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ABSTRACT

Objective: Neuropathic pain is frequently accompanied by anxiety and depressive
symptoms, resulting in a comorbid state of pain and negative emotions, the underlying
mechanisms of which remain incompletely understood. This study aims to investigate the
regulatory mechanism of the descending anterior cingulate cortex (ACC)-spinal dorsal horn
(SDH) pathway in negative emotion-facilitated neuropathic pain and to identify and
validate key molecules acting at the spinal level.

Methods: Male Sprague-Dawley rats were used to establish a chronic unpredictable mild
stress (CUMS) combined with chronic constriction injury (CCI) model to mimic negative
emotion-facilitated neuropathic pain. CUMS was administered for 21 days, with 2 different
stressors randomly applied each day. The CCI model was established by ligation of the left
sciatic nerve. Depression-like behaviors were assessed using the sucrose preference test
(SPT) and forced swimming test, and the mechanical pain threshold was measured using
the von Frey test. To selectively inhibit ACC-SDH projection neurons, a retrograde adeno-
associated virus (AAV) expressing cyclization recombination enzyme (Cre) was injected
into the SDH, while a Cre-dependent hM4Di virus was injected into the ACC. Clozapine-N-
oxide (CNO) was then administered intraperitoneally for 14 consecutive days, followed by
behavioral assessments. On postoperative day 7 after CCI, lumbar enlargement spinal cord
tissues were collected for transcriptomic sequencing to identify differentially expressed
genes. Gene ontology (GO) and pathway enrichment analyses were performed to
characterize the functional features of candidate molecules. Western blotting (WB) and
immunofluorescence staining were used to validate the expression changes, distribution,
and cellular localization of the candidate molecule laminin subunit beta-1 (Lambl). An
AAV was further injected into the SDH to knock down Lambl expression, and its effects
on the analgesic response to ACC-SDH pathway inhibition and on emotion-related
behaviors were evaluated.

Results: CUMS induced marked depression-like behaviors in rats and further aggravated
CCl-induced mechanical hypersensitivity. After inhibition of the ACC-SDH pathway, the
mechanical pain threshold was significantly increased from postoperative day 3 to day 10
after CCI, with the most pronounced effect observed on postoperative day 7 (all P<0.05).
RNA sequencing identified 126 differentially expressed genes in the spinal cord after
inhibition of ACC-SDH neuronal activity, including 94 upregulated and 32 downregulated
genes, mainly involving extracellular matrix organization, synaptic function, neuronal
structure, and pain-related processes. Lambl was the most significantly upregulated
candidate molecule. WB confirmed that specific inhibition of ACC-SDH projection
neuronal activity increased spinal Lambl protein expression, whereas spinal Lambl
expression was lower in the CUMS+CCI group than in the CCl+control group (all P<0.05).
Immunofluorescence staining showed that Lamb1 was widely distributed in the spinal cord,

predominantly enriched in the superficial layers of the SDH, and exhibited spatial
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proximity to neurons, microglia, and astrocytes. Knockdown of spinal Lamb1 reduced the

mechanical pain threshold in rats in the AAV-hM4Di group and aggravated hyperalgesia in

CClI rats.

Conclusion: Lamb]1 at the spinal level participates in the regulation of negative emotion-

facilitated neuropathic pain by the ACC-SDH pathway. From the perspective of descending

brain-spinal cord regulation, this study reveals a spinal molecular basis underlying the

comorbidity of pain and negative emotions and provides a potential basis for developing

new strategies to intervene in negative emotion-associated neuropathic pain.
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scramble 21 . CCl+siLambl ZH4%6 H K.

©Journal of Central South University (Medical Science). All rights reserved.



# i Lamb1 25 ACC-SDH 3l B S NS 25 2 (LM 2o BEVEROR iU 0, 55 1367

1.3 7k
1.3.1 CUMS B A 4% 5.

Fe EAE IR Y ik ST CUMS AR, (4%
JE7/ %Y @ 4 SN AT e 6 A 3 7 e £
. BT HEGE . BKEHOKRERK . B
GEH R . AR MR KO AR 2 N O
T21 d R HBEHLL T 2 RO RIS, DARIERE
AN LA
1.3.2 CCIAE A 1 5

K 5 UBEXT R R T & BRI S, s
S AR CCIABE AN Btk oy s i — Sk WUR 28 A2
AL B2, R 4-0 2228 F AL B P 2 i [T 4 44
g5, 501 mm. BFEARAMCREA B, Nt
T454L. X T CUMS+CCL4, KB A TAR 21 dGE
21 O)IFIR4EZ CUMS fili, TFARMRGEH
50 K)i# T CCIFAR,

1.3.3 AU B A ] 2

R FRHILARI (3 1 0400 2 T 1k 2 2 R AR SCik[12],
B K BUE TR %8 N 3E V7 30 min J5, i FH von-Frey
B 2 LRSS ZE R ISR, BT 22 iR EE2~3 s
Ja . A AR R B R RN, I R R . R
A % 5 min, 305 I BE SR B ) R N S e
VERHUHR A
1.3.4 HERARIF £ 3o

i 7K A 4§ 2 56; (sucrose preference test, SPT)Z: i
REAEOF AT o KBRS ad I AR 1% JRERE 7 TR
48 h, IEFSLIRFTASK 14 h, WEKAF RS, B
TR U 1% BEREA UM UIRAig oK, Al 4 h,
B2 h 28 2 AN WO 7 B o 0 5% 2 FRAR B B A
L TR A R R DL BRI R A R b
(TLSR
1.3.5 3B B R F I

FERRIA UK SE g0, B R BUE TR A K 135 B
PSR (H 4220 cm, 7KIE30 cm, ZEiR), Hik
Z R AR, /2 min MUIZRE B, BEJS 4 min
R B, AR SRR, MR IR L. 2R
R, ARG, FHcsEAZIE ] 155 4 min il
BB 0SS Bl ]

1.3.6 #% F2m f5

B S 20 I P B0 (TR AR R AR R F] o8
o ELRSCEG RS . $RIUW U RNAFE S 25U Ig i
VK Fll Nanodrop Jit A6 FIlAE & i, I ZE R (dT) G BR &= 4
{5 fff RNA(messenger RNA, mRNA). f#f F ik 7] &
RNA 420 7 SCE, % RNA R Bk Js FHBEALS )
S 5% S5 N5 — 5 4 DNA(complementary DNA,
cDNA), i A Bt & JR # — B B2 (deoxyuridine
triphosphate, dUTP)& il 5H 4% cDNA, X% cDNA

AUl NN A J5 3% 32 Hlumina VEAC 3k, BAE#EE
)i/ (polymerase chain reaction, PCR)#" 4 15 51| 5z ¢ 3¢
J# o SR Agilent 2100 XF #4470 SCEBEA TR, I
K H 3 & PCR(quantitative PCR, qPCR)X SCZEMEFT 48
&, ffi ] Ilumina HiSeq 4000 I AGHA TN . B
i 196 22 S e 3k e PR - B4 7 BE A A8 (gene ontology ,
GO) L6 i 2P & 42 4Bt Sl i i Pk AR o . il
H Ballgown X FEA K -2 47 08 7 40 #r, LA A4 TR
FERRIRZE 0T, WEBE R 15525, DiP<
0.05 HL2H N T L 14 7 S B 1 0 RS i) Bt
H( (fragments per kilobase of transcript per million
mapped reads, FPKM)#J{H<0.5 i vk 22 5 A KL
R s
1.3.7 WB

WB H#ZREAE IS B 7 ik T o BOR BRI K
BOEREAL, SR HRBUSE A, BFLINA 30 pg
BEB, ZBENH UK B R 2 R AR R O
(polyvinylidene fluoride, PVDF)f& . il A 5% it g &%
¥, TEETFHM MG, 7£4 CHE—PidiR, i
P45 St Lamb1 HAK (B B 1L 1:2 000) Fl 47t
Tubulin LA BE L 1:5 000), Y0 H 52 [ Proteintech
ocE; RSN 3, FEERFEE 1h, K
FAAb 2R KOG S I T K BE 3 o
1.3.8 £J2 R A EI

P E DGR R A 5 IR By i T, KR
TESERUGEIRR I 28000 WEHE 1E B 2 £ 2% P W (phosphate
buffered saline, PBS), P& 4% 22 5 HEEEA T [#]
TE o UK ACC BB R BB HEAL, T 4% 2K
BRI 0, FEE T 30% BERHARONK , H5 K
HUVR . DI & PBSERESS, LA 5% IEH Y MG £ ]
1 h, JA G40 Lambl Bt 44 (55 B L 1:100, €
Proteintech A Fl) T4 CHEF % ; ot rit—245
BT 2 0% IR (neuronal nuclei, NeuN; FiBgll
1:200, HL[E Abcam /A Fl) . /NRITE FE545 S0y
¥ 1(ionized calcium binding adapter molecule 1, Ibal;
ik 1:200, T Abcam /A F]) . /NRITHZ I B2
Ji J£F 4k W% M 2R 1 (glial fibrillary acidic protein,
GFAP; ekt 1:200, [ Abcam 23 7l) K/ FRATE c-
Fos(Fi B HL 1:200, H[E Abcam 23 w))HEAT AUbR YL (4, .
WH AR 2 EhRiE 3, TERTFHEF2h, &
J& B IEAE Leica AT T WSS, T A UG AR AR [F)
W SECN R, RS —15 S I0ER AN (50 I
W AT 538
1.3.9 %7 AR EAL IR BALF T4 2 5

TER B S UGERRIE T, K KRR 2 T o7 1R
A, T4 ACC 3 4 400 nL % 7 , N
50 nL/min, ABFRMETXIET 2.0 mm. 24 0.5 mm.,

©Journal of Central South University (Medical Science). All rights reserved.



1368

PR AR (BE2EI ), 2026, 51(7)  https://xbyxb.csu.edu.cn

TERSET 2.0 mm. HHEE ST 28R T ~L iR, T4
fil] SDH {3 41 400 nL AAV, AaFr K4k 0.5 mm,
TPHRA X R EREE 0.2 mm, R4 ST ACC ik
S % SDH Ry X% #y P # 22 90, 17 ACC 7 §f rAAV-
CaMK II a -DIO-hM4Di-mCherry &, rAAV-CaMK 1l o -
DIO-mCherry, [ SDH ¥ 4 i 17 4§ # rAAV-hSyn-
EGFP-Cre. 3JiJ5, H CCIFARIFUHEIELE 14 dIEIEHE
P E N4k (clozapine-N-oxide, CNO)10 mg/kg
A, 5245 30 min FEATAT O AN . R A
BEH Lamb1 (9335, 18] SDH VE 5 Lamb1 #5080 9% 75
rAAV-U6-siLamb1-CMV(5'-GCTACAGGTGTCTGGA-
GAACA-3)EN IR 3, TP 88 3 B i WB
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Figure 1 Inhibition of ACC-SDH neuronal activity alleviates CUMS-facilitated neuropathic pain in CCI rats
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Figure 1 Inhibition of ACC-SDH neuronal activity alleviates CUMS-facilitated neuropathic pain in CCI rats (continued)

A and B: After 21 d of CUMS exposure, rats exhibited depression-like behaviors, characterized by increased immobility time in the
forced swimming test (A) and decreased sucrose preference (B). n=6. Compared with the Sham-+control group, ***P<0.001;
Compared with the CCI+control group, 1 1P<0.001. C: Changes in mechanical pain thresholds across groups. CCI reduced the
mechanical threshold in non-stressed rats, while CUMS further facilitated CCI-induced mechanical hypersensitivity. n=6. Compared
with the Sham+control group, ***P<0.001; Compared with the CCI+control group, TP<0.05, §T1P<0.001. D: Timeline of viral
tracing and chemogenetic experiments. E: Schematic diagram of viral injection strategy: retrograde tracer virus (retrograde rAAV-
hSyn-EGFP-Cre) injected into the SDH, and chemogenetic virus (rAAV-CaMKlIlo-DIO-hM4Di-mCherry) injected into the
contralateral ACC. F: Immunofluorescence validation of viral expression in the ACC and spinal cord 21 d after injection. Scale bar=
200 um. Dotted-boxed regions represent the spinal cord dorsal horn and the ACC region, respectively. G and H: Representative
double immunostaining images (G) and the statistical bar charts (H) show that injection of CNO induced a decrease in c-Fos
expression in the ACC-SDH projecting neurons. Scale bar=100 pm. n=3. Compared with the AAV-control group, **P<0.01. I:
Chemogenetic inhibition of ACC-SDH activity increased the mechanical pain threshold in CUMS+CCI rats. n=6. Compared with
the AAV-control group, **P<0.01, ***P<0.001. J-K: Chemogenetic inhibition of ACC-SDH activity did not affect immobility time
in the forced swimming test (J) or sucrose preference (K). n=6. AAV-control: CUMS+CCI+AAV-control+CNO; AAV-hM4Di:
CUMS+CCI+AAV-hM4Di+CNO; Vehicle: CUMS+CCI+AAV-control+vehicle. CUMS: Chronic unpredictable mild stress; CCI:
Chronic constriction injury; PWMT: Paw withdrawal mechanical threshold; CNO: Clozapine-N-oxide; AAV: Adeno-associated
virus; retroAAV: Retrograde AAV; rAAV: Recombinant AAV; hSyn: Human synapsin I promoter; CaMKIla: Calcium/calmodulin-
dependent protein kinase II alpha; DIO: Double-floxed inverted open reading frame; Cre: Cyclization recombination enzyme; EGFP:
Enhanced green fluorescent protein; mCherry: Monomeric cherry; Ipsi: Ipsilateral; ACC: Anterior cingulate cortex; SDH: Spinal
dorsal horn; hM4Di: Gi-coupled human M4 muscarinic DREADD receptor.
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Figure 2 Identification of differentially expressed genes in the spinal cord after inhibition of ACC-SDH projection neurons

and validation of Lamb1 expression
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Figure 2 Identification of differentially expressed genes in the spinal cord after inhibition of ACC-SDH projection neurons
and validation of Lamb1 expression (continued)

A: Volcano plot of DEGs. B: KEGG pathway enrichment analysis of upregulated genes. C: GO enrichment analysis of upregulated
genes. D: Heatmap showing the top 5 up-regulated and top 5 down-regulated DEGs. E: WB analysis validating changes in spinal
Lambl1 expression following inhibition of ACC-SDH activity. n=4. Compared with the AAV-control group, *P<0.05. GO: Gene
ontology; DEGs: Differentially expressed genes; KEGG: Kyoto Encyclopedia of Genes and Genomes; BP: Biological process; CC:
Cellular component; MF: Molecular function; WB: Western blotting.
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Figure 3 Changes in spinal Lamb1 expression in CCI rats after CUMS exposure and its cellular localization in the spinal

Merge:

dorsal horn

A: WB results show that spinal Lamb1 expression was downregulated in CCI rats following CUMS treatment. n=4. Compared with
the CCl+control group, *P<0.05. B: Immunofluorescence analysis of spinal Lambl expression. Scale bar=100 pm. C: Co-
localization of Lamb1 with neuronal marker (NeuN), microglial marker (Ibal), and astrocytic marker (GFAP) in the spinal cord of
Sham rats. Scale bar=50 um. NeuN: Neuronal nuclei; Ibal: Ionized calcium binding adapter molecule 1; GFAP: Glial fibrillary

acidic protein.
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Figure 4 Knockdown of spinal Lamb1 partially reverses the analgesic effect induced by inhibition of the ACC-SDH pathway
A: Experimental schematic. B: WB validation of spinal Lambl knockdown efficiency. n=4. Compared with the AAV-hM4Di+

scramble group, **P<0.01. C: Changes in mechanical pain thresholds after Lamb1 knockdown in different groups. n=6. Compared
with the AAV-hM4Di+scramble group, *P<0.05, **P<0.01. D-E: Lambl knockdown did not affect immobility time in the forced
swimming test (D) or sucrose preference (E). n=6. F and G: After knockdown of spinal Lambli, changes in the mechanical pain
threshold were observed in CCl-treated rats (G) and CCI+CUMS-treated rats (F). n=6. Compared with the CCl+scramble group, *P<
0.05, **P<0.01. siLamb1: LambI knockdown small interfering RNA.
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