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Introduction
Chronic neuropathic pain frequently leads to emotional disturbances, 
such as anxiety and depression, which in turn exacerbates the sever-
ity and prolongs the duration of pain. This results in a vicious cycle 
between pain and anxiodepression, rendering neuropathic pain more 
intractable and resistant to traditional analgesics (1). Thus, finding a 
new and effective treatment for the comorbidity of neuropathic pain 
and affective disorders remains a major challenge (1).

Mounting evidence has documented the key significance of  
anterior cingulate cortex (ACC) as a critical interface for pain per-
ception and emotional response (2–4). Following nerve injury, ACC 
neurons get activated, and inhibition of  cingulate plasticity produc-
es analgesic, anxiolytic, and antidepressive effects (5–9). Despite 
these advances, much attention thus far has been given to intracel-
lular mechanisms of  cingulate plasticity rather than extracellular 
alterations that might trigger and promote intracellular changes 

(10). Interestingly, we recently demonstrated an activity-dependent 
remodeling of  extracellular matrix (ECM) in the ACC after nerve 
injury and revealed a new mechanism by which a key element of  
ECM, laminin 1 (LAMB1), conveys extracellular alterations to 
intracellular structural and functional plasticity and thus underlies 
neuropathic pain and anxiodepressive consequences (11). Howev-
er, it remains elusive what triggers activity-dependent changes of  
LAMB1 and further ECM remodeling after nerve injury. Which 
signaling cascades are involved in this process?

It has shown that LAMB1 is mainly expressed in neurons 
and then secreted into extracellular space in the ACC (11). This 
suggests that an upstream intracellular cascade might be involved 
in triggering activity-dependent changes of  ECM LAMB1 after 
nerve injury. In several murine and human cell lines, a retinoic 
acid response element (RARE) has been identified within the 
5′-flanking region of  the Lamb1 gene (12). As a nuclear receptor 
superfamily, retinoic acid receptors (RARs), consisting of  α, β, and 
γ subunits (13), function as transcription factors by binding to the 
RARE in the promoters of  target genes, which is involved in neu-
ronal development and synaptic plasticity homeostasis, ultimately 
affecting multiple brain functions (13–16). For example, among 
RAR subtypes, RARB shows preferential binding to the RARE of  
Lamb1 promoter and triggers Lamb1 transcription in murine cell 
lines (17). In adult mouse brain, RARB can modulate social cog-
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stronger relation with Lamb1 and was involved in several phys-
iopathological processes (12). We further verified differences at 
mRNA and protein levels by quantitative real-time PCR and immu-
noblotting in contralateral ACC at different time points after SNI, 
with significant downregulation of  RARB on day 56 following SNI 
(Figure 1, B and C). We then characterized the expression profile 
of  RARB in the ACC. The data revealed that RARB is highly coex-
pressed with neuronal nuclear antigen and sparsely with either glial 
fibrillary acidic protein or ionized calcium–binding adapter mol-
ecule 1 (Figure 1, D and E). Furthermore, we detected preferen-
tial RARB expression in calcium/calmodulin-dependent protein 
kinase II–positive (CaMKII-positive) neurons (Figure 1, F and G). 
Together, these data suggest a potential relationship between RARB 
and neuropathic pain as well as pain-related anxiodepression.

RARB overexpression in the ACC relieves pain hypersensitivity and 
anxiodepression caused by nerve injury. To address whether there is a 
causal relationship between activity-dependent changes of  RARB 
and neuropathic pain and related anxiodepression, we generated 
a recombinant adeno-associated virions of  serotype 2/9 (AAV2/9) 
expressing mCherry-tagged murine Rarb cDNA (designated as 
AAV-RARB) under the CaMKII promoter. The AAV2/9 express-
ing mCherry only served as control. The efficiency of  RARB 
overexpression in the ACC was verified (Figure 2, A–C). We then 
assessed how overexpression of  RARB in contralateral ACC affects 
pain sensitivity and anxiodepression-like behaviors (Figure 2D). 
Compared with control mice, overexpressing RARB in the right 
ACC in SNI-treated mice significantly reduced bilateral mechan-
ical and ipsilateral thermal sensitivity (Figure 2, E–H). In contrast, 
basal mechanical and thermal nociception in bilateral hind paws 
was unaltered by cingulate RARB overexpression (Supplemental 
Figure 1, A–D; supplemental material available online with this 
article; https://doi.org/10.1172/JCI190539DS1).

Neuropathic pain is frequently comorbid with aversive emo-
tions (1). We next observed whether RARB in the ACC relieves 
neuropathic pain–related anxiety and depression. In the elevated 
plus maze (EPM) test, SNI-treated mice expressing RARB exhibit-
ed frequent traveling in the open arm compared with control mice 
(Figure 2I and Supplemental Figure 1E). In the tail suspension test 
(TST) and sucrose preference test (SPT), overexpression of  cingu-
late RARB reversed the longer immobility and reduction of  sucrose 
preference in SNI-treated mice (Figure 2, J and K). In sham-treated 
mice, overexpression of  RARB in the ACC did not alter traveling 
distance in the open arm of  the EPM paradigm, immobility in the 
TST paradigm, or sucrose consumption in the SPT paradigm (Fig-
ure 2, I–K). These behavioral results suggest that RARB supple-
mentation in the ACC relieves pain hypersensitivity and associated 
anxiodepression induced by peripheral neuropathy.

Overexpression of  RARB normalizes the abnormal spine remodel-
ing and potentiated synaptic transmission in ACC pyramidal neurons 
after nerve injury. Structural and functional synaptic plasticity in 
the ACC is assumed to be a cellular basis for the comorbidity of  
chronic pain and anxiodepression (2, 5, 8). Thus, we determined to 
examine whether supplementing RARB would normalize abnor-
mal structural and functional changes in ACC pyramidal neurons 
after SNI. First, we examined the dendrite and spine structure 
of  pyramidal neurons via Golgi staining in mice overexpressing 
RARB and mCherry alone. Sholl analysis revealed that the com-

nition and spatial memory by regulating long-term potentiation 
(LTP) in the hippocampus (18, 19). However, very little is known 
about whether and how RARB regulates transcription of  LAMB1 
in the ACC and thus contributes to neuropathic pain and comor-
bid anxiodepression.

It is well known that the expression level and activity of  RARB 
are regulated by its ligand retinoic acid (RA) (13, 14, 20). RA met-
abolic disturbance has been linked with affective disorders in clini-
cal trials (21–23). As a metabolic product of  retinol (vitamin A), the 
synthesis and metabolism of RA are strictly regulated in temporal 
and spatial dimension, thus controlling rational distribution of  RA 
(24–26). Retinaldehyde dehydrogenase acts to catalyze the retinol 
into biologically active RA, while CYP26 (cytochrome P450 family 
26), a metabolic enzyme, leads to the oxidization of  RA (27, 28). 
Early studies of  vitamin A and RA mainly focused on the eye, skin, 
and immune and reproductive systems (28, 29). Nevertheless, emerg-
ing evidence has shown that controlled RA synthesis is essential for 
regulating homeostatic synaptic plasticity (30, 31). RA deficiency is 
closely associated with a variety of  brain diseases, e.g., developmen-
tal impairment, affective disorders, and cognitive dysfunction (21, 23, 
32, 33). However, it remains elusive whether RA metabolic homeo-
stasis is disturbed during pain chronicity. If  so, would it affect ECM 
remodeling via regulation of  RARB in the ACC and ultimately exac-
erbate pain responses and related negative emotion?

Using multiple cutting-edge approaches, we uncovered a key 
role of  cingulate RA/RARB signaling in neuropathic pain and 
associated anxiodepression via regulation of  ECM homeostasis. 
Following nerve injury, RA was significantly reduced in the serum 
and ACC of  mice and humans. This caused the downregulation 
of  its corresponding receptor, RARB. Overexpression of  RARB 
relieved pain hypersensitivity and comorbid anxiodepression, while 
knockdown of  RARB exacerbated pain sensitivity and induced 
anxiodepression. Further mechanistic analysis revealed that RARB 
acts to maintain ECM homeostasis via regulation of  LAMB1 tran-
scription, stabilizing the abnormal structural and functional plas-
ticity of  pyramidal neurons and eventually producing analgesic, 
anxiolytic, and antidepressive effects. This study sheds new light on 
the functional capability of  RA/RARB homeostasis in modulating 
neuropathic pain and associated anxiodepression via interaction 
with ECM LAMB1. Taken together with our previous study (11), 
we revealed an intracellular-extracellular-intracellular feed-forward 
regulatory network underlying the comorbidity of  neuropathic pain 
and anxiodepression. Moreover, we have identified cingulate RA/
RARB signaling as a promising therapeutic target for treatment of  
neuropathic pain and associated anxiodepression.

Results
RARB as a transcription factor is decreased in the ACC after peripheral 
neuropathy. As we described previously (11), following a long-last-
ing pain hypersensitivity and comorbid anxiodepression caused by 
spared nerve injury (SNI), LAMB1, a key element of  ECM, was 
significantly downregulated. To identify the potential transcription 
factors of  LAMB1 that are involved in the process of  neuropathic 
pain and associated anxiodepression, we analyzed the differentially 
expressed genes from RNA-Seq data in the ACC on day 56 after 
SNI. We identified 10 differential changes of  transcription factors 
related with Lamb1 (Figure 1A). Among which, RARB showed 
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Figure 1. Peripheral neuropathy decreases RARB expression in the ACC. (A) Potential transcription factors (TF) of Lamb1 with differentially expressed 
genes in RNA-Seq data of contralateral ACC from SNI-treated versus sham-treated mice. The line color and size indicate the relativity with Lamb1 (n = 3–4 
mice per group). (B and C) RARB expression in the ACC after SNI surgery at both the mRNA (B) (n = 3) and protein level (C) (n = 3). (D and E) Representative 
examples (D) and quantitative summary (E) of RARB coexpressing with neuronal nuclear antigen (NeuN), glial fibrillary acidic protein (GFAP), or ionized 
calcium–binding adapter molecule 1 (Iba1) (n = 3). (F and G) Representative examples (F) and quantitative summary (G) of RARB coexpressing with CaMKII 
or GAD67 neurons (n = 3). Scale bars: 30 μm in D and F. *P < 0.05, **P < 0.01. Statistical analysis was performed by 1-way ANOVA (B and C for RARB/GAP-
DH) and Kruskal-Wallis H test (C for RARA/GAPDH).
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Figure 2. RARB overexpression in ACC relieves pain hypersensitivity and anxiodepression. (A) Schematic diagram showing intra-ACC virus injection. 
Scale bar: 1 mm. (B and C) Double immunofluorescence (B) and Western blotting (C) showing efficient RARB overexpression in ACC (n = 4). Scale bars: 
30 μm in B. (D) Experimental schematic diagram showing virus injection in ACC and behavioral test. (E and F) Ipsilateral stimulus-response curve and 
mechanical threshold (E), and thermal sensitivity (F) in SNI-treated mice after ACC RARB overexpression (n = 10). (G and H) Contralateral stimulus-re-
sponse curve and mechanical threshold (G), and thermal sensitivity (H) in SNI-treated mice after ACC RARB overexpression (n = 10). (I) Traveling trajectory 
in the EPM and quantitative summary of mice overexpressing RARB in the open arm (n = 9–10). (J) TST summary in mice after overexpression of RARB in 
the ACC (n = 8–11). (K) SPT in RARB-overexpressing Sham- and SNI-treated mice (n = 10). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical 
analysis was performed by 2-tailed unpaired t test (C, F, and H), Mann-Whitney U test (E and G), 1-way ANOVA (J and K), and Kruskal-Wallis H test (I). 
PWMT, paw withdrawal mechanical threshold; PWTL, paw withdrawal thermal latency.
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Overexpression of  RARB reverses the exaggerated calcium transients 
in ACC pyramidal neurons after nerve injury. In further support of  the 
crucial role of  RARB in functional changes of  ACC pyramidal 
neurons after nerve injury, we performed fiber photometry record-
ing to monitor the activity of  GCaMP6s-expressing pyramidal 
neurons in response to a wide range of  external stimuli applied 
to a cutaneous receptive field and during tail suspension (Figure 
4A). Overexpression of  cingulate RARB significantly relieved the 
activity of  ACC pyramidal neurons, as characterized by lower cal-
cium transients evoked by peripheral mechanical stimuli, such as 
von Frey filaments, brush, and pinprick as well as by radiant heat 
stimuli in SNI-treated mice expressing RARB compared with con-
trol mice (Figure 4, B–F). Meanwhile, during tail suspension, we 
observed a reduced calcium transient in ACC pyramidal neurons 
after overexpression of  RARB (Figure 4G). Taken together, we 
infer that overexpression of  cingulate RARB contributes to nor-
malizing the abnormal structural and functional plasticity of  pyra-
midal neurons after peripheral neuropathy.

RARB knockdown in the ACC induces pain hypersensitivity and anx-
iodepression. To further address whether RARB is necessary and 
sufficient for neuropathic pain and related anxiodepression, we 
generated a recombinant AAV2/9 vector expressing an shRNA tar-
geted against RARB (shRarb) and verified its knockdown efficiency 
(Figure 5, A–C). We first assessed how loss of  unilateral cingulate 
RARB influences nociceptive sensitivity (Figure 5D). Compared 
with mice expressing scrambled shRNA, those expressing shRarb 
in the right ACC showed a greater response to von Frey hairs and 
thermal stimuli in the bilateral hind paw under the sham condi-
tion (Figure 5, E and F, and Supplemental Figure 4, A and B). We 
then examined whether exogenous knockdown of  RARB causes 
pain-related aversive emotion. In EPM and open field test (OFT) 
paradigms, sham-treated mice expressing shRarb traveled a shorter 
distance than control mice in the open arm and center area (Figure 
5, G and H, and Supplemental Figure 4, C and D). Meanwhile, 
mice expressing shRarb displayed longer immobility in the TST 
paradigm and less sucrose preference in the SPT paradigm com-
pared with controls (Figure 5, I and J). Thus, these results further 
show that cingulate RARB negatively regulates pain sensitivity and 
related anxiodepression.

We further addressed whether cingulate RARB knockdown–
evoked pain hypersensitivity and comorbid anxiodepression are 
associated with upregulated activity in ACC pyramidal neurons 
using in vivo fiber photometry recording. In the sham condition, 
GCaMP6s-expressing pyramidal neurons derived from mice 
expressing shRarb exhibited a higher calcium response in response 
to a wide range of  mechanical stimuli, thermal stimuli, and tail 
suspension than those expressing scramble shRNA (Figure 5, K–N, 
and Supplemental Figure 4, E–G). These data further confirm that 
downregulation of  RARB in the ACC leads to pain hypersensitivi-
ty and comorbid anxiodepression as well as exaggerated cingulate 
pyramidal neuronal activity.

RARB in the ACC regulates ECM homeostasis via modulation of  
LAMB1 transcription after nerve injury. RARB functions as a poten-
tial transcription factor of  LAMB1, a key component of  ECM (12). 
Our recent study shed new light on the key significance of  LAMB1 
in chronic pain and comorbid anxiodepression (11). We were there-
fore interested to know whether RARB influences neuropathic pain 

plexity of  apical and basal dendrites of  pyramidal neurons did not 
show obvious alterations after cingulate RARB overexpression in 
both sham and SNI conditions (Supplemental Figure 2, A–C). In 
contrast, overexpression of  RARB eliminated the increase in the 
densities but not the length of  total apical spines after SNI (Figure 
3, A and B, and Supplemental Figure 2D). Further analysis of  spine 
classification revealed that overexpression of  RARB preferentially 
excluded the increased density of  stubby and mushroom-shaped 
apical spines after SNI, with little influences on long, thin and filo-
podia-like apical spines (Figure 3C and Supplemental Figure 2E). 
Meanwhile, overexpression of  RARB exerted similar effects on 
basal spines (Supplemental Figure 2, F–H). These results indicate 
that RARB contributes to the stabilization of  synaptic spines in cin-
gulate pyramidal neurons.

Next, we examined the functional influences of  RARB on the 
intrinsic excitability and synaptic transmission in ACC pyrami-
dal neurons using whole-cell patch-clamp recording (Figure 3D), 
which were identified by their morphological and firing properties 
(34). Passive membrane properties including resting membrane 
potential and membrane resistance as well as membrane capaci-
tance of  ACC pyramidal neurons were comparable between mice 
expressing RARB and mCherry alone in both sham and SNI 
conditions (Supplemental Figure 3A). However, the active mem-
brane properties of  ACC pyramidal neurons represented signif-
icant differences between 2 genotypes in SNI but not the sham 
condition (Figure 3, D–H). This was characterized by a reduced 
firing frequency and increased rheobase in pyramidal neurons 
of  SNI-treated mice after overexpression of  RARB in the ACC 
(Figure 3, D–H). The other parameters, such as action potential 
(AP) threshold, amplitude, and half-width, were unaltered by over-
expression of  cingulate RARB in both sham and SNI conditions 
(Supplemental Figure 3B).

Furthermore, we observed the depressed synaptic transmission 
in ACC pyramidal neurons derived from SNI-treated mice after 
overexpression of  RARB. We recorded AMPA (α-amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic) receptor–mediated evoked 
excitatory postsynaptic currents (AMPAR-eEPSCs) in pyramidal 
neurons from layers II/III in the ACC at a holding potential of  –70 
mV by applying local stimulation in layers V/VI in the presence 
of  picrotoxin (100 μM), an antagonist of  inhibitory synaptic trans-
mission, and AP5 (50 μM), an antagonist of  the NMDA receptor. 
The amplitude of  AMPAR-eEPSCs was significantly reduced after 
overexpression of  cingulate RARB (Figure 3, I and J). To elucidate 
whether a presynaptic or postsynaptic mechanism is involved, we 
first analyzed the paired-pulse ratio (PPR), i.e., EPSC2/EPSC1, a 
well-accepted indication of  presynaptic mechanisms (35). Upon 
overexpression of  cingulate RARB, the average amplitude of  PPR 
was significantly increased in SNI-treated ACC pyramidal neu-
rons, indicating a decrease in the transmitter release probability via 
a presynaptic mechanism (Figure 3, K and L). This was further 
confirmed by a decrease in miniature EPSC (mEPSC) frequency 
after overexpression of  ACC RARB (Figure 3, M and N). In paral-
lel, mEPSC amplitude was attenuated after supplementing RARB, 
indicating that a postsynaptic mechanism was involved as well (Fig-
ure 3, M and N). Overall, these results suggest that supplementa-
tion of  cingulate RARB alleviates cingulate synaptic potentiation 
via both presynaptic and postsynaptic mechanisms.
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Figure 3. RARB overexpression in ACC normalizes abnormal structural and functional plasticity induced by SNI. (A) Representative images of apical 
dendrites of ACC pyramidal neurons obtained from mice overexpressing RARB and control virus in both sham and SNI conditions. Scale bar: 5 μm. (B) 
Summary of spine density on the apical dendrites in the above 4 conditions (n = 17–20). (C) Summary of the density of stubby and mushroom-shaped 
spines (n = 17–20). (D) Whole-cell patch-clamp recording from ACC layer II/III pyramidal neurons. Scale bar: 50 μm. (E) APs in neurons after overex-
pressing RARB in both genotypes of mice. (F and G) Input-output curve (F) and typical summary at intensity of 120 pA (G) after overexpressing RARB 
in sham- and SNI-treated mice (n = 8–11). (H) Rheobase after RARB overexpression in both types of mice (n = 8–11). (I and J) Representative traces (I) 
and input-output curve (J) of AMPAR-eEPSCs after overexpressing RARB in SNI-treated mice (n = 8–10). (K and L) Typical examples (K) and quantitative 
summary (L) of PPR of eEPSCs after RARB overexpression in the SNI condition (n = 10–12). (M and N) Representative traces (M), and mEPSC frequency 
and amplitude (N) after RARB overexpression in SNI-treated mice (n = 12). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was 
performed by Kruskal-Wallis H test (B and C), 2-way ANOVA (F and left panel in J), 1-way ANOVA (G and H), 2-tailed unpaired t test (L and left panel in 
N), and Mann-Whitney U test (right panels in J and N).
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and related aversive emotion via regulation of  LAMB1 expression. 
First, we examined the changes in LAMB1 level after exogenous 
intervention of  RARB expression in the ACC. Immunoblotting 
analysis revealed that knockdown or overexpression of  cingulate 
RARB leads to downregulation or upregulation of  LAMB1 cor-
respondingly (Figure 6, A and B). Meanwhile, a luciferase assay 
indicated that overexpression of  RARB significantly increased 
luciferase activity, which was modulated by the Lamb1 promoter. 
A RARE has been identified within the –477 to –432 region of  the 
Lamb1 gene (12). We further constructed the specific mutant Lamb1 
promoter on the luciferase reporter and observed that luciferase 
activity was significantly decreased after cotransfection of  RARB 
(Figure 6C). Administration of  RA, a ligand of  RARB, elevated 

luciferase activity after cotransfection of  RARB and Lamb1-Luc 
plasmids (Figure 6D). In addition, a ChIP assay further confirmed 
that RARB binds to the Lamb1 promoter, and the binding level was 
significantly increased after overexpressing RARB (Figure 6E). 
These data collectively suggest that RARB regulates the expression 
of  LAMB1 as an upstream transcription factor. To further confirm 
the regulatory relationship between RARB and LAMB1 in neuro-
pathic pain, we infected the ACC with AAV-shLamb1 and overex-
pressed RARB at an interval of  3 weeks in SNI-treated mice (Fig-
ure 6, F and G). We observed that knockdown of  LAMB1 excludes 
the pain relief  evoked by overexpression of  RARB in SNI-treated 
mice (Figure 6, H and I). In parallel, the RARB-induced anxiolytic 
effect observed in the OFT paradigm was significantly inhibited in 

Figure 4. RARB overexpression in ACC alleviates neuronal hyperactivity induced by SNI. (A) Experimental schematic diagram showing virus injec-
tion, optical fiber implantation in the ACC, and fiber photometry recording during behavioral test in mice expressing control virus and RARB. SAC, 
sacrifice. Scale bar: 1 mm (left), 200 μm (right). (B–G) Representative photometry traces as shown in heat maps and quantitative summary from 5 
independent experiments of peak GCaMP6s signals locked to the 0.4 g mechanical stimuli (B), 2 g mechanical stimuli (C), brush stimuli (D), pinprick 
nociception (E), and radiant heat stimulation (F) and the onset of struggling during tail suspension (G). ***P < 0.001, ****P < 0.0001. Statistical 
analysis was performed by Mann-Whitney U test (B, C, E, and F) and 2-tailed unpaired t test (D and G).

https://doi.org/10.1172/JCI190539


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(17):e190539  https://doi.org/10.1172/JCI1905398

Figure 5. RARB knockdown in ACC induces pain hypersensitivity and anxiodepression. (A) Schematic diagram showing intra-ACC virus injection. Scale 
bar: 1 mm. (B and C) Double immunofluorescence (B) and Western blotting (C) showing efficient RARB knockdown (n = 4). Scale bars: 30 μm in B. (D) Sche-
matic diagram showing virus injection in ACC and behavioral test in mice expressing scrambled shRNA and shRarb. (E and F) Ipsilateral stimulus-response 
curve and mechanical threshold (E), and thermal sensitivity (F) after ACC RARB knockdown in sham-treated mice (n = 12–16). (G) Traveling trajectory in the 
EPM and quantitative summary of sham-treated mice expressing shRarb in the open arm (n = 11–13). (H) Traveling trajectory in the OFT and quantitative 
summary of sham-treated mice expressing shRarb in the center area (n = 11–13). (I) TST after expression of AAV-shRarb in sham-treated mice (n = 9–11). (J) 
SPT in shRarb-expressing Sham-treated mice (n = 10). (K–N) Representative photometry traces as shown in heat maps and quantitative summary from 5 
independent experiments of peak GCaMP6s signals locked to von Frey hair stimuli (0.4–2 g) (K and L), radiant heat stimuli (M), and the onset of struggling 
during tail suspension (N). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed by Mann-Whitney U test (C, E, I, K, and 
N) and 2-tailed unpaired t test (F–H, J, L, and M).
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AAV-RARE in the ACC of  sham- and SNI-treated mice, immuno-
fluorescence staining revealed that both GFP and RARB expres-
sion was significantly lowered after SNI treatment (Figure 7, H 
and I), further confirming the downregulated RA and RARB after 
nerve injury. Then, does RA directly regulate RARB expression? To 
address this question, we constructed a luciferase reporter plasmid 
containing the Rarb promoter. The luciferase assay indicated that 
addition of  RA significantly increased luciferase activity after trans-
fection of  Rarb-Luc plasmid (Figure 7J). In support of  our obser-
vation, a previous report has shown that RA specifically increases 
RARB mRNA level in human hepatoma cells (41). Taken together, 
these results suggest that RA homeostasis is imbalanced and direct-
ly affects RARB level in chronic pain state.

Administration of  RA relieves established pain hypersensitivity and 
anxiodepression after SNI. Finally, we asked whether RA as a kind of  
vitamin A metabolite has therapeutic effects on neuropathic pain and 
psychiatric comorbidity. We first delivered RA into ACC at 56 d after 
SNI (Figure 8A). Protein levels of  LAMB1 and RARB were both 
upregulated after RA delivery in ACC (Figure 8B). Intracingulate 
RA delivery dose-dependently inhibited bilateral mechanical allody-
nia and ipsilateral thermal hyperalgesia induced by SNI (Figure 8, 
C and D, and Supplemental Figure 6, A–C). In addition, intra-ACC 
administration of  RA increased open-arm exploration in the EPM, 
enhanced center area traveling in the OFT, decreased the immobility 
in the TST, and increased sucrose preference at a dose of  50 pmol 
(Figure 8, E–H, and Supplemental Figure 6, D and E), indicative of  
anxiolytic and antidepressive effects in the neuropathic state. In con-
trast, bilateral ACC administration of  RA (50 pmol) neither altered 
basal nociception (Supplemental Figure 6, F–I) nor induced anxiety 
or depression-like behavior (Supplemental Figure 6, J–M).

Considering the potential clinical implication, we further 
sought to assess the potential analgesic effect of  oral RA (Figure 
8I). We found that oral intake of  RA at 56 d after SNI significantly 
alleviated bilateral mechanical allodynia and thermal hyperalgesia 
(Figure 8, J and K, and Supplemental Figure 7, A–C). In addition, 
the reduced open arm exploring in the EPM, shortened traveling 
time in the OFT, elongated immobility in the TST, and reduced 
sucrose preference in the SPT were all normalized after oral RA 
delivery in SNI-treated mice (Figure 8, L–O, and Supplemental Fig-
ure 7, D and E). In contrast, in the basal state, oral administration 
of  RA had no effect on mechanical and thermal threshold or on 
anxiodepressive behavior (Supplemental Figure 7, F–M). Overall, 
these results suggest that supplementation of  RA via intracingulate 
injection or oral intake alleviates neuropathic pain and comorbid 
aversive emotion. Given the systematic effects of  oral administra-
tion, oral intake of  RA may exert analgesic, anxiolytic, and antide-
pressive effects via multiple sites in the CNS and PNS. Although 
we cannot exclude the possible roles of  other central and peripheral 
sites, the essential role of  the ACC in the beneficial effects of  oral 
RA was established.

We then addressed whether RA relieves neuropathic pain and 
related anxiodepression via regulating cingulate synaptic plastici-
ty. Bath application of  RA (20 μM) reversibly suppressed neuro-
nal hyperexcitability and synaptic transmission of  ACC pyrami-
dal neurons in SNI-treated mice, as characterized by reduction 
of  AP frequencies, elevation of  AP rheobase, and decrease of  
AMPAR-eEPSCs (Figure 9, A–F). Furthermore, cingulate LTP 

shLamb1-infected mice with SNI surgery (Figure 6J and Supple-
mental Figure 5F). A similar trend was observed in the EPM and 
TST paradigms, although it did not reach significance (Figure 6, K 
and L, and Supplemental Figure 5G). These results indicate that 
RARB regulates neuropathic pain and comorbid anxiodepression 
via modulation of  LAMB1 transcription.

Structural changes of  the ECM in the CNS are known to be 
associated with synaptic plasticity and various pathophysiolog-
ical processes (10, 36). Given the role of  LAMB1 as a key ele-
ment of  the ECM and a pivotal determinant in chronic pain and 
comorbid anxiodepression, we were interested in knowing wheth-
er this RARB-LAMB1 transcriptional interaction influences the 
abnormal ECM structural plasticity in the ACC after nerve injury. 
First, we assessed whether ECM abnormalities in the ACC occur 
in response to pain. Following nerve injury, WT mice displayed 
altered ECM microstructure in the ACC, manifesting as thinner 
and disordered fibers compared with sham controls (Figure 6, M 
and N). These ECM abnormalities in microstructure were nor-
malized after overexpression of  cingulate RARB (Figure 6, M and 
N), indicating a crucial role of  RARB-LAMB1 signaling in main-
taining the stability of  ECM microstructure. In further support of  
this assumption, knockdown of  cingulate RARB was shown to 
provoke the altered ECM microarchitecture in sham mice, which 
mimics the abnormal ECM structural alterations observed after 
nerve injury (Figure 6, M and N).

RA levels are decreased in patients and mice with chronic pain and 
comorbid anxiodepression. RA acts as an endogenous agonist for 
RARB, exerting a key role not only in CNS development, but also 
in regulating synaptic plasticity homeostasis (21–25, 32, 33, 37). 
Several clinical studies demonstrated the reduced serum RA lev-
els in ischemic stroke patients comorbid with depressive symptoms 
(38–40), suggesting a negative correlation between RA levels and 
depressive comorbidities. Then, what changes occur in RA levels 
under chronic pain and comorbid anxiodepression? To address this 
question, we collected 72 blood samples from healthy volunteers 
and patients with chronic pain. All of  them were assessed by a pain 
scale (numerical rating scale [NRS]), a depression scale (Patient 
Health Questionnaire-9 Items [PHQ-9] and Hamilton Depres-
sion Scale [HAMD]), and an anxiety scale (Generalized Anxiety 
Disorder-7 [GAD7] and Hamilton Anxiety Scale [HAMA]) and 
divided into different groups according to the assessment results 
(Figure 7A). Interestingly, the serum level of  RA from patients 
with the comorbidity of  pain and affective disorders was signifi-
cantly decreased compared with the control group, while that from 
patients with only pain was not different from controls (Figure 7B). 
Consistently, a lower RA level was also observed in both the serum 
and ACC in mice at 56 d after SNI, when pain hypersensitivity 
and anxiodepression were fully established (Figure 7, C and D). 
These data indicate that RA metabolic disorder is closely related 
to anxiodepressive comorbidities associated with pain. To further 
visualize RA changes, we constructed a GFP-expressing AAV2/9 
vector with RARE in the promoter, which could be activated by 
RA to express GFP for RA visualization (Figure 7E). At 24 h after 
transfection in 293FT cell lines, expression of  GFP was stimulated 
upon application of  increasing concentrations of  RA (Figure 7F). 
Western blotting analysis verified the elevated GFP expression 
after RA challenge (Figure 7G). Three weeks after infection with 

https://doi.org/10.1172/JCI190539
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd
https://www.jci.org/articles/view/190539#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2025;135(17):e190539  https://doi.org/10.1172/JCI1905391 0

Figure 6. RARB regulates ECM remodeling via LAMB1 to modulate pain sensitivity and anxiodepression. (A and B) Representative immunoblots and 
quantitative summary of RARB and LAMB1 levels in ACC from mice expressing scrambled shRNA and shRarb (n = 4) (A) as well as control virus and 
RARB (n = 4) (B). (C) Luciferase activity after cotransfection of RARB-overexpressing plasmid and luciferase reporter plasmid connected with Lamb1 
promoter/Lamb1 promoter mutant (n = 6–10). (D) Luciferase activity of vehicle and RA addition after cotransfection of RARB and Lamb1-Luc (n = 7–8). (E) 
ChIP assay of levels of RARB binding with the Lamb1 promoter fragment in the ACC from mice expressing control (Ctrl) and RARB (n = 5). (F) A sche-
matic model proposing the RARB regulatory mechanism in the process of chronic pain. (G) Schematic diagram showing virus injection in ACC. (H and I) 
Stimulus-response curve and mechanical threshold (H) and thermal hyperalgesia (I) in SNI-treated mice followed by shLamb1 and/or RARB overexpression 
treatment (n = 9–10). (J–L) OFT (J), EPM (K), and TST (L) in SNI-treated mice expressing shLamb1 and/or RARB (n = 8–10). (M and N) Representative scan-
ning electron micrographs (M) and fiber diameter (N) in control mice, SNI-treated mice, SNI-treated mice overexpressing RARB, and sham-treated mice 
expressing shRarb (n = 3 mice per group). Scale bars: 5 μm (original magnification, ×5,000), 1.2 μm (original magnification, ×20,000), and 500 nm (original 
magnification, ×50,000). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed by Mann-Whitney U test (A for RARB), 
2-tailed unpaired t test (A for LAMB1, B, and D), Kruskal-Wallis H test (C, H, K, L, and N), and 1-way ANOVA (E, I, and J).
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next generated AAV2/9 expressing ALDH1A2 to explore whether 
there is a causal relationship between ALDH1A2 and neuropath-
ic pain and anxiodepressive consequences (Supplemental Figure 
11A). Western blot analysis revealed that RARB and LAMB1 
were both significantly upregulated after ALDH1A2 overexpres-
sion (Supplemental Figure 11B). Three weeks after infection of  
AAV2/9-ALDH1A2, SNI-induced mechanical allodynia and ther-
mal hyperalgesia were significantly relieved compared with con-
trol virus (Supplemental Figure 11, C–H). Meanwhile, decreased 
sucrose preference in the SPT and struggle time in the TST after 
SNI were largely recovered after overexpressing ALDH1A2 (Sup-
plemental Figure 11, K and L). However, SNI-induced anxiety-like 
behavior was rarely reversed after ALDH1A2 overexpression (Sup-
plemental Figure 11, I and J). Altogether, we inferred that activa-
tion of  RA synthetase exerts desirable analgesic and antidepressive 
effects in the neuropathic state, with little anxiolytic effect.

Finally, we determined whether RARB in ACC is involved 
in depression without chronic pain. We used 2 rodent models 
of  depression: one involving chronic exposure to corticosterone 
(CORT) and the other involving chronic restraint stress (CRS). 
No significant changes in RARB expression were observed in the 
ACC after chronic CORT or CRS exposure (Supplemental Figure 
12, A and B), suggesting specific involvement of  ACC RARB in 
the development of  chronic pain and associated depression but 
not in non–pain-related depression. Moreover, we found little 
change in ACC RARB levels in another chronic inflammatory 
pain model induced by unilateral hind paw injection of  complete 
Freund’s adjuvant (CFA) (Supplemental Figure 12C). Additional-
ly, the changes in ACC RARB levels following SNI were not sex 
specific, as female mice also showed the downregulated RARB 
in ACC after SNI (Supplemental Figure 12D). Overall, we con-
clude that activation of  ACC RA/RARB signaling may represent 
a potential therapeutic target for treatment of  neuropathic pain 
and related anxiodepression.

Discussion
The results of  the present study led us to propose a working 
model, as schematically illustrated in Figure 11. Following nerve 
injury, enhanced neuronal activity in ACC pyramidal neurons dis-
turbs RA metabolic homeostasis, causing the reduced RA in the 
ACC. This brings about the downregulation of  its corresponding 
receptor, RARB, which causes a reduction in LAMB1 transcrip-
tion. This in turn results in disturbance of  ECM microstructure, 
which further leads to abnormal spine remodeling and synaptic 
potentiation of  ACC pyramidal neurons, collectively contribut-
ing to exaggerated pain response and associated anxiodepression. 
In sum, this study primarily clarifies the role of  RA in regulat-
ing ECM microstructure by acting on RARB. More important-
ly, these results infer that maintaining RA homeostasis may be a 
promising therapeutic strategy for treatment of  neuropathic pain 
and related aversive emotion.

The most striking finding of  this study was the identification 
of  RARB, a RAR in the ACC, as a key intracellular upstream 
trigger for ECM remodeling in regulating neuropathic pain and 
related anxiodepression. Much progress has been made in eluci-
dating the role of  ACC in neuropathic pain and comorbid affective 
disorders, with a major focus on intracellular plasticity, but extra-

induced by pairing training conditioning stimuli was normalized 
by RA delivery as well (Figure 9, G and H). These results suggest 
that RA alleviates abnormal synaptic plasticity. To further confirm 
whether RA level is modulated by neuronal activity, intra-ACC 
delivery of  tetrodotoxin (TTX) (1 μM) and AP5 (100 μM) for 24 
h was performed to block APs and NMDA receptors in SNI-treat-
ed mice expressing AAV-RARE. Immunofluorescence staining 
revealed that both GFP and RARB expression were significantly 
upregulated after administration of  TTX and AP5 (Figure 9, I and 
J), suggesting the modulation of  RA by neuronal activity. Taken 
together, we infer that RA significantly relieves pain and associ-
ated aversion by regulating cingulate synaptic potentiation. Next, 
we assessed whether RA regulates ECM microstructure via RARB. 
Following intra-ACC delivery of  RA, ECM abnormalities in the 
microstructure after SNI were normalized (Figure 9, K and L). 
This normalization of  dysregulated ECM homeostasis by RA was 
excluded after knockdown of  cingulate RARB (Figure 9, K and L), 
indicating a vital role of  RA in maintaining the stability of  ECM 
microstructure by partially regulating RARB.

Intervention of  endogenous RA homeostasis regulates neuropath-
ic pain and pain-related anxiodepression. RA maintains homeostasis 
through enzyme synthesis and metabolism. The RA-metabolizing 
enzyme CYP26 eliminates RA by hydroxylation of  polar metabo-
lites. Talarozole (TLZ), a specific CYP26 inhibitor, has become a 
potential therapeutic target in many fields due to its ability to block 
RA metabolism (27, 42, 43). We then asked whether modulation of  
endogenous of  RA by TLZ alleviates neuropathic pain and relat-
ed aversion. Intra-ACC delivery of  TLZ dose-dependently relieved 
bilateral mechanical allodynia and ipsilateral thermal hyperalge-
sia at 56 d after SNI (Figure 10, A–C, and Supplemental Figure 8, 
A–C). Moreover, bilateral ACC injection of  TLZ increased open-
arm exploration in the EPM, center area traveling distance in the 
OFT, struggle time in the TST, and sucrose preference in SNI-treat-
ed mice (Figure 10, D–G, and Supplemental Figure 8, D and E), 
indicative of  its desirable anxiolytic and antidepressive effects in the 
neuropathic state. In contrast, TLZ in the ACC rarely affected basal 
nociception and anxiodepressive behavior (Supplemental Figure 8, 
F–M). Furthermore, we adopted systemic administration of  TLZ 
via i.p. injection (Figure 10H). In SNI-treated mice, i.p. TLZ signifi-
cantly alleviated mechanical allodynia and thermal hyperalgesia as 
well as comorbid anxiodepression in a dose-dependent manner (Fig-
ure 10, I–N, and Supplemental Figure 9, A–E). In contrast, i.p. TLZ 
had no effect on the basal nociception (Supplemental Figure 9, F–I). 
In sum, these results indicate that intervention of  endogenous RA 
metabolism relieves neuropathic pain and related anxiodepression.

For the safety profile study, mice were treated with oral RA for 
2 consecutive weeks or i.p. TLZ for 7 consecutive days. The ani-
mals showed no changes of  any liver transaminases (alanine trans-
aminase [ALT] and aspartate transaminase [AST]) or biomarkers 
of  renal dysfunction (blood urea nitrogen [BUN] and creatinine) 
(Supplemental Figure 10, A–D and F-I). H&E staining showed no 
obvious damage in the lung, liver, kidney, and heart of  mice treated 
with chronic RA or TLZ, suggesting that RA and TLZ induced 
little toxicity in mice (Supplemental Figure 10, E and J).

As mentioned above, synthetase also plays an important role in 
RA homeostasis. As a key element of  RA synthetase, ALDH1A2 
is involved in various pathophysiological processes (27, 28, 44). We 
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Figure 7. RA levels are decreased in chronic pain comorbid with anxiodepression. (A) A table summarizing the patient information. The groups met the 
following conditions: healthy volunteers: NRS < 3, GAD7 ≤ 4, HAMA ≤ 6, HAMD ≤ 8, PHQ-9 ≤ 4; chronic pain: NRS ≥ 3, GAD7 ≤ 4, HAMA ≤ 6, HAMD ≤ 8, 
PHQ-9 ≤ 4; chronic pain comorbid with anxiety: NRS ≥ 3, GAD7 > 4 and/or HAMA > 6, HAMD ≤ 8, PHQ-9 ≤ 4; chronic pain comorbid with depression: NRS 
≥ 3, GAD7 ≤ 4, HAMA ≤ 6, HAM > 8, and/or PHQ-9 > 4; and chronic pain comorbid with anxiodepression: NRS ≥ 3, GAD7 > 4 and/or HAMA > 6, HAMD > 8 
and/or PHQ9 > 4. (B) ELISA of RA level in serum from patients (n = 2–22). (C and D) ELISA of RA level in serum (C) (n = 5–6) and the ACC (D) (n = 4–8) after 
SNI surgery. (E) Schematic diagram showing construction of AAV2/9 expressing RARE–TK promoter–EGFP. TK, thymidine kinase. (F) Fluorescence images 
of GFP expression in 293FT cells transfected with AAV-RARE plasmid after RA treatment. Scale bars: 20 μm. (G) Immunoblots and quantitative summary 
of GFP expression in 293FT cells transfected with AAV-RARE plasmid after RA (5 μM) treatment (n = 3). Veh, vehicle. (H and I) Immunofluorescence (H) 
and quantitative summary (I) of GFP and RARB expression in ACC from SNI-treated mice expressing AAV-RARE (n = 4). Scale bars: 30 μm. (J) Luciferase 
activity of vehicle and RA addition in the transfection of Rarb-Luc (n = 6–12). *P < 0.05, **P < 0.01. Statistical analysis was performed by Kruskal-Wallis H 
test (B, D, and J), 1-way ANOVA (C), 2-tailed unpaired t test (G and I for RARB density), and Mann-Whitney U test (I for GFP density).
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trast, RARB in the ACC may not be involved in depression with no 
pain, since we found no significant alteration of  cingulate RARB in 
rodent models of  chronic CORT and CRS exposure. These results 
are consistent with changes in ACC LAMB1 in our previous study 
(11). In support of  this assumption, previous studies have shown 
an increased RARA and its transcriptional regulation of  corticotro-
phin-releasing hormone gene expression in the paraventricular 
nucleus in patients with affective disorders (46). A reduced level of  
RARA and its transcriptional target gene TrkB has been reported in 
the dorsolateral prefrontal cortex of  elderly depressed patients (47). 
These data indicate that depression comorbid with neuropathic pain 
and depression without pain may involve different types of  RARs 
and transcriptional regulation of  different target genes in different 
brain regions. Additionally, RARB in the hippocampus was report-
ed to be associated with learning and memory (19, 45).

Then, how does RARB in the ACC accomplish regulation 
of  neuropathic pain and comorbid anxiodepression? Structural 
and functional plasticity in the ACC is assumed to be a cellular 
basis for neuropathic pain and associated anxiodepression (5–8). 
Emerging evidence has documented the key significance of  RAR 
signaling in synaptic transmission and homeostatic synaptic plas-
ticity in many brain regions, e.g., the hippocampus (19, 30, 48, 
49), the somatosensory cortex (50), the visual cortex (51), the spi-
nal cord (52), etc. Another intriguing finding of  this study entails 
the contribution of  RARB to the ACC in negatively orchestrating 
cingulate structural and functional plasticity. In the present study, 
we observed that overexpression of  cingulate RARB normalized 
abnormal spine remodeling after SNI. These results confirm that 
RARB plays a pivotal role in synaptic spine stabilization in ACC 
pyramidal neurons. Functional synaptic plasticity is closely relat-
ed to synaptic spine remodeling, both of  which collectively con-
tribute to various pathophysiological processes, including chronic 
pain (53). Consistent with spine remodeling, patch-clamp record-
ings revealed that overexpression of  RARB significantly relieved 
SNI-induced hyperexcitability and AMPAR-mediated synaptic 
potentiation in ACC pyramidal neurons. Further mechanistic 
analysis revealed that both pre- and postsynaptic mechanisms 
were involved in the above-described synaptic modulation by 
RARB. This crucial role of  RARB in cingulate functional plas-
ticity was further strengthened by alternative in vivo evidence 
by using fiber photometry recording. GCaMP6s-based imaging 
showed that overexpression of  ACC RARB inhibited photometric 
Ca2+ transients of  ACC pyramidal neurons in response to periph-
eral stimuli and tail suspension after SNI, while knockdown of  
cingulate RARB sensitized Ca2+ responses. Overall, we inferred 
that exogenous supplementation of  RARB normalized abnormal 
structural and functional plasticity of  ACC pyramidal neurons 
after peripheral neuropathy, which in turn produced analgesic, 
anxiolytic, and antidepressive effects.

How RARB as a nuclear receptor is regulated upon nerve 
injury and further modulates neuropathic pain and related anxio-
depression is not entirely understood. Strikingly, here, we revealed 
the involvement of  activity-dependent dysregulation of  RA 
homeostasis in the above process. Mounting evidence has shown 
that RA functions as an endogenous ligand for nuclear RARs to 
directly regulate genomic transcription (28, 54, 55). RA is a met-
abolic product of  vitamin A. Early studies of  vitamin A and RA 

cellular alterations have long been overlooked. It is only recently 
that we uncovered a new mechanism by which a key element of  
ECM, LAMB1, conveys extracellular alterations to intracellular 
structural and functional plasticity and thus underlies neuropathic 
pain and anxiodepressive consequences (11). However, it remains 
elusive what triggers activity-dependent changes of  LAMB1 and 
further ECM remodeling after nerve injury. Using RNA-Seq, we 
detected 10 differential changes of  transcription factors relat-
ed with Lamb1 in the ACC after SNI treatment. It is noteworthy 
that among which, RARB showed the strongest association with 
Lamb1. As a nuclear receptor superfamily, RARs, consisting of  α, 
β, and γ subunits (13, 19), are assumed to function as transcription 
factors by binding to the RARE in the promoters of  target genes, 
which are involved in neuronal development, synaptic plasticity, 
and homeostasis, ultimately affecting multiple brain functions, 
e.g., learning, memory, and affective cognition (13, 16, 18, 19, 45). 
In support of  our observation, in vitro studies using murine and 
human cell lines identified a RARE in the 5′-flanking region of  the 
Lamb1 gene and reported a preferential binding of  RARB to the 
RARE of  the Lamb1 promoter, triggering Lamb1 gene transcription 
(12, 17). However, it remains unclear whether RARB regulates 
transcription of  LAMB1 in the ACC and how this transcription-
al interaction contributes to the development of  neuropathic pain 
and comorbid anxiodepression. Consistent with downregulated 
LAMB1 as reported previously (11), we verified similar down-
regulation of  RARB at transcriptional, mRNA, and protein levels 
after SNI. Western blotting analysis showed that overexpression or 
knockdown of  RARB in the ACC correspondingly leads to upreg-
ulation or downregulation of  LAMB1 expression. Luciferase and 
ChIP assays further demonstrated the  transcription-promoting 
capacity of  potential RARB-binding sites in Lamb1 genes. These 
data suggest that RARB may act as an upstream transcription fac-
tor for LAMB1 in the ACC.

It is well known that structural changes of  the ECM in the 
CNS are associated with synaptic plasticity and various patho-
physiological processes (10, 36). Given the role of  LAMB1 as a 
key element of  the ECM and a pivotal determinant in chronic 
pain and comorbid anxiodepression, an interesting question arises 
regarding whether this RARB-LAMB1 signaling influences abnor-
mal structural plasticity of  the ECM in the ACC after nerve injury. 
In the present study, we demonstrated that nerve injury induces 
altered ECM microstructure in the ACC, which was normalized 
after overexpression of  cingulate RARB, indicating a crucial role 
of  RARB-LAMB1 signaling in maintaining the stability of  the 
ECM microstructure.

To further determine the causal relationship between plas-
tic changes of  cingulate RARB and neuropathic pain, we over-
expressed RARB in the ACC and found that supplementation of  
RARB significantly alleviated pain hypersensitivity and related anx-
iety and depression in SNI-treated mice. In contrast, knocking down 
cingulate RARB exaggerated pain sensitivity and induced anxiode-
pression in control mice. More importantly, the above actions of  
RARB were excluded by blockade of  LAMB1. Thus, we inferred 
that RARB in the ACC may negatively regulate neuropathic pain 
and anxiodepressive consequences via regulation of  LAMB1 tran-
scription. Additionally, we found no sex difference in the role of  cin-
gulate RARB on neuropathic pain and affective disorders. In con-
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Figure 8. Administration of RA relieves established pain hypersensitivity and anxiodepression after SNI. (A) Schematic diagram of intra-ACC injection 
of RA in SNI-treated mice. (B) Immunoblots and quantitative summary of LAMB1 and RARB protein level after ACC injection of RA. Veh, vehicle. (C and 
D) Ipsilateral stimulus-response curves and mechanical threshold (C), and thermal latency (D) in SNI-treated mice followed by intra-ACC injection of RA (n 
= 10). (E) Open-arm exploring in the EPM test of SNI-treated mice after ACC delivery of RA (n = 7–10). (F) Center area exploring in the OFT of SNI-treated 
mice after ACC delivery of RA (n = 7–10). (G and H) TST (G) and SPT (H) in SNI-treated mice after intra-ACC injection of RA (n = 7–15). (I) Schematic diagram 
of oral intake of RA (0.6 mg/kg) in SNI-treated mice. (J and K) Ipsilateral stimulus-response curves and mechanical threshold (J), and thermal latency (K) 
in SNI-treated mice followed by oral intake of RA (n = 12). (L) Open-arm exploring in EPM test in SNI-treated mice after oral RA (n = 12). (M) Center area 
exploring in the OFT of SNI-treated mice after RA intake (n = 12). (N and O) TST (N) and SPT (O) of SNI-treated mice after RA intake (n = 9–12). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis was performed by 2-tailed unpaired t test (B, H, and K–O), Kruskal-Wallis H test (C and E), 
1-way ANOVA (D, F, and G), and Mann-Whitney U test (J).
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pressive effects are achieved by suppression of  pyramidal neuronal 
hyperexcitability after SNI. Second, intervention of  endogenous 
RA homeostasis improved neuropathic pain and related anxiode-
pression. It is well known that RA maintains homeostasis in vivo 
through enzyme synthesis and metabolism (28). The RA-metab-
olizing enzyme CYP26 eliminates RA by hydroxylation of  polar 
metabolites (42, 43). TLZ, a specific CYP26 inhibitor, has been 
widely used in clinics, and its therapeutic effects have been shown 
in several diseases by blocking RA metabolism (27, 42, 43). Here, 
our results extended a new role of  TLZ in treatment of  neuropath-
ic pain and related affective disorders. Systemic or intracingulate 
administration of  TLZ showed potent efficacy in alleviating pain 
hypersensitivity and anxiodepression in the neuropathic state. In 
parallel, enhancing endogenous RA synthetase by overexpression 
of  ALDH1A2 in the ACC exerted desirable analgesic and anti-
depressive effects. These lines of  evidence collectively indicate 
that daily supplementation of  RA or vitamin A may be beneficial 
for pain relief  and mood improvement after nerve injury. Never-
theless, there is also evidence linking RA signaling and depres-
sion-like behaviors that showed that long-term use of  high-dose 
isotretinoin in patients with acne has potential risk of  depression, 
and the mechanism may be related to activation of  HPA axis 
(29, 38, 64, 65). By contrast, other studies presented the opposite 
view that acne causes depression and that treatment leads to an 
improvement in depression (29, 66, 67). Overall, there is no con-
sistent evidence to prove the relationship between isotretinoin and 
affective disorders in patients treated for acne.

In summary, this study shows how cingulate RA/RARB 
homeostasis modulates neuropathic pain and associated anxiode-
pression via interaction with ECM LAMB1. Taken together with 
our previous study in which ECM LAMB1 conveys extracellular 
alterations to intracellular structural and functional plasticity (11), 
we revealed an intracellular-extracellular-intracellular feed-forward 
regulatory network underlying the comorbidity of  neuropathic pain 
and anxiodepression. Namely, nerve injury induces dysregulated 
RA homeostasis and subsequent downregulated RARB/LAMB1 
transcriptional signaling (intracellular), which leads to ECM abnor-
malities in the microstructure (extracellular) and further triggers 
the abnormal structural and functional plasticity via intracellular 
signaling cascades (intracellular), ultimately resulting in pain chro-
nicity and related affective disorders. Moreover, our results imply 
that RA may act as a potential indicator for the comorbidity of  
neuropathic pain and affective disorders and present a promising 
therapeutic target for treatment of  this disorder.

Methods

Sex as a biological variable
Sex was not considered as a biological variable.

Animals
Adult C57BL/6 mice (6–8 weeks old) were used in all experiments 

except for patch-clamp recording (4–5 weeks old mice) and raised under 

a temperature-controlled environment with a 12 h light-dark cycle. 

Except for the detection of  RARB level after SNI injury with both sexes 

of  mice, all the other experiments used male mice. All tests were done 

in a double-blind manner.

have mainly focused on the eye, skin, and immune and reproduc-
tive systems (15, 28, 29). However, emerging studies showed that 
controlled RA synthesis is essential for regulating synaptic plas-
ticity and homeostasis, and RA deficiency is closely associated 
with several psychiatric and developmental disorders as well as 
cognitive dysfunction (21, 30, 32, 56, 57). Several clinical stud-
ies have inferred that reduced vitamin A or RA level is related to 
a higher risk of  depression in patients with ischemic stroke and 
solvent-induced neuropathy, while supplementation of  vitamin A 
or RA is inversely associated with depression and sensory abnor-
mality (39, 58, 59). However, it remains unknown whether RA 
homeostasis is disturbed under neuropathic pain states comorbid 
with affective disorders. Interestingly, using ELISA we observed 
a significantly lower RA level in the serum in patients with neu-
ropathic pain and related anxiodepression compared with healthy 
controls. Consistently, the reduced RA level was also seen in both 
the serum and ACC in SNI-treated mice with pain hypersensitivi-
ty and anxiodepression. These data indicate that dysregulated RA 
homeostasis in ACC is closely related to depressive comorbidities 
associated with chronic pain.

Then, what causes dysregulated RA homeostasis after nerve 
injury? It is well established that RA plays an important role in 
homeostatic synaptic plasticity (30, 31, 60). The neuronal activi-
ty blockade, which induces homeostatic plasticity, strongly stim-
ulates RA synthesis in neurons and rapidly enhances synaptic 
strength (30). In addition to homeostatic plasticity, RA signal-
ing is also involved in multiple forms of  synaptic plasticity, e.g., 
LTP and/or LTD (19, 61, 62). In the present study, we observed 
that blockade of  cingulate neuronal activity with TTX and AP5 
reversed the reduction of  RA level in ACC after nerve injury. This 
suggests that the reduced RA level after nerve injury might be 
partly dependent on neuronal hyperactivity in the ACC. Never-
theless, we cannot exclude the possible contribution of  peripheral 
RA depletion in ACC RA reduction after nerve injury. The rela-
tive contributions of  central versus systemic RA signaling to pain 
and affective comorbidities remain to be further investigated. Fur-
ther mechanistic analysis demonstrated that RA synthesis is Ca2+ 
dependent; that is, in synaptically active neurons, modest basal 
levels of  postsynaptic Ca2+ physiologically suppress RA synthesis, 
whereas in synaptically inactive neurons, decreases in the resting 
Ca2+ levels induce homeostatic plasticity by stimulating synthesis 
of  RA that then acts in a cell-autonomous manner to increase 
AMPAR function (63). In the present study, our observation 
that the intracellular Ca2+ level in cingulate pyramidal neurons 
increased significantly after nerve injury suggests that the reduced 
RA level observed in patients and mice with chronic pain and 
comorbid affective disorders might result from further suppres-
sion of  RA synthesis by increased Ca2+ level.

Considering the dysregulated RA homeostasis after nerve 
injury, we thought that rectifying this dysregulation would pro-
duce beneficial effects on neuropathic pain and comorbid affec-
tive disorders. In support of  this assumption, we provide 3 lines 
of  evidence. First, direct exogenous supplementation of  RA via 
a different route of  administration, e.g., intracingulate injection 
and oral delivery, had a strong ability to relieve SNI-induced pain 
hypersensitivity and anxiodepression. Further mechanistic analy-
sis revealed that this analgesic as well as anxiolytic and antide-

https://doi.org/10.1172/JCI190539
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Figure 9. RA alleviates neuronal overexcitation by regulating ECM microstructure through RARB after SNI. (A) Whole-cell patch-clamp 
recording from ACC layer II/III pyramidal neurons. Scale bar: 50 μm. (B and C) APs at 100 pA (B) and input-output curve (C) after bath-applied 
RA (20 μM) (n = 10). (D) Rheobase of neurons after delivery of RA (n = 10). (E and F) Representative traces (E) and input-output curve (F) of 
AMPAR-eEPSCs in SNI-treated mice prior to, during, and after washout of RA (n = 10–11). (G and H) Representative traces (G), and time course and 
quantitative summary (H) of ACC LTP evoked by conditioning stimulus (CS) in the presence of RA (20 μM) and vehicle (Veh) (n = 7–8). (I and J) Con-
focal images (I) and quantitative summary (J) of GFP and RARB expression after delivery of TTX + AP5 in ACC from SNI-treated mice expressing 
AAV-RARE (n = 4). Scale bars: 200 μm (left), 30 μm (right). (K and L) Representative scanning electron micrographs (K) and quantitative summary 
(L) in SNI-treated mice with treatments at different magnification (n = 4 mice per group). Scale bars: 5 μm (original magnification, × 5,000), 1.2 
μm (original magnification, ×20,000), and 500 nm (original magnification, ×50,000). **P < 0.01, ***P < 0.001, ****P < 0.0001. Statistical analysis 
was performed by 2-way ANOVA (left panels in C and F), 1-way ANOVA (right panel in C), Kruskal-Wallis H test (D, right panel in F and L), and 
2-tailed unpaired t test (H and J).
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Clinical studies
Human serum samples. Seventy-two blood samples from patients and 

healthy volunteers were collected within 1 year. The blood samples were 

collected from inpatient patients with chronic pain in the rehabilitation 

department at Xijing Hospital. See Supplemental Methods for the clini-

cal sample collection criteria.

Animal models
SNI surgery. SNI is a well-established model of  peripheral nerve injury, 

as previously described (11). See Supplemental Methods for details.

Chronic CORT and CRS model. See Supplemental Methods for details.

Chronic inflammatory pain model. CFA (20 μL) was unilaterally injected 

into the intraplantar surface of mouse hind paws, as described previously (11).

Figure 10. Administration of 
TLZ relieves established pain 
hypersensitivity and anxiode-
pression after SNI. (A) Schematic 
diagram of intra-ACC injection of 
TLZ in SNI-treated mice. (B and 
C) Ipsilateral stimulus-response 
curves and PWMT (B), and PWTL 
(C) in SNI-treated mice followed 
by intra-ACC injection of TLZ (n 
= 8–12). (D) Open-arm exploring 
in EPM test of SNI-treated mice 
after ACC delivery of TLZ (n = 
8–12). (E) Center area exploring 
in the OFT of SNI-treated mice 
after ACC delivery of TLZ (n 
= 8–12). (F and G) TST (F) (n = 
8–12) and SPT (G) (n = 5–6) in 
SNI-treated mice after intra-ACC 
injection of TLZ. (H) Schematic 
diagram of i.p. injection of TLZ 
in SNI-treated mice. (I and J) 
Ipsilateral stimulus-response 
curves and PWMT (I), and PWTL 
(J) in SNI-treated mice followed 
by administration of TLZ (n = 
12). (K) Open-arm exploring in 
EPM test in SNI-treated mice 
after injection of TLZ (n = 12). (L) 
Traveling trajectory in the OFT 
and quantitative summary after 
TLZ injection in SNI-treated mice 
(n = 12). (M and N) TST (M) and 
SPT (N) in SNI-treated mice after 
i.p. TLZ (n = 9–12). *P < 0.05, 
**P < 0.01, ***P < 0.001, ****P 
< 0.0001. Statistical analysis 
was performed by Kruskal-Wallis 
H test (B, F, I, L, and M), 1-way 
ANOVA (C–E, G, J, and K), and 
2-tailed unpaired t test (N).
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testing room for 1 day, and analyses were performed in a blind man-

ner. Mechanical stimulation threshold was assessed using von Frey 

hairs on the plantar surface. Thermal stimulation latency was assessed 

by a radiant heat source applied to the plantar surface. Anxiodepres-

sive-like behaviors were analyzed by EPM, OFT, TST, and SPT para-

digms. See the Supplemental Methods for detailed procedures.

Golgi staining
See the Supplemental Methods for details.

Electrophysiology
Whole-cell patch-clamp recording was performed as described pre-

viously (11). The electrophysiological properties of  the recorded 

neurons were assessed with an Axon700B amplifier (Molecular 

Devices Corporation) and pCLAMP10.0 software. The input-out-

put of  AMPAR-eEPSCs was recorded from layer II/III neurons, 

and the stimulations were delivered by a field stimulating electrode 

placed in layer V/VI of  the ACC. The PPR of  AMPAR-eEPSCs 

was calculated as the amplitude of  the second eEPSCs divided by 

that of  the first eEPSCs in a pair. For membrane property analysis, 

depolarizing current steps (500 ms in duration and 20 pA incre-

ments) were used to detect the AP under current-clamp mode. 

mEPSCs were recorded at a holding potential of  –70 mV in the 

presence of  AP5 (50 μM), picrotoxin (100 μM), and TTX (0.5 μM). 

LTP was induced by 80 paired presynaptic pulses at 2 Hz coupled 

with postsynaptic depolarization at +30 mV, as reported previously 

(68). See the Supplemental Methods for details, including Supple-

mental Table 1 for the reagents used.

Grouping of  blood samples. All the participants were further assessed 

by pain scale (NRS), depression scale (PHQ-9 and HAMD), and anxi-

ety scale (GAD7 and HAMA) and divided into different groups accord-

ing to the assessment results.

RA level detection
The collected blood samples from humans and mice were all centrifuged 

at 1,000g for 10 min. Serums were obtained and stored at –80°C. RA lev-

el was tested using the Human Retinoic Acid ELISA kit (CSB-E16712h; 

CUSABIO) and the Mouse Retinoic Acid ELISA kit (CSB-EQ028019MO; 

CUSABIO) separately in accordance with the manufacturer’s protocol.

Transcription factor prediction
The potential transcription factors with significant differences from 

Lamb1 were further analyzed according to previous RNA-Seq data 

(Gene Denovo Biotechnology) (11).

Real-time PCR, Western blotting, and immunofluorescence staining
See the Supplemental Methods for details, including Supplemental 

Table 1 for the list of  antibodies used.

Stereotaxic surgery
See the Supplemental Methods for details, including Supplemental 

Table 1 for the viruses used.

Behavioral analyses
All mice were allocated randomly in experimental groups. Before 

behavioral tests, mice were allowed to acclimatize to the behavioral 

Figure 11. A schematic model proposing how cingulate RA/RARB homeostasis modulates neuropathic pain and associated anxiodepression via interac-
tion with ECM LAMB1 through an intracellular-extracellular-intracellular feed-forward regulatory network. See Discussion for details.
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collected according to Declaration of  Helsinki principles and approved 

within the Medical Ethics of  the First Affiliated Hospital of  FMMU 

(Ethics Committee approval number KY20232185-F-1) and the Chinese 

Clinical Trial Registry (registration number ChiCTR2300076022). All 

participants read and signed informed consents prior to inclusion in the 

study. All testing was done in a double-blind manner.

Data availability
RNA-Seq data have been deposited in the National Center for Bio-

technology Information Sequence Read Archive under accession code 

SRP323752. Values for all data points in graphs are reported in the Sup-

porting Data Values file. The data generated in this study are available 

upon request from the corresponding authors.
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Calcium imaging
Fiber photometry was used to record calcium-dependent activity 

dynamics during behavioral tests with a multi-channel fiber photom-

etry recording system (ThinkerTech) as described previously (11). See 

the Supplemental Methods for details.

Dual-luciferase assay
The 293FT cell line (R70007; Invitrogen) was transfected with a plas-

mid mixture of luciferase reporter vector, transcription factor plasmid, 

and Renilla luciferase vector (10:9:1) using a Lipofectamine 3000 kit 

(L3000075; Invitrogen). At 48 hours after transfection, luciferase was mea-

sured with the Dual-Lucy Assay kit (D0010; Solarbio) in accordance with 

the manufacturer’s protocol. The final results were normalized to Renilla 

luciferase activity. See Supplemental Table 1 for the plasmids used.

ChIP
See the Supplemental Methods for details.

Scanning electron microscopy
Mice were anesthetized with isoflurane and transcardially perfused with 

ice-cold PBS. Coronal slices (1.5 mm thickness) containing the injected 

ACC were prepared and decellularized as previously described (69). The 

obtained slices were decellularized in three cycles employing de-mineral-

ized water, sodium deoxycholate (D8331; Solarbio), and DNase I (D8071; 

So-larbio) diluted in 1 M NaCl solution and Triton X-100. Then, the 

decellularized slices were fixed with glutaraldehyde at 4°C for 24 h. The 

samples were rinsed in dH2O and gradually dehydrated in gradient with 

increasing concentrations of ethanol. Samples were then stacked horizon-

tally on a wire mesh divider to keep them flat and dried using hexamethyl 

disilazane (283134; Sigma-Aldrich) for about 30 min. The dried samples 

were mounted on an aluminum scanning electron microscopy rod with 

conductive copper tape and sputtered coating, then imaged with a Hita-

chi S-4800 scanning electron microscope using InLens SE (Hitachi). at an 

operating voltage of 5 kV. ECM fiber diameter was analyzed using ImageJ 

(NIH). See Supplemental Table 1 for the list of reagents used.

Rescue experiments
Intracingulate drug delivery. The ACCs of  mice were implanted with a 

bilateral 26-gauge stainless steel guide cannula (0.8 mm separation; 

RWD Life Science) according to the above coordinates. See the Supple-

mental Methods for details.

Systemic administration. See the Supplemental Methods for details.

Statistics
Data were analyzed in GraphPad Prism version 8.0 (GraphPad Software) 

and Statistical Program for Social Sciences 21.0 software (SPSS, Inc.). The 

normality test was performed by the Shapiro-Wilk test. Homogeneity of  

variance was tested using Levene’s test. Data that met these 2 conditions 

were analyzed using a 2-tailed unpaired or paired t test, 1- and 2-way 

ANOVA followed by Tukey’s multiple-comparison test or Dunnett’s multi-

ple-comparison test. Datasets that were not normally distributed were ana-

lyzed with a nonparametric test (Supplemental Table 2). Data are reported as 

mean ± SEM. A P value less than 0.05 was considered statistically significant.

Study approval
All animal procedures were reviewed and approved by the IACUC of  the 

Fourth Military Medical University (FMMU). All clinical samples were 
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