
Background: Pulsed radiofrequency (PRF) has been widely employed for ameliorating clinical 
neuropathic pain. How PRF alters electrophysiological transmission and modulates biomolecular 
functions in neural tissues has yet to be clarified. We previously demonstrated that an early 
application of low-voltage bipolar PRF adjacent to the dorsal root ganglion (DRG) reduced acute 
neuropathic pain in animals. By contrast, the present study investigated how PRF alters postsynaptic 
sensitization to produce early and delayed effects on neuropathic pain.

Objectives: Our objective was to test the hypothesis that a 5-minute session of PRF could rapidly 
produce selective long-term depression (LTD) on C-fiber-mediated spinal sensitization and sustain 
the effect through the long-lasting inhibition of injury-induced ERK–MAPK activation. This may 
explain the prolonged analgesic effect of PRF on chronic neuropathic pain.

Study Design: Experiments were conducted on both normal rats and neuropathic pain rats that 
received spinal nerve ligation (SNL) 8 days prior.

Setting: An animal laboratory in a medical center of a university in Taiwan.

Methods: We first compared changes in field potentials in the L5 superficial spinal dorsal horn 
(SDH) that were evoked by conditioning electrical stimuli in the sciatic nerve in male adult rats 
before (as the baseline) and after PRF stimulation for at least 2 hours. Bipolar PRF was applied 
adjacent to the L5 DRG at an intensity of 5 V for 5 minutes, whereas the control rats were treated 
with sham applications. The electrophysiological findings were tested for any correlation with 
induction of spinal phospho-ERK (p-ERK) in normal and neuropathic pain rats. 

We then investigated the delayed effect of PRF on SNL-maintained pain behaviors for 2 weeks as 
well as p-ERK in SDH among the control, SNL, and PRF groups. Finally, potential injury in the DRGs 
after PRF stimulation was evaluated through behavioral observations and ATF-3, a neuronal stress 
marker.

Results: In the evoked field-potential study, the recordings mediated through A- and C-afferent 
fibers were identified as A-component and C-component, respectively. PRF significantly reduced 
the C-components over 2 hours in both the normal and SNL rats, but it did not affect the 
A-components. In the SNL rats, the C-component was significantly depressed in the PRF group 
compared with the sham group. PRF also inhibited acute p-ERK induced by mechanical nociception 
in both the control and SNL rats. 

For a longer period, PRF ameliorated SNL-maintained mechanical allodynia for 10 days and thermal 
analgesia for 14 days, and it significantly reduced late ERK activation within spinal neurons and 
astrocytes 14 days afterward. Moreover, PRF in the normal rats did not alter basal withdrawal 
thresholds or increase the expression and distribution of ATF-3 in the DRGs.

Limitations: Several issues should be considered before translating the animal results to clinical 
applications.
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Conclusion: Low-voltage bipolar PRF produces LTD through selective suppression on the 
C-component, but not on the A-component. It also inhibits ERK activation within neurons 
and astrocytes in SDHs. The findings suggest that PRF alleviates long-lasting neuropathic pain 
by selectively and persistently modulating C-fiber-mediated spinal nociceptive hypersensitivity.
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Pulsed radiofrequency (PRF) has been widely 
applied adjacent to the dorsal root ganglion 
(DRG) or peripheral nerves for chronic 

neuropathic pain diseases, such as lumbar or cervical 
radicular pain, postherpetic neuralgia, and various 
peripheral neuralgia conditions (1-4). In contrast to the 
destructive effect of conventional RF (CRF), PRF causes 
little to no neural damage (5,6). PRF is typically believed 
to modulate the pain pathology without impairing 
motor functions or innocuous sensations (1,2,6-11). 
Nevertheless, evidence on so-called neuromodulation 
remains scant.

Earlier morphological and molecular studies have 
presented some implications. Under a light microscope, 
both myelinated A- and unmyelinated C-fiber neurons 
within DRGs have been found to be unchanged after 
PRF application (10,12). However, studies using electron 
microscopy revealed that PRF caused ultrastructural 
changes in DRG neurons, but conflicting results were 
shown (10,12-15). For example, subcellular organelles 
of large ganglionic cells and myelinated axons had been 
advocated to be preferentially damaged to a greater 
extent compared with small DRG cells and unmyelin-
ated axons (12,13,15), but others indicated that PRF 
engendered greater damage to C-fiber than to A-fiber 
axons within the sciatic nerve (14). Recent studies have 
confirmed that PRF regulated intracellular signaling 
and synaptic plasticity in the spinal dorsal horns (SDH) 
(4,8,11), such as increased Fos expression (16), reduced 
presynaptic release of glutamate and citrulline (17), 
and the induction of supraspinal descending inhibitory 
pathways through 5-HT3 and α2 receptors (18). There-
fore, it becomes important to link these fragments of 
knowledge to elucidate PRF’s mechanisms.

Long-term potentiation (LTP), an increase in post-
synaptic currents or potentials evoked by a single mono-
synaptic preganglionic action potential, is involved 
throughout nociceptive sensitizing processes (19). Such 
synaptic upregulations in the SDH can be induced by 
natural stimuli such as inflammation and nerve injury, 

or a conditioning stimulus such as peripheral electric 
pulses (20,21). Accumulating evidence indicated that 
2 LTP phases, early (minutes to hours) and late (days 
to weeks), control a myriad of sensitizing molecules in 
the central nervous system for maintaining and enhanc-
ing pathological pain (20,22,23). In particular, distinct 
signals such as phospho-ERK (p-ERK) and Brain-derived 
neurotropic factor (BDNF) (24,25) are directly involved 
in the transition from acute to late phase of LTP (20). 
Therefore, amelioration of LTP can eliminate acute hy-
peralgesia and erase trace memories of pain (19,26). We 
previously demonstrated that early PRF intervention 
inhibited spinal p-ERK, p-p38, and TNFα at the acute 
post-nerve injury stage (27). Therefore, our next objec-
tive is to determine how PRF alters synaptic plasticity, 
pain behaviors, and neuronal–glial interactions.

By recording evoked-field potentials, effects of PRF 
on different types of afferent fibers could be identified. 
Moreover, we examined nocifensive behaviors and in-
vestigated p-ERK changes over time. Finally, potential 
stresses of DRG cells from PRF stimulation were evalu-
ated. These findings may enhance our understanding 
of the complex neuromodulatory actions of PRF. 

Methods 

Animal Preparation
Experiments were performed on adult male 

Sprague–Dawley rats (220 − 250 g; BioLASCO, Taiwan). 
The animals were housed in groups of 2 to 3 in plastic 
cages at a constant temperature of 22 °C and at a rela-
tive humidity of 40% – 60%. They were fed food and 
water ad libitum in a 12-hour light/dark cycle environ-
ment for at least 5 days before the experiments.

The study protocol was approved by the Institu-
tional Animal Care and Utilization Committee, China 
Medical University Hospital, Taichung, Taiwan. All 
experiments were conducted in accordance with the 
“Ethical Guidelines for the Treatment of Animals” by 
the International Association for the Study of Pain (28). 
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determined when the C-component was detected con-
sistently with conditioning stimulus at a 2.5× C-fiber 
threshold (typically 5 – 10 mA).

The peripheral stimulation was repeated every 100 
seconds to avoid neuronal habituation or sensitization. 
At least 18 consecutive stable A- and C-components 
were recorded (i.e., 30 minutes) before PRF/sham 
stimulation, and were averaged as a baseline response. 
Ten minutes after the 300-second PRF/sham stimula-
tion, EP recordings were re-executed continuously 
for at least 2.5 hours. Every 6 post-PRF EPs (10-minute 
intervals) were averaged and defined as test responses. 
The magnitudes of the evoked A-/C-components were 
calculated by integrating the area within the negative 
potential, and they were standardized to the indi-
vidual baseline value of each rat. Therefore, the PRF 
effects were the response ratio by using the equation: 
(test response – baseline response)/baseline response 
× 100%. After the experiment, the recording site was 
marked with an electrolytic lesion, and the spinal cord 
was removed for Nissl staining to confirm the recording 
sites.

Nociceptive Behaviors
The mechanical threshold was evaluated using 

von Frey filaments (Stoelting, Wood Dale, IL) with the 
up-down method (32), and it was calculated using a 
50% withdrawal threshold (33). In brief, the left hind 
paw of each animal placed in a chamber of a Plexiglas 
cage was pressed using one of 8 von Frey fibers with 
incremental strength (0.4 – 26.0 g) onto the plantar 
surface. The tests were conducted daily from at least 
2 days before SNL for establishing preoperative base-
lines, and scheduled days after SNL as well as after PRF/
sham treatment.

The thermal threshold was measured by paw 
withdrawal latencies to radiant heat stimulation in the 
plantar test device (Plantar Test Apparatus, IITC, CA). 
The cut-off latency was 30 seconds to avoid thermal 
injury. The withdrawal latency at each time point was 
an average of 3 latencies separated by a 5-minute in-
terval. The tests were conducted on the same days as 
the von Frey test and both tests were conducted by the 
same experimenter (Huang, RY) who was blinded to 
the group allocation.

Immunostaining Analysis
The animals were deeply anesthetized with iso-

flurane and transcardially perfused with 37°C saline, 
followed by 4% paraformaldehyde. The lower lumbar 

The normal rats in the following experiments indicated 
the rats which did not received any surgery before PRF 
stimulation, and should be distinct from those rats in 
the control groups which received sham SNL surgery. 

Specially Designed PRF Device for Animal 
DRG Application

The specially designed bipolar system has been 
described previously (27,29). The stimulation electrode 
was inserted into the left L5 foraminal canal, whereas 
the reference electrode was placed in contact with the 
surrounding non-neural tissues. The electrodes were 
connected to a PXI-5402 Function Generator (National 
Instruments, Austin, TX) to generate RF pulses with the 
following parameter settings based on clinical settings: 
2-Hz biphasic trains with 500-kHz RF waves, 25-ms train 
width, and oscillating amplitudes at an intensity of ± 2.5 
V. The PRF duration was 300 seconds. The control group 
received an electrode placement without electricity as a 
sham stimulation.

Spinal Nerve Ligation 
The spinal nerve ligation (SNL) surgery was per-

formed in accordance with our laboratory protocol 
(27,29) on Day 0. A deep skin incision was made between 
the left iliac crest and the lower lumbar spine while the 
animal was anesthetized with 2% isoflurane. The L5 
spinal nerve was exposed and tightly ligated with a 6-0 
silk thread (30,31). PRF stimulation was performed on 
Day 8.

Evoked-field Potential (EP) Recordings
Under 2% isoflurane anesthesia, the animals were 

stereotaxically mounted, artificially ventilated, and 
paralyzed with gallamine (20 mg/kg, i.v., every 2 hours). 
The body temperature was maintained at 37°C. The left 
sciatic nerve was exposed at the midhind thigh level 
and stimulated with a bipolar silver hook electrode as 
a conditioning stimulus. The L5 segment was exposed 
after a laminectomy for the penetration of a tungsten 
microelectrode (5MΩ; A–M system, Olympic Peninsula, 
WA). While the single monophasic electricity stimulated 
the sciatic nerve (2 Hz, 3 mA, 0.5 ms), the EPs were re-
corded at a depth of 100 – 300 µm in the superficial SDH 
and signals were analyzed using the PowerLab system 
(AD Instrument, Sydney, Australia). For each recording 
trace, we defined the first negative potential (P1) ap-
pearing between 0 and 90 ms as the A-component, and 
the second negative potential (P2) between 90 and 300 
ms as the C-component (Fig. 1). The recording site was 
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spinal cord and bilateral L4 and L5 DRGs were removed, 
post-fixed, and cryoprotected. The spinal cord and DRG 
were cut in a cryostat at thicknesses of 30 and 10 µm, 
respectively. The spinal cord sections were incubated 
with a mixture of anti-p-ERK (1:400; Cell Signaling Tech-
nology, Danvers, MA) and anti-NeuN (neuron marker, 
1:1500; Chemicon, Temecula, CA), anti-OX42 (microglia 
marker, 1:200; Serotec, Indianapolis, IN), or anti-GFAP 
(astrocyte marker, 1:6000; Chemicon) antibodies, fol-
lowed by incubation with a mixture of Alexa 488- and 
Cy3-conjugated secondary antibodies (Jackson Immu-
noResearch, West Grove, PA). The DRG sections were 
blocked and incubated with an anti-ATF-3 antibody 
(1:500, Sigma, San Louis, MO) overnight and were 
reacted with biotinylated goat anti-rabbit IgG (1:200, 
Vector Laboratories, Burlingame, CA) by using the ABC 
method (Elite ABC kit, Vector Laboratories). Images 
of all section were captured using a CCD camera con-
nected to a Zeiss Axio Imager A2 microscope (Göttin-
gen, Germany). At a magnification of 20×, neucleated 
immunoreactive (ir) cells were counted by laminae (I-V) 

from randomly chosen sections (DP Controlled, 3.3.1, 
Olympus), at least 6 sections from each DRG or lumbar 
segment, and the numbers were averaged to represent 
segmental expressions. Negative control staining was 
conducted by omitting the primary antibody.

Study Design

Experiment 1: Rapid effect of PRF on EPs in 
normal (un-injured) rats

The normal rats were allocated to 2 groups, for PRF 
or sham stimulation. In the sham group, the PRF elec-
trode was placed without electric current. EP recordings 
were performed before and after PRF/sham stimulation 
(Table 1).

Experiment 2: Rapid effect of PRF on EPs in 
SNL rats

Eight days after SNL, the nerve-ligated rats were 
allocated to the PRF (SNL+PRF) or sham (SNL+sham) 
group for recording. 

Fig. 1. Example of  an in vivo evoked-field potential (EP) recording in a pulsed radiofrequency (PRF)-treated rat. A: Two 
sequential depressed waves (P1 and P2) were defined as the A-component (within 0 − 90 ms) and C-component (within 
90 − 300 ms), representing A- and C-fiber-mediated responses, respectively. Magnitudes of  the A- and C-components were 
determined by calculating the integrated areas within the negative waves (gray areas), and were normalized to the individual 
baseline values of  each rat. B: Example of  the spinal cord section demonstrating that the recording site is at the superficial 
lamina of  the spinal dorsal horn. Only those with marks at a depth of  100 − 300 μm were included for analysis. Scale bar = 
500 μm.
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Experiment 3: Rapid effect of PRF on intense 
noxious stimulation-evoked ERK activation in 
the control and SNL rats

To determine the molecular responses in the SDH 
in Experiments 1 and 2, p-ERK induction by repetitive 
intense mechanical stimuli was analyzed in control and 
SNL rats with and without PRF stimulation, respectively. 
The left hind paw of the anesthetized rat was rapidly 
and strongly poked with a thick von Frey fiber (#18, 
50 g) for 2 cycles of 20x applications within 10 seconds 
for each, with 10 seconds of separation. Therefore, 40 
intense stimuli were applied. Similar suprathreshold 
stimulations have been reported to cause hyperalgesic 
responses and p-ERK expression (34,35). PRF was ap-
plied immediately after mechanical stimulation. The 
rats were sacrificed 30 minutes afterward for harvest-
ing the L4-5 segments. The sham-PRF group was treated 
similarly, except for the PRF.

Experiment 4: Delayed effect of PRF on pain 
behaviors in SNL rats

There were 3 groups: the control (sham SNL) group 
with sham PRF (C+Sham) group, SNL+Sham group, and 
SNL+PRF group. Pain behaviors before and after SNL, 
and after PRF were compared.

Experiment 5: Delayed effect of PRF on SNL-
maintained p-ERK activities

Because p-ERK could be time-dependently pres-
ent in different spinal cells, its appearance over time 
is important. p-ERK were compared among 3 groups 
on post-PRF Day 1 and Day 14: the Control (C+Sham) 
group, SNL (SNL+Sham) group, and SNL+PRF group; 
moreover, cellular co-expression with p-ERK staining 
were examined.

Experiment 6: PRF effect on the treated DRG: 
behavioral and molecular changes

This study aimed to ascertain if electrode inser-
tion led to unexpected damages. First, mechanical 
thresholds were compared in the normal rats with and 
without PRF (PRF vs sham). Second, the expression of 
ATF-3, a neuronal stress marker, in the DRG was ana-
lyzed among 3 groups: rats with a back incision (Sham), 
with an incision for electrode placement (Sham-E), and 
with an incision plus PRF stimulation (PRF). Bilateral L4 
and L5 DRGs were harvested 7 days after PRF/sham. The 
ATF-3 expression was analyzed by calculating the ratio 
of ATF3-ir neurons to total neurons (“positive-staining 
ratio”) and by calculating the radius ratio of small, 
medium-sized, and large ATF3-ir cells (indicating C-, 

Table 1. Study design.

Exp Design Groups SNL MS PRF PRF Effect Rat # Figure #

1 EP study Sham
PRF

−
− NA −

+ Early 6
6 2

2 EP study SNL+Sham
SNL+PRF

+
+ NA −

+ Early 6
6 3

3 p-ERK

C+Sham
C+PRF

C+MS+Sham
C+MS+PRF

−
−
−
−

−
−
+
+

−
+
−
+

Early

5
4
4
4

4A, 4B

3 p-ERK
SNL+Sham

SNL+MS+Sham
SNL+MS+PRF

+
+
+

−
+
+

−
−
+

Early
4
4
4

4C, 4D

4 Behavior
C+Sham

SNL+Sham
SNL+PRF

−
+
+

NA −
+

Delayed
8
8
9

5

5 p-ERK
C+Sham

SNL+Sham
SNL+PRF

−
+
+

NA −
+

Delayed
4
4
4

6A, 6B (1 day)
6C, 6D (14 day)

6 Behavior Sham
PRF

−
− NA −

+ Delayed 6
8 7

6 ATF3
Sham

Sham-E
PRF

−
−
−

NA
−
−
+

Delayed
5
4
4

8

Exp: experiment number in the study design section (see text); C: control, EP: evoked potential, MS: noxious mechanical stimulation, NS: not ap-
plicable, PRF: pulsed radiofrequency, Sham-E: sham surgery for electrode placement without PRF, SNL: spinal nerve ligation; #: number. 
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Aδ-, and Aβ-fiber neurons, respectively) in proportion 
to total ATF3-ir neurons (“cell-size distribution”) by us-
ing NIH software (ImageJ, 1.4.7v) for cell counting and 
size calculation. This analytic method has been widely 
used (36-38).

Statistical Analysis
Data are presented as the mean ± standard error 

of the mean (SEM). The effect of PRF on the A-/C-
components was analyzed through one-way repeated-
measures analysis of variance (RM-ANOVA) for time-
course changes or 2-way RM-ANOVA for effects on the 
group, time, and group-by-time interaction. Analyses 
were followed by the post hoc Student–Newman–Keuls 
test (SigmaPlot v.11, Systat Software, Chicago, IL). Be-
havioral and immunostaining data were analyzed using 
one-way ANOVA, followed by a post hoc Tukey test. A 
P value less than 0.05 was considered to be a significant 
difference.

Results

In Vivo EP Recording in the Spinal Dorsal 
Cord

The application of electric conditioning stimulation 
evidently evoked 2 negative potentials, A-component 
(0 – 90 ms) and C-component (90 – 300 ms) (Fig. 1A). 
Nissl staining of all the tested spinal cords showed the 
recording sites, and only those with a lesion limited to 
the superficial laminae were qualified (Fig. 1B).

PRF Differentially Suppressed the 
C-component in Normal Rats

PRF differentially affected the EPs of the A- and 
C-components in the normal animals. Figure 2A shows 
the recording traces in the sham and PRF groups at vari-
ous time points. Figures 2B and 2C display the response 
ratio of the 2 components, respectively. In the sham-PRF 
group (Sham), both the A- and C-components remained 
consistent without time-course changes compared with 
the baseline value at 0 minutes for at least 120 minutes 
(except for 100 and 120 minutes in the PRF group; P = 
.813 for the A-component in Fig. 2B; P = .277 for the 
C-component in Fig. 2C). In the PRF group (PRF), the 
A-component was gradually enhanced with high varia-
tions, but no significant difference was discerned over 
time (P = .123, Fig. 2B). PRF significantly suppressed 
the C-component over time (P = .001; Fig. 2C) after 30 
minutes.

Fig. 2. PRF effect on spinal EPs in the normal rats. 
A: Five original traces of  spinal EPs in the sham- 
and PRF-treated animals at the baseline and at 0.5, 
1, 1.5, and 2 hours posttreatment. The arrowheads 
indicate A-components, whereas the arrows indicate 
C-components. B: Comparison of  the values of  the 
normalized A-components between the Sham and PRF 
groups. Two-way RM–ANOVA revealed significance 
in the interaction between treatment and time was 
found (P = .040). C: Comparison of  the values of  the 
normalized C-components between groups. No statistical 
significance in the interaction between treatment and 
time (P = .153). The Student–Newman–Keuls test was 
used for post hoc calculations. # P < .05, the value at 
the time point versus baseline (Time Point 0). 



www.painphysicianjournal.com 	 E275

PRF Selectively Suppresses C-Fiber-Mediated Neuropathic Pain

Fig. 3. PRF effect on spinal cord EPs in the SNL rats. A: 
Five original traces of  spinal EPs in the sham- and PRF-
treated animals at the baseline as well as at 0.5, 1, 1.5, and 2 
hours posttreatment. The arrowheads indicate A-components, 
whereas the arrows indicate C-components. B: Comparison 
of  the values of  the normalized A-components between the 
SNL+PRF and SNL+sham groups. C: Comparison of  
the values of  the normalized C-components between groups. 
Significant suppressions on the C-component were noted in 
the PRF-treated rats 15 minutes later compared with that at 
the baseline (P < .05, one-way RM–ANOVA). Two-way 
RM–ANOVA revealed a significant interaction between 
treatment and time (P = .004). Statistical differences 
between groups are indicated by an asterisk (* P < .05). 
The Student–Newman–Keuls test was used for post hoc 
calculations. # P < .05, the value observed at the time point 
versus baseline (Time Point 0).

We performed group comparisons in the A- and 
C-component, respectively. For the A-component (Fig. 
2B), a significant interaction between the treatment 
and time was found through 2-way RM-ANOVA (P = 
.040), and the effect was dependent on time. By con-
trast, no significant interaction was discerned between 
the treatment and time for the C-component (P = .153; 
Fig. 2C). The results revealed that PRF exerted differen-
tial effects on A- versus C-fiber-mediated EPs.

PRF Differentially Suppressed the 
C-component, but not the A-component, in 
SNL Rats

Similar to results in normal rats, PRF differentially 
modulated the A-/C-components (Fig. 3A) under neuro-
pathic pain. In the sham group (SNL+Sham), both the A- 
and C-components remained constant over 120 minutes 
(P = .499 for the A-component in Fig. 3B; P = .99 for 
the C-component in Fig. 3C). In the PRF rats (SNL+PRF), 
the C-component was significantly depressed at all time 
points after treatment (P = .001; Fig. 3C), whereas the 
A-component exhibited high variations (Fig. 3B) with-
out significant time-course changes (P = .056; Fig. 3B).

Next, the C-component was significantly depressed 
in the SNL+PRF group compared with the SNL+sham 
group during 80 – 120 minutes (Fig. 3C). A significant 
interaction was present between groups for C-compo-
nents (P = .004; Fig. 3C). However, for A-components, 
no significant interaction was found between the treat-
ment and time (P = 1.000; Fig 3B). The results revealed 
that PRF produced a selective inhibitory effect on 
C-fiber-mediated EPs in SNL rats, but could not affect 
A-fiber-mediated EPs.

PRF Inhibited Rapid p-ERK Induction by 
Mechanical Nociception in the Control and 
SNL Rats

To mimic C-components induced by suprathreshold 
nerve stimuli, intense mechanical stimulations (MS) with 
a thick von Frey fiber were applied. We determined 
that repetitive MS in the control rats engendered an 
increased expression of p-ERK in the superficial lami-
nae I and II at 30 minutes, but few p-ERK-ir cells in the 
deeper laminae III-V (the C+MS+Sham in Figs. 4A and 
4B). PRF treatment significantly reduced number of the 
p-ERK-ir cells in the superficial laminae both at L5, the 
level at which the DRG was stimulated, and L4 (Fig. 4B). 
PRF per se did not increase p-ERK compared with sham 
treatment (C+PRF vs. C+Sham, P > 0.05) at 30 minutes 
poststimulation (Fig. 4B).
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Fig. 4. PRF effect on early p-ERK expression evoked by mechanical noxious stimulation (MS) in the control (C) and SNL 
rats. A: Immunofluorescent staining revealed p-ERK inductions in the control rats that received the sham, PRF, repetitive MS, 
or MS+PRF (C+Sham, C+PRF, C+MS+Sham, C+MS+PRF, Scale bar: 100 µm). B: Analysis of  p-ERK-immunoreactive 
cell numbers in these groups. C: Immunofluorescence showed p-ERK expression in the SNL rats that received the sham PRF, 
repetitive MS, and MS+PRF (SNL+Sham, SNL+MS+Sham, SNL+MS+PRF; Scale bar: 100 µm). D: Analysis of  p-ERK-
immunoreactive cell numbers in these groups. One-way ANOVA with a post hoc Tukey test.
* P < .05, ** P < .01 *** P < .001 for groups versus C+Sham or SNL+Sham; # P < .05, ## P < .01, ### P < .001 for groups versus C+PRF or 
SNL+MS+Sham; &&& P < .001 for C+MS+PRF versus C+MS+Sham.
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In SNL rats, MS significantly increased p-ERK in 
the SNL-sensitized spinal cord, compared with those 
in the non-MS rats (SNL+MS+Sham vs. SNL+Sham, Figs. 
4C and 4D). PRF inhibited p-ERK only in the L5 superfi-
cial laminae, but had no effect in the deeper laminae 
(SNL+MS+PRF vs. SNL+MS+Sham; Fig. 4D). Altogether, 
PRF rapidly mitigated newly induced p-ERK in both 
control and hypersensitive spinal cords, whereas did 
not induce p-ERK by itself.

PRF Attenuated SNL-induced Nociceptive 
Hypersensitivity for a Prolonged Period

SNL resulted in drastically mechanical and thermal 
hypersensitivities (SNL+Sham group in Figs. 5A and 5B; 
P = .000 for most post-SNL data vs baseline data; and P 
< .001 for SNL+Sham vs C+Sham, not shown). PRF sig-
nificantly suppressed tactile allodynia for 10 days (P < .005 
at PD10; Fig. 5A) and reduced thermal hyperalgesia for 
2 weeks (P < .01 at PD14; Fig. 5B). Collectively, PRF pro-
duced a prolonged analgesic effect on SNL-induced pain.

PRF Reduced SNL-induced and Maintained 
Late ERK Activations in Spinal Dorsal Horns

Figure 6 shows the delayed effects of PRF on p-ERK 
expression on post-PRF Day 1 and Day 14 (i.e., PD1 and 
PD14, Fig. 5). SNL increased p-ERK-ir cells to a similar 
level in the superficial laminae at both time points (Figs. 
6B and 6C), whereas it caused more p-ERK-ir cells in the 
deeper laminae (III-V) on PD14 (Fig. 6C). PRF (SNL+PRF) 
reduced the number of p-ERK-ir cells in both the L4-L5 
superficial and L5 deep laminae compared with those 
in the SNL+Sham group at both time points (P < .05; 
Figs. 6B and 6C), indicating a persistent inhibitory ef-
fect. Double staining on PD14 (Fig. 6D) revealed most p-
ERK-ir cells were neurons (NeuN) and a few others were 
astrocytes (GFAP), but none were microglia (OX42).

PRF Does Not Change Baseline Withdrawal 
Thresholds

We further examined if PRF alters normal rats (Fig. 
7). All PRF-treated rats were found to exhibit normal 
movements, without limping or unbalanced walking 
at the hind limbs, for 3 postoperative days. The with-
drawal thresholds did not differ, either between both 
hind paws in the same group (i.e., PRF-L vs PRF-R) or the 
same left paws between groups (i.e., PRF-L vs Sham-L) 
at all time points. The mild threshold drops over the left 
paws in both groups may be attributed to surgery-re-
lated pain, but no statistical significance was obtained. 
Thus, neither the electrode placement nor PRF current 

could alter basal sensory thresholds and behaviors.

PRF May Not Injure DRG Neurons
ATF-3 expression in the nuclei of DRG neurons sug-

gests peripheral nerve injury. Weak ATF-3 staining was 
noted in the left L4 and L5 DRG neurons in the Sham, 
Sham-E, and PRF groups (panels a, b, and c, respectively, 
in Figs. 8A and 8B). Little to no ATF-3 was found in the 
contralateral DRGs (panel d, Figs. 8A and 8B). The ex-
pressive ratio of ATF-3 neurons among the Sham, Sham-
E, and PRF groups yielded no statistical differences (P > 
.05, Fig. 8C). Cell-size distribution analysis revealed that 
most of the ATF-3-ir cells were small neurons, presum-
ably unmyelinated C-fiber-neurons (< 400 µm2, Fig. 
8D). However, no difference was observed among the 
groups in terms of cell-size distribution. Accordingly, 
neither the electrode placement nor PRF stimulation 
induced ATF-3 expression.

Fig. 5. PRF effect on SNL-induced mechanical allodynia 
(Fig. A) and heat hyperalgesia (Fig. B). PRF or 
sham treatment was performed 8 days after nerve injury 
(SNL+PRF, or SNL+Sham, respectively) or sham treatment 
after sham surgery (C+Sham). The arrows indicate spinal 
nerve ligation and PRF stimulation. BL: pre-SNL baseline, 
D: post-SNL day, PD: (PRF/sham) posttreatment day.
* P < .05, ** P < .01, *** P < .001 for SNL+PRF versus SNL+sham; 
# P < .05, ### P < .001 for SNL+sham versus C+sham by one-way 
ANOVA with the post hoc test.
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Fig. 6. PRF effect on SNL-induced late ERK activation in the spinal dorsal horn. A: Expression of  p-ERK in the control rats 
with sham-PRF (C+Sham), in the SNL rats with sham-PRF (SNL+sham), and in the SNL rats with PRF (SNL+PRF) at 
one day post-PRF. Scale bar = 100 µm. B: Comparison of  p-ERK-immunoreactive cell numbers among the groups at one day post-
PRF; C: p-ERK comparison at 14 days post-PRF. One-way ANOVA with post hoc Tukey's test.
* P < .05, ** P < .01, *** P < .001 for groups versus C+Sham; # P < .05, ## P < .01 for SNL+PRF versus SNL+Sham. D: Double staining of p-ERK 
with neuronal, microglial, and astrocytic markers (NeuN, OX42, and GFAP, respectively). The arrowheads indicate colocalization. Scale bar = 
10 µm.
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Discussion 

We demonstrated that bipolar PRF treatment per-
sistently suppressed SNL-induced and SNL-maintained 
nociceptive hypersensitivity with electrophysiological, 
molecular, and behavioral evidence. In particular, we 
identified a selective long-term depression (LTD) of PRF 
on C-fiber-mediated spinal EPs and ERK activations, 
which determines chronic pain neuromodulation.

PRF Selectively Suppresses C fiber-mediated 
EPs

The major finding that PRF selectively suppresses 
the C-component is in agreement with empirical obser-
vations that PRF affects only pain sensations, but not 
innocuous sensations or motor functions. In addition to 
our EP results, physical laws support the phenomenon. 

Fig. 7. PRF treatment effect on withdrawal thresholds at the 
bilateral hind paws in the normal rats. Sham-L/ Sham-R: 
left/right hind paw of  the sham-PRF rats; PRF-L/ PRF-R: 
left/right hind paw of  the PRF-treated rats.

Fig. 8. PRF effects on ATF-3 expression in the DRG neurons in the control rats. A: L4 DRGs; B: L5 DRGs. Panels a−c 
indicate the ipsilateral DRG of  the sham surgery (a, Sham), the electrode placement (b, Sham-E), and the PRF (c, PRF) group, 
respectively; panel d indicates the contralateral DRG of  the PRF group. Three sizes of  ATF3-ir cells (small, medium-size, and 
large) are marked with solid-line arrows, dotted-line arrows, and arrowheads, respectively, but not all immunoreactive neurons are 
indicated. Scale bar = 10 µm. C: Ratio of  the ATF-3-ir neurons to the total DRG neurons in the left L4 and L5 DRGs. D: Size 
distributions of  the ATF-3-ir neurons in the left L4 and L5 DRGs.
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Though PRF can exert both thermal field (T-field) and 
electric field (E-field) effects, it generates stronger E-
field and transmembrane potentials in neurons, but 
much lower T-field and temperature in comparison with 
CRF (8). E-field of PRF causes various degrees of micro-
injury in DRG neurons (10,12-15,39), but most damage 
is very mild and reversible within 4 weeks (40). Since 
E-field gradient across neural membrane is influenced 
by numerous factors such as the thickness of the myelin 
sheet, unmyelinated C-fibers may be vulnerable to E-
field exposure (14). PRF was reported to produce higher 
axonal damage in C-fibers than in Aβ and Aδ fibers of 
the sciatic nerve (14) to yield a selective blockade.

Early PRF Effects: LTD on the C-component 
and p-ERK

We demonstrated that 5-minute PRF produced LTD 
on C-fiber-mediated EPs for at least 2 hours in both con-
trol and SNL rats without affecting A-fiber-mediated 
EPs. Similar electrostimulation-induced synaptic modu-
lations were reported in the brain, DRG, and cutaneous 
tissue. For instance, low-frequency electric pulses (1-Hz, 
900 seconds) at the DRG produced LTD in Aδ and C-fiber 
synapses for 2 hours (41), and high-frequency tetanic 
stimulation (100-Hz, rapid 3 repeats) induced LTD in the 
spinal motor withdrawal (21). Although electric param-
eters were inconclusive among studies, low-frequency 
stimulation seems to have better chance to produce 
LTD (8). Moreover, compared with an in vitro study 
conducting PRF in hippocampal slices to obtain a less 
than 15-minute inhibition of excitatory postsynaptic 
amplitudes (7), the depressive duration in this in vivo 
study is much longer. The intact and complex circuitry, 
in contrast with monosynaptic connections in the slices, 
may contribute to the prolonged duration.

Akin to the immediateness in EP recordings, p-ERK 
appears rapidly and exclusively in superficial dorsal 
neurons after strong von Frey stimuli in both normal 
and SNL rats. Our results are consistent with studies 
showing p-ERK appears 15 minutes after a peripheral 
electric tetanus or 2 minutes after intense mechanical 
stimulation (35). Because activation of neuronal ERK-
CREB pathway is attributed to early spinal LTP (24), the 
reduction of stimulation-evoked p-ERK supports LTD 
in electrophysiological findings. Of particular note, 
expression of p-ERK in the SNL rats (Fig. 4C and 4D) 
includes both SNL-maintained p-ERK and von-Frey-
induced new p-ERK. The final p-ERK inhibition indicates 
an integrated effect on neuropathic and nociceptic 
signals.

Delayed PRF Effects: Prolonged Analgesia and 
p-ERK Inhibition in Neurons and Glia 

In a well-developed SNL-maintained pain, a single 
PRF treatment reduced mechanical- and heat-evoked 
nociception for 10 and 14 days, respectively. The result 
lasted longer than that obtained in our previous study, 
which showed effects for 5 days and 7 days, respectively 
(27). It implies that PRF may exert better effect on the 
late-stage pain than on the early-stage pain. Nerve in-
jury could also sensitize uninjured medium-sized/large 
neurons or axons and alter their functions from relay-
ing innocuous transmission to nociceptive information, 
namely a cell-type shift (42,43). Hypothetically, a higher 
proportion of C-fiber-mimic hypersensitivity would be 
present in the affected DRG over a period of time and 
exhibits higher susceptibility to PRF treatment.

p-ERK is critical in spinal sensitization both in ini-
tiating nociceptive development and maintaining neu-
roplasticity (25,44). PRF attenuated spinal p-ERK at 30 
minutes, one day, and even 2 weeks, which outlasts its 
effect on pain behaviors. Moreover, p-ERK inhibition is 
neither limited to L5 (the stimulated DRG level) nor re-
strictive in superficial SDH at 14 days post-PRF (Fig. 6C). 
The above findings suggest PRF produces long-lasting 
and widespread effects, and also answers a persistent 
Fos induction in the cervical SDH at 3 hours and 7 days 
post-PRF (16,45).

Astrocytic p-ERK expression needs particular no-
tice. Spinal glia sustain late-phase LTP in neuropathic 
pain for days, weeks, or even longer (25). Inhibition of 
glial activity could convert tetanus-induced postsynap-
tic potentials from LTP to LTD (46,47), indicating a neu-
ral–glial crosstalk (48). We previously determined that 
PRF inhibited SNL-induced microglial p-p38 and TNF 
(27). In a CFA-induced pain study, PRF suppressed spinal 
p-JNK for 14 days (49), and CFA-induced pJNK {sp?} was 
found to be exclusively expressed in astrocytes (50). 
Meanwhile, PRF may activate the expression of several 
types of cytokines (40). Overall, PRF application can 
directly and indirectly modulate neuron-glia-mediated 
spinal sensitization and neuroinflammation.

PRF Does Not Lead to Neuronal Stress in the 
DRG

Neither the PRF current nor electrode insertion 
induced neuronal stress in the treated DRG. ATF-3 is 
a member of the ATF/CREB transcription factor su-
perfamily, and indicates stresses in DRG neurons after 
peripheral axonal injury or nonneural tissues following 
cellular destruction (51-53). ATF-3 was also suggested to 
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be involved in nociceptive development (54). Because 
the active zone of PRF was limited to a narrow range 
adjacent to the electrode tip (7,8,11), the severely af-
fected tissue is theoretically the region in close contact 
with the electrode. However, no dense ATF-3-gathering 
region was observed in the DRG sections, nor was any 
significant difference in the ATF-3 expression ratio or 
cell-size distribution noted among groups. Our results 
are distinct from those obtained by Hamann et al (55), 
who reported a small but significant increase in ATF-3 
expression in the DRGs between the PRF and control 
groups. However, the voltage was much lower in our 
study than that study, so E-field effects may be insuf-
ficient to induce damage. A potential thermal injury by 
heat spikes (8) at the electrode tip can be negligible 
based on our measurement before (29). We thus con-
clude that low-volt bipolar PRF is safe for the DRG un-
der our study profile.

Limitations
Translation of our animal data to clinical applica-

tions needs to be done very carefully. First, the SNL 
model elicits distinct phenotypic changes which cannot 
represent all neuropathic pain conditions (56); second, 
there are disparities in pain measurements between 
animal models using withdrawal responses and human 
studies with spontaneous perception (57); third, molec-
ular changes in the injured DRG were not investigated, 

i.e., ATF-3 and p-ERK. It is important to investigate how 
the DRG was reversed by PRF. Besides, it is completely 
unknown if such a bipolar PRF application causes any 
unpleasant sensation in rats and in humans.

Conclusion
In this study, we reveal that PRF produces a pro-

longed analgesic effect with minimal neural injury. 
It induces spinal LTD to selectively modulate C-fiber 
transmission, inhibits postsynaptic excitability and se-
quential ERK activations, and alleviates pain. Our find-
ings support PRF treatment as a valuable intervention 
therapy for chronic neuropathic pain.
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