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[ Abstract | Objective: To investigate the role of a neural pathway from oxytocin (OXT)
neurons in the paraventricular hypothalamic nucleus (PVN) to y-aminobutyric acid (GABA)
neurons (GABAergic neurons) in the trigeminal nucleus caudalis (TNC) in regulating
pain sensitization in a mouse model of chronic migraine and to explore the underlying
mechanisms. Methods: A chronic migraine mouse model was established by intraperitoneal
injection of nitroglycerin (NTG, 1 mg/mL, 10 mg/kg) on days 1, 3, 5, 7, and 9. The study
consisted of four parts: Part [: 24 male wild-type C57BL/6] mice were divided into four
groups (n=6 in each), receiving single or repeated injection of NTG or saline, respectively.
Immunofluorescence was used to detect c-Fos and OXT expression in the PVN. Part II:
6 male OXT-Cre transgenic C57BL/6] mice were used for anterograde monosynaptic

tracing combined with RNAscope and immunofluorescence to identify neural projections



WRIS IR, 45 T ks 55 %40 B X M 200 2 = SO 2 RS y-2 T R BE R 280 s nT IR P M P fid SR R S A - 643 -

from PVN OXT neurons to TNC GABAergic neurons. Part Ill: 30 male OXT-Cre transgenic
C57BL/6) mice were bilaterally injected Cre-dependent chemogenetic activation virus
into the PVN. These mice were randomly divided into five groups, with six mice in each
group. Mice in the clozapine N-oxide (CNO) group and the control group were intra-
peritoneally injected with 0.1 mg/mL of CNO solution (1 mg/kg) and the same volume of
isotonic normal saline, respectively. 3 hours after the injection, the brain tissues were
harvest and c-Fos immunofluorescence staining was performed to verify the efficiency of
chemogenetic activation virus. Mice in the model control group and the CNO activated
model group were subjected to chronic migraine modeling, with bilateral TNC injection
of isotonic normal saline and CNO, respectively, on day 10. The mice in the negative
control group were bilaterally intra-TNC injected with isotonic normal saline. After 30
minutes, the Von-Frey filament and acetone tests were used to assess the mechanical
pain threshold and cold pain response time in the periorbital region of the mice in these
three groups. Part IV : 24 male OXT-Cre transgenic C57BL/6] mice were bilaterally
injected with the Cre-dependent chemogenetic activation virus into the PVN. These
mice were randomly divided into four groups, with six mice in each group. Mice in the
model control group, the CNO activated model group and the atosiban group were subjected
to chronic migraine modeling. On day 10, mice in the negative control group and the model
control group were intraperitoneally injected with isotonic normal saline, while mice in the
CNO activated model group and the atosiban group were intraperitoneally injected with
CNO. After 15 minutes, mice in the atosiban group were bilaterally intra-TNC injected
with atosiban, while mice in other three groups were bilaterally intra-TNC injected with
isotonic normal saline containing 1% dimethyl sulfoxide. After 15 minutes, the Von-
Frey filament and acetone tests were used to assess the mechanical pain threshold and cold
pain response time in the periorbital region of the mice. The GABA content in the bilateral
TNC was detected by high-performance liquid chromatography (HPLC). Results: Mice
with chronic migraine models exhibited reduced periorbital mechanical pain thresholds
and increased periorbital cold pain reaction time, accompanied by an increase in both
the number of ¢-Fos® neurons and the percentage of c-Fos* OXT neurons in the PVN (all
P<0.05). The anterograde tracing virus and RNAscope combined with immunofluorescence
staining showed that PVN OXT neurons projected to TNC GABAergic neurons. Immuno-
fluorescence staining demonstrated that compared with the control group, the percentage of
c-Fos* OXT neurons in the PVN of CNO group increased (P<0.05). In bilateral intra-TNC
drug administration experiments, compared with the model control group, the periorbital
mechanical pain threshold increased, and the periorbital cold pain reaction time
decreased in the CNO activated model group (both P<0.05). In intraperitoneal drug
administration experiments, compared with the CNO activate model group, the periorbital
mechanical pain threshold decreased, and the periorbital cold pain reaction time increased
in the atosiban group (both P<0.05). HPLC analysis showed that, compared with the
negative control group, the model control group and the atosiban group, GABA level of
TNC in the CNO activated model group increased (all P<0.05). Conclusion: PVN OXT
neurons exert a descending facilitatory effect on GABAergic neurons in the TNC via OXT

release, thereby ameliorating pain sensitization in chronic migraine.
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F £ F 9 4% (paraventricular hypothalamic nucleus, PVN) ; = X 4¥ 2

A & F.AZ (trigeminal nucleus caudalis, TNC) ; % & % (oxytocin, OXT) ; OXT & 4k (OXT
receptor, OXTR) ; y- & 3 T B2 (-y-aminobutyric acid, GABA) ; 2~ 4 & 48 B (cyclization
recombination enzyme, Cre) ; Fos & 3% 2 B (Fos proto-oncogene, c-F 0s); BRI EE G
(immunoglobulin G, IgG) ;4 , 6- =k & -2- 5K K v 2k (4', 6 diamidino-2-phenylindole,
DAPI) ; BE B2 3 42 i % (phosphate buffered solution, PBS) ; 74 B2 H i (nitroglycerin ,
NTG) ; & 5.-F N-A AL (clozapine N-oxide,CNO) ;7 it 2 A4 (solute carrier, SLC) ; B& Bt
Fie 4% 53X K (tyramide signal amplification, TSA) ;45 1% RNA (messenger RNA, mRNA ) ;

AR B A B (horseradish peroxidase , HRP)
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R LU U TR E OXT BRI, i 59T OXTR £
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ScgmE AL SIS B YR IR T B KR IR
IR B S AT R R & i 2~4 Ky
G ) S T bR ME A5 - =R 22~26 C R 40%~
60% . 1 7K (12 h BIRSIERAC 8E .
1.2 il AR
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YA T d I T UG, ULER TNC H BRI 1 PVN
OXT H 0 FlFM 26, 454 RNAscope B
B AR IE DY (0 % TNC R B AR M & e iy
HA, SCE AR WL E 1B,

5 =343 L30 H OXT-Cre 5 3L C57BL/6)
JINEOBUI PVN 7 5K 361 T Cre T 4R35 1 Th2F
WAL F PTG T B 206 28 d JE BEAIL 43
H,HH6 H. CNOHME S 0.1 mg/mL CNO
W (1 mg/kg) , % REZH G Jis v 5 A AR FR A 8 Ak
BRI, 3 h i BORE ([A) 26— 43 Uk ) | S8 98t
Y K5 M c-Fos 25 LA G TIE £k 27 18t 74 27 G &%
5 =N RN TNG HEAE R 4 2
TR X6 R 2 T CNO 8006 B 78 2 R & 4R 1 4
NTG 75 2 7 A8 P O Sk R A28, () 1k %o At 2 D0 o 4
RS ARG B AR . 25 10 X, CNO JE
A 2 300 o i 2 24 5 A8 1) U TNC Jm 5 7 53
0.5 wmol/L. CNO & & (300 nL/M| )13 #5575 X5} HE 2]
FFITIF A X 2 0 e RSCA TNC. Jy 350 7 S 45 A R A5
B EAL N, 30 min J5 SEE R GE BT N ARG
W, WL 0E PVN OXT #1258 50 o TNC ¢ 5 R AH
X P Al Sk 9 R SR o S Y R UL BRI 1C

SRS B 24 H OXT-Cre 5 31 C57BL/6)
/N ER AU PVN S T Cre B 2H il 2% 35 19 1k
PO AL SF VRO O B L O BE R OA 28 d Je ML AT R
PUZH , BE2H 6 H o 4 41/ BUSUIN TNC AR Gl 45
ER, BRI IR CNO J8E B 80 21 R ] 4
VG BIE 2 R FH 75 2 7 B NTG 2k 2 3718 P i <k J A5
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TR o 2 ) A A AR R S B AR AR
W o 5510 K, CNO T 155 780 20 1 B 48 V5 B 41 18
JE VR B CNO 3 (1 me/kg) , B X e 21 A 74
Xof L R I S SR R A AN M . 15 min
Jei o BT HE VY BE 20 38 1 0 E 45 24 245 1) AU TNC
JRFREEST 1 g/ w L BATFE PG HE (300 nL/AM ), B4
Xof B ZH R TR XoF B 2 CNO 384037 R 754 2 DU i) s A7)
TNC 1 55 25 R B & 1% — F 360 B0 45 8 Ak
VAR, T5 15 min J5 S IR G0 SOTGA T R AR
WEETE BT (19 PVN OXT #2250 o TNC Jey il i 5
OXTR 41 441 700 X5 12 4 A S 9 O 5 ) o 2 460 3t
ULRIE 1D
L5 fsr R o s A SO R A A B

/0N BB s 1 B 1% 16 EL HE 22491 (50 mg/kg) iR
P, [ T ST MR e A . 2 BRI B R
TES T 2 PYN FITNC (4 X AL BR , PVN 37 TRl
X J5 0.75 mm, IEH 25 0.20 mm, fHE - T
4.85 mm; TNC {37 T/ X J& 6.25 mm, 1EH 255 TF
1.65 mm, /55 V-1 F 4.00 mm, 7E 5503 5 = 1
Pl T, 38 o 5 P ARCK 99 7 50 3 (40 nL/min)
HEAPVN(80 LA ) , 73 5 52 52 B &1 10 min, BEE
il (T 25 2 48 2 A T A e dp e T4 R
P A i ) A A HERE T 0L TNC, B 5 3 $6 8
W A2 B e T s R . R 3 3
EEMEE ARG K/ NRE T IR EE IR, %M
7% 28 d JE IR S5
1.6 JRSERALTT A
1. 6.1  Von-Frey £F & /LA SCET 6 000 HE J&) AL Ak
ER(E R up-down 575" ¥4 Von-Frey £F &
AU et ) 1 FEE J] i ke T R A 25 i R 3 s
/N B BRI R it S A A0 A LIRS S5 7, K % 1
R i B2 (R 1 A BEE SR LA S5 B {8 . [R]85 min
SN =K BOT-3{E . sk b /) B 248 3
PR MEEE R, IE S AT T2 T 7 dak B 25
1.6.2 DA IR ¥4 Sfil) i 0 I 5] ¥4 ke B2 12 s ] /)
FROPTUJCHE B 226, B T 9 emX5 emX5 em 1135 B
B S AH TP IE IV 30 ming CKF 20 wL PR 2 HE R
DLREA R B S AE A R8O, 12 5% 1 min /)N
R HIE &1 ¥4 9 52 17 B ) (E) B 5 min 25 200050 =0
BOF- M
1.7 RIEHCGEEK I PVN X c-Fos il OXT &
BESSI

INFREZE 1% S EL 24 (50 meg/kg) KRR,

PBS 170 WEE T, JHF R P B B 46 oy 4% 22 R H
YRSV . TR SRR IS A B I A 2 AR UCR
4% 22 5 B 61 52 L 30% JREH A 7K T B, SR Ji5 £
FHUK A B BL 455 PVN DX 3 1 SR i A (5 B
30 wm) o JFH PBSIEE =ik , LB A i
I, bt J5 A 0.5% il 738 X-100 75 ¥ 325 20 min
10% iy 3 1 he K R & T 54T e-Fos PLifk
(1:500) ., 7 2H $T Oxytocin-neurophysin 1 HT A& (1:
500)F B Y, T4 CIE 10~14 h, H PBS
UG R E TR E P/ B 1gG H&L(1:1000) |
PP AR 1gG H&L(1:1000) BT BRI = 5 8t
WEE 2 he FHPBSEEVE =k CKE BT 4838 A,
F DAPLIHTZE ARG B o A /N B B )
B A7 200 pum 14 3 25 P 5K i 7 78 2L R A e
FAEE PVN X c-Fos A1 (EX) OXT & H #£ k% E% .
K H Image] #4171 5B PVN X c-Fos™ #1 28 5T KN
c-Fos® OXT #fi 8 JC A 47 I (c-Fos™ OXT 1 £ J0/
OXTHIZ:IEXx100%) .
1.8 RNAscope Ji 17 2% 22 BX 45 0 958 2¢O A DUl
TNC H 986G B bR 1L # Z8 JC 1Y Sle17a6 mRNA
Sle32al mRNA ik

OXT-Cre 7 5 [H CSTBL/6) /N AR AT 15 B9
il 75 e R0, O I R BR BTN G JT 76 (4 i+ 41
21 A ZUOb AL R s S Y B
P . RAVKRDI R HLYTHCTNC T 7E X8R i) 56l
PR TU0 R (B 20 wm) 85 i3 80 5 105 T 28 9%
o $HE RNAscope® 2 5 9 Yt i 1) & Ui B 3 45
P -t E AL SR TR 10 min £ BRI 4L
P, 100 °C 1}¥EAR B2 W P AR B E 5 min, 5
Sle17a6-C3 (B 101 B 24 R iz Ak 2 TR, XoF g
14 TNC 48 E IR BEM 2T AR i) ) 81 Sle32al-
C2(FE 17 GABA iz (R IER X W 28 1 o0 BT A1
GABA BEFI & TC bR 0 ) BRETE 40 C TR IR E
2 h, 555K 1.2.3 7640 CF#F & 30,30,
15 min (FEEHF 5 HK) , 5 HRP-C2 5 HRP-C3 7
40 ‘C R 30 min, 5 TSA 520 ¢ G YL RHE 40 °C
55 & 30 min, JF{8 F HRP BTG 95 & 15 min DA
1 . RNAscope YL (45 R 5 , S e 9 e ge (o b
JEAZIH mCherry S A9 FRIE . 214 10% 9 1ML
WHE 1 h5 , 5 EAHH mCherry 4 (1:200)4 °C
FUFE 10~14 h, F PBS 08 — K, 59 Pt 1¢G
H&L(1:1000) ZE ¥ & 2 ho )7 & DAPLEYHT
DECVE RN o R /N ERUE] B R 100 pm ()
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LD INTU) AR AL 3R A AR T AT TNC
Sle17a6 mRNA \Sle32al mRNA Fl mCherry 25 1 HY5%
K MG . R Image) #K 443 H7 Sle17a6 mRNA
1 Sle32a1 mRNA 43 3 7E mCherry 71 A9 T Ui 4
250K E L (Sle17a6 " mCherry # 2 76/mCherry”
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Figure 1 Comparison of periorbital hyperalgesia like

behaviors of mice in two groups (¥+s,, n=12)
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Figure 2 Expression of OXT and c-Fos in the PVN of mice among four groups (Immunofluorescence staining)
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Table 1 Comparison of neuronal activation in the PVN of
mice among four groups

(x+s 2
W B c-Fos" 1208 c-Fos' OXTAFZIC
- (/mm?) HIr (%)
FYESI IR 6 54.3+5.5 12.31.3
BARIESINTGH]L 6 370.8+30.9" 78.842.6"
TETHNRA 6 65.5+5.6 15.4+2.2
FRTSINTGH 6 152.8+15.7*4 24.6+3.9*4

AR X B ZH AL, TP<0.05 5 5 A TE G 0 BRAE LA
*P<0.05; 5B ST NTG 41 Hu#4, ©P<0.05. PVN: T Bl % 554% 5
c-Fos: Fos JFURFE R ; OXT: 45 B & NTG - il H il .

2 (7% HIE Ji5) AL 150 i TS AT HR 2 i HEE S
YA iR IS N I () 58 A5 76 6 B 41 47 S (15 P<0.05) &
gE IR R S M IOE PVN OXT #14 o6 Hf TNC
P A BE A% 102 A0 02 P O =K /) B ) 9 0
k.

2.5 JATEM PVN OXT M £t il TNC OXTR
XT84 i = 9 /1S BRUJ 0 A 2 TNC GABA 35 i
b

55 BAE XS R L g, B AU REEH L CNO TG
A TR 2 R BTG PG R 2L 1 HEE S ATL A i (5 40 0
/N HE S ¥4 9 B2 I ] 34 4 K (35 P<0.05) . 5
PR X6k R ZH HE 55, CNO P07 5 784 21 1% HIE & #IL A
i B 388 o I i ¥4 9 5 o7 I (1] 34 47 5t (34 P<
0.05) . 5 CNO BRI ZH e g, BTG g B4 AY HIE
JEVAIUAH TR S 5 (0 /) | B &1 ¥4 R 2 I st 1] 1) ZiE K
(¥1P<0.05), W2, mROGRAHERE 348 D
7, 5 B B ZH RN AR Y X REAH R 3, CNO LTS
BRI (1) GABA % &3 i (34 P<0.05) 5 5 CNO ¥4
THAE A ZH F A, BT P BEZ GABA &= idi /> (P<
0.05). W3R2. S5R4ER , BIE PVN OXT #H £ 7T
BEAE VRIS PO K IR /N BUTNC H GABA BBl
I we Al , X RN ARG T TNC R OXTR .
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Figure 3 Identification of the TNC downstream neurons innervated by PVN OXT neurons (Immunofluorescence staining)
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Figure 4 c-Fos expression in PVN OXT neurons between control group and CNO group (Immunofluorescence staining)
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Table 2 Periorbital hyperalgesia like behaviors and TNC
GABA levels of mice among four groups

(x£s;)
g . EEJ?:?JVHLM% ﬂli)ﬁ&%ﬁ?!i GABA %
() WMREIGs)  (pg/ml)
[P fE2H 6 0.96+0.08 1.75+0.43  0.17+0.02
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SR R LR, " P<0.05; SRR IR H A, PP<0.055 5
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V-BHE T ; CNO  H A N-52 4k .
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