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Anti-Inflammatory Mechanisms of Vagus Nerve Stimulation

in Epilepsy Treatment
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Abstract Epilepsy is a chronic neurological disorder caused by excessive excitation or abnormal synchro-
nous discharge of neurons in the brain. It has the characteristics of recurrent, episodic and transient central nervous
system dysfunction. Accumulating evidences show that excessive activation of inflammatory response plays an
important role in the occurrence and development of epilepsy, and inflammatory signaling molecules have become
a new target for antiepileptic therapy. VNS (vagus nerve stimulation) as an adjunctive therapy, can reduce seizures
by combining with antiepileptic drugs. A large number of clinical applications have shown that VNS has high safety
and effectiveness, but the mechanism of VNS is unclear. In recent years, studies have been carried out on the anti-
inflammatory mechanism of VNS in animal disease models and patients. In this paper, the potential immunomodu-
latory mechanism of VNS in peripheral and central system was reviewed.
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RGN ROGITY . HA BERE Y 52 P A S DL b BT
JoH 245 1D i 24 14980 (drug resistant epilepsy, DRE) /5
B i i B Ee 208 = 2 —B. FARVIER
oI I A2 16 9T DREFE W B 21 F By, (B AE7E — &
(1) JR B, 491 G i s Ak DX AN BEAS e A i kA T
KEEINBE X AR I B AT I ACRE(H 2 1)
REPEnG. PN Gy IR TR B A B R AS) AR
JE R R AE Y AESEBR R R, AR R R 2
74 96 57 DREM) 4 B 77 1%, 19 ek 2E #h 22
P (vagus nerve stimulation, VNS).
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FHOPR JBR 28 R 28 AT M 5 715 48 58 ) rho i o i A= XL 185
IRt wT e 5 A ) 22 5 R kA% 8 42 e 4 R AR T
PUR (U0 A 2R 52 AR) I BRI T 40 48 0 M Ay B VR AT
PR 98 RE A RN, (3) 4145 M fixi 453 4% (traumatic brain
injury, TBI) ] 175 & 98 i Jse I A Y Je Joid 441 e 34 28
Forb JSREAT RN Th e B RS 1 2 7 1 5 41 i 2 3 2
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4 & -6(interleukin-6, IL-6). 441 %-1B(interleukin-
1B, IL-1B)F1 I8 A FE K] F--a(tumor necrosis factor-o,
TNF-a) 5%, X 2642 %8 K124 55 M £ o Ui se, I B/
IR A MR BOE AR FE 5 NS 24 M 1) < VR AR A
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9)&5 WA IR I AE IR KA J5 P, i 2 R S
90 3P EE 2 B, BIE T 5]k SOREAH S AL, AH
Ay TR I B RO, I H AR AN R R A .
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Pt 1400 1) 70 R AMAIIL- 1B AR5 B, X BRI F 45 2R
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BN P R 20 B TR] P 5 B R B AN (i g S i L
Az, TR LA TR T B S AL REEcR i 5 BBB
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LA MDA PR O AN i R 0 A
RIEA R VSR, B 8 R R A S I R ik
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A S SE A5 5 B HECRT 5 AR 7 2, SR e el R o th A B i P — 2R B SO AR 5 T, FLANBBBAR G R 5 AT AN SR AT
WIFRE AR AR T+ A SEA BB PR A PETE IR 0 L I PO RS JRAT, X SRR AR 5 b U B 1 SR P DA KA 3 25 L o
(A7 A, T AR LR E I S BRI 8 TOSGT F) 2 JE P Pk st L S S AR

The stimulation of external danger signals can induce epilepsy. During the development of epilepsy, a series of inflammatory signals in the brain are
activated, such as BBB injury, activation and release of proinflammatory factors by astrocytes and microglia, upregulation of inflammatory mediators in
the brain, enhancement of neuro excitotoxicity, and imbalance of brain homeostasis. The upregulation of these inflammatory signals will aggravate the
pathological degree of epilepsy and mediate the generation of drug resistance mechanism, which promote each other and show a cascade of amplifica-
tion effect, thereby increasing the susceptibility of epilepsy and promoting its recurrent seizures.

Bl B S REREEERGRIESE S 127118%0)

Fig.1 Interaction between epilepsy and inflammatory (modified from reference [27])
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INGPE Jeff FH VNSRS, {5 BT b x Hog
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Tt 5 HUAS B H 0, VNS I FH 20 3 4 5 FH 2 N 25 5
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Je U R AE L DY, 19974E, VNSHESEEFDA

HEAE T8 97 A6 K T 128 [ DRE £ 3 A1 AT &
HW, ARk, RO 1077 )50 5 %
Z I VNSIRTT, £940% 83 i FHVNSIR IT2~34F J5
TR R AR B D B 50% %), i AR W T AR
RZR, VNS 2 AR 8 O 213 21 500F, I Hi%
RIS FRG T E RS, Ak, VNSIRITTE
SRESPR 2 1) R N o8 7 T A R FRCR, Beie B35
P NAETE L EM, AR TT I A 8, VNS
TEIT BRI B G G, 2 304E A A N, B
SRVNSTRIT UM 7E I R b OIS T 8 197 &%, (H
%710 — 0 4 R B TG B TR T BUR AN,
FIT UL BB VN SR (1AL 1) A FH B A2 o0
B,

3 VNSTEMURIAT R A ERHLE)
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K2 ). HAT, REEHAE SRR T R,
VNSHER— MBI TT T BAETBL o X A8 PRI |
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HRORES . RAEIPEAE R A JE A HpRK 1) B A
i, VNSH] RE I P8 755 40 AT AR R S 2 15 S 2%
RIFPLRAEM . BHAETHT AR YIVNSHIEE T k-
TR 5 _F R4 (the hypothalamic-pituitary-adrenal
axis, HPA%)FHJIE 0 e $T 28 8 2 a2 g 28 PR 1 R
T, AT A1 J ) 9RE e M7, H 5K T VNSTE Hr
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WX ZR 48 N BT R AL H AT ErEn LD, TRE S 4R 1
FERC /NI A M 330E FIBBBId I 11 i AR 46 OB,
DR, AR 32 B VNSTE S M E A A IRt 4 A FH AL
BEAT T AR L4

3.1 SMEHmAALF

3.1.1 T &~k 'K L4 (the hypothalamic-
pituitary-adrenal axis, HPA%) — HPAHI[#ERG 2112
BN BERLRN N 2 5RE 1 00 A B B S5 MR (L
FERT R RAEVEWIR . 2 K MHEREALRE. W A
B 98 ) iy I A AR R JEE O R R 3R, R E P
LS HPARNE UIAH G, Ah R R A5 5 ] DU oK E
246 N YE, S8 )5 MHPA UK S 5, N i = 55 4%
PR TC R LA I o R B B M R o I8 A R B
% (corticotropin releasing hormone, CRH), CRH#H i
AR IIK RGALEAE T 348, {23k 4R iU
b iR B i 8 25 (adrenocorticotropic hormone, ACTH),
ACTHHRIBE b IRA 5o WA WS B B R . W 2 I
FAL T LA SR R T o R R A T B S o
TAH-S0T W 17 Jof e 2% 5 B R TR R 2 AR (glucocorticoid
receptor, GR)4: &, — J7 [l e /K -F AR i Bt &
EEAER, HAh—J7E I B R SR T
(AP-1. NF-«kB&5)Jli/b 28 0E )87, AT AIHIIL-6. IL-
1B+ TNF-o. FHURSE(ER KT RIS, VIKrkE s
22 ] LASH IEHPA ST 48 38 B8 050 GRAEAESE E
A] PAA - FHPA S I 4 s 45t 18 15, (HGRAE 3 U &8
M AR AR T [ I TR BRI, I HLAE 12 8
okl S5 A HPAZ Y A7 S 4t 1 15 32 40, DA B SR 45 R
KGRI REFFERG AT B T EUHPA S 1 7 R 52 40, [
T >k ST R 5 S HPA R I BT B0E . HPASS FE S0
T BN K R RR A T, OO R R
BB TAE XS R 2N HPA S NS 57 I 2 1 2k
W 23 520 JR) FR AN 4 B JE, 1Y 98 e & AE 2 I A
AR 3 5 F AR RE () A AR 522 Op JE )2, BE
R 2500 T U b FE K E T S5 AR 24
B h e WY AT DAY/ AR, G vl ZE K FA A
REV PR IR, B R TV6 7 ) L2 o [ 1 8 & AP itk
A, — BRI 5T R AH, S RTHPA A T 1E OB & AE
ARV o A 41 95 ¥ 9 7 T AR B AT ORI 9 7905
BRI FE R B, 1R A 2 AT i HPA Bl 5 3 e 7% 1
2, VNS AT OEHPA Sl 98 9 S 82, AT 9820 Jt Tl
KA

3.1.2 feafean X 8 #&(cholinergic anti-inflammatory

pathway, CAP)  CAP/Z —Ff i &G 5 Y S5 Bl
FE IR EME . R RS (central nervous sys-
tem, CNS). L4 22 A2 A a7 MRBR R 2, FEAR 15052 1A (a7
nicotinic acetylcholine receptor, a7nAChR) ] 4% 4l
MIZH R AU AN, EREMEAE N4 E
(32 R W] LA AN A SAEA BT, AR JE A A B
INHANZ, INAAZ B 18 7 b 228 AR U5 A FELG e A%
EH 2T 24 (00, 3 T S o 428 7 R LA 2 5 i 4 1
5T A B UNE IR R SO ) AL E
s 22 B2 H B IR R (norepinephrine, NE), NE
A DLATNE T R0 i B B2 b IR ER Be 2 Ak 4
&, 75 FHHE 4 W% #2  (choline acetyltransferase,
ChAT) )R & F1 Z B IH S, (acetylcholine, ACh) YA
B RE T AChH] 5 B4 _E ) a7nAChRES 7,
T A #H NF-xBAT JAK2/STAT3 4 i {5 51 1
I/ IL-1B A1 TNF-a55 2 98 X 7 H 5 B, AT A4 97T
RAEA S, 5XTHZAAH L, o7nAChRAE N & 3
B PIRARL BOE A B 2B K AR, 8 a7nAChR
BEhFNGEIT G, WE Sh PRI A Y SRE S SR D,
R RAEZR AR [FREHD, TEa7nA ChRIE R R 1) /)
B, VNSIR T AN BEA (2 R A7 B & B, M AEE
Az R R) 8 /0N B rh &R S 2 I A BT R T
EARSRIG R Y], VNS I R Ach i A 9 4E H
TGP 4 M 3 111 52 44 o Tn AChRSEHI AL 48 R 7 F)
3K, MITTFRAR AN JOAE [N, i B a7nAChR /2 VNSt
I CAPRAEDT R I CHEAE FIAE i . BEAL, I 21k
JOEL 6t P P i o2 AT DA i P E B R 70 48 s 1, A B
FR AR, AL B B Al A0 1) 7 i, T DA fiE
5T 4 0 850 R A8 400 B BT 1) R A R B OR A
YEFI™, o7nAChRTE /)N B 57 40 A0 B2 T2 M o 4 i L
72 2RI TR UE B 7, axX e 7t 45 AR N TR
RG] REA71E CAP, {H VNSJZ 7518 if CAPTE 4%
RAFPIRAEIEH Rt — 2D HE T .

5 b, VNSH] 3@ i HPA %l FICAPH Fft 5t 48 AL ]
PRI 98 DR (R RE T (F12), AT FEAIR A0 JA 1 S0
3.2 HIRLAHLE
32.1 4R#*BBB  BBBE4ERF KMifasMIhaEN
HELL5 Y, BBB I 17 1 A8 4 38 A JERE i S AH 9%
EUO8T . 7 i % A AR 2 R, VNS AT DLE I BRI TR I
iR 40 S /K38 38 2R 19 AQP-411) 7% 1A FIBBBHI B 31 5k
P> P2 TG IR 51 . CHENZEOE i f 5 58 /) B
B R 3, VNSIR YT AT LA KBBBIIEEE. /)
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OFME SRR A T T 5 AR A NEFAEARR LI AR S5 &, K5 T R ENTS BB A #0228, NTSIHIE DMV R E 2845 2T 4
BPRIE T . @IETHPA R WA K TR S B R A7 sk T B2, AT A1 ) ORE S R e 38 1 CAPREIL Z B IH B, ZW B H Bl o A
JURUEE P e PR 200 = P 52 2, SR ) S L 2R MR TR A 28 B 1, DT BRI A1 J) RE S o«

(DPeripheral risk stimulators can bind to receptors on vagal afferent fiber terminals and transmit signals to the NTS to stimulate the vagus nerve. NTS

delivers anti-inflammatory signals through DMV and vagal efferent fibers. @Glucocorticoids are secreted through the HPA axis to regulate the tran-

scription level of proinflammatory factors. @ Acetylcholine is released through CAP. Acetylcholine can bind to receptors on immune cells in the spleen,

and then inhibit the release of proinflammatory factors from immune cells, thus reducing the peripheral inflammatory response.

B2 VNSZSMNE R AR RALHI (AR IE S5 STHK[51,60112250)
Fig.2 Anti-inflammatory mechanism of VNS in the periphery (modified from references [51,61])

2 I 240 B 2 T 2 I 4 ) AR e R 4 B
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VNSH LA/ BBBI#5 4%, (H55T VNS4 BBBIY)
AN E = SR . T MMP-9R] il R
S ERE, SEBBBREAT, 1 VNSEEHH MMP-9[1]
Fik, ATLA VNS{RY BBB A G A i 1 11 il MMP-9
FIENFH, (B VNSUI[I$E MMP-9f R IEIE A F5
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322 PRFEmIEHE /N K
A1) AN, B3 PR R G A TR S % R

REo 0 P R AR 9E R, /0N 4B T S R R 4
S FNEE SO, 3 et e i A (] 2 2R A 1 98
JR2 720, i B MR /N J Joit 4T R T BT 1 i
RIEQIRI L, FEAR R AIET:, M2BL/N R 5
I 6 DU JECTE R A T I JRE K, AT ks> 4k
PEAN ML BT T2 IR G i & RGEE 7 MBI R
YH M PR A IE A P AL FE IL-1B. TNF-afll— 24k,
K7 (CCL2. CXCLOMCXCLI0), IEH 4T, Har
Z 50T B R A S R, (AT B A& R AT
RGNV SORE , RN R A U AR, M2/
Ji2 J5 &4 PR T 98 2 U L 1~ 1 47 25 -4(interleukin-4,
IL-4). HS & -13(interleukin-13, IL-13)F [/~
% -10(interleukin-10, IL-10), J&/> M1FE/N 5 41
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In the central nervous system, VNS treatment can reduce the inflammatory response in the focal area of epilepsy, and the possible regulatory mecha-
nisms are as follows: (1) protect BBB, reduce the infiltration of serum albumin and immune cells; (2) inhibit the abnormal activation of microglia and
promote the transformation of microglia from proinflammatory type to anti-inflammatory type; (3) promote the release of neurotrophin and NE, NE can
bind to the corresponding receptors on microglia, inhibit the transcription of proinflammatory factors, so as to reduce the production of proinflamma-
tory factors, improve the inflammatory response in the focal area of epilepsy, so as to reduce the seizure.

E3 VNSHRiTREERILEIARTES E TR 12711220
Fig.3 Anti-inflammatory mechanism of VNS in the CNS (modified from reference [27])



2160

Gk -

B2 J2 AR R AR Ao PR B L e 384 A, AFLX AN 5 R
AN5E A2, WU R RN VNS T 5 1 X 8L
ARAL AT fiE -5 AR SR 18] DL & VNS RIH68 BE A7 K o

4 BERRE

T VNSTE BN J6 7 19 LR 1 F AL © 4
P, ALRR D JOE O, AR e e AR FE B
M A4 28 366 R FR) R TSR 0728 DR L 2, 3K S8 AV
AL RS SHURRIEFH o B XD 0% L] 1)
RAWFFER I, 98 0E O BN K AE I £ B AR &,
TVNSTEAG P 58 S 0 R A BT 28 RO, BRIk, A&
SO VNSTERR A TT H P R A FINLRIEEAT T 24
FEE IR o AHAZ IR A7 FE — L R AR D 1 . (1)
VNSTE T AT B R0 A5 38 100 S5 R0 K o kb [X 48 oAt
2B, TS 2 TR o 50 ) 98 0 A I 5 TR A
VNSHUEIH 1697 TG BRI FEFR? (2) VNSH]
DA 48 /I8 Jise Jof 441 ff =% 20 A8 A0 R s /> BBB 4 47, 1H B
AT 5 B RAE O 38 26 o R B S8 4 B . (3) VNS
A AR/ DR (4 8 RE S B, AR RSN 2 1 KA
SAAME P R AEBA R PT 2 AE B BARAE 2 % H Al
ANERE . (4) BB TR, (G50 R U 2
= H9X(Zusanli point 36, ST36)}, 2% —41 % ik
PROKR2ZE [ {1 B 5 i 28 76, e AT mT LLKE S5 5 1 Je%
A S I8 T A ) KRR 8 DX I O 2 E
25 bRl 8RS R LAS W i
BT AR A G e R AE L, T v 08 S OIS R
FiX 725(Tianshu point 25, ST25) | ¥ 1% A i A2 Jak 4
2 17 =275 C[UB Y SR i 2 = ol o S | BV e 2
PR, B AR T AT LA R VNS L
WA T R E TN, B TR RO
AR R B R 2 TR iC B T, DUORS A K
AN [) P9 A 220 308 5% R 2 o AL AR P2 — 9 E 1 18 15 1
FSRVGTT SRR AR - (5) BhAk, KEVINZED
BRI, 15 e N VNS R LR v i 900 34 N Sz
JR A28 SR R A B T R v b
PR TG B IR R A« PR IR Ao 2 A 2 i S R
by 43 PR A B, DT 50 2488 K i 4o £ [ i D4 5
TR L B8 465 A ik /0 80 0 97 FE, ELVINIS A2 a1 e 28 i
TP 5 325 1 R LA B AZ AL )L A s i R A ot 42 B 6
WRLL Jy T IEANTE . (6) T SR 2 H A AE W &
A PR XA 8 8 RE A B 2L AT R ) S LI A A2
FIORVE, KRR AT LU 50 TR B HAR S

FARBVNSHI LS & F x5 DR B 5 A ATVR 7 2L
RETPRAG, R —MER S 1

22, VNSTERGUIR 677 1 BT 2 AE R 32 21
HORE 2 1) 5GTE, (B BAR I BT 2% 3 I A DG B8 7)1 1
AN, T ELVNSHURR 697 A 7T RE 2 2 LA
HAFMREE R B, RR T EE 2 (R R BT
FERARZ IR E AL DT AN U] ) 5 ZEAE P 4L A
FAOC T e[l B8 DA T AR VNS 1 F ZERE L, I i
A IE R AR S T P VNSRS R

SE Ak (References)

[1] FISHER R S, ACEVEDO C, ARZIMANOGLOU A, et al. ILAE
official report: a practical clinical definition of epilepsy [J]. Epi-
lepsia, 2014, 55(4): 475-82.

[2] DEVINSKY O, VEZZANI A, O’BRIEN T J, et al. Epilepsy [J].
Nat Rev Dis Primers, 2018, 4: 18024.

[3] CENDES F. Epilepsy care in China and its relevance for other
countries [J]. Lancet Neurol, 2021, 20(5): 333-4.

[4]  THIS R D, SURGES R, O’BRIEN T J, et al. Epilepsy in adults
[J]. Lancet, 2019, 393(10172): 689-701.

[5] KWAN P, ARZIMANOGLOU A, BERG A T, et al. Definition of
drug resistant epilepsy: consensus proposal by the ad hoc Task
Force of the ILAE Commission on Therapeutic Strategies [J].
Epilepsia, 2010, 51(6): 1069-77.

[6] JETTE N, SANDER J W, KEEZER M R. Surgical treatment for
epilepsy: the potential gap between evidence and practice [J].
Lancet Neurology, 2016, 15(9): 982-94.

[7] SPENCER D D, GERRARD J L, ZAVERI H P. The roles of
surgery and technology in understanding focal epilepsy and its
comorbidities [J]. Lancet Neurol, 2018, 17(4): 373-82.

[8]  PHIJH, CHO B K. Epilepsy surgery in 2019: a time to change [J].
J Korean Neurosurg S, 2019, 62(3): 361-5.

[9] SCHEFFER I E, BERKOVIC S, CAPOVILLA G, et al. ILAE
classification of the epilepsies: position paper of the ILAE Com-
mission for Classification and Terminology [J]. Epilepsia, 2017,
58(4): 512-21.

[10] PAUDEL Y N, SHAIKH M F, SHAH S, et al. Role of inflamma-
tion in epilepsy and neurobehavioral comorbidities: implication
for therapy [J]. Eur J Pharmacol, 2018, 837: 145-55.

[11] VERHELST H, BOON P, BUYSE G, et al. Steroids in intrac-
table childhood epilepsy: clinical experience and review of the
literature [J]. Seizure, 2005, 14(6): 412-21.

[12] CHENL,ZHUL, LU D, et al. Association between autoimmune
encephalitis and epilepsy: systematic review and meta-analysis
[J]. Seizure-Eur J Epilep, 2021, 91: 346-59.

[13] ONGM S, KOHANE IS, CAIT, et al. Population-level evidence
for an autoimmune etiology of epilepsy [J]. JAMA Neurol, 2014,
71(5): 569-74.

[14] STERIADE C, TITULAER M J, VEZZANI A, et al. The asso-
ciation between systemic autoimmune disorders and epilepsy and
its clinical implications [J]. Brain, 2021, 144: 372-90.

[15] SHARMA S, TIARKS G, HAIGHT J, et al. Neuropathophysi-
ological mechanisms and treatment strategies for post-traumatic



PSS EAEM R IG T T BT R AE F HLA

2161

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

epilepsy [J]. Front Mol Neurosci, 2021, 14: 612073.

SWEENEY M D, ZHAO Z, MONTAGNE A, et al. Blood-brain
barrier: from physiology to disease and back [J]. Physiol Rev,
2019, 99(1): 21-78.

BOSCO D B, TIAN D S, WU L J. Neuroimmune interaction
in seizures and epilepsy: focusing on monocyte infiltration [J].
FEBS J, 2020, 287(22): 4822-37.

SANO F, SHIGETOMI E, SHINOZAKI Y, et al. Reactive
astrocyte-driven epileptogenesis is induced by microglia initially
activated following status epilepticus [J]. JCI Insight, 2021, 6(9):
e135391.

SANZ P, GARCIA-GIMENO M A. Reactive glia inflammatory
signaling pathways and epilepsy [J]. Int ] Mol Sci, 2020, 21(11):
4096.

DE VRIES E E, VAN DEN MUNCKHOF B, BRAUN K P, et al.
Inflammatory mediators in human epilepsy: a systematic review
and meta-analysis [J]. Neurosci Biobehav Rev, 2016, 63: 177-90.
RANA A, MUSTO A E. The role of inflammation in the develop-
ment of epilepsy [J]. J Neuroinflammation, 2018, 15(1): 144.
LIBRIZZI L, VILA VERDE D, COLCIAGHI F, et al. Peripheral
blood mononuclear cell activation sustains seizure activity [J].
Epilepsia, 2021, 62(7): 1715-28.

VARVEL N H, NEHER J J, BOSCH A, et al. Infiltrating mono-
cytes promote brain inflammation and exacerbate neuronal dam-
age after status epilepticus [J]. Proc Natl Acad Sci USA, 2016,
113(38): E5665-E74.

BRONISZ E, KURKOWSKA-JASTRZEBSKA 1. Matrix metal-
loproteinase 9 in epilepsy: the role of neuroinflammation in sei-
zure development [J]. Mediat Inflamm, 2016, 6(9): e135391.
PASCUAL O, BEN ACHOUR S, ROSTAING P, et al. Microglia
activation triggers astrocyte-mediated modulation of excitatory
neurotransmission [J]. Proc Natl Acad Sci USA, 2012, 109(4):
E197-E205.

ZHAO X, LIAO Y, MORGAN 8§, et al. Noninflammatory chang-
es of microglia are sufficient to cause epilepsy [J]. Cell Rep,
2018, 22(8): 2080-93.

PATEL D C, TEWARI B P, CHAUNSALI L, et al. Neuron-glia
interactions in the pathophysiology of epilepsy [J]. Nat Rev Neu-
rosci, 2019, 20(5): 282-97.

PAUDEL Y N, SHAIKH M F, SHAH S, et al. Role of inflamma-
tion in epilepsy and neurobehavioral comorbidities: Implication
for therapy [J]. Eur J Pharmacol, 2018, 837: 145-55.

TERRONE G, BALOSSO S, PAULETTI A, et al. Inflammation
and reactive oxygen species as disease modifiers in epilepsy [J].
Neuropharmacology, 2020, 167: 107742.

TAO A F, XU Z H. The pro-inflammatory cytokine interleukin-1
beta is a key regulatory factor for the postictal suppression in
mice [J]. CNS Neurosci Ther, 2015, 21(8): 642-50.

MAROSO M, BALOSSO S, RAVIZZA T, et al. Interleukin-1beta
biosynthesis inhibition reduces acute seizures and drug resistant
chronic epileptic activity in mice [J]. Neurotherapeutics, 2011,
8(2): 304-15.

EASTMAN C L, D’AMBROSIO R, GANESH T. Modulating
neuroinflammation and oxidative stress to prevent epilepsy and
improve outcomes after traumatic brain injury [J]. Neuropharma-
cology, 2020, 172: 107907.

LOSCHER W, POTSCHKA H, SISODIYA S M, et al. Drug

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

resistance in epilepsy: clinical impact, potential mechanisms,
and new innovative treatment options [J]. Pharmacol Rev, 2020,
72(3): 606-38.

WANG Y, ZHAN G, CAI Z, et al. Vagus nerve stimulation in
brain diseases: therapeutic applications and biological mecha-
nisms [J]. Neurosci Biobehav Rev, 2021, 127: 37-53.

NOLLER CM, LEVINE Y A, URAKOV T M, et al. Vagus nerve
stimulation in rodent models: an overview of technical consider-
ations [J]. Front Neurosci, 2019, 13: 911.

KAKINUMA'Y. Significance of vagus nerve function in terms of
pathogenesis of psychosocial disorders [J]. Neurochem Int, 2021,
143:104934.

TRAVAGLI R A, ANSELMI L. Vagal neurocircuitry and its
influence on gastric motility [J]. Nat Rev Gastroenterol Hepatol,
2016, 13(7): 389-401.

THOMPSON N, MASTITSKAYA S, HOLDER D. Avoiding off-
target effects in electrical stimulation of the cervical vagus nerve:
neuroanatomical tracing techniques to study fascicular anatomy
of the vagus nerve [J]. J Neurosci Meth, 2019, 325: 108325.
LANSKA D J. Corning and vagal nerve stimulation for seizures
in the 1880s [J]. Neurology, 2002, 58(3): 452-9.

AALBERS M, VLES J, KLINKENBERG 8§, et al. Animal mod-
els for vagus nerve stimulation in epilepsy [J]. Exp Neurol, 2011,
230(2): 167-75.

FAN J J, SHAN W, WU J P, et al. Research progress of vagus
nerve stimulation in the treatment of epilepsy [J]. CNS Neurosci
Ther, 2019, 25(11): 1222-8.

SCHACHTER S C, SAPER C B. Vagus nerve stimulation [J].
Epilepsia, 1998, 39(7): 677-86.

FISHER B, DESMARTEAU J A, KOONTZ E H, et al. Respon-
sive vagus nerve stimulation for drug resistant epilepsy: a review
of new features and practical guidance for advanced practice pro-
viders [J]. Front Neurol, 2020, 11: 610379.
PEREZ-CARBONELL L, FAULKNER H, HIGGINS S, et al.
Vagus nerve stimulation for drug-resistant epilepsy [J]. Pract
Neurol, 2020, 20(3): 189-98.

CHRASTINA J, NOVAK Z, ZEMAN T, et al. Single-center
long-term results of vagus nerve stimulation for epilepsy: a 10-17
year follow-up study [J]. Seizure, 2018, 59: 41-7.

JOHNSON R L, WILSON C G. A review of vagus nerve stimu-
lation as a therapeutic intervention [J]. J Inflamm Res, 2018, 11:
203-13.

ROSSO P, IANNITELLI A, PACITTIF, et al. Vagus nerve stimu-
lation and neurotrophins: a biological psychiatric perspective [J].
Neurosci Biobehav Rev, 2020, 113: 338-53.

SILVERMAN M N, STERNBERG E M. Glucocorticoid regula-
tion of inflammation and its functional correlates: from HPA axis
to glucocorticoid receptor dysfunction [J]. Ann N Y Acad Sci,
2012, 1261: 55-63.

WULSIN A C, SOLOMON M B, PRIVITERA M D, et al. Hypo-
thalamic-pituitary-adrenocortical axis dysfunction in epilepsy [J].
Physiol Behav, 2016, 166: 22-31.

WEDN A M, EL-BASSOSSY H M, EID A H, et al. Modulation
of preeclampsia by the cholinergic anti-inflammatory pathway:
therapeutic perspectives [J]. Biochem Pharmacol, 2021, 192:
114703.

ROSSO P, IANNITELLI A, PACITTIF, et al. Vagus nerve stimu-



2162

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

lation and Neurotrophins: a biological psychiatric perspective [J].
Neurosci Biobehav R, 2020, 113: 338-53.

CAIN D W, CIDLOWSKI J A. Immune regulation by glucocorti-
coids [J]. Nat Rev Immunol, 2017, 17(4): 233-47.

D’ALESSIO L, MESAROSOVA L, ANINK J J, et al. Reduced
expression of the glucocorticoid receptor in the hippocampus of
patients with drug-resistant temporal lobe epilepsy and comorbid
depression [J]. Epilepsia, 2020, 61(8): 1595-605.
CANO-LOPEZ I, GONZALEZ-BONO E. Cortisol levels and
seizures in adults with epilepsy: a systematic review [J]. Neuro-
sci Biobehav Rev, 2019, 103: 216-29.

SINGH T, GOEL R K. Epilepsy associated depression: an update
on current scenario, suggested mechanisms, and opportunities [J].
Neurochem Res, 2021, 46(6): 1305-21.

KANDRATAVICIUS L, PEIXOTO-SANTOS J E, MONTEIRO
M R, et al. Mesial temporal lobe epilepsy with psychiatric co-
morbidities: a place for differential neuroinflammatory interplay
[J]. J Neuroinflammation, 2015, 12: 38.

VIZUETE A F K, HANSEN F, NEGRI E, et al. Effects of dexa-
methasone on the Li-pilocarpine model of epilepsy: protection
against hippocampal inflammation and astrogliosis [J]. J Neuro-
inflamm, 2018, 15(1): 68.

PINEDA E, SHIN D, SANKAR R, et al. Comorbidity between
epilepsy and depression: experimental evidence for the involve-
ment of serotonergic, glucocorticoid, and neuroinflammatory
mechanisms [J]. Epilepsia, 2010, 51: 110-4.

BASU T, MAGUIRE J, SALPEKAR J A. Hypothalamic-pitu-
itary-adrenal axis targets for the treatment of epilepsy [J]. Neuro-
sci Lett, 2021, 746.

PAVLOV V A, TRACEY K J. The vagus nerve and the inflam-
matory reflex-linking immunity and metabolism [J]. Nat Rev
Endocrinol, 2012, 8(12): 743-54.

BENFANTE R, DI LASCIO S, CARDANI S, et al. Acetylcho-
linesterase inhibitors targeting the cholinergic anti-inflammatory
pathway: a new therapeutic perspective in aging-related disorders
[J]. Aging Clin Exp Res, 2021, 33(4): 823-34.

FOX D. The shock tactics set to shake up immunology [J]. Na-
ture, 2017, 545(7652): 20-2.

WU Y J, WANG L, JI CF, et al. Therole of alpha 7nAChR-
mediated cholinergic anti-inflammatory pathway in immune cells
[J]. Inflammation, 2021, 44(3): 821-34.

RAMOS-MARTINEZ I E, RODRIGUEZ M C, CERBON M,
et al. Role of the cholinergic anti-inflammatory reflex in central
nervous system diseases [J]. Int J Mol Sci, 2021, 22(24): 13427.
BONAZ B, PICQ C, SINNIGER YV, et al. Vagus nerve stimula-
tion: from epilepsy to the cholinergic anti-inflammatory pathway
[J]. Neurogastroent Motil, 2013, 25(3): 208-21.

GNATEK Y, ZIMMERMAN G, GOLL'Y, et al. Acetylcholines-
terase loosens the brain’s cholinergic anti-inflammatory response
and promotes epileptogenesis [J]. Front Mol Neurosci, 2012, 5:
66.

KALKMAN H O, FEUERBACH D. Modulatory effects of alpha
7 nAChRs on the immune system and its relevance for CNS dis-
orders [J]. Cell Mol Life Sci, 2016, 73(13): 2511-30.
VARATHARAIJ A, GALEA 1. The blood-brain barrier in sys-
temic inflammation [J]. Brain Behav Immun, 2017, 60: 1-12.
LOPEZ N E, KRZYZANIAK M J, COSTANTINI T W, et al.

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

Vagal nerve stimulation decreases blood-brain barrier disruption
after traumatic brain injury [J]. J Trauma Acute Care Surg, 2012,
72(6): 1562-6.

CHEN X, HE X, LUO S, et al. Vagus Nerve stimulation attenu-
ates cerebral microinfarct and colitis-induced cerebral microin-
farct aggravation in mice [J]. Front Neurol, 2018, 9: 798.

YANG Y, YANG LY, ORBAN L, et al. Non-invasive vagus
nerve stimulation reduces blood-brain barrier disruption in a rat
model of ischemic stroke [J]. Brain Stimul, 2018, 11(4): 689-98.
PRINZ M, JUNG S, PRILLER J. Microglia biology: one century
of evolving concepts [J]. Cell, 2019, 179(2): 292-311.

HU X, LEAK R K, SHI Y, et al. Microglial and macrophage
polarization-new prospects for brain repair [J]. Nat Rev Neurol,
2015, 11(1): 56-64.

THERAJARAN P, HAMILTON J A, O’BRIEN T J, et al. Mi-
croglial polarization in posttraumatic epilepsy:potential mecha-
nism and treatment opportunity [J]. Epilepsia, 2020, 61(2): 203-
15.

BENSON M J, MANZANERO S, BORGES K. Complex altera-
tions in microglial M1/M2 markers during the development of
epilepsy in two mouse models [J]. Epilepsia, 2015, 56(6): 895-
905.

KACZMARCZYK R, TEJERA D, SIMON B J, et al. Microglia
modulation through external vagus nerve stimulation in a murine
model of Alzheimer’s disease [J]. J Neurochem, 2018, 146(1):
76-85.

ZHANG L, LIU Y, WANG S, et al. Vagus nerve stimulation me-
diates microglia M1/2 polarization via inhibition of TLR4 path-
way after ischemic stroke [J]. Biochem Biophys Res Commun,
2021, 577: 71-9.

JIANGY, LI L, LIU B, et al. Vagus nerve stimulation attenuates
cerebral ischemia and reperfusion injury via endogenous cholin-
ergic pathway in rat [J]. PLoS One, 2014, 9(7): €102342.

ZHU S M, HUANG S Q, XIA G F, et al. Anti-inflammatory
effects of alpha 7-nicotinic ACh receptors are exerted through
interactions with adenylyl cyclase-6 [J]. Brit J Pharmacol, 2021,
178(11): 2324-38.

ALYU F, DIKMEN M. Inflammatory aspects of epileptogenesis:
contribution of molecular inflammatory mechanisms [J]. Acta
Neuropsychiatr, 2017, 29(1): 1-16.

RODNEY T, OSIER N, GILL J. Pro- and anti-inflammatory
biomarkers and traumatic brain injury outcomes: a review [J].
Cytokine, 2018, 110: 248-56.

MAIJOIE H J, RJKERS K, BERFELO M W, et al. Vagus nerve
stimulation in refractory epilepsy: effects on pro- and anti-inflam-
matory cytokines in peripheral blood [J]. Neuroimmunomodula-
tion, 2011, 18(1): 52-6.

AALBERS M W, KLINKENBERG S, RIJKERS K, et al. The
effects of vagus nerve stimulation on pro- and anti-inflammatory
cytokines in children with refractory epilepsy: an exploratory
study [J]. Neuroimmunomodulation, 2012, 19(6): 352-8.

QI R, WANG M, ZHONG Q, et al. Chronic vagus nerve stimula-
tion (VNS) altered IL-6, IL-1beta, CXCL-1 and IL-13 levels in
the hippocampus of rats with LiCl-pilocarpine-induced epilepsy
[J]. Brain Res, 2022, 1780: 147800.

TANG Y, DONG X, CHEN G, et al. Vagus nerve stimulation
attenuates early traumatic brain injury by regulating the NF-kap-



PSS EAEM R IG T T BT R AE F HLA

2163

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

paB/NLRP3 signaling pathway [J]. Neurorehabil Neural Repair,
2020, 34(9): 831-43.

SRIHAGULANG C, VONGSFAK J, VANIYAPONG T, et al.
Potential roles of vagus nerve stimulation on traumatic brain in-
jury: evidence from in vivo and clinical studies [J]. Exp Neurol,
2022, 347: 113887.

CHACHUA T, BILANISHVILI I, KHIZANISHVILI N, et al.
Noradrenergic modulation of seizure activity [J]. Georgian Med
News, 2010(183): 34-9.

BRETON-PROVENCHER V, DRUMMOND G T, SUR M.
Locus coeruleus norepinephrine in learned behavior: anatomical
modularity and spatiotemporal integration in targets [J]. Front
Neural Circuits, 2021, 15: 638007.

KRAHL S E, CLARK K B, SMITH D C, et al. Locus coeruleus
lesions suppress the seizure-attenuating effects of vagus nerve
stimulation [J]. Epilepsia, 1998, 39(7): 709-14.

GROVES D A, BROWN V J. Vagal nerve stimulation: a review
of its applications and potential mechanisms that mediate its
clinical effects [J]. Neurosci Biobehav R, 2005, 29(3): 493-500.
SHARMA D, FARRAR J D. Adrenergic regulation of immune
cell function and inflammation [J]. Semin Immunopathol, 2020,
42(6): 709-17.

LIU H, LEAK R K, HU X. Neurotransmitter receptors on mi-
croglia [J]. Stroke Vasc Neurol, 2016, 1(2): 52-8.

KOLMUS K, TAVERNIER J, GERLO 8. beta(2)-Adrenergic re-
ceptors in immunity and inflammation: stressing NF-kappa B [J].

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Brain Behav Immun, 2015, 45: 297-310.

O’DONNELL J, ZEPPENFELD D, MCCONNELL E, et al.
Norepinephrine: a neuromodulator that boosts the function of
multiple cell types to optimize CNS performance [J]. Neurochem
Res, 2012, 37(11): 2496-512.

BERGER A, VESPA S, DRICOT L, et al. How is the norepi-
nephrine system involved in the antiepileptic effects of vagus
nerve stimulation [J]? Front Neurosci-Switz, 2021, 15: 790943.
ALEXANDER G M, HUANG Y Z, SODERBLOM E J, et al.
Vagal nerve stimulation modifies neuronal activity and the pro-
teome of excitatory synapses of amygdala/piriform cortex [J]. J
Neurochem, 2017, 140(4): 629-44.

FAN J J, SHAN W, WU J P, et al. Research progress of vagus
nerve stimulation in the treatment of epilepsy [J]. CNS Neurosci
Ther, 2019, 25(11): 1222-8.

LIU S B, WANG Z F, SU Y S, et al. A neuroanatomical basis for
electroacupuncture to drive the vagal-adrenal axis [J]. Nature,
2021, 598(7882): 641.

LIU S B, WANG Z F, SU Y S, et al. Somatotopic organization
and intensity dependence in driving distinct NPY-expressing
sympathetic pathways by electroacupuncture [J]. Neuron, 2020,
108(3): 436.

CHENG K P, BRODNICK S K, BLANZ S L, et al. Clinically-
derived vagus nerve stimulation enhances cerebrospinal fluid
penetrance [J]. Brain Stimulation, 2020, 13(4): 1024-30.



