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ARTICLE INFO ABSTRACT
Keywords: Pain sensitivity varies depending on both the state and age of an individual. For example, chronic
Ageing pain is more common in older individuals, but the underlying mechanisms remain unknown. This
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study revealed that 18-month-old mice (aged) experienced more severe and long-lasting allodynia
and hyperalgesia in the chronic constriction injury (CCI)-induced pain state compared to 2-
month-old mice. Interestingly, the aged mice had a higher baseline mechanical pain threshold
than the adult mice. The expression of spinal receptor-active modification protein 1 (RAMP1), as
a key component and regulator of the calcitonin gene-related peptide (CGRP) receptor for noci-
ceptive transmission from the periphery to the spinal cord, was reduced in the physiological state
but significantly increased after CCI in the aged mice compared to the adult mice. Moreover,
when RAMP1 was knocked down using shRNA, the pain sensitivity of adult mice decreased
significantly, and CCI-induced allodynia in aged mice was reduced. These findings suggest that
spinal RAMP1 is involved in regulating pain sensitivity in a state- and age-dependent manner.
Additionally, interfering with RAMP1 could be a promising strategy for alleviating chronic pain in
older individuals.

1. Introduction

Chronic pain affects 20%-45 % of the population [1] and significantly impacts quality of life, affects medical resource
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consumption, and leads to various secondary social problems [2-6]. The incidence of chronic pain increases with age, and the high
prevalence of chronic pain among older individuals is recognised as an epidemiological feature [7-10]. Recent studies have shown that
older people have a higher physiological pain threshold compared to young people [11-14], suggesting that pain characteristics may
differ between age groups in both physiological and neuropathic conditions. However, there is limited research on the different pain
characteristics of older and younger people. Therefore, there is an urgent need to conduct in-depth research to explore the underlying
mechanism of age-related changes in pain threshold.

The spinal dorsal horn (SDH) is the first site where pain information is transferred from the periphery to the brain and is considered
a key site for the modulation of chronic pain [15-19]. Sensory neurons in the SDH of older individuals exhibit extensive degenerative
changes [20], particularly in lamina I [21,22]. However, pain-related changes in the SDH have been rarely studied in the context of
ageing.

Calcitonin gene-related peptide (CGRP) is a widely recognised neuroactive substance that is closely associated with the trans-
mission of nociceptive information. Its primary afferent fibres and terminals mainly terminate in laminae I-II of the SDH [23-25]. The
CGRP receptors include the calcitonin receptor-like receptor (CRLR), G Protein-Coupled Receptors (GPCR), and receptor-active
modification protein 1 (RAMP1). RAMP1 is a single transmembrane protein that determines ligand specificity and ensures that
CRLR targets the cell surface. Anxiety triggers the release of CGRP from the ends of primary sensory neurons in the dorsal horn and
peripheral tissues of the spinal cord. Subsequently, CGRP activates CRLR/RAMP1 in spinal cord neurons to induce nociception [26].
However, there is a lack of research on changes in the CGRP and CRLR/RAMP1 nociception signalling systems in the context of ageing.

This study aimed to investigate the physiological and pathological pain mechanisms in ageing animals using various methods of
pain measurement, with a specific focus on changes in the pain transmission signal system involving CGRP and CRLR/RAMP1 in aged
mice.

2. Methods
2.1. Animals

This study included adult (8-week-old; 20-25 g) and aged (18-month-old; 30-35 g) male C57/BL6 mice. The mice were purchased
from the Shanghai Laboratory Animal Research Center and were housed in an animal facility. They were given ad libitum access to
water and standard laboratory food pellets. Prior to the experiments, the mice (n = 186) were habituated to their environment
(maintained at 22-24 °C, with 50%-60 % relative humidity, and a 12-h light/dark cycle) for 7 days.

All protocols were approved by the Animal Care and Use Committee of Renji Hospital, Shanghai Jiao Tong University School of
Medicine (Shanghai, China). The procedures were conducted in accordance with the guidelines of the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals (Department of Health and Human Services, NIH Publication No. 86-23,
revised 1985) and the policies of the International Association for the Study of Pain regarding the use of laboratory animals. Efforts
were made to minimise suffering due to surgery and to reduce the overall number of animals.

2.2. Chronic pain model (chronic constriction injury of the sciatic nerve)

The mice were anaesthetised with pentobarbital sodium (50 mg/kg body weight) administered intraperitoneally. An incision was
made parallel to the sciatic nerve, and the left sciatic nerve was exposed. Four 5-0° loose intestinal ligations were then performed
around the nerves, with a 1-mm interval between each ligation. The muscles and skin were sutured after the procedure. For the sham
surgery, the sciatic nerve was exposed without any ligation. Local analgesia was provided using lidocaine gel, and a bacitracin
ointment was applied to prevent postoperative infection.

2.3. Preparation of the shRNA-(RAMP1) adeno-associated virus (AAV)

The viral solution used in this study was rAAV-U6-shRNA-(RAMP1)-CMV-EGFP-SV40 pA (AAV2/9, 5E+12 vector genomes/mL)
from BrainVTA, Wuhan, China. The viral vector was rAAV-U6-shRNA-CMV-EGFP [27]. The shRNA was driven by the U6 promoter,
and the EGFP was driven by the CMV promoter. AAV-U6-shRNA(scramble)-CMV-EGFP-SV40 pA was used as a negative control to
eliminate the influence of other interfering factors.

2.4. SDH microinjection

To knockdown RAMP1 expression in the L4/5 SDH, we performed direct SDH microinjection using recombinant adeno-associated
virus 2/9 (AAV2/9) and RAMP1 shRNA. The mice were anaesthetised with isoflurane, and oxygen was delivered through a nasal
catheter at a rate of 0.8-1.0L/min. After anaesthesia, the mice were shaved with an animal razor for skin preparation. The surface of
the mouse’s back skin was disinfected with iodophor, and a 2-3 c¢m incision in the middle of the lower back was made to expose the
lumbar spine. The spine was fixed to the spinal cord adapter to prevent its movement while the mouse was breathing. The surrounding
muscles were separated and removed to expose the L4 and L5 SDH as needed. After SDH exposure, a Hamilton syringe was used to
inject the viral solution (5e+12 v.g./mL, 200 nL at each injection point) into the left L4 and L5 SDH. After the injection, the syringe was
maintained for another 10 min and the skin incision was sutured.

The mice injected with the virus showed no signs of paralysis or other abnormalities, suggesting a minimal immune response to



Y. Qin et al. Heliyon 10 (2024) 35862

virus injection. To confirm the effectiveness of the positive and control AAVs in infecting the SDH, we examined frozen sections of the
left L4-6 SDH to detect the abundance of green fluorescence (EGFP) after behavioural testing. We used the SDH on the contralateral
side to exclude nonspecific emissions and interpret the background fluorescence (Fig. 5C). Each group included 5-10 mice.

2.5. Western blot

Western blot analysis was performed as previously described, with slight modifications [28,29]. The left L4-6 SDH was collected,
flash-frozen, and homogenized in cooled sodium dodecyl sulphate lysis buffer (P0013G, Beyotime). The crude homogenate was
centrifuged at 4 °C for 15 min at 12,000xg, and the supernatant was collected. The protein concentration was measured, and the
samples were heated to 100 °C for 15 min and electrophoresed using sodium dodecyl sulphate-polyacrylamide gel electrophoresis. The
proteins were then transferred onto polyvinylidene difluoride membranes (IPVH00010, Immobilon-P). The membranes were blocked
with 1 % bovine serum albumin at 4 °C overnight and then incubated with anti-RAMP1 antibody (1:2000, ab156575, Abcam,
Cambridge, UK), rabbit polyclonal CRLR antibody (1:2000, NLS6731, Novus Biologicals, Cambridge, UK), HRP anti-beta actin anti-
body (1:2000, ab49900, Abcam), and anti-beta tubulin antibody (1:2000, ab6046, Abcam) at 4 °C overnight under gentle agitation.
The membranes were washed and then incubated with a horseradish peroxidase-conjugated goat anti-rabbit secondary antibody
(1:2000, ab7090, Abcam) for 1 h at room temperature. The blots were detected using the ChemiDoc XRS + System (Bio-Rad, Hercules,
CA, USA), and the band density was measured using Image J software. The experiment was repeated more than twice with a sample
size greater than five each time.

2.6. Immunofluorescence

For immunofluorescence, samples were perfused with phosphate-buffered saline (PBS) and 4 % paraformaldehyde (PFA), and then
fixed in 4 % PFA overnight. The spinal cord was stored in a 20 % sucrose solution overnight at 4 °C and then transferred to a 30 %
sucrose solution until it sank to the bottom. The dehydrated tissues were embedded in an optimal cutting temperature compound, and
20-pm-thick frozen sections were washed with PBS. Subsequently, the sections were treated with immunofluorescence staining
blocking buffer (P0102, Beyotime) for 1 h at room temperature. The primary antibodies used were as follows: rabbit anti-RAMP1
antibody (1:2000, ab156575, Abcam); mouse anti-CGRP antibody (1:1000, ab81887, Abcam); mouse anti-Gfap antibody (1:1000,
ab81887, Abcam); mouse anti-Ibal antibody (1:1000, ab283319, Abcam); rabbit polyclonal CRLR antibody (1:1000, NBP1-59073,
Novus Biologicals); FITC-conjugated isolectin B4 antibody (1:500, L2140-1 MG, Sigma-Aldrich, St Louis, MO, USA); and rabbit
anti-c-Fos antibody (1:500, ab222699, Abcam). Most primary antibodies were stained at 4 °C overnight except for c-Fos, which
required longer staining time of 72 h in a 4 °C. To prevent antibody volatilisation, another c-Fos primary antibody was added at the
36th h of incubation. All sections were incubated with anti-mouse immunoglobulin G (IgG) conjugated to Alexa Fluor® 488 (1:1000,
4408, Cell Signaling Technology) or anti-rabbit IgG conjugated to Alexa Fluor® 594 (1:1000, 8889, Cell Signaling Technology). The
conjugated antibodies were also used for nuclear staining with DAPI. Images were captured with a confocal microscope (Olympus,
FV1200) and processed using Image J software. Each treatment group included 3-4 mice. The experiment was repeated more than
three times, with a sample size of more than three for each group.

2.7. Von frey test

The paw withdrawal thresholds were evaluated using the von Frey test using a series of calibrated hairs ranging from 0.02gto 2.0 g
(Touch Test® Sensory Evaluators, North Coast). Before the experimental operation, the mice were allowed to adapt to the housing
facilities and were treated daily for at least 3 days. The formal test was performed on the central area of the plantar surface of the left
hind paw (0.02, 0, 0.04, 0.07, 0.16, 0.4, 0.6, 1.0, 1.4, and 2.0 g). Each hair sample was combed five times at intervals of 5 s, and three of
the five consecutive hair plucks were considered responsive.

2.8. Laser heat pain (thermal stimulation)

Each mouse was habituated in a small plastic cage (7.5 x 15 x 15 cm) with a vent on a glass plate at the top for 30 min. Laser
heating (Hargreaves Model 390, IITC Life Science) was used to heat the middle of the plantar surface of each hind paw by passing a
beam of light through a hole in the light box and glass plate. The light beam was turned off when the mice lifted their feet, and the time
(latency) from stimulation to foot withdrawal was measured. This experiment was repeated every 10 min, and the average value from
three experiments was obtained. A cutoff time of 20 s was applied to avoid tissue damage.

2.9. Capsaicin pain model

Each mouse was habituated for 3 days, spending 30 min per day in a 50 mL centrifuge tube and a small plastic cage (7.5 x 15 x 15
cm) with air vents on the top of the glass plate and centrifuge tube. The mice were considered well adapted when they exhibited a quiet
state. Each mouse was then placed head-first into the centrifuge tube, and the left hind foot was gently pulled out. Subcutaneous
injection of 20 pL of 0.1 % capsaicin was administered to the foot sole. The mice were subsequently placed in a transparent plastic cage,
and their behaviour was video-recorded 30 min after the injection using a P50 Pocket camera (HAIWEI). The duration of palm-licking
after the injection was recorded. Each behavioural experiment was repeated at least twice, with a sample size of more than five mice
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per group.

For c-Fos immunohistochemistry experiments, mice were placed in mouse cages after the injection of 20 pL of 0.1 % capsaicin on
the soles of their feet. After 30 min, the mice were injected again following the same protocol. A total of four injections were
administered, each lasting for 2 h. Thereafter, the spinal cords were collected as described in section 2.6.

2.10. Intrathecal injection

Mice were anaesthetised with sevoflurane until the righting reflex disappeared. The microsyringe needle was carefully inserted
between the grooves of the L4 and L5 vertebral bodies, and the presence of the tail bullet indicated successful entry into the intradural
space. Once a tail flick was observed, 0.1 mg/kg of a-CGRP (C0292, Sigma Aldrich) was injected.

2.11. Statistical analysis

Data are presented as mean =+ standard error of the mean. Comparisons between two groups and among three or more groups were
performed using the Student’s t-test and one-way analysis of variance, respectively. All statistical analyses were conducted using
GraphPad Prism 8.0. The test level was set at a = 0.05, and differences were considered statistically significant at p < 0.05.

3. Results
3.1. Differences in pain response between the aged and adult mice

We used various pain models and measures to differentiate between aged and adult mice and to understand the impact of aging on
pain. The results showed that aged mice had a higher mechanical pain threshold and longer thermal pain latency (Fig. 1A-B). In
contrast, adult mice exhibited more sensitive nociception after a subcutaneous injection of 0.1 % capsaicin (Fig. 1C).

The thermal paw withdrawal latency test revealed significant differences in the effects of capsaicin injection between the capsaicin-
injected and non-injected paws of adult mice at both 20 min and 40 min (Fig. 1D). While the mechanical pain levels of adult mice
returned to baseline at 10 weeks after CCI, allodynia persisted much longer in aged mice, and their mechanical pain threshold did not
fully recover to baseline within our observation period (Fig. 1E). Additionally, latency values at 6 weeks after CCI were significantly
shorter in aged mice compared to their preoperative values, whereas no significant difference was observed between preoperative and
postoperative values in adult mice (Fig. 1F). Immunofluorescence analysis using c-Fos showed greater activation in adult mice
experiencing capsaicin induced acute pain (Fig. 1G-H), whereas in aged mice, greater activation was observed in the chronic pain
state, specifically at 6 weeks after CCI (Fig. 1I-J). These findings support the idea that aged mice exhibit insensitivity to acute pain
stimuli and experience persistent allodynia in chronic pain.

3.2. CGRP-induced allodynia in adult mice

CGRP participates in nociceptive information transmission from the periphery to the spinal cord. Under physiological conditions,
intrathecal injection of 0.1 mg/kg a-CGRP reduced the mechanical pain threshold in adult mice but had no effect on aged mice
(Fig. 2A). In the chronic pain state, both adult and aged mice showed exacerbated mechanical allodynia, with a further decrease in
threshold (Fig. 2B). Immunofluorescence analysis revealed that nerve fibre terminals containing CGRP primarily terminated in
laminae I, II, and V of the SDH, and no significant difference in CGRP expression was observed between aged and adult mice (Fig. 2C).
Analysis of CGRP levels in plasma and the SDH preoperatively and postoperatively in mice with CCI showed that CGRP increased only
at 2 weeks postoperatively in adult mice, while in aged mice, CGRP increased in the SDH but not in plasma at 6 weeks postoperatively
(Fig. 2D-E). Therefore, we hypothesised that CGRP contributes to allodynia in the aged group.

3.3. Age-dependent changes of RAMP1 expression in chronic pain models

As previously mentioned, CGRP receptors consist of CRLR and RAMP1. Immunofluorescence analysis revealed that neuronal cells
in the SDH highly expressed CRLR and RAMP1. Interestingly, the expression of RAMP1 was significantly reduced in aged mice, while
CRLR expression did not show significant changes (Fig. 3A-B). To analyse these findings further, four mice were selected from each
group, and ten 20-pm-thick slices were collected from each mouse. The fluorescence intensities of CRLR and RAMP1 were measured,
averaged, and compared between the two groups in the left SDH. Two sets of immunofluorescence images were obtained under the
same conditions for comparison, including the material, staining, and confocal development. The voltage, laser intensity, and offset
used for confocal imaging were consistent between the groups. Additionally, it was found through immunofluorescence staining and
subsequent microscopic analysis that RAMP1 did not co-localize with markers for microglia (IBA-1) and astrocytes (GFAP) (Fig. 3C).
Moreover, western blotting results showed a gradual decrease in RAMP1 expression in the SDH with age (Fig. 3D-E)(Supplementary
Figs. 1-3).

Moving on to the expression in the dorsal horn, RAMP1 expression was significantly lower in 18-month-old mice compared to 2-
month-old mice, while CRLR expression did not show significant differences (Fig. 4A-C)(Supplementary Figs. 4-5). In adult mice,
RAMP1 expression in the SDH significantly increased at 2 weeks after CCI, returning to normal levels 6 weeks after CCI. Conversely,
CRLR expression did not show significant changes (Fig. 4D-F)(Supplementary Figs. 6-7). In aged mice, RAMP1 expression in the SDH
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Fig. 1. Aged mice responded to pain stimuli differently from adult mice. A. The mechanical pain threshold was higher in aged mice than in adult
mice (p = 0.0181, n = 10). B. Thermal pain incubation period in aged mice was longer than that in adult mice (p < 0.0001, n = 10). C. Adult mice
were more sensitive to lower-dose capsaicin than aged mice in physiological conditions (10 min: p = 0.0026,15 min: p = 0.0144,25 min: p =
0.0142, n = 5). D. Dynamics of thermal paw withdrawal latency after injection of capsaicin. Significant differences were observed between capsaicin
and contralateral (non-injected) paws in adult mice at both 20 min and 40 min (20 min: p = 0.0313, 40 min: p = 0.0005, n = 5). The bold arrow
indicates the time of injection of capsaicin. E. The trend of mechanical pain threshold in the CCI model. Aged mice showed difficult abnormal
noalgesia and noalgesia after surgery. Adult mice recovered at 4 weeks and 10 weeks after surgery (n = 10). The bold arrow indicates the time of CCI
surgery. F. Aged mice showed a shorter latency of heat pain at 6 weeks after CCI (p = 0.0076), whereas adult mice showed no difference (n = 10).
G-H. Adult mice were more sensitive to acute pain stimuli and had a higher cFos activation in the spinal cord dorsal horn after plantar injection of
capsaicin compared to aged mice (Adult NS vs. Capsaicin: p = 0.0002, Aged NS vs. Capsaicin: p = 0.0449, Aged Capsaicin vs. Adult Capsaicin: p =
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0.0142, n = 3). I-J. Aged mice were more sensitive to chronic pain stimuli and had higher cFos activation in the SDH than adult mice at 6 weeks
after CCI (Aged SHAM vs. CCI 6W: p < 0.0001, Adult CCI 6W vs. Aged CCI 6W: p < 0.0001, n = 3).
CCI, chronic constriction injury; SDH, spinal dorsal horn.
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Fig. 2. Responses of aged and adult mice to CGRP in physiological and chronic pain states. A. In the physiological state, 18-month-old aged mice
responded differently to intrathecal a-CGRP compared to 2-month-old adult mice that showed abnormal nociception after intrathecal a-CGRP and
showed no difference between intrathecal a-CGRP and saline (p = 0.0021, n = 5). B. Both aged and adult mice treated at 6 weeks in the CCI model
showed abnormal nociception after intrathecal injection of a-CGRP in a chronic pain state (Adult: p < 0.0001; Aged: p = 0.0174, n = 5) C. The
distribution of CGRP in SDH, mainly in lamina I-II, showed no difference between adult and aged mice D. The amount of a-CGRP in the blood,
measured by ELISA, for adult and aged mice in the physiological state and after CCI at 2 weeks and 6 weeks after CCI (p = 0.03, n = 4-5). E. The
amount of a-CGRP in the SDH, measured by ELISA, of adult and aged mice in the physiological state and after CCI at 2 weeks and 6 weeks after CCI
(Adult Naive vs CCI 2W: p = 0.0083; Adult Naive vs. CCI 6W: p = 0.0129; Aged Naive vs. CCI 6W: p = 0.0209; Aged CCI 2W vs. CCI 6W: p = 0.0301,
n = 4-5).

CCI, chronic constriction injury; CGRP, calcitonin gene-related peptide; ELISA, enzyme-linked immunosorbent assay; SDH, spinal dorsal horn.
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SDH was co-labelled with the Marker (Neun) of neuronal cells. Aged mice expressed significantly lower RAMP1 than adult mice. B. Immunoflu-
orescence intensity statistics of CRLR and RAMP1 in Fig. 3A. RAMP1 expression in the SDH of aged mice was significantly lower than that of adult
mice (p = 0.0004, n = 4). C. The expression of RAMP1 in the SDH is rarely co-labelled with the astrocyte (Gfap) and microglial (Iba-1) markers. D-E.
The protein expression levels of RAMP1 in the SDH decreased with age (2M vs. 18M: p = 0.002; 2M vs. 36M: p < 0.001, n = 9).

CRLR, calcitonin receptor-like receptor; RAMP1, receptor-active modification protein 1; SDH, spinal dorsal horn.
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Fig. 4. Changes in RAMP1 expression in aged and adult mice under chronic pain conditions. A-C. RAMP1 expression was lower in aged than in
adult mice, and no difference was observed in CRLR expression (p = 0.0244, n = 5). D-F. RAMP1 expression was upregulated at 2 weeks (Adult
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vs. Aged CCI 6W: p = 0.0036, n = 6)

CCI, chronic constriction injury; CRLR, calcitonin receptor-like receptor; RAMP1, receptor-active modification protein 1.

consistently increased after CCI, remaining significantly higher at 6 weeks postoperatively compared to the preoperative physiological
state. However, CRLR expression did not show significant changes (Fig. 4G-I)(Supplementary Figs. 8-9). Based on these results, the
age-related decrease in RAMP1 expression in the SDH seems to be an important factor contributing to the insensitivity to acute pain in
aged mice. Furthermore, the persistent increase in RAMP1 expression in the SDH may explain the persistence of allodynia after CCI.

3.4. AAV-induced reduction of RAMP1 expression and corresponding pain behavioural changes

AAV application successfully downregulated RAMP1 expression in the SDH, as shown in Fig. 5A and B (Supplementary
Figs. 10-11). However, CRLR expression was not affected. On the AAV-injected side of the SDH, the intensity of the green fluorescence
was enhanced, indicating a significant knockdown of RAMP1 expression. In contrast, no green or red fluorescence indicating RAMP1
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Fig. 5. Changes in pain threshold after RAMP1 knockdown in mice under a physiological state. A-B. Four weeks after injecting AAV into the L4-6
SDH of adult mice, RAMP1 was downregulated in the SDH (SHAM vs. shRNA RAMP1: p < 0.0001; shRNA Scramble vs. shtRNA RAMP1: p = 0.0458,
and there was no difference in CRLR expression, n = 7) C. Immunofluorescent expression of RAMP1 was reduced in the L4-6 SDH of adult mice after
a 4-week injection of AAV. Viral expression was concentrated in the dorsal angle range of the spinal cord. D. Mechanical pain thresholds increased in
the RAMP1 knockdown group than in the negative control and sham groups at 3 weeks (8w RAMP1 vs. 8w SHAM: p = 0.0095) and 4 weeks (8w
RAMP1 vs. 8w SHAM: p = 0.0163; 8w RAMP1 vs. 8w scramble: p = 0.0072) (n = 5). E. Thermal pain thresholds increased in the RAMP1 knockdown
group than in the negative control and sham groups at 4 weeks (p < 0.0001, n = 5). F. No nociception occurred after 4 weeks of intrathecal injection
of a-CGRP in the RAMP1 knockdown group adult mice (Adult SHAM: p = 0.0013; Adult shRNA-scramble: p = 0.0396, n = 5)

AAV, adeno-associated virus; CGRP, calcitonin gene-related peptide; RAMP1, receptor-active modification protein 1; SDH, spinal dorsal horn;
s‘hRNA, short hairpin RNA.

expression was observed on the contralateral side (Fig. 5C). At 4 weeks after viral interference with RAMP1 expression in the SDH of
adult mice, the mechanical (Fig. 5D) and thermal pain thresholds (Fig. SE) were significantly higher in the RAMP1 knockdown group
compared to the negative control and sham groups. This suggests that the knockdown of RAMP1 may mimic the physiological
insensitivity to acute pain observed in aged mice. Meanwhile, the CGRP response after intrathecal injection indicated that adult mice
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Fig. 6. Changes in pain threshold after RAMP1 knockdown in aged mice under a chronic pain state. A. At 3 weeks after CCI, the 3-week injection of
sh RNA-RAMP1 in the L4-6 SDH was significantly higher than that in the CCI and control virus groups (6 weeks: 18m RAMP1 vs. 18m CCIL: p =
0.0164; 18m RAMP1 vs. 18m scramble: p = 0.0164; 7 weeks: 18m RAMP1 vs. 18m CCL: p = 0.0121; 18m RAMP1 vs. 18m scramble: p = 0.0242; 8
weeks: 18m RAMP1 vs. 18m CCI: p = 0.0136; 18m RAMP1 vs. 18m scramble: p = 0.0067) and returned to the mechanical pain threshold to
physiological state level at 4 weeks of virus expression (n = 6). B. The thermal pain threshold of aged CCI mice treated with sh RNA-RAMP1 at 5
weeks was significantly higher than that in the CCI and control virus groups, and there was not statistical difference with the SHAM group (Aged
CCL p = 0.0124; Aged CCI + shRNA-Scramble: p = 0.0163, n = 6). C. a-CGRP after intrathecal injection of sh RNA-RAMP1 in the L4-6 SDH for 5
weeks was significantly higher than that in the CCI and control virus groups (Aged CCIL: p = 0.0032; Aged CCI + shRNA-Scramble: p = 0.0112, n =
6).

CCI, chronic constriction injury; CGRP, calcitonin gene-related peptide; RAMP1, receptor-active modification protein 1; SDH, spinal dorsal horn;
shRNA, short hairpin RNA.

10



Y. Qin et al. Heliyon 10 (2024) 35862

with RAMP1 knockdown exhibited similar responses to aged mice, with decreased sensitivity to CGRP and no change in mechanical
pain threshold (Fig. 5F).

To investigate the impact of RAMP1 expression on chronic pain in aged mice, we injected the same AAV in aged mice 3 weeks after
CCI, which is the most painful period. The aged mice with CCI experienced significant pain relief 3 weeks after viral injection (Fig. 6A),
and both their mechanical pain thresholds and thermal pain latencies returned to baseline levels 5 weeks after injection (Fig. 6A-B).
Moreover, no difference in response sensitivity to CGRP was observed between aged mice undergoing the sham operation and those
with RAMP1 knockdown in the CCI group (Fig. 6C). This suggests that RAMP1 knockout reversed the effect of CCI on aged mice, not
only in terms of mechanical pain threshold but also their insensitivity to CGRP.

4. Discussion

This study focused on investigating the phenomenon and mechanism of pain sensitivity in ageing. It was found that aged mice were
not sensitive to acute pain stimulation but experienced persistent allodynia after CCI. This may be attributed to a decrease in the
expression of RAMP1 with ageing and an increase in RAMP1 expression after CCI. The decreased RAMP1 expression resulted in
impaired CGRP signalling, while continuous elevation of RAMP1 led to excessive CGRP signalling. Consequently, aged mice exhibited
bipolar characteristics in terms of acute and chronic pain states.

In general, the level of pain sensitivity in older individuals compared to young people depends on various factors, including the type
of pain stimulation, the site of stimulation, and the pathological state. While some clinicians believe that older people experience less
pain than younger people, current evidence suggests that the older population has specific pain thresholds compared to other age
groups [30-33]. A meta-analysis of over 50 studies found that pain thresholds increase with age [34]. Moreover, the incidence of
asymptomatic myocardial ischemia is clinically associated with age due to the higher pain thresholds observed in older patients [12].
In terms of specific pain sites, the prevalence of headache, abdominal pain, back pain, and chest pain peaks in individuals around the
age of 55 and decreases afterwards [35,36]. Additionally, joint, foot, and leg pain increases with age until 90 years [37,38].
Age-related changes in peripheral nerves mainly affect A-5 fibres, leading to functional, structural, and biochemical modifications.
Overall, pain thresholds tend to increase with age, while pain tolerance thresholds remain constant or decrease. Additional noteworthy
changes in the pain perception system include a significant decrease in descending inhibitory capacity and an associated increase in
central sensitisation [39].

Pharmacokinetics and pharmacodynamics are crucial factors to consider when prescribing analgesics to older patients. Pharma-
cokinetic changes in older patients include reduced absorption, alterations in drug distribution influenced by lipophilicity, enhanced
therapeutic responses to protein-bound drugs due to hypoalbuminemia, as well as diminished hepatic metabolism and renal excretion
[40,41]. Both peripheral and central nervous systems undergo pharmacodynamic changes in ageing individuals. Pre-existing cognitive
deficits, reduced neural myelination, and decreased receptor density may make older patients more susceptible to increased side
effects of commonly prescribed drugs [42]. Furthermore, older patients are more prone to long-term pain, and drugs that target pe-
ripheral sensitisation are less effective [20]. Considering these factors, it is important to fully understand how the nervous system
functions during clinical treatment, including the interactions between pharmacokinetics and pharmacodynamics in older individuals.
In order to investigate the underlying mechanisms and identify potential targets for future therapies, we developed animal models to
simulate these conditions. Our results demonstrated that adult mice were sensitive to painful stimuli in their physiological state,
exhibiting a lower mechanical pain threshold and heat pain latency compared to aged mice. Furthermore, they were susceptible to pain
perception abnormalities even at low concentrations of capsaicin. However, in the context of chronic pain, adult mice recovered from
mechanical hyperalgesia and allodynia sooner than aged mice, as evidenced by the restoration of the mechanical pain threshold after
CCI surgery. These fundamental observations provide a foundation for a comprehensive study on the impact of ageing on pain.

The spinal cord is the first stop in the transfer of peripheral pain information to central receptive regulation and plays a critical role
in the transition from acute to chronic pain [19]. CGRP serves as the primary neurotransmitter that transmits nociceptive information
from peripheral nerves to the spinal cord. Peripheral CGRP-positive nerve endings terminate in the nociceptive areas of the superficial
layer of the spinal cord. CGRP, released from these peripheral nerve endings transmits nociceptive information from the spinal cord
through CRLR receptors on nociceptive sensory-related neurons of the spinal cord [43]. Within this pathway, CGRP interacts with
CRLR receptors on nociceptive sensory neurons. CRLR, a non-canonical G protein-coupled receptor, forms through the
hetero-dimerisation of two different peptides [44]. It demonstrates the highest affinity for CGRP when complexed with RAMP1 [45].
RAMP1 is essential for transporting CRLR to the plasma membrane, where it forms heterodimers to create an intact receptor complex
that can bind agonists [46,47]. Previous bioluminescence resonance energy transfer experiments have shown that CRLR can interact
with signalling partners only in the presence of RAMP1 after CGRP stimulation [48]. Moreover, our results indicate that RAMP1
expression in mouse SDH neurons is age-dependent. RAMP1 expression decreases in the SDH of aged mice in the physiological state
and increases in the chronic pain state. Therefore, the downregulation of RAMP1 in aged mice leads to insensitivity to pain stimuli,
whereas the upregulation of RAMP1 in the CCI model leads to neuropathic pain.

Small interfering RNAs (siRNAs) are accurate and effective for gene modulation. The discovery of siRNAs was first documented in
Caenorhabditis elegans in 1998, and subsequent studies have shown the clinical potential of synthetic siRNA or shRNA in various
diseases, including neurodegenerative diseases [49,50]. siRNA-based therapies have now entered the pharmaceutical market, and
siRNA drugs are becoming the standard model of drug therapy with three drugs already approved and many others in advanced stages
of development [51]. In this study, we used an AAV to target RAMP1 and treat chronic pain in older individuals. Specifically, we
microinjected the rAAV 2/9-U6-shRNA-(RAMP1)-CMV-EGFP virus into the superficial layer at the L4-6 SDH of the mice. This
approach aimed to inhibit RAMP1 expression in neuronal cells within this region. Control mice were microinjected with rAAV
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2/9-U6-shRNA-(Scramble)-CMV-EGFP into the superficial layer of the L4-6 SDH. The behavioural results obtained 3 weeks after the
injection revealed an elevated mechanical pain threshold in both adult and aged mice, and the mechanical pain threshold in aged mice
with chronic pain started to recover. Overall, our results support the idea that RAMP1 is a potential target for chronic pain treatment in
older populations. Therefore, downregulating RAMP1 expression in the dorsal horn may help alleviate chronic pain in older
individuals.

Allodynia, which is the experience of pain triggered by light touch or warmth, is a prominent feature of peripheral neuropathic pain
[52]. This is why we chose to test mechanical pain as a way to better assess the extent of chronic pain in mice after CCI. Initially, we
also considered experimental methods involving non-noxious stimulation, such as the minefield, hanging tail, sugar water preference,
and sticky paper experiments. However, due to the declining exercise ability of mice with age, no experimental method can completely
eliminate all confounding factors. In addition to mechanical and heat pain, we conducted a capsaicin injection experiment to observe
the spontaneous foot-licking behaviours of the mice. This helped to partly compensate for the deficiency in mechanical pain. Capsaicin
injection is a relatively strong inflammatory stimulus that elicits a response in both adult and aged mice. Nevertheless, our study has
some limitations. First, due to limited experimental technology, we were unable to conduct electrophysiological examinations to
determine if SDH neurons respond to a-CGRP after RAMP1 knockdown. Additionally, we did not investigate the sensitivity of aged
mice to acute painful stimuli after RAMP1 overexpression in the SDH. Furthermore, while our study would benefit from more accurate
control groups, such as the inclusion of sham controls in Fig. 2D and E, our primary focus was to compare CGRP changes over time
between the 2-week and 6-week periods under chronic neuropathic pain and to assess differences between adult and aged mice as per
our initial design. In future studies, we plan to add a naive group as a control and improve our experimental design, incorporating
additional control groups, to meet higher standards.

In conclusion, our findings revealed the bipolarized characteristics of aged mice in response to acute and chronic pain using the
acute pain stimulation and a chronic pain model. Insensitivity to pain stimulation in aged mice is associated with age-related
downregulation of the CGRP receptor modification protein RAMP1 in the SDH. Reducing RAMP1 expression in the SDH of adult
mice can decrease their sensitivity to pain stimuli, whereas reducing RAMP1 in the chronic pain state can improve pain abnormalities
and expedite the recovery from chronic pain in aged mice. These results collectively indicate that increased RAMP1 expression and
activity are key factors contributing to hyperalgesia in the context of chronic pain and ageing.

Ethics statement

This research is approved by the Ethnic Committee for Experimental Use of Animals of Shanghai Jiao Tong University School of
Medicine (Document #SYXK-2013-0050).

Data availability statement

The data that support the findings of this study are available on request from the corresponding author. The data are not publicly
available due to privacy or ethical restrictions.

CRediT authorship contribution statement

Yi Qin: Writing — review & editing, Writing — original draft, Visualization, Validation, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization. Xuemei Chen: Methodology, Funding acquisition, Formal analysis,
Data curation, Conceptualization. Zhangjie Yu: Visualization, Validation, Methodology, Investigation, Formal analysis. Xiaoxin
Zhou: Validation, Investigation. Yihao Wang: Validation, Methodology. Qi Li: Methodology. Wanbing Dai: Methodology. Yizhe
Zhang: Methodology. Sa Wang: Writing — review & editing, Writing — original draft. Yinghui Fan: Methodology, Funding acquisition.
Jie Xiao: Writing — review & editing, Investigation, Funding acquisition. Diansan Su: Funding acquisition, Formal analysis,
Conceptualization. Yingfu Jiao: Writing — review & editing, Writing — original draft, Supervision, Project administration, Method-
ology, Formal analysis, Data curation, Conceptualization. Weifeng Yu: Supervision, Project administration, Funding acquisition, Data
curation, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Acknowledgments

This study was supported by grants from the National Natural Science Foundation of China (Nos. 81874371, 32030043, 82371478,
82201369, 32170995, 81970995 and U21A20357), Shanghai Science and Technology Commission Medical Innovation Research
Special Fund (21Y11906000), and Shanghai Engineering Research Center of Peri-operative Organ Support and Function Preservation

(20DZ2254200).

12



Y. Qin et al. Heliyon 10 (2024) 35862

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2024.e35862.

References

[1]
[2]
[3]

[4]
[5]

(6]
[71

[8]
[91

[10]

[11]
[12]

[13]
[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]
[24]
[25]
[26]

[27]
[28]

[29]

[30]
[31]

[32]
[33]
[34]

[35]

[36]
[37]

[38]
[39]

[40]
[41]
[42]
[43]

[44]
[45]

[46]

B.H. Smith, W.A. Chambers, W.C. Smith, Chronic pain: time for epidemiology, J. R. Soc. Med. 89 (4) (1996) 181-183.

T.J. Smith, B.E. Hillner, The cost of pain, JAMA Netw. Open 2 (4) (2019) e191532.

A. Tsang, M. Von Korff, S. Lee, J. Alonso, E. Karam, M.C. Angermeyer, et al., Common chronic pain conditions in developed and developing countries: gender
and age differences and comorbidity with depression-anxiety disorders, J. Pain 9 (10) (2008) 883-891.

S.G. Leveille, R.N. Jones, D.K. Kiely, J.M. Hausdorff, R.H. Shmerling, J.M. Guralnik, et al., Chronic musculoskeletal pain and the occurrence of falls in an older
population, JAMA 302 (20) (2009) 2214-2221.

L. Bernfort, B. Gerdle, M. Rahmqvist, M. Husberg, L. Levin, Severity of chronic pain in an elderly population in Sweden-impact on costs and quality of life, Pain
156 (3) (2015) 521-527.

M.H. Pitcher, M. Von Korff, M.C. Bushnell, L. Porter, Prevalence and profile of high-impact chronic pain in the United States, J. Pain 20 (2) (2019) 146-160.
D. Burke, B.M. Fullen, D. Stokes, O. Lennon, Neuropathic pain prevalence following spinal cord injury: a systematic review and meta-analysis, Eur. J. Pain 21 (1)
(2017) 29-44.

Z. Yongjun, Z. Tingjie, Y. Xiaoqiu, F. Zhiying, Q. Feng, X. Guangke, et al., A survey of chronic pain in China, Libyan J. Med. 15 (1) (2020) 1730550.

A. Fayaz, P. Croft, R.M. Langford, L.J. Donaldson, G.T. Jones, Prevalence of chronic pain in the UK: a systematic review and meta-analysis of population studies,
BMJ Open 6 (6) (2016) e010364.

D.G. Ririe, T.L. Vernon, J.R. Tobin, J.C. Eisenach, Age-dependent responses to thermal hyperalgesia and mechanical allodynia in a rat model of acute
postoperative pain, Anesthesiology 99 (2) (2003) 443-448.

A.F. Domenichiello, C.E. Ramsden, The silent epidemic of chronic pain in older adults, Prog. Neuro-Psychopharmacol. Biol. Psychiatry 93 (2019) 284-290.
C. Lucantoni, S. Marinelli, A. Refe, F. Tomassini, R. Gaetti, Course of pain sensitivity in aging: pathogenetical aspects of silent cardiopathy, Arch. Gerontol.
Geriatr. 24 (3) (1997) 281-286.

W.P. Chapman, C.M. Jones, Variations in cutaneous and visceral pain sensitivity in normal subjects, J. Clin. Invest. 23 (1) (1944) 81-91.

S. Lautenbacher, J.H. Peters, M. Heesen, J. Scheel, M. Kunz, Age changes in pain perception: a systematic-review and meta-analysis of age effects on pain and
tolerance thresholds, Neurosci. Biobehav. Rev. 75 (2017) 104-113.

F. Moehring, P. Halder, R.P. Seal, C.L. Stucky, Uncovering the cells and circuits of touch in normal and pathological settings, Neuron 100 (2) (2018) 349-360.
A.J. Todd, Identifying functional populations among the interneurons in laminae I-III of the spinal dorsal horn, Mol. Pain 13 (2017) 1744806917693003.

C. Peirs, R.P. Seal, Neural circuits for pain: recent advances and current views, Science 354 (6312) (2016) 578-584.

D.I. Hughes, A.J. Todd, Central nervous system targets: inhibitory interneurons in the spinal cord, Neurotherapeutics 17 (3) (2020) 874-885.

A.L Basbaum, D.M. Bautista, G. Scherrer, D. Julius, Cellular and molecular mechanisms of pain, Cell 139 (2) (2009) 267-284.

A. Tinnirello, S. Mazzoleni, C. Santi, Chronic pain in the elderly: mechanisms and distinctive features, Biomolecules 11 (8) (2021).

M.L. Ko, M.A. King, T.L. Gordon, T. Crisp, The effects of aging on spinal neurochemistry in the rat, Brain Res. Bull. 42 (2) (1997) 95-98.

K. Iwata, T. Fukuoka, E. Kondo, Y. Tsuboi, A. Tashiro, K. Noguchi, et al., Plastic changes in nociceptive transmission of the rat spinal cord with advancing age,
J. Neurophysiol. 87 (2) (2002) 1086-1093.

R. Greco, C. Tassorelli, G. Sandrini, P. Di Bella, S. Buscone, G. Nappi, Role of calcitonin gene-related peptide and substance P in different models of pain,
Cephalalgia 28 (2) (2008) 114-126.

Y. Kuraishi, N. Hirota, Y. Sato, Y. Hino, M. Satoh, H. Takagi, Evidence that substance P and somatostatin transmit separate information related to pain in the
spinal dorsal horn, Brain Res. 325 (1-2) (1985) 294-298.

R.J. Traub, A. Solodkin, M.A. Ruda, Calcitonin gene-related peptide immunoreactivity in the cat lumbosacral spinal cord and the effects of multiple dorsal
rhizotomies, J. Comp. Neurol. 287 (2) (1989) 225-237.

R.E. Yarwood, W.L. Imlach, T. Lieu, N.A. Veldhuis, D.D. Jensen, Herenbrink C. Klein, et al., Endosomal signaling of the receptor for calcitonin gene-related
peptide mediates pain transmission, Proc Natl Acad Sci U S A 114 (46) (2017) 12309-12314.

H. Wakimoto, J.G. Seidman, R.S.Y. Foo, J. Jiang, AAV9 delivery of shRNA to the mouse heart, Curr. Protoc. Mol. Biol. 115 (2016) 23.16.1-23.16.9.

F.E. Atianjoh, M. Yaster, X. Zhao, K. Takamiya, J. Xia, E.B. Gauda, et al., Spinal cord protein interacting with C kinase 1 is required for the maintenance of
complete Freund’s adjuvant-induced inflammatory pain but not for incision-induced post-operative pain, Pain 151 (1) (2010) 226-234.

Q. Li, Z.Y. Zhu, J. Lu, Y.C. Chao, X.X. Zhou, Y. Huang, et al., Sleep deprivation of rats increases postsurgical expression and activity of L-type calcium channel in
the dorsal root ganglion and slows recovery from postsurgical pain, Acta Neuropathol Commun 7 (1) (2019) 217.

T. Taverner, The evidence on perceptions of pain in older people, Nurs. Times 101 (36) (2005) 36-38.

Y.H. Lin, S.C. Hsieh, C.C. Chao, Y.C. Chang, S.T. Hsieh, Influence of aging on thermal and vibratory thresholds of quantitative sensory testing, J. Peripher. Nerv.
Syst. 10 (3) (2005) 269-281.

M.C. Chakour, S.J. Gibson, M. Bradbeer, R.D. Helme, The effect of age on A delta- and C-fibre thermal pain perception, Pain 64 (1) (1996) 143-152.

R.D. Helme, S. McKernan, Neurogenic flare responses following topical application of capsaicin in humans, Ann. Neurol. 18 (4) (1985) 505-509.

J.A. Mayhew, M.J. Cummins, E.T. Cresswell, R.J. Callister, D.W. Smith, B.A. Graham, Age-related gene expression changes in lumbar spinal cord: implications
for neuropathic pain, Mol. Pain 16 (2020) 1744806920971914.

H.I. Andersson, G. Ejlertsson, I. Leden, C. Rosenberg, Chronic pain in a geographically defined general population: studies of differences in age, gender, social
class, and pain localization, Clin. J. Pain 9 (3) (1993) 174-182.

M. Von Korff, S.F. Dworkin, L. Le Resche, A. Kruger, An epidemiologic comparison of pain complaints, Pain 32 (2) (1988) 173-183.

K.A. Herr, P.R. Mobily, R.B. Wallace, Y. Chung, Leg pain in the rural lowa 65+ population. Prevalence, related factors, and association with functional status,
Clin. J. Pain 7 (2) (1991) 114-121.

D.G. Borenstein, Epidemiology, etiology, diagnostic evaluation, and treatment of low back pain, Curr. Opin. Rheumatol. 13 (2) (2001) 128-134.

A. Paladini, M. Fusco, S. Coaccioli, S.D. Skaper, G. Varrassi, Chronic pain in the elderly: the case for new therapeutic strategies, Pain Physician 18 (5) (2015)
E863-E876.

L. Gagliese, R. Melzack, Chronic pain in elderly people, Pain 70 (1) (1997) 3-14.

M.C. Bicket, J. Mao, Chronic pain in older adults, Anesthesiol. Clin. 33 (3) (2015) 577-590.

E. Spina, M.G. Scordo, Clinically significant drug interactions with antidepressants in the elderly, Drugs Aging 19 (4) (2002) 299-320.

Y. Yu, T. Lundeberg, L.C. Yu, Role of calcitonin gene-related peptide and its antagonist on the evoked discharge frequency of wide dynamic range neurons in the
dorsal horn of the spinal cord in rats, Regul. Pept. 103 (1) (2002) 23-27.

F.A. Russell, R. King, S.J. Smillie, X. Kodji, S.D. Brain, Calcitonin gene-related peptide: physiology and pathophysiology, Physiol. Rev. 94 (4) (2014) 1099-1142.
S. Iyengar, M.H. Ossipov, K.W. Johnson, The role of calcitonin gene-related peptide in peripheral and central pain mechanisms including migraine, Pain 158 (4)
(2017) 543-559.

K. Kuwasako, Y.N. Cao, C.P. Chu, S. Iwatsubo, T. Eto, K. Kitamura, Functions of the cytoplasmic tails of the human receptor activity-modifying protein
components of calcitonin gene-related peptide and adrenomedullin receptors, J. Biol. Chem. 281 (11) (2006) 7205-7213.

13


https://doi.org/10.1016/j.heliyon.2024.e35862
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref1
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref2
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref3
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref3
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref4
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref4
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref5
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref5
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref6
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref7
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref7
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref8
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref9
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref9
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref10
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref10
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref11
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref12
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref12
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref13
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref14
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref14
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref15
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref16
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref17
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref18
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref19
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref20
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref21
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref22
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref22
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref23
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref23
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref24
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref24
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref25
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref25
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref26
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref26
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref27
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref28
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref28
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref29
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref29
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref30
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref31
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref31
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref32
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref33
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref34
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref34
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref35
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref35
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref36
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref37
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref37
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref38
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref39
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref39
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref40
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref41
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref42
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref43
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref43
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref44
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref45
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref45
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref46
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref46

Y. Qin et al. Heliyon 10 (2024) 35862

[47] J.M. Booe, M.L. Warner, A.M. Roehrkasse, D.L. Hay, A.A. Pioszak, Probing the mechanism of receptor activity-modifying protein modulation of GPCR ligand
selectivity through rational design of potent adrenomedullin and calcitonin gene-related peptide antagonists, Mol. Pharmacol. 93 (4) (2018) 355-367.

[48] M. Héroux, B. Breton, M. Hogue, M. Bouvier, Assembly and signaling of CRLR and RAMP1 complexes assessed by BRET, Biochemistry 46 (23) (2007)
7022-7033.

[49] P.N. Pushparaj, J.J. Aarthi, J. Manikandan, S.D. Kumar, siRNA, miRNA, and shRNA: in vivo applications, J. Dent. Res. 87 (11) (2008) 992-1003.

[50] P.E. Saw, E.W. Song, siRNA therapeutics: a clinical reality, Sci. China Life Sci. 63 (4) (2020) 485-500.

[51] M.M. Zhang, R. Bahal, T.P. Rasmussen, J.E. Manautou, X.B. Zhong, The growth of siRNA-based therapeutics: updated clinical studies, Biochem. Pharmacol. 189
(2021) 114432.

[52] T.S. Jensen, N.B. Finnerup, Allodynia and hyperalgesia in neuropathic pain: clinical manifestations and mechanisms, Lancet Neurol. 13 (9) (2014) 924-935.

14


http://refhub.elsevier.com/S2405-8440(24)11893-2/sref47
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref47
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref48
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref48
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref49
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref50
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref51
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref51
http://refhub.elsevier.com/S2405-8440(24)11893-2/sref52

	Spinal RAMP1-mediated neuropathic pain sensitisation in the aged mice through the modulation of CGRP-CRLR pain signalling
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Chronic pain model (chronic constriction injury of the sciatic nerve)
	2.3 Preparation of the shRNA-(RAMP1) adeno-associated virus (AAV)
	2.4 SDH microinjection
	2.5 Western blot
	2.6 Immunofluorescence
	2.7 Von frey test
	2.8 Laser heat pain (thermal stimulation)
	2.9 Capsaicin pain model
	2.10 Intrathecal injection
	2.11 Statistical analysis

	3 Results
	3.1 Differences in pain response between the aged and adult mice
	3.2 CGRP-induced allodynia in adult mice
	3.3 Age-dependent changes of RAMP1 expression in chronic pain models
	3.4 AAV-induced reduction of RAMP1 expression and corresponding pain behavioural changes

	4 Discussion
	Ethics statement
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


