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Abstract

Respiratory rhythm is an important physiological activity in mammals, and its production me-
chanism has been widely concerned. Regarding the normal respiratory rhythm formation me-
chanism, the main theory is the pacemaker theory and the network theory. Among them, the
theory of neuronal networks believes that it relies on complex interactions between respiratory
neurons. In this paper, the effects of magnetic flow are considered in the respiratory network, the
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respiratory rhythm in the network will exhibit many properties. As the brainstem respiratory cen-
tral pattern generator (CPG) in mammals has many functions that are essential for survival, and the
pre-Botzinger complex, as one type of CPG, is a key site of respiratory rhythm generation. In this
paper, we focus on the effect of magnetic currents on the inspiratory and expiratory cycles, and
when the effect of magnetic currents is taken into account in a respiratory network, the rhythmic
transition of the pre-Boétzinger complex network system under the action of magnetic currents is
studied, and the mechanism of the rhythmic transition is investigated from a Kinetic point of view.
The results suggest that magnetic flow feedback coefficient ko has an important influence on both
the rhythmic pattern and the period of the respiratory network system. The results provide a bene-
ficial reference for the study of respiratory rhythm in neural system.

Keywords

CPG, Bifurcation, External Excitation, Inspiratory Period, Expiratory Period

Copyright © 2023 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

WP A3 R L T A B D R A T T R S S SRR, AR RUER R, WiEgsE S
AR R S G B0 P2 AR B R IERAL[1] [2]. Lieske 28 N R BN T1) 7 H ] pre-Botzinger & & 1] LA/~
AP RS TR RERAR AR T, TR 2 AR A B R [3 ] BB FR I, ARG A
WHRESCR, W& TTI RN TS R AN, B, WL LB #h 4 T Sha R (4] [5] [6], X
T A () A OB YT T A SR KRS SR — € IS B MMA( 7] [8] [9]. BZEFNKIL, @i fgy
AggIE ] DLy ) 460 Fidg 5 BN (AR AL, I DA BB 1 LA & e fi B[ 10] [11].

X TR 22 0P I R B KR XU A2 38 (CPG) P A28 e X 245, T 2 3R I A AU 1 22 107
o Hrh, CPG 248/ AW HIEIEANMMAHEE, V2B KA SET, KA R A RS T
TR NG ST 2L, T X e b 22 TO I R AR AH AR FH[12]. BARA VP2 RO R TR RS
pre-Botzinger & & RN EE O A A AT P2 AENLHI[13] [14], I 5 ARG A LIRS N X pre-Bétzinger E &
RTBORBA R  AE AT T 0, (B S OCEE R BB AR PR AT, e RTSCR R AR TR B
FREAbAH ELAE F () e B P 2 TR Ny, 6E 5 NGRS I TBOR B A 2o 72 AR TERE I 2R 2 4544 pre-Botzinger fi42
TCEBRAN BN, B BB TR 75 2 RN 1K LE A 28 TR N JiT (1P D 286 H (1) TR AL 2 3 428 i) Rl
TR BRI WP R I B PR R AR E & P AT T IR FR I iR, B E R R X S SR A S
EURHIE AR AR R . T BT DL B — R B AR A S e R A, AR B AR
1M H AL 2 Or B = A A B b R4E O R SEIe R, EF KT, CPG Wit A A BE
PSR, B I BE S AME R 3% DUR B - IR 55 AL DR 3R R AR A 7 A — 8 RV A TS R [15] [16] [17].

A, FATE A CPG Y FERI A, QR B & oA 181D S AL . FE 1A%
R 26 v g = A = BRI A, BRI TG, TR A ST IS4 T 19] [20] [21]. FRATEIA
T, R I X 2 v BT TRORAR S R 2 T R AT B, 1A 00 7 R SRR L SZ AR OB ™ AR AL, 1 HL
ORI Ee i 22 50 H A5 B AR U (P SE 3010 5% [22] [23] [24] 0 FATTR I 25 (19 =B BRI 5 1R X 2% vh 2 52 B 1
e E RN . BRSNS ROt 2 Je IR A BRI A O — B AT, H o HL IR R IR A S MU
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SR A BRI R, LIRS ) HR L ., [EAR PR .

ARILEERNT s BRI T pre-Bétzinger HAI AT HERIZ TOAINFI CPG 2% 1) AL oy J7 1%
B B8 =305, WHARLRIAER & oo s, Ed AP T, At T N RGN AR
MEETHIB) 15U DU 45 AR AR B o ASC R BAH AT 7 i XPPAUT [24 13K HEAS 2.
2. tERINER

pre-Bétzinger & A RN AT VERIZ TUHIREIL. CPG 2% 14 1 A0 15k 70 7 FEAR T 40 J5 FE(1)~(6) - Z IR
CPG ML AFEI S ATHIL T0(pre-1), FHAR S AHE To(early-1), J& AR S AL TC(post-1),  FIHY 5 B 9=
2 7t(aug-E) [20] [22]. fEXDMILZEH, FRA MBI o Hf e AE i B 5 RS 2 B IR 4. X1
T NE— A IO pre-1, 51 NBERE FIFFE oA i 5 FERA T

dVl/dt = (_INaP (Vl’hl)_IK (Vl’nl)_IL (I/l)_lsyn—l (Vl)_lsyn—E (V1)+ e )/C, (1)
dhy [dt = (h, (V)= 1) /7, (V). ®)

Horpr, MemtEth 2 ot R T RIS 1, (V) =80 - (M —Ey, ) » FFEEBAHIRN
Lap (Vl’hl) = Enapeve Mo (Vl)h’l (Vl _ENa) » HELTR Ty (Vl’nl) =8k exc 'n:: (Vz)(Vz _EK) s MR R A
AT NI T A B AMETTN early-1, 5 ="TMEITN post-I, HVUNMMLEICH aug-E, HEE

o HRERIE W T

dVi/dt = (_INaP,i (V;’hi)_ [K,i (V;’ni)_]L,i (V;)_Ixyn—l,i (I/i)_]syn—E,i (Vl))/C, (3)
dh fde = (h (V)= 1) /7, (V7). 4)

Hrie{2,3,4) o b A n, 23500 B A AN G (0TI HE AR 5, 0 Ao 2 s RS PRI A RE A X
A 1, (Vz ) = &L (Vz - ENa) B SR SN L yapi (Vi’hi) = &Napinh " Mo (Vl)hl (Vz - ENa) - VL
AL, (Vion) =g (Vi = B ) » XETANGINERTT, BAT LA T2 p; i A A O 30 o AL
dp, /dt = (d, fousin (V) = 2,) 7,0 T

BEAb, AR R R 2 AT M e TN T 2 I R AR S, EITER AR L, .,
PESERRFLTT L, |, (V.. h) 77 AR

Isyn—],i (Vt) = gsyn—l ’ (Vt - Esyn—] ) : ZjeN{”h bji-fout,inh (I/j )’ (5)

I,syn—E,i (Vt) =8&gn-£ " (VL - ES,W’—E ) ' |:zjeNf“ @i out,exe (V/ ) + Z?:l G * Z’t] Cai j| ’ (6)

NEF N 53 AR RARBIRZ T T § R PEAANHI PR TCE, X T pre-1 My PR IT AL IR I
Ny Ho Wb a3 AR PEAT S A VR AR, TR ¢ MR RITHI B R E K S
VORI R U E IFBC=k0<a+3ﬂ(pz)(ve—v), ko T REP I IS R AL, A g I () A b £
AMB LI

3. FELR
3.1 Ippe PRI A5 2 B HA RO 220

PAHRZR TG Lppe XA P2 15 A (T« BB B RO R I T (T R AU B PR 2 ) [ (T ) A 52
ey, BRI 8 P P S 5 ZR I ke XoF pree-T FRLoc i HE ) HAFRI S o |l SR AOZE R (R WP X 28 TR SN ] 1 B,
BEHZRIN pre-l, ZEAMAERR early-1, W AR post-1, K taMiZERIR aug-Eo IXLER 25 JEOHEAR
FEE 1(a)~(c) o AN ML TERE (T WU BRI (8] (Ty) AR B A RF RIS [E)(Tg), X T2

(¥, ) e
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pre-1 B BUA early-1 B B4 H #2218 b7, X SR B HIARX . Pre-1 Al early-1 28 J5 28T B4,
45 post-I FEITIHHIEIBE, HRPX A ICHAT AR, brEE I Ca V)RR, X
M2 5, post-1 Hth FBE, X T aug-E AW, (E M b P ERTBRRE ], aug-E IR
HIEATE 2] post-.

W 5 R IAE P 52 058 R e VDRI A TN 24 5 432 ) B (T) BA B R (T ST B B i H 1) J A 2 R
AN ECAR o B2 ROk, BRATIRR AT R B ko XL 2 pre-T BT A IR 48 1 R AT R LUK SR BRI . 24
ko 73772 0, 0.5, 1 Bf, pre-1 #2204 H (15N 9 28 1543 J5 A (T) 5 W8 B (Te) (R R S0 TR AR /)N, T
S BA(T) IRF RIS TRANAR,  H 5 i 22 (10 PR XX 285 PR e T F A 50 e P 84 001 T 184 000
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Figure 1. Time series of membrane potential V for the entire network rhythm at a variation of k. (a) k,=0;(b) k, =0.5

(c) k,=1

B 1.k, TACRTEEANETRARE AL V BHEIFS. (a) k=03 (b) k=05; () k=1

ML R EL ko ARG, RIS WSS L TR IS, (T LR S (Ty) RO
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Figure 2. Time series of membrane potential V for the entire network rhythm at a variation of k,. (a) k,=1.2; (b)
ky=122;(c) k,=1.25
B 2. k, TABTEEANRETHEMIERN V BEIFS. (@) k=12; (b) k=122; (c) k,=1.25

AW T (B ) WL ) Ty (I ) AP SRR A 0] Ty (20 60) 5 76 4 5 Y I 5t
RE ko Z MK FR, WA 3 Fivn. BEE RGN SO0 R AL ko I3 IN, AL T e @l 1A 1< T
KA A W2 (P R B . S5 SRR, R T REARAE PP T A M R R B T I, RO T BEE ko 1Y
BN . 24 pre-Bétzinger A BIRLMAIMAE A G, Te FRESRIZEH, MR KAEZ) 3000 ms F
/MEZ) 1000 ms, W1 3 fizw; 1 pre-1 5 Gk BET T S0 R 2 ko M 1.0 303 1.25 B, Ty RRLERS (A] 4k
FPERRES, 10 Ty KRS I TF 4 SURIBE N, LI R0 A 5 30 3 S M R 7 T PR A8 ) e o) o 2% 5 48
JERA T (P I, S0 ko ZEKIR AR E), 3 EORP IR YT A R AR, a0 3 B

DOI: 10.12677/biphy.2023.113005 57 W)L


https://doi.org/10.12677/biphy.2023.113005

G, BREWE

6000

seconds
S
(e}
[}
(e}
1

2000

0 " 1 M 1 " M 1 "
0.00 0.25 0.50 0.75 1.00 1.25
kO

Figure 3. The feedback function k, varies through the network rhythm period (T) as well as the durations of the inspiratory
phase (T;) and the expiratory phase (Tk)
B 3. RIRFRE ko TR LTI EHA(T) LUK IR SR B Y H5 4520 8] (T) FPF S B B B 5452 (8] (T
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M-I E 4R, ERGENLCEREIZ) WS L, HEKERR vV 28 E%, AT
(LT B T4 pre-T (I3 TR AE BT DL, T d e 0 1 22 5B 0 BT pre-T 3SR i KA1 P
(o0, 1R a) ) SR A pre-1 BLICHMCBIBAR MK, BEi pre-1 B yTiThafe 2igshprEe. I
RSSO BRI T 20 AR B pre-T BT ] SR AEL A B s (LA e RSN, Lt 2y hy FEEELR, 5

IV o W 8
(a) (b) 0.35 .
030 J
< <
4 0.25 / §
0.20 | J
-60 40 20

DOI: 10.12677/biphy.2023.113005 58 AW


https://doi.org/10.12677/biphy.2023.113005

G, BREWE

(©)

0.4 .{

0.3 |

1 1 1
-60 -55 -50 -45 -40 -35
V.

4

Figure 4. Phase plane analysis of the neurons in the network at feedback coefficient k, =0 . (a) (A, 1}); (b) (b3, V5); (c) (hs, V3)
4. RIRFEH i, =0 BNEHEATHEFED. (2) (, V)FE; (0) (b, V3)FE; (0) (hs, Vo) TFE

4, X post-1 BLITHI(hs, VAR L, AT Vier FRFAELNS N T post-T (/M U1 4(a)
TR P 4(b)h IR S5 5] 4(2) 28 MBA0, TV IRTS post-T BLITHIEFAEE L Vs i KEI (R ETTHY),
SIS 1] 4T I (A AR AL 450K, 240 post-T HLTTIA B i /e M S5 E L {E,  RIGAZIN post-1
FTTR R KA S pre-T BT AGHANARINHAKC (55141 4(a) A RIS 18] 5 F RR S2 O el i) WAl 4(b) BT

P2 rh 4 R GERI LR (R (L 20) th B 7F aug-E FICHIA H(hy, Vo) £, WA 4©FR, WAZIE, 7,
FAHE LMY BLXT aug-E /NI LL K 2 pre-1 BTGB BGE N X aug-E #OFH], thiy, H5
At VAR R P 16 i P SR SO0 R o o, A N R SR V) R IR BNIE(E I XT aug-E AOHIH
ek, T e M S LRI N Vs ik BN I (B GU7 BUARIC) X aug-E 401 A 2 fE

o X % I Ak v ) S0 P B0 T LA S B IS 20 2 AR T 23 A, 0 I 2 R AR H R . X
SO B H AL T A A R T AR L e TIRAER I PR T early-T1 B8, X2 H T early-I $.T
R Z A O 1) MRS B Y I T 5 10 M T RE

I8 55 R PO T R o FVBE TN, PR X 28 T ) pre-1 B A BN R BCHRDIRAS , sl 5 o, TR,
WL T AR S AR T I 1AL o AN [ AT AL S A 45 0 45 25 BT AT 2 HH DT R AR L
5 4(a) BAARLET #h 26, AN 77 B0 A E L0 BT pre-T (RIS I (E HI RSO0, 10 85 20 0 ¥ = A 42
XHNLT pre-T FRUS K B RN A5 O, TIAE pre-T BT T W) () F S8 (ELEE 7y 5 VRS, 2
3 pre-1 BT EMCEV B NINHIACT, AEIAT DOTIRAR BRSSP B 5 NHEFUEE RIS, pre-1 Sonhiis
TSI A LR Vet IISL T TR IR RS o Pre-1 5T IR IR, M — 1T e A F 1 I 2 R AE R oS
THARIRHE, XBRT R EE b 5 V) Rk SR, ANE SR EL ko HI4EAF pre-1 # BA AR AR
T, WA S Pios. ERERIERTS, TEHEL V) RIS TR IO 20 2 PR IIRS K, T2y s3]
FRIRILA 5 ] 28 R ST ) R 82 AU (1] S(a)~(e))o AR DL, BUEAEBRZ I AITEOL T, LR Vet
FEIR—ARperh 2 PLERARAS, AR 8 BR AT LR B I IR o 290 pre-T ST R4 £ — B 1)
JETTARTEIRIN 5 Inap (ISR FT LASCVF pre-1 BLITANSEIMI, IR AL AL B AN 0 2% (R PR T R 1

2 pre-Botzinger AR JEIRGIN, BANM M T MEE k Fg b aimmaeie, —M2M
2SI T A2 — AR R IRFFRRE , WWIBHIRES 4.2 B3 2.1 B/, SAE IR 6 70 Te 4552
—EAERIA IR E, MEKE 3.2 MRER] 1.3 WAL IRFFRRE: 55— MR, BERRNRERE
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G, BREWE

Mt 3R
TR T I F Ty R
h, (V)= 1/(1+exp[(V—¢9h )/, ]). 7, (V) =¢/cosh[(V -6,)/(25,)].
m, (V)= 1/(1 + exp[(Vi -0,)/o, }), n, (V)= 1/(1+exp[(Vi -0, )/o-n]),
Soutimn = 1/(1 + exp[(V = Ot )/O-out,inh ])’ Sout,pre-1 = 1/(1 +exp [(V Ot pre-1 )/O-out,pre—l ])

Table 1. Parameter values used in the model.

=1 BRGNS HE

2K 2H1E 24 2HE 24 2H1E 2K SHE
8 Nap exe 4.5nS 8 Nap,inh 0.25nS C 20 pF o, -6 mV
8k exe 2.8nS &k in 10.0 nS E,, 50 mV 8n-k 10 nS
g,‘,m 3nS g,ﬁi,,;, 3.25nS EK -85 mV gxy,,_, 60 nS
E} e —65 mV E —-60 mV 0, 48 mV E, ; 0 mV
Ot re-1 -32mV O -30mV o, 8 mV Ey ~75mV
O gt pre-i -8 mV G put.inh —4 mV & 4000 ms 0, —29 mV
o, -6 mV T, 2000 ms 0, —37mV T, 2000 ms
Tps 1500 ms a 1 B 0.0006 ke 3
Ve 15 HM b31 0.125 b41 0.0125 Co 0.095
C1 0 app 0.6 b32 0.27 C 0.3
Ci2 0.19 b43 0.05 b42 0.3 Cr3 0
Ci3 0.58 b34 0.45 b23 0.6 Co4 0.24
Cl4 0.2 b24 0.3
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