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Introduction
Neuropathic pain, caused by a lesion or dysfunction in the somatosensory nervous
system, is challenging to treat.1 Although various pharmacologic treatments for neuropathic pain are available, conservative medication is often ineffective, causing adverse
systemic effects. Nonpharmacologic treatments are, thus, favored.
Radiofrequency (RF), one of the nonpharmacologic treatments for neuropathic pain,
is categorized into conventional RF (CRF) and pulsed RF (PRF). CRF has been used
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Aim of investigation: Pulsed radiofrequency (PRF) is a safe and effective approach for treating
neuropathic pain. However, the optimal treatment conditions and analgesic mechanisms of PRF
remain unclear. The aim of our study was to assess the beneficial and adverse effects of prolongedduration PRF and the analgesic mechanisms of PRF treatment with neuropathic pain rats.
Methods: Male Sprague Dawley rats received L5 spinal nerve ligation (SNL) for developing
neuropathic pain. Fourteen days after L5 SNL surgery, they were divided into three groups
according to duration of PRF current for 6 minutes, 12 minutes, and none. PRF current was
delivered via direct visualization adjacent to the L5 dorsal root ganglion (DRG). Pain behavior
was evaluated every week after L5 SNL surgery, until day 28. Seven days after PRF treatment,
L5 DRG tissue was harvested to detect levels of activating translation factor 3 (ATF3; a marker
of neuronal damage) and hyperpolarization-activated cyclic nucleotide (HCN)-gated cation
channels (key factors in neuropathic pain) using quantitative PCR.
Results: Before PRF application, withdrawal thresholds were significantly lower than at baseline
and did not differ significantly between the three groups. After PRF application, withdrawal
thresholds in the PRF6 and PRF12 groups were significantly increased compared to those in
the sham group. However, those in the PRF6 and PRF12 groups did not differ significantly.
The expression level of ATF3 mRNA in the PRF12 group was significantly higher than that
in the sham group (P<0.01), but the expression of HCN1 and HCN2 channels did not differ
significantly between the three groups.
Conclusion: Prolonged PRF exposure, from 6 to 12 minutes, was not only ineffective but
also associated with increased neuronal damage. These findings do not support prolonged PRF
exposure as a helpful treatment for neuropathic pain. In this study, the involvement of HCN
channels in the antiallodynic effects of PRF was uncertain.
Keywords: pulsed radiofrequency, neuropathic pain, dorsal root ganglion, ATF3, HCN channels
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as a treatment for neuropathic pain via thermal lesioning of
nervous tissue. On the contrary, PRF is a nondestructive RF
technique2 in which electromagnetic currents (20 ms pulses
of 500 kHz) are applied adjacent to the dorsal root ganglion
(DRG) or sensory nerve (increasing but maintaining the
local temperature below 42°C). PRF treatment is associated
with long-lasting analgesic effects and few complications.
Several clinical reports have demonstrated the effects
of PRF in the treatment of neuropathic pain.3–7 Moreover,
animal studies have shown the analgesic mechanisms of PRF
currents.8–11 Nevertheless, the antinociceptive mechanisms
and optimal conditions for PRF treatment remain unclear.
The primary purpose of our study was to investigate the
effects of prolonged PRF exposure in neuropathic pain model
rats; we predicted that increasing PRF exposure times would
be more effective for treating neuropathic pain. The secondary purpose of our study was to explore the antiallodynic,
neurolytic, and modulating effects of PRF exposure.

Methods
Animals
This study was approved by the Animal Care and Use
Committee of Okayama University Medical School (OKU2014472). Animals were treated in accordance with the Ethical Guidelines for the Investigation of Experimental Pain in
Conscious Animals, issued by the International Association
for the Study of Pain.12
Adult male Sprague Dawley rats weighing 160–220 g
were purchased from CLEA Japan Inc. (Tokyo, Japan). They
were reared in transparent cages with paper bedding. Their
housing environment was temperature controlled (25°C),
with a 12-hour light–dark cycle. They were permitted free
access to food and water.

Experimental design
In the first series of experiments, we investigated the influence
of PRF on mechanical allodynia according to PRF exposure
time. Rats were randomly assigned to one of the following three
treatment groups 14 days after L5 spinal nerve ligation (SNL)
surgery: 1) PRF6 group (n=11; rats received PRF currents to

the ipsilateral L5 DRG for 6 minutes via direct visualization);
2) PRF12 group (n=11; rats received PRF currents to the
ipsilateral L5 DRG for 12 minutes via direct visualization);
and 3) sham group (n=11; rats did not receive PRF treatment).
In the second series of experiments, we examined the
influence of PRF exposure time on the expression of activating transcription factor 3 (ATF3) mRNA (a marker of nerve
injury)13 and hyperpolarization-activated cyclic nucleotide
(HCN)-gated cation channels (HCN1 and HCN2; key factors in neuropathic pain)14 via PCR analysis on ipsilateral L5
DRGs. Rats were randomly assigned to one of the following four groups (Table 1): 1) PRF6 group (n=4), 2) PRF12
group (n=4), 3) sham group (n=4), and 4) naive group (n=4;
nonoperated controls).

Neuropathic pain model
After determining the baseline thresholds, rats were anesthetized with isoflurane in O2 and nerve injury was produced
by tight L5 SNL, as described by Kim and Chung.15 In brief,
the animals were placed in a prone position to access the left
L5 spinal nerve. The back fur was shaved, and the operative
field was prepared with 70% ethanol (EtOH). Following
a longitudinal incision, the left L4-S1 paraspinal muscles
were separated from the spinous processes to visualize the
L6 transverse process. Following removal of the left L6
transverse process, the left L5 spinal nerve was identified
and ligated tightly with 6–0 silk sutures. After surgery, the
incised muscles and skin were sutured in layers.

PRF application
The procedure for applying PRF adjacent to the exposed
DRGs in neuropathic pain rat models was described by Perret et al.16 The procedure was modified as described later.
For the L5 SNL procedures, anesthesia was induced and
maintained with intraoperatively administered isoflurane in
O2. The lumbosacral area was shaved, and the operative field
was sterilized with 70% EtOH. The surgical incision was
re-opened, and the paraspinal muscles were dissected from
the L5–6 spinous process. The vertebral arch and ligated L5
spinal nerve were exposed. To expose the L5 DRG, L5–6

Table 1 Experimental assigned animal groups
Animal groups

L5 SNL procedures

PRF procedures

Naive
Sham
PRF6
PRF12

No operation
Left L5 SNL
Left L5 SNL
Left L5 SNL

No operation
Exposure of left L5 DRG to PRF probe, with no stimulation
Exposure of left L5 DRG to PRF probe, with stimulation for 6 minutes
Exposure of left L5 DRG to PRF probe, with stimulation for 12 minutes

Abbreviations: DRG, dorsal root ganglion; PRF, pulsed radiofrequency; SNL, spinal nerve ligation.
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articular processes were partially removed with a small rongeur. The L5 DRG was identified by its proximal location to
the L5 SNL ligature.
An RF electrode with a built-in thermocouple was placed
adjacent to the L5 DRG under direct visualization (Figure 1).
A 54 mm, 22 G guiding needle with a 4 mm active tip (Ac-4;
Hakko, Tokyo, Japan) was modified as follows. The electrode
was placed in a plastic tube (a 22 G catheter tip) allowing
the 2 mm active distal end to be exposed for PRF stimulation. A RF generator with standard clinical specifications
(model JK3; RDG Medical, Surrey, UK) was used. Before
applying the PRF current, tissue impedance was measured
and the presence of muscle contractions was checked using
electrical stimulation at 3 Hz. If the impedance was above
1000 Ω, a few drops of normal saline were provided to the
surgical field to decrease impedance. The electrode was
adjusted to the right position until muscle contractions were
observed with proper outputs between 0.3 and 0.7 V. After
proper electrode placement, the PRF current was applied in
20 ms, 300 kHz RF pulses, delivered at a rate of 2 Hz. The
maximum temperature was automatically controlled at 42°C.

Behavioral tests
Behavioral tests were performed between 08:00 and 10:00
before the L5 SNL surgery (day 0), 7 and 14 days after the
L5 SNL surgery (days 7 and 14), and 7 and 14 days after
the PRF procedure (days 21 and 28). After acclimatizing the
rats in the site for 30 minutes, a mechanical stimulus was
applied from underneath the mesh (openings 5×5 mm2) to the
plantar aspect of the proximal part of the heel using the up/
down method, with nine von Frey monofilaments (0.4, 0.6,
1, 1.4, 2, 4, 6, 8, and 15 g; Touch-Testi Sensory E
 valuator;
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North Coast Medical, Morgan Hill, CA, USA). Each trial
was initiated with a von Frey force of 2 g delivered to the
left hind paw for approximately 1 second. If there was no
withdrawal response, the next higher force was delivered. If
there was a response, the next lower force was delivered. This
procedure was performed four times after the first response.
On the basis of the response pattern and the force of the final
filament, the 50% response threshold (50% paw withdrawal
threshold [PWT]) was calculated using the formula described
by Chaplan et al.17

mRNA expression analysis
Animals were euthanized via beheading under anesthesia
1 week after PRF treatment. Left L5 DRG sections were
removed, immediately stored in RNAlater (Qiagen NV, Venlo,
the Netherlands), and kept in a refrigerator at 4°C to preserve
RNA. Total RNA was extracted from tissues using the QIAzol
Lysis Reagent (Qiagen NV) and RNeasy Lipid Tissue Mini
Kit (Qiagen NV) according to the manufacturer’s instructions. The RNA concentration and purity of each sample were
evaluated using a NanoDrop ND-1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). cDNA
was synthesized using a QuantiTect Reverse Transcription
Kit (Qiagen NV) according to the manufacturer’s protocol.
Thereafter, real-time reverse transcription-PCR (RT-PCR)
was carried out using the StepOnePlus™ Real-Time PCR
system (Thermo Fisher Scientific) and SYBR Premix Ex Taq
II (Takara Bio, Shiga, Japan) with the primer pairs listed in
Table 2. Original mRNA sequences are available in GenBank
database (National Center for Biotechnology Information,
Bethesda, MD, USA). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels were used as internal
controls. The cycle threshold value for each sample was
used to calculate concentrations based on standard curves.

Statistical methods

Figure 1 PRF delivered to rats with L5 SNL.
Notes: (A) The electrode was placed adjacent to the left DRG. Currents were
delivered through the electrode to the rats in the PRF6 (n=11) and PRF12 (n=11)
groups, but not to those in the sham group (n=11). (B) Image shows the L5 DRG
and L5 SNL site in an enlarged view. White triangle indicates the L5 SNL site. The
electrode was located near the L5 DRG (white arrow) lesion of the L5 SNL. PRF6
group: rats received PRF currents to the ipsilateral L5 DRG for 6 minutes via direct
visualization; PRF12 group: rats received PRF currents to the ipsilateral L5 DRG for
12 minutes via direct visualization.
Abbreviations: DRG, dorsal root ganglion; PRF, pulsed radiofrequency; SNL,
spinal nerve ligation.

Journal of Pain Research 2018:11

According to our preliminary experiments, we calculated
that a sample size of 11 per group would provide a power
of 80% to show a difference of 4.0 g in the PWTs using an
SD of 3.2 and a two-sided type I error rate of 5%. Statistical tests were performed using the GraphPad Prism 5.0c
software (GraphPad Software, Inc., La Jolla, CA, USA) and
EZR (Saitama Medical Center, Jichi Medical University,
Saitama, Japan), which is a graphical user interface for R (The
R Foundation for Statistical Computing, Vienna, Austria).18
With data from the behavioral tests, between-group (three
groups) comparisons of PWTs were carried out using twoway repeated measures ANOVAs followed by Bonferroni’s
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Gene name

Forward primer (5′–3′)

Reverse primer (5′–3′)

Accession number

HCN1
HCN2
ATF3
GAPDH

AGCACCGATACCAAGGCAAG
CTGACACCTACTGTCGCCTC
CGGGAAAGAAACAAAATTGC
GACAACTTTGGCATCGTGGA

CATGGCCGTCACGAAATTGG
CTTCTTGCCTATGCGGTCCA
GGTGCAGGTTGAGCATGTAA
ATGCAGGGATGATGTTCTGG

NM_053375
NM_053684
NM_012912.2
NM_017008

post hoc tests. Between-group (four groups) comparisons
of quantitative PCR results were carried out using one-way
ANOVA followed by Bonferroni’s post hoc tests. Data from
each group are presented as mean ± standard error of the
mean (SEM). Probability values (P) less than 0.05 were
considered statistically significant.

Results
Baseline data
The mean weight (g) of the rats did not differ significantly
between the groups at baseline (day 0) or before DRG exposure surgery (day 14). The mean impedance and minimum
voltage values of muscle constructions before PRF application were 801±21 Ω and 0.42±0.02 V, respectively, in the
PRF6 group and 808±34 Ω and 0.43±0.03 V, respectively,
in the PRF12 group; there were no significant differences
between the groups.

Behavioral testing
The results of behavioral testing in the sham, PRF6, and
PRF12 groups are shown in Figure 2. At baseline (day 0),
no between-group differences were observed in PWTs.
Thereafter, neuropathic pain states were induced by L5
SNL. Tactile allodynia was observed starting 7 days after L5
SNL, and PWTs were significantly decreased in all groups
compared to baseline values. Induction of tactile allodynia
was determined to be PWTs <5 g on day 14. There were no
between-group differences in PWTs from baseline to day 14,
indicating that L5 SNL was associated with the same level
of neuropathic pain in all groups. None of the rats showed
difficulty moving their legs.
PRF procedures were performed on the rats in neuropathic
pain states 14 days after L5 SNL. PRF treatment partially
reversed L5 SNL-induced tactile allodynia. When the PRF6
and PRF12 groups were compared with the sham group,
statistically significant attenuations in pain responses were
noted on days 21 and 28. However, no significant differences were observed between the PRF6 and PRF12 groups
throughout the study period.
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Table 2 Sequence of PCR primer pairs for the quantification of mRNA

PRF12 (n=11)

15

10

^

^

21

28

5

0
0

7

14
Time after L5 SNL (day)

Figure 2 Comparison of the effect of PRF currents on paw withdrawal thresholds
according to PRF exposure times.
Notes: Black arrow: PRF current was applied to the L5 dorsal root ganglion
14 days after L5 spinal nerve ligation; white circle: sham group did not receive PRF
treatment; black square: PRF6 group received PRF currents for 6 minutes; and black
triangle: PRF12 group received PRF currents for 12 minutes. Data are expressed as
mean ± SEM. *P<0.05 PRF6 vs sham group at each time point; ^P<0.05 PRF6 vs sham
group at each time point.
Abbreviations: PRF, pulsed radiofrequency; SEM, standard error of the mean;
SNL, spinal nerve ligation.

ATF3 mRNA expression in ipsilateral L5
DRGs
The expression levels of ATF3 mRNA are shown in Figure 3.
ATF3 mRNA expression in the naive group was very low and
significantly lower than ATF3 mRNA expression levels in the
sham, PRF6, and PRF12 groups. ATF3 mRNA expression in
the PRF12 group was significantly higher than in the sham
group (P<0.01).

HCN1 and HCN2 mRNA expressions in
ipsilateral L5 DRG
The expression levels of HCN1 and HCN2 mRNAs are shown
in Figure 4. The expression levels of HCN1 and HCN2 in the
sham, PRF6, and PRF12 groups were significantly decreased
compared with those in the naive group. However, there
were no significant differences between the sham, PRF6, and
PRF12 groups. HCN1 and HCN2 mRNA levels decreased
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following L5 SNL, but PRF treatment was not associated
with the altered expression of HCN1 and HCN2 mRNA.

The present study aimed to investigate effects of extended PRF
exposure times on mechanical allodynia following L5 SNL in
rats. PRF application to DRGs was associated with significant
antiallodynic effects. The antiallodynic effect of 12 minutes’
PRF treatment was not significantly different from that of
6 minutes’ treatment, suggesting that prolonging PRF exposure
^

300
NS

NS
*

ATF3/GAPDH
Normalized to Naive

200

*
*

100

0

Naive

Sham
PRF6
Groups

PRF12

Figure 3 Quantitative PCR analysis of activating translation factor 3 mRNA levels in
the ipsilateral L5 DRG tissue 21 days after L5 spinal nerve ligation.
Notes: Relative normalization was performed by dividing amounts of activating
translation factor 3 by the amounts of GAPDH for each respective sample. Bar
chart was expressed as the proportion of naive. Data are presented as the mean ±
SEM. *P<0.05 compared with the naive group. ^P<0.05 sham vs PRF12 groups. PRF6
group: rats received PRF currents to the ipsilateral L5 DRG for 6 minutes with
direct visualization; PRF12 group: rats received PRF currents to the ipsilateral L5
DRG for 12 minutes with direct visualization; and sham group: rats did not receive
PRF treatment.
Abbreviations: DRG, dorsal root ganglion; NS, not significant; SEM, standard
error of the mean.
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Discussion

1.0

0.5

0.0

does not increase the antiallodynic effects of PRF. In contrast,
expression of ATF3 mRNA, a key marker of neurological
damage,19 significantly increased following treatment with
PRF for 12 minutes compared to no PRF treatment. The main
finding of the present study was that increased PRF exposure
time is not associated with increased antiallodynic effects but
may be associated with neurological damage. However, the
present study could not elucidate the relationship between PRF
application and expression of HCN channels.
To explore the effects of PRF in neuropathic pain, L5 SNL
and direct PRF models were selected. SNL models may lead
to long-lasting and reproducible mechanical hypersensitivity
that can be assessed using the von Frey test.15 Moreover, the
nerve injury responsible for pain in this model was in the L5
DRG, allowing PRF application via visualization of the site.
Thus, we employed the direct visualization model, originally
described by Perret et al,16 which applies PRF adjacent to the
exposed L5 DRG. This invasive approach is different from
clinical practice. However, our results are indicative of the
effects of PRF in comparison with a sham operation group.
The time point of tissue harvest was only 7 days after
PRF procedure (day 21) in this study, though we performed
behavioral tests 7 and 14 days after the PRF procedure
(days 21 and 28). Because ATF3 is a transcription factor
followed by subsequent gene expression,19 we consider that
the decrease in ATF3 after the transient increase by the nerve
injury does not necessarily mean the recovery of the nerve.
Tsujino et al19 reported that ATF3 expression reached a peak
from 3 to 7 days after the peripheral nerve transection and
then declined. Therefore, day 28 was too late to evaluate the
nerve damage and the samples were harvested at 7 days after
the PRF procedure.

Naive

Sham

PRF6

Groups

PRF12

1.5

1.0

0.5

0.0

Naive

Sham

PRF6

PRF12

Groups

Figure 4 Quantitative PCR analyses of hyperpolarization-activated cyclic nucleotide-gated cation channels 1 (A) and 2 (B) mRNA levels in the ipsilateral L5 DRG tissue
21 days after L5 SNL.
Notes: Relative normalization was performed by dividing amounts of hyperpolarization-activated cyclic nucleotide-gated cation channels by amounts of GAPDH for each
respective sample. Bar chart was expressed as the proportion of naive. Data are presented as mean ± SEM. *P<0.05 compared with the naive group. PRF6 group: rats received
PRF currents to the ipsilateral L5 DRG for 6 minutes with direct visualization; PRF12 group: rats received PRF currents to the ipsilateral L5 DRG for 12 minutes with direct
visualization; and sham group: rats did not receive PRF treatment.
Abbreviations: DRG, dorsal root ganglion; SEM, standard error of the mean; SNL, spinal nerve ligation.
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The optimal PRF exposure time is currently unknown.
Tanaka et al11 compared 2, 4, and 6 minutes of percutaneous
PRF in resiniferatoxin-treated rats, reporting that increased
PRF exposure durations led to significant increases in antiallodynic effects. In clinical practice, PRF exposure times are
arbitrarily selected at the surgeon’s discretion. Wan et al20
reported that 15 minutes of PRF applied to DRGs significantly affected postherpetic neuralgia in humans. However,
Ozsoylar et al21 compared 2 and 6 minutes of percutaneous
PRF in SNL rats, reporting that the antiallodynic effects
of PRF currents were not significantly different between 2
and 6 minutes. To explore the influence of prolonged PRF
exposure times, we compared 6 and 12 minutes of PRF
and found that the effects of PRF currents administered for
12 minutes were not significantly different from those of PRF
administered for 6 minutes. Tanaka et al11 and Ozsoylar et al21
employed percutaneous PRF on the sciatic nerve, distant
from DRGs. Perret et al22 showed that 2 minutes of PRF on
L5 DRGs via direct visualization reduced tactile allodynia
in L5 SNL rats. To our knowledge, this study is the first to
compare the effectiveness of different durations of PRF
applied on DRGs in rats.
PRF application is a nondestructive technique. However,
Erdine et al23,24 reported that PRF caused ultrastructural
changes in DRG cell morphology and sensory nociceptive
axons. Hamann et al25 showed that PRF application to DRGs
caused the upregulation of ATF3. Therefore, ATF3 mRNA
expression levels were examined to investigate the degree
of nerve damage induced by prolonged PRF exposure times
on L5 DRGs. We found that expression of ATF3 mRNA
was associated with PRF exposure time; ATF3 expression in
the naive group was very low, indicative of intact neurons,
whereas higher ATF3 mRNA expression levels were recorded
in the sham, PRF6, and PRF12 groups, indicative of serious
nerve damage. Thus, prolonged PRF exposure times may be
associated with increased nerve injury. However, further investigations are needed to understand the extent to which nerve
injury by PRF is related to adverse effects in clinical practice.
Treatment via PRF is thought to act by altering synaptic
transmission and inducing neuromodulatory effects.26 Higuchi et al27 found that PRF application to DRGs resulted in
significant increases in c-fos immunoreactive neurons in the
dorsal horn, suggesting the activation of dorsal horn neurons.
Vallejo et al9 showed that PRF currents directed toward the
sciatic nerve attenuated several pain-related genes in peripheral injury rat models. Recently, Liu et al28 showed that PRF
application was associated with the recovery of HCN1 and
HCN2 channel expressions in DRGs in sciatic nerve chronic
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constriction injury rats. HCN channels play a key role in the
development of neuropathic pain, as they generate hyperpolarization-activated currents (Ih) that are considered major
causes of ectopic neuronal activation in neuropathic pain
states.13,29 Interestingly, Chaplan et al30 reported that HCN1
and HCN2 channels in DRGs decreased in SNL rats, although
Ih expression was dramatically increased. It remains unclear
how the discrepancy between Ih current density and HCN
expression can be explained. Moreover, it is unclear how
upregulation of HCN channels contributes to the observed
antiallodynic effects, as previously shown by Liu et al.28 In the
present study, the effect of PRF application on the expression
of HCN1 and HCN2 mRNA was not significant. Therefore,
further investigation is required to explore the mechanisms
involved in the antiallodynic effects of PRF.
Our study has some limitations. First, only male rats
were used. Sex differences in pain behavior and therapeutic
response are well known. The male rats were chose in order to
avoid heterogeneous character in female rats by the hormonal
cycle. Second, an invasive approach was selected to apply a
PRF probe to the DRG. In clinical practice, PRF application
to DRGs is performed percutaneously under fluoroscopic
guidance; however, this is not possible in rats. A direct
approach to the DRG was reasonable to clarify the effect of
PRF currents to DRGs. Third, investigation of ATF3 and HCN
channel was only expression levels of mRNA. An opportunity
for future research is to examine the protein expression or
distribution, as the size of the samples collected in this study
did not allow for the detection of multiple protein expression
at the same time. This could allow for greater clarity for the
effects of PRF currents in neurological damage.

Conclusion
The results of the present study indicate that the extension of
PRF exposure times may have a limited effect on neuropathic
pain in rats, and it may actually be associated with neurolytic
effects. Although we could not determine the involvement
of HCN channels in the antiallodynic effects of PRF, further
exploration of the mechanisms of PRF treatment is required
to elucidate the optimum conditions for PRF treatment.
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