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Elucidation of the treatment
mechanism of pulsed
radiofrequency based on its
antiinflammatory effects
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Yoichi Matsuda?, Yuji Fujino® & Shoichi Shimada?3*

Pulsed radiofrequency (PRF) is recognized as an effective pain relief for treating chronic pain,

though the mechanism of the analgesic effect remains unclear. Recent studies have focused on the
potential anti-inflammatory effect in analgesia through PRF. Therefore, we investigated the anti-
inflammatory effects of PRF using the knee pain mouse models induced by monoiodoacetic acid. Our
findings demonstrated that PRF on the sciatic nerve significantly reduces knee pain, synovitis, and
inflammatory cytokines, thereby supporting the hypothesis that PRF exerts an anti-inflammatory
effect. Moreover, a tracer study and western blotting analysis revealed that PRF inhibited axonal
transport in small dorsal root ganglion (DRG) neurons in the spinal cord and suppressed the secretion
of calcitonin gene-related peptide (CGRP) and substance P (SP), both of which are associated with
persistent inflammation, into the knee joint. Finally, the administration of both CGRP and SP agonists
to the knee joint nullified the analgesic and anti-inflammatory effects of PRF. In conclusion, our studies
revealed that PRF exerted analgesic effects based on anti-inflammatory effects through inhibition of
CGRP and SP secretion caused by impaired axonal transport in small DRG neurons. We hope that these
findings will lead to further dissemination of PRF treatment in the future.

Keywords Pulsed radiofrequency, Anti-inflammatory effect, Analgesic effect, Calcitonin gene-related
peptide, Substance p, Knee pain

Pulsed Radiofrequency (PRF) treatment has emerged as a significant advancement in the management of
chronic pain, providing a minimally invasive alternative to traditional pain management techniques. PRF
involves positioning a special needle probe close to the targeted nerve and connecting it to a machine that
generates radio waves. These radio waves are generated from the tip of the needle probe, affecting the nerve.
Unlike continuous radiofrequency (CRF), which generates heat to disrupt nerve function, PRF delivers electrical
energy in short, controlled bursts, allowing for the modulation of pain signals without significant thermal
damage to surrounding tissues'. This characteristic feature is crucial for its application in sensitive or densely
innervated areas where traditional methods might pose a higher risk of complications.

PRF shows versatility in managing chronic pain, with evidence supporting its application in conditions
such as cervical radicular pain’lumbar radicular pain’postherpetic neuralgia‘and shoulder joint pain®. For
trigeminal neuralgia and facet joint pain®’the superiority of CRF over PRF is well-established, underscoring
thermocoagulation’s advantage in these specific cases. However, PRF has shown utility in other painful conditions
such as knee pain, occipital neuralgia, perineal pain, and carpal tunnel syndrome, and the potential for broad
applicability in pain management®.

While PRF is a promising therapeutic approach, the exact mechanism in pain alleviation remains poorly
understood. It is suggested that PRF exerts its pain-relieving effects through a complex interaction with biological
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processes. Reportedly, PRF may lead to an increase in cytosolic calcium concentration, which plays a crucial role
in various cellular functions including neurotransmitter release and gene expression®. Another report suggested
that PRF might modulate pain perception through the activation of noradrenergic and serotonergic descending
pain inhibitory pathways via the enhancement of endogenous opioid signaling'’. Moreover, PRF may contribute
to a reduction in the formation of free radical molecules, which are known to cause tissue damage and pain
through oxidative stress mechanisms!""!2. Among some explored hypotheses, the suppression of microglial
proliferation within the dorsal horn of the spinal cord emerged as a key mechanism, potentially addressing the
inflammatory basis of chronic pain'’. Additionally, it is thought that PRF may modulate immune responses that
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«Fig. 1. Pulsed radiofrequency (PRF) alleviated symptoms of knee pain in mouse models. (a) Animal
experimental schedule. The knee pain mouse models were established by a joint injection of MIA in saline
(red arrow). The behavioral tests were performed on days 0, 1, 3, 7, 10, and 14 (yellow arrows). PRF or sham
operation was performed on day 7 (left arrow). Tissue collection was done on day 14 (right arrow). (b)
Representative photos during PRF (left: catheterized procedures for PRF or sham operation, right: grounding
of the catheter tip and sciatic nerve). Red line: catheter needle; Yellow arrow: sciatic nerve. (c) Representative
photos during the weight-bearing test. (d) Representative photograph during the foot stamp test. (e) The bar
graphs of the average value of the weight-bearing test at 0, 1, 3, 7, 10, and 14 days. White: Sham and Grey:
PREF group. Normal: 0 day, knee pain (pre-PRF): 1, 3, 7 days, and knee pain (post PRF): 10, 14 days. Data are
presented as mean * SD. Statistical analysis was performed using one-way repeated-measures ANOVA within
each group to evaluate time-dependent changes, and unpaired t-tests were used to compare PRF and Sham
groups at each time point. fp<0.05 vs. 0 day in the sham group, *p <0.05 vs. 0 day in the PRF group normal,
*p<0.05, **p <0.01 vs. the sham group on the same day. (f) The bar graphs of the average value of the foot
stamp test at 0, 1, 3, 7, 10, and 14 days. White: Sham and Grey: PRF group. Normal: 0 day, knee pain (pre-PRF):
1, 3, 7 days, and knee pain (post-PRF): 10, 14 days. Data are presented as mean + SD. Statistical analysis was
performed using one-way repeated-measures ANOVA within each group to evaluate time-dependent changes,
and unEaired t-tests were used to compare PRF and Sham groups at each time point. p <0.05 vs. 0 day in sham
group, °p <0.05 vs. 0 day in the PRF group normal, *p <0.05, **p <0.01 vs. the sham group on the same day.
(g) Representative photomicrograph of safranin O staining in the knee joint (top left: sham; top right: PRF;
bottom: contralateral). Black arrows: knee cartilage. Scale bar: 50 pm. (h) The bar graphs of the average value of
the Mankin score. White: Sham and Grey: PRF group.

contribute to the pain pathway'*!®. In fact, PRF reduced the levels of pro-inflammatory cytokines, which are

key mediators of inflammation and pain'®. Taken together, it is hypothesized that PRF can effectively disrupt
pain signal transmission and reduce pain, highlighting its potential as a therapeutic tool in the management of
chronic pain conditions.

In our study, we selected the monoiodoacetic acid (MIA) induced knee pain model in mice to investigate
the anti-inflammatory and analgesic effects of PRE. The MIA model effectively mimics key aspects of knee
pain, including joint inflammation, resultant pain and cartilage loss'’making it an apt choice for assessing the
potential anti-inflammatory benefits of PRE. We focused on the anti-inflammatory effect and tried to elucidate
the complex mechanism of PRF using the mouse model of chronic pain.

Results

PRF alleviated pain associated with knee pain mouse model

To investigate the analgesic effect of PRF in a mouse knee pain model, we performed weight-bearing and foot
stamp tests using an MIA-induced knee pain mouse model. The baseline measurement in the weight-bearing test
in the sham and PRF groups before MIA treatment was approximately 0.5, and the mice were homogeneously
loaded between the right and left hind limbs. After an injection of MIA into the right knee joint, reduction of
the load on the right hind paw in both groups was observed at 1 day that persisted until 7 days after injection.
Whereas load imbalance was detected until day 14 in the sham group, it improved on day 10 in the PRF group
(p=0.019), and this improvement persisted until 14 days after injection (p=0.0032) (Fig. le). Subsequently,
a foot stamp test was performed for the sham and PRF groups. Before the administration of MIA, the stride
lengths of both groups were almost 1 and were equal on both the left and right sides. After MIA injection to
the right knee joint, the mice’s gait seemed as if they were protecting their right hind paw and the stride length
between the left and right sides differed; the right stride length of both groups showed a significant decrease
(Fig. 1f). Repeated-measures ANOVA was conducted to evaluate time-dependent changes in behavioral tests
within each group. In the weight-bearing test, a significant main effect of time was observed in both the Sham
group [F (5, 45) =27.75, p<0.0001] and the PRF group [F (5, 45) =15.65, p<0.0001]. Similarly, in the foot stamp
test, a significant main effect of time was found in the Sham group (F(5, 45)=11.89, p<0.0001) and the PRF
group [F (5, 45) =8.53, p<0.0001]. These results indicate that both groups exhibited significant time-dependent
changes. Notably, the F-values were higher in the Sham group, suggesting that the magnitude of behavioral
changes was more pronounced in untreated animals, and that PRF may have attenuated the progression of
pain-related behaviors. Whereas the ratio of the stride length of the sham group remained the same until day
14, the stride imbalance of the PRF group significantly improved from day 10 onward (days 10: p=0.038, days
14: p=0.0014).

To investigate whether the results of the behavioral test were caused by differences in the degree of knee
articular cartilage loss between the sham and PRF groups, a pathological analysis with safranin staining was
performed, in which the cartilage was detected using mouse knee joint tissue 14 days after injection. The results
showed that the left knees in both groups exhibited normal knee joints with the Mankin score (Table 1) of 0,
whereas the right knees treated with MIA showed a significant decrease in knee cartilage regardless of PRF
treatment (Fig. 1g). The Mankin score of the right knee was 7.25+0.089 in the sham group and 7.0£0.93 in
the PRF group (Fig. 1h). There was no significant difference in the joint deformity between the sham and PRF
groups.

Next, to determine whether PRF treatment affects normal nerves, we performed comparative analyses using
PRF-treated and sham-treated normal mice, using various behavioral tests to evaluate motor function, etc.
Spontaneous activity measurement tests (Fig. 2a) and rotarod tests (Fig. 2b) showed no significant differences
in spontaneous activity, motor coordination, or sense of balance between the two groups. In addition, an open-
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Modified Mankin score

Structure Matrix staining

Normal 0 | Normal slight reduction | 0
Surface irregularities 1 | Slight reduction 1
Pannus and surface irregularities | 2 | Moderate reduction 2
Clefts to transitional zone 3 | Severe reduction 3
Clefts to calcified zone 4 | No staining 4
Complete disorganization 5

Cellular abnormalities

Normal 0

Diffuse hypercellularity 1 | Tidemark integrity
Clusters 2 | Intact 0
Hypocellularity 3 | Destroyed 1

Table 1. The Mankin score. The sectional edges of the cartilage were not used because of the high artifacts.
Disorganization should occur in at least 25% of sections.

field test revealed that PRF treatment did not affect motor function (Fig. 2c—f). Furthermore, the neuromuscular
reflexes of mice were examined using the tail suspension test. Regardless of whether they were treated with PRF
or not, all mice analyzed showed normal leg posture, which is a neuromuscular reflex (Fig. 2g). In addition, we
performed the weight-bearing and foot stamp tests in normal mice to examine whether PRF affects gait or limb
loading in the absence of inflammation. Consistent with other motor function tests, no significant differences
were observed between the PRF and sham groups (Fig. 2h, i). These behavioral test results demonstrated that
PRF treatment did not affect normal neurons.
Taken together, these findings demonstrated that PRF alleviated knee pain without altering knee cartilage.

PRF alleviated knee inflammation associated with knee pain mouse model

Next, we investigated the effect of PRF on knee inflammation through pathological analysis using HE-stained
specimen of the mouse knee 14 days after MIA injection. No cell infiltration was observed in the left hind paw
of either group or the infrapatellar fat pad showed a network structure. In contrast, many cells had infiltrated the
synovial membrane and fat pad in the right limb of the sham group. However, the right limb in the PRF group
showed less cell invasion into synovial membrane and fat pad. The sham and PRF groups were quantitatively
compared by calculating the ratio of the area other than fat pad in the synovium (Inflammatory damage area)
to total synovial and fat pad area. There was no significant difference in the left knee in either group (p=0.98);
however, the eosin-stained area in the right knee was significantly larger than that in the left knee (p =0.0023)
(Fig. 3a, b). The infiltration of immune cells, particularly macrophages, into the synovium, is a representative
histological change representing knee inflammation in knee arthritis'®!°. Since macrophages play a major role
in synovitis, immunofluorescence staining with a macrophage-specific F4/80 antibody in the damaged area
identified by HE staining was performed. Although in both groups, macrophage infiltration was observed in
the synovium and infrapatellar fat pad of the right hind paw (Fig. 3c), there was significantly less macrophage
infiltration in the PRF group than in the sham group (p<0.001) (Fig. 3d). No macrophage infiltration was
observed in the left knee of either group. Because knee pain is correlated with synovitis in knee pain®’we
also analyzed the correlation between the two behavioral tests and synovitis. When correlation analysis was
performed separately for each group, PRF-treated mice showed a stronger correlation between synovitis markers
(H&E staining, F4/80 staining) and weight-bearing test results (H&E: R? = 0.41, F4/80: R? = 0.63), suggesting
a potential association between PRF-mediated anti-inflammatory effects and pain improvement (Fig. 3e). In
addition to groupwise analysis, we also calculated the correlation using all samples regardless of group. The
coefficient of determination (R?) between weight-bearing test results and HE-stained inflammatory area was
0.570, and that between weight-bearing test results and F4/80-positive area was 0.607. Considering these results,
these findings suggest an association between knee pain and synovitis.

Subsequently, to confirm the anti-inflammatory effect of PRE, we analyzed the expression of inflammatory
cytokines such as interleukin-1 beta (IL-1p), tumor necrosis factor-alpha (TNF-a), and interleukin-6 (IL-6)
using qPCR. The qPCR data demonstrated that the expression of all inflammatory cytokines in the right knee
was significantly higher than that in the left knee in both groups, and the PRF group showed a significant decrease
in the levels of all inflammatory markers compared with the sham group (IL-1p: p=0.0093, IL-6: p=0.0038,
TNF-a: p<0.001) (Fig. 3f). In contrast, in normal mice, no mRNA expression of inflammatory cytokines was
detected, regardless of whether or not they were treated with PRF (Supplementary Fig. 1a).

Taken together, these findings demonstrated that PRF alleviated knee pain by suppressing arthritis.

PRF impaired axonal transport in only small neurons of the 4th lumbar spinal DRG

According to a report on electron microscopy, the electromagnetic field generated by PRF has a greater
effect on nerve fibers with smaller diameters?!. The analgesic effect of PRF might stem from a process akin to
neuromodulation, affecting either the synaptic transmission or the excitability of C-fibers?2. Therefore, we focused
on the C-fibers, which extend from the small neurons of the DRG, as the key to elucidating the mechanism of
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action of PRE. To investigate whether PRF impaired axonal transport in small neurons of the 4th lumbar spinal
DRG (L4-DRG) that composes the sciatic nerve, we performed a retrograde nerve tracer study using Fast Blue
24 h before tissue removal and a comparative analysis by counterstaining with Nissl stain (Fig. 4a, b). The L4-
DRG neurons were divided into two types: small neurons (cells with nuclei < 30 um in diameter) and other large
neurons, and the number of each cell was counted. There was no significant difference in the percentage of Fast
Blue-positive neurons among all L4-DRG neurons between the two groups (p =0.29), but the percentage of Fast
Blue-positive small neurons in the PRF group was significantly lower than that in the sham group (p=0.038)
(Fig. 4c, d). To confirm that PRF affected the axonal transport of L4-DRG small neurons, we performed double
staining with Fast Blue and peripherin, a small DRG neuronal marker?’. The results revealed that the percentage
of double-positive cells was significantly lower in the PRF group than in the sham group (p=0.0034) (Fig. 4e,
f). In contrast, the tracer analysis of the normal side showed no significant difference between the sham and the
PRF group, and the positive cell rate showed a similar tendency to that of the affected side in the sham group
(Supplementary Fig. 2). Furthermore, tracer analysis of PRF-treated healthy mice revealed that PRF had a small
but not significant effect on DRG axons (Supplementary Fig. 1c).

Taken together, these findings demonstrated that PRF inhibited axonal transport especially in small neurons
of the L4-DRGs projecting to the knee joint.

PRF inhibited the secretion of CGRP and SP, which May have a persistent inflammatory
effect on the knee joint
Small DRG neurons are reported to release CGRP and SP both anterogradely and retrogradely, potentially playinga
role in chronic inflammation?*-?”. Moreover, Aso et al. reported that CGRP-positive lumbar spinal DRG neurons
were increased in knee pain rat models compared with normal rats?®. Furthermore, inflammatory mediators
such as inflammatory cytokines released by MIA-induced chondrocyte destruction and synovitis promote the
release of CGRP and SP from DRG neurons projecting to the joint via activation of pain receptors?**’. Therefore,
we hypothesized that CGRP and SP may be involved in the persistence of inflammation in knee pain mouse
models and investigated whether arthritis and PRF affected the expression of CGRP and SP in the knee. Western
blot analysis revealed that the expression of both CGRP and TACI1, which is the precursor to SP, increased
in the right knee than in the left knee in both groups, but the expression in the PRF group was significantly
decreased compared to that in the sham group (CGRP: p=0.047, TACI: p=0.013) (Fig. 5a-c, Supplementary
Fig. 4). In contrast, in normal mice, no expression of CGRP or SP was detected, regardless of whether or not they
were treated with PRF (Supplementary Fig. 1d-f). Furthermore, tracer analysis using fluorescent dextran as an
anterograde tracer was performed to determine whether the PRF affected the projection of the L4-DRG to the
joint. As a result, it was revealed that the positive signals of the DRG nerve terminals projecting to the knee joint
were reduced compared to the sham group (Supplementary Fig. 3).

Taken together, these data revealed that PRF inhibited the secretion of CGRP and SP associated with arthritis
into the knee joint via axonal damage to L4-DRG small neurons.

Administration of CGRP and SP agonists to the knee joint nullified the effects of PRF

To investigate whether the effect of PRF was due to the inhibition of CGRP and SP secretion, we conducted
experiments using agonists. Each agonist was administered 6 days after PRF treatment (13 days after the
injection of MIA). Symptoms associated with knee pain were assessed at 0-7 days after PRF treatment (7-
14 days after the injection of MIA) using two behavioral tests (Fig. 6a). Consistent with previous results, PRF
ameliorated hind limb load imbalance and gait deterioration associated with knee pain (Fig. 6b and c). However,
statistical analysis using one-way ANOVA followed by post-hoc multiple comparison tests revealed that these
effects of PRF were negated by the administration of both CGRP and SP agonists to the knee joint (weight-
bearing test: p <0.001, foot stamp test: p=0.007). CGRP or SP agonist alone did not significantly alter the effect
of PRE Finally, proinflammatory cytokine expression was analyzed using qPCR to determine whether agonist
administration nullified the anti-inflammatory effects of PRE. Administration of both agonists also nullified
the anti-inflammatory effects of PRF (IL-1p: p=0.0024, IL-6: p =0.0084, TNF-a: p=0.0025) (Fig. 6d). CGRP or
SP agonists alone could not cancel out the effects of PRE Taken together, the analgesic and anti-inflammatory
effects of PRF were exerted by suppressing the secretion of both CGRP and SP.

Discussion
Recent evidence underscores PRF as a promising intervention for chronic pain management, characterized
by minimal adverse effects. However, the precise mechanisms underlying its analgesic and anti-inflammatory
actions remain unclear. This study was conducted on the hypothesis that PRF’s analgesic effects are intricately
linked to its ability to mitigate inflammation. Using an MIA-induced knee pain mouse model, we investigated
in detail the effect of PRF on anti-inflammatory effect and analgesia. Our findings revealed that PRF not only
ameliorated mechanical stress-related symptoms, such as hind limb weight imbalance and gait deterioration,
but also significantly reduces immune cell infiltration and proinflammatory cytokine expression within the
knee joint. Moreover, the tracer study and Western blotting analysis demonstrated that PRF selectively inhibited
axonal transport in small DRG neurons, which may lead to a diminished peripheral release of CGRP and SP.
This reduction was particularly significant as it suggested a potential anti-inflammatory role for PRE, given that
CGRP and SP were increasingly recognized for their contributions to modulating inflammatory responses.
Recent papers indicate a growing interest in the anti-inflammatory capabilities of PRE. In the animal
experiments using pain mouse and rat models, it has been revealed that PRF reduces inflammatory cytokines
in the affected area*"*’reduces oxidative stress related to the persistence of inflammation®*and suppresses the
activation of microglia in the spinal cord related to central sensitization**~%. In clinical studies, a reduction
in inflammatory cytokines by PRF was observed in patients with pain®***. To clarify the relationship between
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analgesia and anti-inflammation, the MIA-induced knee pain mouse model was chosen specifically for its
relevance to inflammation’s critical role at pain sites. This mouse model demonstrated that MIA-induced
chondrocyte damage leads to the loss of knee cartilage tissue, which is further exacerbated by mechanical stress
placed on the knee joint over time. Interestingly, PRF’s application targeted the axons of the sciatic nerve in the
mid-thigh, away from the knee joint and neuronal cell bodies. Nonetheless, the anti-inflammatory effects within
the knee joint suggested PRF’s potential to diminish pro-inflammatory mediators through its neural actions,
leading us to further assess axonal transport and neurotransmitter expression changes. Reportedly, electron
microscopy revealed that PRF treatment resulted in damage to C-fiber and mitochondria in the axons®!. Axonal
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«Fig. 2. Pulsed radiofrequency (PRF) had no effect on normal nerves. (a) Bar graph indicating the average
measured value of spontaneous activity. White: Sham group and grey: PRF group. Data are expressed as the
mean + SD of twelve sham-ope-treated and thirteen PRF-treated normal mice per group, determined by
Student’s paired ¢-test. (b) Bar graph indicating the average retention time in the Rotarod test. White: Sham
group and grey: PRF group. Data are expressed as the mean + SD of twelve sham-ope-treated and thirteen
PRF-treated normal mice per group, determined by Student’s paired ¢-test. (c-f) Representative tracking image
of Sham (left) and PRF group (right). Bar graphs showing (d) average travel distance, (e) average travel speed,
and (f) activity time. White: Sham group and grey: PRF group. Data are expressed as the mean + SD of twelve
sham-ope-treated and thirteen PRF-treated normal mice per group, determined by Student’s paired -test. (g)
Representative images of the tail suspension test in the sham (left) and PRF groups (right). (h) The bar graph
of the average value of Weight-bearing test. White: sham and Grey: PRF group. Data are expressed as the
mean + SD of twelve sham-ope-treated and thirteen PRF-treated normal mice, determined by Student’s paired
t-test. (i) The bar graph of the average value of Foot stamp test. White: sham and Grey: PRF group. Data are
expressed as the mean + SD of twelve sham-ope-treated and thirteen PRF-treated normal mice, determined by
Student’s paired t-test.

mitochondria and C-fibers are closely related to axonal transport functions. Mitochondrial damage leads to a
decrease in ATP production, causing a reduction in the function of motor proteins such as kinesin and dynein,
which facilitate microtubule transport. This dysfunction results in the retention of organelles and proteins in the
axon, which may lead to nerve dysfunction and degeneration®!. Moreover, C-fiber damage significantly inhibits
axonal transport, leading to changes in nerve function and potentially contributing to various nerve disorders*2.
However, there have been no reports of severe damage caused by PRF**-%>. Moreover, Western blotting analysis
showed that PRF attenuated the increased expression of CGRP and SP associated with MIA-induced arthritis,
but did not reduce them to the same levels as in the normal side (Fig. 5b, c). Furthermore, there is another
report that low-frequency electromagnetic fields do not affect axonal transport (neither does crushing the sciatic
bone)*. Therefore, it is believed that the effects of PRF on axonal transport are minor and reversible. On the
other hand, morphological studies pinpointed a specific impact of PRF on the axons of peripherin-positive small
DRG neurons (Fig. 4). Given that small DRG neuron axons are primarily composed of C-fibers*’our findings
lend support to the hypothesis that PRF exerts a significant modulatory effect on C-fibers?2.

The intricate roles of CGRP and SP in inflammation and pain encompass a broad spectrum of physiological
and pathological processes. Small DRG neurons are notably characterized by secretion of these neuropeptides
both anterogradely and retrogradely?>~2’. CGRP, a neuropeptide of 37 amino acids, acts as a potent vasodilator,
playing a critical role in cardiovascular function and wound healing?!. Moreover, nerve excitation at peripheral
endings facilitates CGRP release*®. Furthermore, the adipocyte protein 2 (AP2) complex, containing a
AP2a2 and preferentially expressed in CGRP-positive neurons within the DRG, has been associated with the
modulation of nociceptive pain upon AP2 inhibitor protein administration*’suggesting a profound involvement
of CGRP-positive neurons in pain mechanisms. On the other hand, the definitive role of CGRP as a pro- or
anti-inflammatory agent remains controversial. CGRP’s action on surrounding Schwann cells via the calcitonin-
like receptor/receptor activity modifying protein (CLR/RAMP1) contributes to neurogenic inflammation and
periorbital allodynia®Interestingly, whereas CGRP has been observed to downregulate macrophage TNF-a
production in models of oxygen-induced retinopathy®!. Considering previous reports, CGRP may have both
pro-inflammatory and anti-inflammatory effects.

SP (Tachykinins), belonging to the neuropeptide family, is involved in vital physiological processes of
nociception and inflammation within both the nervous and immune systems®2. The regulation of leukocyte
activity by SP highlights its crucial role in mediating both acute and chronic inflammatory responses™.
Moreover, SP has been reported to be involved not only in inflammatory symptoms but also in psychiatric
symptoms (depression and anxiety) in inflammatory diseases (e.g. inflammatory bowel disease and asthma)>*.
The release of SP following acute CNS injuries including head trauma or stroke, plays a role in neurogenic
inflammation, with neurokinin-1 receptor antagonists showing efficacy in ameliorating such conditions®.
Furthermore, SP, alongside hydrogen sulfide, has been linked to the exacerbation of inflammation in various
acute conditions, including pancreatitis, sepsis, burns, and arthritis**further supporting the possibility of pro-
inflammatory action of SP. Notably, in the MIA-induced arthritis rat models, both CGRP and SP levels were
significantly elevated in both DRG” and joint through inflammatory cytokines released by MIA-induced
chondrocyte destruction and synovitis?***supporting our findings of increased CGRP and SP levels in MIA-
treated joints and their suppression following PRF treatment (Fig. 5). The co-expression of CGRP and SP in
small DRG neurons®®and CGRP’s enhancement of SP-induced pain behavior®® suggest a synergistic role in
sustaining arthritis-related knee pain and synovitis. CGRP suppresses the endopeptidase that degrades SP*° and
increases the Ca2 + concentration at the primary sensory terminal of the DRG, thereby promoting the release of
SP and glutamate?*?°!. Moreover, SP-induced degranulation of mast cells leads to extravasation accompanied
by the release of histamine and pain substances (bradykinin and serotonin), vasodilation, and activation of
other inflammatory cells, such as macrophages?*®*resulting in enhanced pain stimulated by CGRP. Therefore,
the suppression of both neuropeptides’ secretion emerges as a strategic approach in arthritis-induced knee pain
treatment. Our research demonstrated that the analgesic and anti-inflammatory effects of PRF were reversed
upon the simultaneous administration of CGRP and SP agonists (Fig. 6), emphasizing the pivotal roles of CGRP
and SP in arthritis-related knee pain pathogenesis. In conclusion, PRF ameliorated arthritis-induced pain and
inflammation by inhibiting the peripheral release of these neurotransmitters.
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In conclusion, our study demonstrated that PRF mitigated knee pain symptoms by exerting anti-
inflammatory effects within the knee joint. These effects were based on the disruption of axonal transport in
small DRG neurons and the subsequent reduction in peripheral secretion of CGRP and SP. The elucidation of
PRF’s analgesic and anti-inflammatory actions represented a significant advancement in our understanding of its
therapeutic mechanism, offering promising avenues for the treatment of chronic pain. These findings underscore
the potential of PRF as a multifaceted chronic pain treatment strategy that also targets underlying inflammatory
process. Furthermore, the findings that PRF does not affect normal nerve function not only proves the safety
of PRF but also raises the possibility that it may become a treatment for various types of pain. Future research
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«Fig. 3. Pulsed radiofrequency (PRF) alleviated knee joint inflammation associated with knee pain. (a)
Representative HE images of the knee joints. Left: Sham group; right: PRF group. Upper, right knee; lower,
left knee. Black arrow: synovial membrane. The black dotted line indicates the inflammatory area used for
quantification in the HE-stained section. Scale bar: 100 um. (b) Bar graph of the mean percentage of the
inflammatory area. The area of inflammation in the infrapatellar fat pad was compared as a percentage. Both
left (L) and right (R) knees are shown for each group. Statistical analysis was performed between the right
knees of the PRF and Sham groups using unpaired t-test. **p <0.01 vs. the sham group on the same day. (c)
Representative micrographs of immunostaining with the F4/80 antibody. Yellow arrows indicate the synovial
membrane. The white dotted line indicates the F4/80-positively stained area used for quantification. Scale bar:
100 pm. (d) Bar graph of the mean percentage of the cellular infiltration area. Both left (L) and right (R) knees
are shown for each group. Statistical analysis was performed between the right knees of the PRF and Sham
groups using unpaired t-test. ***p <0.001 vs. the sham group on the same day. (e) Graphs of the correlation
analysis between weight bearing test and HE staining (left) or immunostaining for F4/80 (right). Red dots
indicate the sham group, and black dots indicate the PRF group. The correlation was analyzed separately for
each group. The horizontal axis shows the values of the two behavioral tests, and the longitudinal axis shows
the values of the HE staining of the knee joint (left) and the immunostaining with F4/80 (right). (f) Bar graph
of the average values of mRNA expression of interleukin (IL)-1p (left), IL-6 (middle), and tumor necrosis
factor (TNF)-a (right) in the left (L) and right (R) knee joints in the sham (white) and PRF groups (gray).
Statistical analysis was performed between the right knees of the PRF and Sham groups using unpaired t-test.
**p<0.01, **p<0.001 vs. the right knee joint of the sham group on the same day.

should focus on clarifying the molecular pathways involved in PRF’s effects and exploring its applicability to a
broader range of chronic pain conditions. We believe that further studies, including our findings, will be crucial
in optimizing PRF protocols for enhanced patient outcomes in chronic pain management.

Methods

Mouse model of knee pain

Eight-week-old ddY male mice were purchased from Japan SLC (Shizuoka, Japan). Mice were housed at a
temperature of 23-25 °C and a 12-h day/night cycle with free access to food and water. A MIA (Fujifilm Wako
Pure Chemicals Corporation, Osaka, Japan) solution was prepared at a concentration of 0.75 mg in 10 uL of
sterile saline and injected into the right knee of mice with a Hamilton syringe (GL Sciences inc., Tokyo, Japan).
Under general anesthesia induced with sevoflurane, a 5-mm skin incision was made in the knee, and intra-
articular injection was performed under direct visualization. After the injection, the skin was closed with a 5-0
silk thread (Alfresa, Tokyo, Japan). One week after treatment, PRF was performed. Another week later, behavioral
tests and morphological and biochemical analyses were performed (Fig. 1a). We minimized the number of
animals used and removed tissues after euthanizing the animals under deep anesthesia using a combination of
medetomidine (0.3 mg/kg), midazolam (4.0 mg/kg), and butorphanol (5.0 mg/kg) to mitigate pain.

PRF treatment on mouse sciatic nerve

The electromagnetic field generated by PRF is very narrow® and is effective only when the nerve is in contact
with the needle tip. Therefore, we modified the method described by Erdine et al.?! to improve the reliability of
PRE. PRF was performed using the JK3 Neuro Thermo (Abbott medical Japan, Tokyo, Japan). The mouse thigh
was incised under general anesthesia, and the sciatic nerve was exposed by dissecting the muscle layer. Unlike
the saphenous nerve, muscle contraction could be easily identified in the sciatic nerve, improving the reliability
of PRF (Fig. 1b). After confirming the generation of muscle contraction by electrical stimulation, the PRF group
was subjected to PRF (intermittent current 2 Hz, cycle 20 ms, needle tip temperature below 42 °C) 4 times for
2 min each time (total 8 min). The sham group received only electrical stimulation for 8 min.

Behavioral tests

Assessment of motor function in MIA-induced arthritis mouse models

The analgesic effect of PRF on knee arthritis was examined using two types of behavioral tests (weight-bearing
and foot stamp tests). In the weight-bearing test, mice are placed in a small cage and held stationary on their
hind paws, and the weights of the left and right hind paws are measured simultaneously to evaluate the left-right
balance of each hind paw. When measuring the weight, the tail was gently held in place and lifted off the scale
by hand, and the mouse stood in the center of the two scales in a straight and still posture (Fig. 1c). The gait
of the model mice was evaluated by examining the stride length in the left and right foot stamp tests. The foot
stamp test is a method of measuring stride length and other parameters from footprints made by applying water-
based paint to the forelimbs and hindlimbs of mice as they walk in a straight line through a tunnel made of a
2.5-inch wide, 3-inch high, and 13-inch-long acrylic plate (Fig. 1d). The experimental procedure was performed
according to the protocol described by Virginia et al.*%.

Analysis of the effects of PRF treatment on normal nerves

To investigate the effects of PRF treatment on normal neurons, the following behavioral tests were performed
to evaluate various motor functions using PRF-treated mice. The experimental preparation was performed as
previously described®. Moreover, to assess joint pain and degeneration linked to inflammation, the muscle-
nerve reflex was measured in the open-leg position using the tail suspension test.
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Spontaneous activity was measured for 10 min in home cages using an infrared sensor system that detected
mice’s body heat (Muromachi Kikai Co., Tokyo, Japan), with data digitally recorded and analyzed using dedicated

software (CompACT AMS Ver.3; Muromachi Kikai Co.).

Open field test

Spontaneous activity in a novel environment was assessed using an open-field test (Muromachi Kikai Co.),
where mice were placed in a square arena and their movements were tracked for 10 min to measure travel
distance, speed, and activity time using video tracking software (ANY maze; Muromachi Kikai Co.).
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a

«Fig. 4. Pulsed radiofrequency (PRF) impaired axonal transport in dorsal root ganglion (DRG) small neurons.

(a) Experimental schedule. Fast Blue was injected on day 13 after MIA administration, and the tissue was
collected on day 14. (b) Illustration of Neurotracer injection into the mouse knee joint using a Hamilton
syringe. The next day, the L4 DRGs were collected. (c) Representative micrographs of Nissl staining (upper)
and Fast Blue retrograde tracer (FB: bottom) in the L4 DRG of the sham (left) and PRF (right) groups. The
yellow arrow indicates FB-positive neurons. Scale bar: 100 um. (d) Bar graph of the mean percentage of FB-
positive cells among total cells (top), FB-positive large cells among total large cell counts (bottom left), and
FB-positive small cells among total small cell counts (bottom right) in the sham (white) and PRF groups (gray).
Data are presented as mean + SD. Statistical analysis was performed using unpaired t-test. *p < 0.05, vs. the
sham group on the same day, n.s.: no significant. (e) Representative images of FB staining (upper panel) and
immunostaining with anti-peripherin antibody (bottom) in the L4 DRG of the sham (left) and PRF (right)
groups. Yellow arrowheads indicate FB- and peripherin-positive cells; red arrowheads indicate FB-positive and
peripherin-negative cells. Scale bar: 100 pm. (f) The bar graph shows the average percentage of both FB- and
peripherin-positive cells among peripherin-positive cells. Data are presented as mean + SD. Statistical analysis
was performed using unpaired t-test. **p <0.01 vs. the sham group on the same day.
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Fig. 5. Pulsed radiofrequency (PRF) treatment of the knee pain alleviated the increase in calcitonin gene-
related peptide (CGRP) and tachykinin precursor 1 (TAC1). (a) Western blotting analysis of GAPDH (upper),
CGRP (middle), and TAC1 (bottom) in the right (R) and left (L) joints. PRF inhibited the upregulation of
CGRP and TAC1 accompanying knee pain. (b,c) Bar graph of the mean values in Western blotting band
quantification of CGRP(B) and TAC1(C) in the left (L) and right (R) knee joints in the sham (white) and PRF
(right) groups. Both groups showed an increased CGRP and TAC1 expression in the right knee than in the left
knee, but the PRF group showed a significant decrease in CGRP and TAC1 expression compared to the sham
group. Data are expressed as mean +SD (1 =6 per group). Statistical analysis was performed using unpaired
t-test between the right knees of the Sham and PRF groups. *p <0.05, vs. sham group on the same day. No
statistical analysis was performed for left knees; values are shown for reference only.
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Rotarod test

Motor coordination and balance were assessed using an accelerating rotarod test (Muromachi Kikai Co.), where
mice were habituated at low speed before being tested with increasing rotation speed. Each mouse underwent
two trials, and the average time spent on the rod was used for statistical comparison.

Paraffin-embedded tissue sample Preparation and staining

After perfusion fixation with 4% paraformaldehyde fixative, both knees of mice were removed. For
demineralization, the knee joints were immersed in EDTA solution at 4 °C for 1 week. The paraffin section and
HE staining were conducted according to Koyama’s report®. Safranin staining performed with Weigert’s iron
hematoxylin working solution (Muto Chemical Co. Ltd., Tokyo, Japan), staining with fast green solution (Muto
Chemical Co. Ltd.), immersion in 1% acetic acid solution for 10 s, and immediate staining with 0.1% safranin
O solution (Muto Chemical Co. Ltd.). To assess the validity of the model, HE- and safranin-stained specimens
were used to confirm that the cartilage tissue was destroyed. Knee pain was assessed morphologically using
the Mankin score used to assess the severity of cartilage damage (Table 1), scoring the right and left knee joints
in all the mice®”*®. Higher scores indicate more severe cartilage damage. After HE staining, the evaluation of
knee joint inflammation was performed using Image] 1.54 software (https://imagej.net/, NIH, Bethesda, MD,
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«Fig. 6. Knee joint injections of calcitonin gene-related peptide (CGRP) and substance P (SP) agonists eliminate
the effects of pulsed radiofrequency (PRF). (a) Experimental schedule. Behavioral tests were performed on
days 7, 10, 13 and 14 after MIA administration. PRF was performed on day 7. Injections of normal saline (NS),
CGRP agonist (5 ng), SP agonist (100 ng), or CGRP + SP (C+S) agonists were administered on day 13. Tissues
were collected on day 14. (b) The bar graph shows the average values of the weight-bearing test measurements
of the right knee joints in the NS (white), CGRP (green), SP (blue), and C+ S groups (red). Treatment with
CGRP and SP on day 13 counteracted the analgesic effect of PRF on day 14. Treatment with CGRP or SP alone
did not counteract the effects of PRE. Data are expressed as mean +SD (n=6). One-way ANOVA was used
for statistical analysis, followed by post-hoc multiple comparison tests. ***p <0.001 vs. NS group on the same
day. (c) The bar graph shows the average values of the foot stamp test measurements of the right knee joints in
the NS (white), CGRP (green), SP (blue), and C+S groups (red). Treatment with both CGRP and SP on day
13 counteracted the gait improvement effects of PRF on day 14. Treatment with CGRP or SP alone did not
counteract the gait-improvement effects of PRE. Data are expressed as mean £+ SD (n=6). One-way ANOVA
was used for statistical analysis, followed by post-hoc multiple comparison tests. **p <0.01, vs. NS group on the
same day. (d) Bar graph of the average values of mRNA expression of interleukin (IL)-1p (left) and IL-6 (right)
of the right knee joints in the NS (white), CGRP (green), SP (blue), and C+S groups (red). The C+S group
showed increased proinflammatory cytokine levels. Data are expressed as mean+SD (n=6). One-way ANOVA
was used for statistical analysis, followed by post-hoc multiple comparison tests. **p <0.01, vs. NS group on the
same day.

GAP-DH forward
GAP-DH reverse
IL I} forward

5-CCTCGTCCCGTAGACAAAATG-3’
5-TCTCCACTTTGCCACTGCAA-3
5-TGGACCTTCCAGGATGAGGACA-3’
IL-18 reverse 5-GTTCATCTCGGAGCCTGTAGTG-3’
IL-6 forward 5-CTGCAAGAGACTTCCATCCAGTT-3

5

5

5

-AAGTAGGGAAGGCCGTGGTT-3
“TCCAGGCGGTGCCTATGT-3
-CACCCCGAAGTTCAGTAGACAGA-3

IL-6 reverse

TNE-a forward

TNF-a reverse

Table 2. List of primers used in qPCR.

USA). The quantification of inflammatory cell infiltration was assessed by measuring the cell density (number of
inflammatory cells per unit area) in the synovial membrane and the infrapatellar fat pad.

Immunostaining

The procedures were performed according to the protocol described by Koyama et al.?. After perfusion fixation
with 4% paraformaldehyde, the L4-DRG and knee joints of the mice were removed. Knee joints were prepared
as paraffin-sectioned specimens as described above, and DRGs as frozen section specimens. The macrophage
marker, F4/80 rat monoclonal antibody (1:100; ab6640, Abcam, Cambridge, UK) or the small DRG cell marker,
peripherin rabbit polyclonal antibody (1:100; 17399-1-AP, Proteintech, Rosemont, IL, USA) were used as the
primary antibody. Alexa488-conjugated anti-rabbit IgG antibody (1:500; Peripherin, Thermo Fisher Scientific,
Waltham, MA, USA) or rat IgG antibody (1:500; F4/80, Thermo Fisher Scientific, Waltham, MA, USA)
were used as secondary antibodies. The stained slides were observed and analyzed using a BX53 microscope
(Olympus Corporation, Tokyo, Japan). The quantification of immunopositive cells was performed using Image]J
software with an automatic thresholding method (Auto Thresholding). The quantification of inflammatory cell
infiltration was assessed by measuring the cell density (number of F4/80-positive macrophages per unit area) in
the synovial membrane and the infrapatellar fat pad.

Quantitative polymerase chain reaction (QPCR) method

Under deep anesthesia, the knee joints were removed, flash-frozen in liquid nitrogen, and crushed. The
procedures of RNA purification and qPCR were performed according to the protocol described by Koyama et
al.%®. Primer sequences see Table 2. The analysis was performed by correcting the measured values of IL-1p, IL-6,
and TNF-a using the measured value of GAPDH.

Tracer analysis

Fast Blue (Polysciences, Warrington, PA, USA) and Fluoro-gold (Fujifilm Wako Pure Chemicals Corporation)
were used as the retrograde tracer. Fast Blue and Fluoro-gold was used at 1% (10 mg/mL), 2% (20 mg/mL) in
a saline solution, respectively. Using a Hamilton syringe, 10 uL of Fast Blue was injected into the knee joint.
The procedure was performed under general anesthesia induced by sevoflurane, and 24 h after nerve tracer
administration, the knee joints and L4 dorsal root ganglions (DRGs) were harvested for morphological analysis
by Nissl staining and fluorescent immunostaining using an anti-Peripherin antibody. The stained slides were
observed and analyzed using a BX53 microscope (Olympus Corporation). Neurons were categorized into small
neurons (nuclear diameter <30 um) and large neurons based on morphological criteria.
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Western blotting analysis

The left and right knee joints were harvested while ensuring that the synovial membrane remained intact. The
femur, tibia, and fibula were carefully separated at the closest possible point to the joint to preserve the entire knee
structure. The obtained whole knee joints were then immediately frozen in liquid nitrogen and homogenized for
protein extraction. After electrophoresis (30 mA for 90 min) on an SDS-PAGE gel, the proteins were transferred
(10 'V for 90 min) onto a membrane (Merck KGaA, Darmstadt, Germany, IPVH00010) in a transcription device.
Primary antibody reactions were performed using antibodies such as calcitonin gene-related peptide (CGRP;
1:1000; ZRB1267-25UL, Sigma-Aldrich, St. Louis, MO, USA), TAC1 [the precursor to Substance P (SP); 1:1000;
13839-1-AP, Proteintech], and GAPDH (1:300; MAB374, Merck KGaA). TAC1 (tachykinin precursor 1) is a
gene that encodes a precursor protein called preprotachykinin-1. This precursor protein is important for the
production of several neuropeptides including SP. The procedures were performed according to the protocol
described by Koyama et al.%. Western blot signal quantification was performed using Image] software (NIH,
Bethesda, MD, USA). The band intensity of CGRP and TAC1 was measured and normalized to GAPDH as an
internal control. Three independent experiments were conducted, and the average values were calculated. The
complete raw data for the Western blotting analysis are presented in Supplementary Fig. 4.

Agonist experiments

Six days after the PRF treatment, a CGRP agonist (1161/100 U, Bio-Techne, Minneapolis, MN, USA) and an
SP agonist (S8009, LKT Laboratories, Inc., St. Paul, MN, USA) dissolved in saline were injected into the knee
joints. The dose of each agonist (CGRP: 5 ng; SP, 100 ng) was determined by referring to the following papers:
CGRP”? and SP”!. The mice were divided into four groups: saline-only group, 5 ng CGRP-injected group, 100
ng SP-injected group, and both agonist-injected groups. One day after the agonist injection, two behavioral tests
were performed, and RNA was sampled from the joint for gPCR.

Statistical methods

In all studies comparing two groups, Student’s t-test was used. For comparisons involving multiple groups, a
one-way analysis of variance (ANOVA) followed by post-hoc tests was performed as appropriate. Specifically,
for Fig. 6, a one-way ANOVA was used to compare the effects of CGRP and SP agonists, followed by post-hoc
multiple comparison tests. Statistical significance was set at p <0.05. For correlation analysis, separate linear
regression models (Pearson correlation) were applied to the sham and PRF groups to examine the relationship
between synovitis markers (H&E, F4/80) and behavioral test results. The coefficient of determination (R?) was
calculated for each correlation. Results of statistical analysis were considered significant at *p <0.05, **p <0.01,
and ***p<0.001 compared to untreated ('p vs. sham normal, °p vs. PRF normal). The results are expressed as
mean * standard deviation (SD).

Study approval

All animal experiments were performed in accordance with protocols approved by the Animal Experiment
Committee of Osaka University (Approval No. 28-071-004) and followed by the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. Additionally, the study complied with the ARRIVE guidelines.
Every effort was made to reduce the number of animals used and to alleviate their distress. If any abnormalities
or predefined humane endpoints were observed—such as impaired feeding or drinking, respiratory distress,
self-injury, or rapid weight loss of 20% or more over several days—the animals were promptly euthanized via
intraperitoneal injection of pentobarbital (200 mg/kg).

Data availability

Data and materials availabilityAll relevant data are within this paper.
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