbit; LP represents a limit point bifurcation, also known as a fold bifurcation,
indicating a collision and disappearance of a stable and an unstable point as the parameter changes. In the diagram, black repres-

ents stable states, red represents unstable states, green represents periodic states, and blue represents non-periodic states.

190501-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024)

190501

3.1.3 HFWALIREE & TR
8 T AL HT

SR T RN 43 AT S - A BH ZE R B RN AL IR
XFF PR 2 T0 s A B A7 050 % 52 ), AT SR
HIST F CV 4885, B/ T 4% 53 18 B ZEF2 K
AT = RR, ARSI AR sy N
0.3 mA 1 5 mA W& T 17, IR A TR PR
PR IO R R M 1 AR AL R, AH OGS SR ANE 4 By
TN, FEBARIY Tsapp T, Natl K+ i B ZEXT sh1E
A RO S A PR B Tsapp FOE R, 38 1H FH
FEXT I E A0 s i) J 25 b S5 AR, Catil
T8 BH € FEAIR Tsapp I 0. 35 52 W) HL 01338, 17 7 55
Tsapy T RN .

Rl Tsapp 38K, 30 BE 1Y) K38 18 PH ZE 4k 222 3
SRR R, (H i KR O R X 0 () KR ZE 2
FEALRE Tsapp T 5. Natii 18 BH ZE X & IO A8 41 i)
YERORFEARAS, 7E P IRAR B R ZE T R HUW RS T

(a1) T (b1) NN (c1)
0 10 20 30 40 50 60 70

0 10 20 30 40 50 60 70

5.0 7 5.0
4.5 @ 4.5
404

< 351 < 35

£ 3.0 £ 3.0

S 2

225 225

= =
2.0 2.0
1.5 15
1.0 1.0
0.5 0.5

< <

g g

~ ~

& &

3 3

0.5 0.6 0.7 0.8 0.9 1.0

TNa

Kl 4 PRFEITTHREHESIA R 8 TEEHENLR

Wk, T Ve R P BE e T e, L — 47 i i
Isapp SERIMHE . X Ca? 3818, HAAE—15 Isapp
To B FEBELZEE (29 0.78), 1o THIH AR I Al A
IR, KT BLAE I Al R R, anf&l 4(cl)
Fi7R.

e, X 4(a2), (b2), (c2), &3 Nat, K*
WA E R PHZERT CV [EH R, B SR 1M Ca2*
A AR, 87 H 35 R R . M Ty £
JEF&, Nat, Kl Ca2Hiil il 26K Lsypp T BLHE BT
TR B FRL AR
3.14 FF PRAMZTAER S E T8
MR AR 2 T

FH T KRN Natii 8 PHZE 1) Hopf 4375 19 2
B4 A = AR AR A, e s AR LA, ARBIESY
K Isapp i, ona LA IEAT SIS 5350 WT, 45
T 5 frs. it AT E 5(a), (b), FATHINT
PR MIZITIERMA LT 0.3 mA 3T 23.7 mA

0 10 20 30 40 50 60 70
5.0

45
1.0
3.5
3.0 100

2.0
15
1.0
0.5

Isapp/mA

(c2) NN~ T

ISa,,p/mA

(al) B Natil il FHIE iy AL I R R (a2) OV 5 Natifl il

FHEEM DR R (b1) iR KHE A ZE A BRI R R, (b2) CV 5 KHH BB R R, (c1) B 5 Ca+id i FHLZE | iy A By

KFR; (c2) CV 5 Ca?EiH FHIE R X F

Fig. 4. Relationship between frequency characteristics of PR neurons and input current and ion channel blocking: (al) Relationship

of frequency with Na* ion channel obstruction and input current; (a2) relationship between CV and obstruction of Nat ion chan-

nels; (bl) relationship of frequency with K* ion channel obstruction and input current; (b2) relationship between CV and obstruc-

tion of K* ion channels; (c1) relationship between frequency and Ca?* ion channel obstruction and input current; (c2) relationship

between CV and obstruction of Ca?* ion channels.
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Fig. 5. Results of two-parameter bifurcation analysis of neurons: (a) Two-parameter bifurcation analysis of PR neuron and Na't ion

channel obstruction and input current; (b) two-parameter bifurcation analysis of PR neuron and K* ion channel obstruction and in-

put current.
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Fig. 6. Changes of action potential sequence and ion channel parameters under different membrane area of neuron Subunit noise

model: (al) Area = 100, action potential at low ion channel noise level; (a2) Area = 100, change of parameters of each ion channel

at low ion channel noise level; (b1) Area = 10, action potential at medium ion channel noise level; (b2) Area = 10, change of para-

meters of each ion channel at medium ion channel noise level; (c1) Area = 1, action potential at high ion channel noise level;

(c2) Area = 1, change of parameters of each ion channel at high ion channel noise level.
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Fig. 8. Changes of action potential sequence and ion channel parameters under different membrane area of neuron Conductance

noise model: (al) Area = 10, action potential at low ion channel noise level; (a2) Area = 10, parameters of each ion channel at low

ion channel noise level; (bl) Area = 1, action potential at medium ion channel noise level; (b2) Area = 1, parameters of each ion

channel at medium ion channel noise level; (c1) Area = 0.1, action potential at high ion channel noise level; (c2) Area = 0.1, para-

meters of each ion channel at high ion channel noise level.
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Fig. 9. SNR of the PR neuron Conductance noise model un-
der different membrane areas, the horizontal axis repres-
ents the membrane area, and the vertical axis represents

the signal-to-noise ratio, with an input current of 0.25 mA.

IRSZE R R T A W R A AR A AE A B AL
FEPR IR G2 SR I A X HG Y 2 [8] i) 25 5+
N TIRA ST Subunit il Conductance M 75 15 71

TET AL RN R S RE ) b 22 5%, Je 2R fdi ] IST 73
A A B HEAT IR AT LEAIFIT.

323 Fi# PRAYZLAABE %R FEA
AT 5 3F r

R T HENEZ R R Subunit A1 Conductance
M AR PR A28 T0 L AR A e, FRATTIE
Tsapp = 5 mA B 5 A B AL 1, 10, 100 (1)
3 PRV S0 AT, LA R 55405 = A
PR [R] W 7 A 2, I DABHEAS [ B8 =Xtk 7
7, R ANE 10 s,

XFH Subunit #1 Conductance M 4= 71 A] )
KB, 5 R R R T AR, Conductance Mg #57 AA
TRSE R RIR T AR E 1Y, BRI
J7 91 32 ST AR A s i S AR B SRy 1 SR A R4
TR i P A TR o) i 2 0 A 5 A R R FRL AR 1
mi, AT 5 mA 1 A L, I IS 43 A
TSR, HA R A 10 Frok.

W aE A 11 R DL B, Bl 8 M A AR )N
TeIe WA 1A W R AR H: IST 434 KR 25 T
e, IR HAERTE 15 ms 247 AR A, [RIRE 2

190501-11


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024) 190501

50 F : T ————— 50 F - —
@) 4 Feoelo n T oy £ 4L F £t
40 4 $ . 401 H ¢ N DL
- N i —- i i 4
F 30f ¥ ¥ oF F 30} ¥ 5 S S
X o i, o o A Y * H
B 20} B Ry 3 £ 20f { { I R
"‘: ’:: ’{ ks k3 ) :‘ H } - \.
10 1 y i K 10 | * ] k3 PR
O 1 1 '; 1 .l{ l..;. 0 1 1 t" 1 ;l" 1 ’?‘ P 1 - 1 ‘; 1 M 1
0 10 20 30 40 50 0 10 20 30
Time/ms
50 F T B 50 F
a2 [ b2 S
sl @2 Si i sl | S
§ s
g 301 R s 301 {
£ 20} LAY E 20t i
.., ., W
0k U 10} >
N I N S old by
0 10 20 30 40 0 10 20 30
50 F =3) ; 50 F 53 -
a. J o
40 - A 40+ [
s 30f o s 30¢ kp
B 20t o N E 20t .
10} K R 10t .
S I S S I Y S ST S S Al
0 10 20 30 40 0 10 20 30 40 50 60 70 80 90 100
Time/ms Time/ms

5 10 PR #1450 Subunit 1 Conductance M2 75 #5576 A [ 5 1 FR T 1) 3V H A2 )5 57 B A (al) Area = 100, flk MR /KT
Subunit B 7 5| G HHHE 85 (a2) Area = 10, H 2 K F-F Subunit 75 KIS : (a3) Area = 1, &M /KT Subunit 175 5
SIS B (b1) Area = 100, kM5 /KT Conductance M 51 S % Bl (b2) Area = 10, H1# A KT Conductance M pi 5|
SRS IE]; (b3) Area = 1, HiBE A KF T Conductance M 5 51 5 HUMHS 1] 18] P Al R A SR I 18], A bR AR S U8R, TEAR 52
B rh AT T 50 YO

Fig. 10. Raster plots of action potential sequences for PR neuron Subunits and Conductance noise model at different membrane
areas: (al) Raster plot driven by Subunit noise with Area = 100, under low noise level; (a2) raster plot driven by Subunit noise
with Area = 10, under medium noise level; (a3) raster plot driven by Subunit noise with Area = 1, under high noise level; (bl) ras-
ter plot driven by Conductance noise with Area = 100, under low noise level; (b2) raster plot driven by Conductance noise with
Area = 10, under medium noise level; (b3) raster plot driven by Conductance noise with Area = 1, under high noise level. In the
figure, the horizontal coordinate represents the time, and the vertical coordinate represents the number of experiments. In this
experiment, we carried out 50 discharges.
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Fig. 11. The ISI distribution of PR neurons under different noise models and different noise levels, the horizontal axis represents the
interval between adjacent spikes (ISI), and the vertical axis represents the probability of the ISI values falling within the corres-
ponding bins on the horizontal axis, denoted as P: (a) Subunit noise model; (b) Conductance noise model.
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Table 5. Information entropy of PR neurons under two different noise models.
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Abstract

The fine structure of multi-compartment neurons can simultaneously capture both temporal and spatial

characteristics, offering rich responses and intrinsic mechanisms. However, current studies of the effects of

channel blockage and noise on neuronal response states are mainly limited to single-compartment neurons. This

study introduces an analytical method to explore theintrinsic mechanism of channel blockage and noise effects

on the response states of multi-compartment neurons, by using the smooth Pinsky-Rinzel two-compartment

neuron model as a case study. Potassium, sodium, and calcium ion channel blockage coefficient are separately

introduced to develop a smooth Pinsky-Rinzel neuron model with ion channel blockage. Methods such as single-

parameter bifurcation analysis, double-parameter bifurcation analysis, coefficient of variation, and frequency

characteristics analysis are utilized to examine the effects of various ion channel blockages on neuronal response
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states. Additionally, smooth Pinsky-Rinzel neuron Subunit noise model and conductance noise model are
constructed to investigate their response characteristics by using interspike interval analysis and coefficient of
variation indicators. Subthreshold stimulation is used to explore the presence of stochastic resonance
phenomena. Single-parameter bifurcation analysis of the ion channel blockage model elucidates the dynamic
processes of two torus bifurcations and limit point bifurcations in Pinsky-Rinzel neuron firing under potassium
ion blocking. Double-parameter bifurcation analysis reveals a nearly linear increase in the Hopf bifurcation node
of potassium ions with input current, whereas sodium ions exhibit a two-stage pattern of linear decline followed
by exponential rise. The analysis of average firing frequency and coefficient of variation indicates that the
moderate potassium channel blockage promotes firing, sodium channel blockage inhibits firing, and calcium
channel blockage shows the complex characteristics but mainly promotes firing. Subthreshold stimulation of the
channel noise model demonstrates the stochastic resonance phenomena in both models, accompanied by more
intense chaotic firing, highlighting the positive role of noise in neural signal transmission. The interspike interval
and coefficient of wvariation indicators show consistent variation levels for both noise models, with the
conductance model displaying greater sensitivity to membrane area and stronger encoding capabilities. This
study analyzes the general frequency characteristics of potassium and sodium ions in a multi-compartment
neuron model through ion channel blocking model, providing special insights into the unique role of calcium
ions. Further, the study explores stochastic resonance by using ion channel noise model, supporting the theory
of mnoise-enhanced signal processing and offering new perspectives and tools for future studying complex
information encoding in neural systems. By constructing an ion channel blockage model, the effects of potassium
and sodium ions on the frequency characteristics of multi-compartment neurons are analyzed and the special
influences of calcium ions are revealed. Using the ion channel noise model, the stochastic resonance is
investigated, supporting the theory that the noise enhances signal processing. This research offers a new

perspective and tool for studying the complex information encoding in neural systems.
Keywords: Pinsky-Rinzel neuron, channel noise, channel blocking, Hopf bifurcation analysis
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