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7.1. Primary aim 
The primary aim of this academic thesis was to investigate the efficacy and 

mechanisms of action of neuromodulation of the DRG in experimental chronic neuropathic 

pain.  

7.2. Research questions (RQ’s). 

Based on the primary aim of this academic thesis, the following research questions 

were formulated, which will now be discussed: 

1. What are the recent developments in the field of SCS in neuropathic pain with focus 

on novel anatomical targets and paradigms? 

2. Does the anti-nociceptive effect of Conventional DRGS and Burst DRGS differ over 

time in an experimental model of PDPN? 

3. What is the effect of Burst DRGS amplitude on mechanical hypersensitivity in an 

experimental model of PDPN? 

4. Does Conventional DRGS reduce intracellular GABA immunoreactivity in DRG 

somata?  

5. Is PRF adjacent to the DRG effective in attenuating mechanical and thermal 

hypersensitivity and pain-related gait in a rat model of chronic neuropathic pain? 

RQ1. What are the recent developments in the field of SCS in neuropathic pain with focus 

on novel anatomical targets and paradigms? 

The recent developments in SCS for treatment of neuropathic pain, with special 

focus at new locations and new stimulation paradigms, is reviewed and presented in Chapter 

2 ‘’Spinal Cord Stimulation in Chronic Neuropathic Pain: Mechanisms of Action, New 

Locations, New Paradigms’’. The aim of this review was to provide a state of the art overview 

of the field of SCS, in which the efficacy and mechanisms of action of not only Tonic-SCS ( or 

Con-SCS), but also novel SCS modalities including HF-SCS, Burst-SCS, and DRGS are discussed.   

Based on this review a few findings can be summarized: Over the last decade, 

several new waveforms and anatomical targets have been introduced to the field of SCS to 
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improve stimulation efficacy as well as overcome some of the limitations observed with Con-

SCS. Two prominent examples of novel SCS waveforms that were recently introduced include 

HF-SCS (1000 Hz-10.000 Hz, 30 µs pulse width and an amplitude of typically 1–5 mA) [1-5] 

and BurstDR-SCS (five monophasic spikes administered at 40 Hz interburst mode and 500 Hz 

intraburst frequency, pulse width of 1 ms and 1 ms interspike interval, administered with 

passive charge recovery) [6-8]. These waveforms have the advantage of causing no 

paresthesias, as they are delivered below perception threshold, and are hypothesized to 

have different mechanisms of actions as compared to Con-SCS. As the parameter space of 

these new SCS waveforms has not been fully explored yet, more research is needed in order 

to fine-tune SCS parameters for specific neuropathic pain indications. For instance, effect 

differences between passive recharge Burst-SCS (BurstDR-SCS) vs. active recharge Burst-SCS 

have not been characterized. Besides these novel SCS paradigms, also new anatomical 

targets, such as DRGS, were recently introduced to the field of SCS [9, 10]. DRGS has the 

advantage of reaching and delivering more precise stimulation of difficult-to-reach areas, 

such as the extremities and the groin. The latter is often difficult, if not impossible to do with 

SCS using midline lead placement. Additionally, DRGS requires significantly less energy, as 

there is less CSF present between the lead and the neurological target tissue (the DRG). 

Nevertheless, it is important to note that the efficacy and superiority of HF-SCS, 

Burst-SCS, and DRGS over Con-SCS have only been investigated to a limited extent, and 

therefore requires more research. Future research should thus be based on an orchestrated 

interplay between (reproducible) experimental animal studies and well-designed large, 

(preferably) non-industry sponsored clinical trials. Also the question as to how different SCS 

paradigms, such as HF-SCS and Burst-SCS, and specific SCS locations, such as DRGS, affect 

peripheral, spinal, and supraspinal circuits warrants further research. Lastly, there is 

currently very few research that focusses on combining the advantage of novel SCS 

waveforms, such as Burst-SCS, and novel anatomical targeting, such as DRGS. The latter 

combined approach has the potential to not only increase responder rates and analgesic 

efficacy, but also circumvent some of the other drawbacks related to Con-SCS, including 

paresthesias, relatively high battery consumption, and lack of specificity. 
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RQ2. Does the anti-nociceptive effect of Conventional DRGS and Burst DRGS differ over 

time in an experimental model of PDPN? 

To answer the second research question, we designed an experimental animal study 

to test, for the first time, Burst stimulation in combination with DRGS for treating 

experimental PDPN (see Chapter 3). The experiments as presented in Chapter 3 demonstrate 

that both Burst-DRGS (five monophasic spikes administered at 40 Hz interburst mode and 

500 Hz intraburst frequency, pulse width of 1 ms and 1 ms interspike interval, administered 

at 67% MT with active charge recovery) and Con-DRGS (50 Hz, 250 µs pulse width, 

administered at 67% MT) resulted in significant nociception as compared with Sham-DRGS, 

but at the same time no differences in terms of maximum anti-nociceptive effect were noted. 

Nevertheless, signs of a residual effect of Burst-DRGS 15 minutes after the stimulator had 

been turned off, as compared with Con-DRGS, is reported.  

The DRGS animal model as used in our study has been utilized previously in a 

unilateral peripheral nerve injury model of neuropathic pain, and has shown to be an 

excellent model that mimics features that are typical for clinical DRGS, such as the rapid onset 

and offset of analgesia [11]. Here, the authors used Con-DRGS (20Hz, 150µs pulse width, 

amplitude at 80% MT) and noted similar reductions in von Frey paw withdrawal thresholds 

in response to DRGS as observed in our study. Importantly, it was also shown that DRGS 

produces no histological or behavioral signs of injury to the DRG [11]. 

Since the inception of DRGS in 2011 [9], DRGS (using conventional settings) has been 

successfully implemented in the clinic for a wide variety of neuropathic pain disorders, 

including, but not limited to, discogenic low back pain [12, 13], CRPS type I and II [10], 

postamputation pain [14], and PDPN [15]. The efficacy of DRGS, and the non-inferiority and 

superiority of DRGS over SCS in patients with CRPS type I and II, has recently been published 

in the only RCT on DRGS currently available in literature [10]. Here, the percentage of patients 

receiving ≥50% pain relief and treatment success was significantly increased in the DRG arm 

(81.2%) over the SCS arm (55.7%) at 3 months. Additionally, DRGS demonstrated greater 

improvements in quality of life and psychological disposition, and DRGS subjects reported 
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less postural variation in paresthesia intensity as compared to SCS subjects [10]. 

Furthermore, the effectiveness of DRGS for PDPN has been published in a retrospective 

clinical study [15], where PDPN patients reported average reductions in VAS scores of 64%. 

From this study it was postulated that DRGS might be an effective neuromodulation modality 

to improve painful symptoms in PDPN [15]. Although the results obtained in these studies 

are definitely promising, future RCT’s, in combination with additional preclinical studies (see 

Chapter 3), are required.  

As presented in Chapter 2, where we provided a broad overview of the field of SCS 

in the treatment of neuropathic pain and identified some knowledge gaps, one area yet 

unexplored is the combination of novel anatomical targeting (DRGS) (Chapter 2, section 2.4) 

and the use of new subperception paradigms (e.g. HF, Burst stimulation) (Chapter 2 section 

2.5). To the author’s knowledge, prior to the work presented in Chapter 3, only one pilot 

study has investigated such combination [16]. In this pilot study (n=5), Billet et al. used HF-

DRGS (2-10kHz) at either T9 or L2 to treat a mixed cohort of neuropathic pain patients with 

either FBSS, discopathy or a degenerative SI joint [16]. Although some very promising findings 

were reported (average reduction in back pain of 61%, average reduction in leg pain of 56% 

after 12 weeks), these results should be verified in additional, large-scale RCT’s. Interestingly, 

with the publication of our preclinical studies on Burst-DRGS in PDPN, one clinical study has 

been published utilizing active recharge Burst-DRGS in neuropathic pain patients [17]. More 

specific, 32 patients with neuropathic pain were treated with either Con-DRGS or Burst-DRGS 

using a novel ‘transgrade’ approach for DRGS implantation. At a mean follow-up of 18 

months, 66% of patients achieved successful DRGS treatment (defined as a Patient Global 

Impression of Change (PGIC) of 6 or 7, and a decrease in Numeric Rating Scale (NRS-11) of 

>2). Importantly, the preferred method of stimulation was found to be the Burst protocol in 

78% of patients [17]. The use of active recharge Burst-DRGS is currently being assessed 

formally, however, in a RCT that is under way (ClinicalTrials.gov identifier: NCT03318250). It 

worth noting that both the Con-DRGS and Burst-DRGS waveform as used in the clinical study 

of Al-Kaisy et al. [17] were delivered subthreshold, while it is likely that the stimulation 

amplitude of 67% MT as used in our animal model is suprathreshold. Differences in terms of 
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stimulation amplitude might impact behavioral outcomes in our animals, and pain relief in 

patients. It is therefore important that the effect of (Burst-)DRGS amplitude on pain 

outcomes is assessed in additional preclinical (see Chapter 4) and clinical studies.  

In contrast to the limited literature available on Burst-DRGS, multiple studies have 

been performed on Burst-SCS targeting the dorsal column (see Chapter 2, section 2.5.3). 

Here, contradictory findings regarding the superiority of BurstDR-SCS over Con-SCS in 

treatment of chronic neuropathic pain have been reported. While some studies show a clear 

advantage of BurstDR-SCS over Con-SCS [18-20], other studies show no difference between 

the two stimulation modalities in terms of their pain relieving effect [21]. These differences 

in outcome might be attributed to the different disease indications assessed [18-21]. As 

discussed in Chapter 2, fundamental differences in terms of working mechanisms may 

underlie the observed superiority of BurstDR-SCS over Con-SCS in some studies, as BurstDR-

SCS is thought to specifically stimulate the m-STT in addition to the l-STT, and thereby, much 

more than Con-SCS, modulates the affective component of the pain experience [8, 19]. Yet, 

no significant differences in terms of mechanical hypersensitivity between Con-DRGS and 

Burst-DRGS were found in our study in Chapter 3. Besides the obvious differences in terms 

of anatomical target (dorsal column vs. DRG), also the inclusion of only reflex-based tests in 

the present study might limit our window for detecting differences related to motivational-

affective aspects of pain. It was recently shown in an experimental neuropathic rat model 

that active recharge Burst-SCS, much more than Con-SCS, affects the cognitive-emotional 

aspect of pain on the MCAS test, whereas no differences between Burst-SCS and Con-SCS 

were observed on the reflex-based Von Frey test [22]. Future work on Burst-DRGS should 

also include operant-like tests like these, in order to see if such differences in terms of 

cognitive-motivational responses also underlie Burst-DRGS. It is also worth noting that the 

active recharge Burst waveform used in the present study, albeit monophasic, varies slightly 

from the commonly clinically used BurstDR waveform as introduced by Dr. De Ridder [19], 

which is monophasic with a passive recharge balance (see also Chapter 4, and discussion 

RQ3). Interestingly, a study on Burst-SCS in a unilateral peripheral nerve injury model of 

neuropathic pain found Burst-SCS using active recharge to have a delayed onset and a 
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delayed carry-over of analgesic effect when compared to Con-SCS [23]. While no differences 

in terms of a delayed onset of analgesic effect were observed between Con-DRGS and Burst-

DRGS in our study, Burst-DRGS did appear to show signs of a residual effect at 15 minutes 

post-stimulation when compared to Con-DRGS. Along these lines, results from a recent 

randomized controlled trial showed that BurstDR-SCS microdosing, a paradigm that relies on 

the introduction of stimulation-off phases inbetween stimulation-on phases, is as effective 

as standard BurstDR-SCS, while having significantly lower battery consumption [24]. 

Moreover, the analgesic efficacy of BurstDR-SCS microdosing was found to be equal as 

compared to standard BurstDR-SCS, as measured by rat fMRI brain responses following 

noxious stimulation [25]. Together, these results strongly indicate a beneficial carry-over 

effect of Burst stimulation, both when delivered at the dorsal column as well as at the DRG, 

and suggest that some form of plasticity is induced following each stimulation-on phase. It 

has recently been shown that the amplitude of spinal neuronal responses in rats can be 

potentiated for several minutes following a short burst of high-frequency tetanic pulses (555 

Hz) [26]. As Burst stimulation typically uses a similar intraburst frequency, it is reasonable to 

assume that Burst stimulation follows a similar mechanism, explaining the persistence of pain 

relief when the stimulator is off (stimulation-off phase). Furthermore, high frequency 

stimulation is known to induce long-term potentiation in lamina I of spinal NS projection 

neurons (see Figure 1, Chapter 2) [27], and signs of short term plasticity have been found in 

response to electrical stimulation, including those modulated by Burst stimulation [28].  

Altogether, our results indicate no differences in maximum effect on mechanical 

hypersensitivity in PDPN rats between Burst-DRGS and Con-DRGS, although both deliver 

significant pain relief as compared to Sham-DRGS. Importantly, Burst-DRGS, but not Con-

DRGS shows signs of a residual effect 15 minutes post-stimulation, which warrants further 

exploration. Further fine-tuning of parameters related to DRGS is needed and might improve 

its analgesic properties in the treatment of PDPN and neuropathic pain in general. 
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RQ3. What is the effect of Burst DRGS amplitude on mechanical hypersensitivity in an 

experimental model of PDPN? 

RQ3 has been addressed in Chapter 4. Here, the effect of different BurstDR-DRGS 

amplitudes on mechanical hypersensitivity in PDPN animals is studied. The results show that 

BurstDR-DRGS at 33-80% MT significantly attenuated mechanical hypersensitivity levels both 

during, and 15 min after cessation of the stimulation. A nonlinear amplitude-mechanical 

hypersensitivity relationship is reported, with a calculated optimal BurstDR-DRGS amplitude 

of 52% MT (is equivalent to ±80 µA).  

Previous studies indicated that Burst stimulation can be optimized by adjusting 

relevant stimulation parameters in order to modulate the amount of charge delivered to the 

nervous system (also see review Chapter 2, section 2.5.3) [29]. In our study, BurstDR-DRGS 

at 50% MT and 66% MT (15 min) and BurstDR-DRGS at 66% MT (30 min) resulted in highest 

responder rates, seemingly favoring amplitudes of 50-66% over the higher (80% MT) and 

lower (0-33% MT) stimulation amplitudes. Previous work on SCS suggests the sensation 

threshold, defined as the amplitude at which animals start to show signs of disturbance of 

their normal behavior (overt behavioral responses including attending to hindlimb or lower 

body, exploratory behavior, grooming behavior, or alertness directly related to stimulation 

onset [30, 31]) to be around 50% MT [31]. One could therefore speculate that the gradual 

decrease in therapeutic efficacy beyond this 50% MT optimum is due to the perception of 

sensory, potential uncomfortable, sensations by the animal. Previous work on Burst-SCS 

(active recharge) in an experimental animal model of neuropathic pain has shown a similar 

nonlinear course between amplitude and behavioral outcome with an optimum at 50% MT 

[32]. Interestingly, this optimal effect at 50% MT using active recharge Burst-SCS was shown 

to rapidly decline when this optimal amplitude was surpassed [32]. This is in line with the 

findings of Courtney et al. who demonstrated that the absolute therapeutic window of 

BurstDR-SCS in terms of amplitude is considerably smaller when compared to Con-SCS in 

patients with intractable chronic pain [33]. In contrast, the BurstDR-DRGS paradigm as used 

in the present study demonstrated a larger optimal therapeutic window (50-66% MT).  
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The combination of  our findings (Chapter 4) and data from literature [32] suggest 

that Burst stimulation is effective at lower amplitudes relative to the observed MT as 

compared to conventional stimulation. The combination of this relatively low optimal Burst 

stimulation amplitude, both in DRGS and SCS studies, together with the previously described 

increased carry-over effect of Burst stimulation, could have important implications for 

optimal stimulation delivery as well as battery life of the IPG in clinical practice.  

Taken all parameters together, stimulation as with DRGS or SCS can be characterized 

as ‘charge over time’. The same charge per time unit, or charge per second (CPS),  can be 

achieved using various dosing strategies, including, but not limited to, conventional 

stimulation, HF stimulation, and Burst stimulation. Whereas conventional stimulation 

typically is characterized by a high amplitude (and a relatively low frequency) to achieve the 

desired CPS, dosing strategies that utilize higher frequencies and/or wider pulse widths (such 

as HF and Burst stimulation) require less amplitude to do so. In the field of neuromodulation 

and pain, different concepts are currently hypothesized to determine stimulation outcome. 

One concept is related to the idea that the therapeutic efficacy in terms of pain relief merely 

depends on the amount of CPS delivered to the nociceptive system (which has a certain 

optimum), and that use of  two different dosing strategies should result in similar pain relief, 

given that the CPS is equal [34]. The strength-duration curve as described by Miller et al. 

demonstrates that wider pulse widths require less amplitude to activate a neuron, whereas 

smaller pulse widths require more amplitude [34]. Since amplitude generally impacts the 

amount of fibers recruited, and thereby increases or decreases in perceived paresthesias, a 

paradigm with a high duty cycle (defined as duration of active stimulation/total duration), 

such as Burst stimulation, requires less amplitude while still delivering the same amount of  

CPS, and overcoming paresthesias. On the other hand, another concept currently discussed 

in the field of SCS and pain relief is related to the idea that it is not the CPS that determines 

stimulation efficacy, but instead individual parameters such as amplitude, pulse width or 

frequencies, irrespective of their combined total charge [34].  
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Interestingly, an additional aspect related to the stimulation paradigm, charge 

delivery and pain relief that was recently introduced by De Ridder and colleagues, is the 

recharge phase [35]. Each delivered pulse, characterized by a specific amount of current (mA) 

for a specific amount of time (pulse width), is followed by this so-called ‘recharge phase’. A 

recharge phase consists of a flow of current in the opposite direction, in order to balance the 

charge delivered to the system and serve as a safeguard against overstimulation and tissue 

damage. This recharge phase can either be active or passive in nature; in most 

neuromodulation systems, charge balancing occurs after each individual pulse in a passive 

manner [35]. The Burst stimulation paradigm introduced into the field by de Ridder et al. 

(BurstDR stimulation) [19], and as used in our study (Chapter 4), is a passive recharge form 

of Burst stimulation where the built up charge period is discharged during the interburst 

period. Passive recharge Burst stimulation has been hypothesized to mimic natural neuronal 

burst firing in the thalamus, where the ‘plateau’ that occurs during the active phase of the 

Burst and that is followed by a quiescent period called the ‘silent phase’ is generated by 

calcium influx via T-type calcium channels, generating low threshold Ca2+ potentials upon the 

crest of which sodium and potassium channel-mediated action potentials fire, creating low-

threshold bursts [35]. On the other hand, with use of active recharge Burst, charge balance 

is maintained during the intraburst period. To date, only one small pilot study has directly 

compared active vs. passive (BurstDR) recharge Burst stimulation [36]. In this study, the 

authors studied both evoked and spontaneous neuronal firing rates in the dorsal horn of the 

spinal cord, and compared active vs. passive recharge Burst-SCS in rats that underwent 

cervical nerve root compression. Here it was found that passive recharge Burst-SCS 

(BurstDR), but not active recharge Burst-SCS, reduces neuronal firing rats in the dorsal horn 

upon the application of a noxious stimulus [36]. However, one should not neglect the fact 

that this was a pilot study measuring only a very limited amount of neurons (n=9), and that 

no behavioral assessments were performed. As such, no definitive conclusion regarding a 

possible superiority of passive vs. active recharge Burst-SCS related to impact on pain relief 

can be made. Future preclinical as well as clinical studies should focus on comparing these 
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two different types of Burst SCS and charge recovery, and assess if and how they may 

differentially affect the nociceptive system and cause pain relief.   

Altogether, our findings suggest a nonlinear relationship between BurstDR-DRGS 

amplitude and mechanical hypersensitivity in a rat model of PDPN.  Basic animal studies on 

the mechanisms of action of Burst-DRGS and the role of various stimulation parameters 

including the type of charge recovery are needed to further optimize pain relief.  

RQ4. Does Conventional DRGS reduce intracellular GABA immunoreactivity in DRG 

somata?  

In order to answer the fourth research question, we studied the effect of Con-DRGS 

on local intracellular GABA immunoreactivity in DRG somata in Chapter 5. From this detailed 

quantitative immunocytochemical study it is concluded that Con-DRGS does not alter the 

average intracellular GABA immunofluorescence staining intensity in DRG sensory neurons 

of animals which showed significant pain reduction. No cell size specific effect was noted as 

the intensity of GABA-immunoreactivity in cell somata of small, medium (“nociceptive”) or 

large (“non-nociceptive”) sensory neurons was unaffected by Con-DRGS.  

As described in Chapter 2, section 2.3.1, GABA is thought to play a pivotal role in the 

mechanism underlying Con-SCS of the dorsal columns. Con-SCS acts antidromically via 

stimulating the fast conducting, myelinated, touch-affiliated (“non-nociceptive”) Aβ-fibers 

located in the superficial dorsal column. With this mode of action Con-SCS is able to close the 

‘spinal pain gate’ by activating GABAergic inhibitory interneurons located in the upper 

laminae of the dorsal horn (see Figure 1, Chapter 2). These inhibitory interneurons, upon 

activation, then release GABA, which blocks the incoming nociceptive input from the smaller, 

unmyelinated C-fibers. In the field of pain this is often simply referred to as ‘’fast blocks slow’’ 

[37]. Indeed, previous work has demonstrated that intracellular GABA immunoreactivity in 

the dorsal horn is increased in chronic neuropathic rats [38], but is subsequently decreased 

after treatment with Con-SCS [39, 40]. At the same time, extracellular levels of GABA are 

increased following Con-SCS, as measured by microdialysis [41-43].  Moreover, the analgesic 
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properties of Con-SCS can be blocked [40, 41] or potentiated [44, 45] by administering 

GABAB-receptor antagonists or agonists, respectively.  

DRGS differs from SCS of the dorsal columns in its ability, at least theoretically, to 

target multiple types of sensory fibers, as the somata of all sensory modalities (non-

nociceptive Aβ, and nociceptive Aδ and C) reside in the DRG. While in theory DRGS could 

stimulate Aβ afferents, something that is supported by a recent computational study by 

Graham and colleagues [46], it is unlikely that this results in GABAergic spinal gating 

mechanisms in a similar way as with Con-SCS. Recent findings, based on quantitative 

immunocytochemical analysis showed that Con-DRGS does not affect intensity of GABA 

immunoreactivity in the spinal cord dorsal horn [47]. Interestingly, a recent study by Du et 

al. reported the presence of an extensive GABAergic communication network inside the DRG 

itself. The authors suggested the presence of a ‘’second pain gate’’, and further showed that 

DRG somata of all sizes (small and medium sized nociceptive as well as large sized non-

nociceptive neurons) can release GABA upon depolarization [48]. This led us to hypothesize 

that Con-DRGS might exert its analgesic action by engaging this second pain gate located in 

the DRG.  

Clearly, we were not able to confirm this hypothesis, as the average intensity of  

GABA immunofluorescence of cell somata in DRG’s treated with Con-DRGS did not 

significantly differ from Sham-treated DRG’s. An interesting observation was the generally 

higher GABA immunofluorescence noted in small-sized somata (12-26 µm) as compared to 

the medium (26-40 µm) and large-sized (26-40 µm) somata, suggesting the higher 

importance of GABAergic signaling in these cells which presumably are nociceptive. A critical 

note needs to be made as one should be careful when extrapolating the diameter ranges as 

being absolutely representative for pure C, Aδ, or Aβ sensory neuron populations. Villiere et 

al. showed that the C, Aδ, and Aβ type superposes the soma diameter [49]. Additionally, Lee 

and colleagues found that the soma size of these intermediate cells is not correlated with 

conduction velocity because these cells appear both with myelinated as well as unmyelinated 

axons [50]. 
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Our results in Chapter 5  strongly suggest that Con-DRGS does not modulate the 

“second pain gate in the DRG’’. Hence, the analgesic mechanism of action of DRGS might 

simply not be GABA mediated, but other, non-GABA mediated mechanisms of action are 

likely to be involved. Over the years, few studies have investigated the mechanism of action 

of Con-DRGS. A study by Koopmeiners et al. [51] and Chao et al. [52] found Con-DRGS to 

block the conduction of afferent impulse trains, specifically in nociceptive sensory afferents. 

The unique pseudo-unipolar design and the T-junction of the DRG may act as an 

electrophysiological low-pass filter for electrical stimuli travelling from the periphery to the 

spinal cord [53]. Furthermore, it was shown by fMRI that Con-DRGS is capable of attenuating 

BOLD signals in brain regions that are considered part of the pain matrix, like the contralateral 

thalamic VPL/VPM nuclei, and cortical S1 and S2 [54]. Lastly, a recent literature review by 

Chapman et al. [55] suggests that DRGS, especially at low frequencies (typically well below 

20 Hz), has the ability to lead to dorsal horn inhibition via distinct mechanisms, including 

inhibition of dorsal horn excitatory interneurons through spinal opioid system activation 

(1Hz) [56, 57], and the activation of low-threshold mechanoreceptors (LTMR’s), leading to 

the release of endorphins and/or enkephalins in the spinal cord dorsal horn [57-60]. Along 

these lines, a study by Koetsier et al. indeed found very low frequency DRGS (1 Hz) to have a 

significantly longer wash-out period as compared to 20 Hz and 1000 Hz DRGS, which might 

be due to activation of one of these pathways [61].  

In order to further understand the mechanisms underlying Con-DRGS and pain 

relief, our future research agenda should focus at non-GABAergic mechanisms either at the 

spinal dorsal horn, supraspinal levels, and/or in the DRG itself. Nevertheless, local GABAergic 

signaling inside the DRG might still underlie  the pain relieving effect of novel DRGS paradigms 

(such as Burst- or HF-DRGS). 

RQ5. Is PRF adjacent to the DRG effective in attenuating mechanical and thermal 

hypersensitivity and pain-related gait in a rat model of chronic neuropathic pain? 

In order to answer RQ5, an animal experiment was designed to test the efficacy of 

PRF applied adjacent to the L5 DRG on not only mechanical and thermal hypersensitivity, but 
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also pain-related gait (see Chapter 6). Here it is shown that treatment with 2x 180s PRF (pulse 

frequency= 2Hz, pulse width= 20ms, output voltage= 45V, and maximum temperature= 42°C 

(kept <42°C by varying pulse width) significantly attenuated PSNL-induced mechanical and 

thermal hypersensitivity, whereas no effect was observed on pain-related gait.  

With our study, we confirm previous findings (reviewed in [62]) related to the effect 

of PRF on mechanical and thermal hypersensitivity in chronic neuropathic pain, something 

which is important when establishing a reproducible and valid animal model for studying the 

effects of PRF. Nevertheless, comparing outcomes between experimental studies in animals 

remains difficult, as studies are subjected to great diversity in terms of not only the animal 

models used, but also PRF location and PRF duration. Our PRF protocol of 2x 180s applied 

adjacent to the DRG in chronic neuropathic rats showed profound attenuation of mechanical 

and thermal hypersensitivity for up to 15 days. Interestingly, a study by Perret et al. showed 

that animals that received PRF treatment adjacent to the L5 DRG exhibited better recovery 

and showed larger effect sizes than sham treated animals for a period up to no less than 50 

days post-PRF treatment [63]. Indeed, both our Von Frey (mechanical hypersensitivity) and 

Hargreaves (thermal hypersensitivity) data show no signs of attenuation in terms of PRF 

treatment efficacy at post-PRF day 15, making it very likely that the pain relieving effect of 

PRF would have persisted after 15 days. Thus, our findings are in line with those reported by 

Perret and colleagues [63]. The long duration of pain relieving effect with PRF is in major 

contrast to the transient effect as noted with DRGS (see Chapters 3 and 4). Whereas DRGS 

results in a near complete attenuation of mechanical hypersensitivity (based on optimal 

amplitude of stimulation used; see Chapter 4), this effect fades away within 15-30 minutes 

post-stimulation (differences in wash-out related to SCS paradigm used; see Chapter 3). The 

effect of PRF lasts for weeks if not months, but the effect on attenuation of mechanical 

hypersensitivity per se is limited and much milder (recovery to 40-50% of pre-PSNL baseline). 

These differences in terms of the onset and amount of pain relief of these two 

neuromodulatory treatments (i.e. PRF and DRGS) require a neurobiological and mechanistic 

understanding. The mechanism of action underlying DRGS is thought to mainly act by 

inducing a temporary conduction block through the C-type T-junction located in the DRG 
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itself [51, 53] (see Chapter 2, Figure 1). This conduction block might then act as an 

impediment or low-pass filter to electrical impulses traveling from the peripheral nociceptor 

to the spinal cord [53]. In contrast, PRF has been reported to affect the release of both 

excitatory [64] and inhibitory [65] neurotransmitters and the activation of microglia [66, 67] 

in the dorsal horn of the spinal cord. More importantly, although the general consensus is 

that PRF relies on a neuromodulatory effect, the factor neurodestruction, albeit on a 

microscopic level, cannot be ruled out. Multiple studies have shown that PRF adjacent to the 

DRG can cause small histological and morphological changes, like enlarged endoplasmic 

reticulum cisterns and increased number of cytoplasmic vacuoles. These changes seem to be 

most pronounced in C-fibers and are much milder when compared to RF-induced 

morphological changes [68-70]. These very small morphological and histological changes 

might be just enough to modulate axonal transport of proteins important in the development 

and maintenance of chronic neuropathic pain and central sensitization, such as BDNF, 

substance-P, and glutamate (see Chapter 1, section 1.2) [71]. Additionally, a recent study 

found that low-voltage bipolar PRF alleviates long-lasting neuropathic pain by selectively and 

persistently modulating C-fiber-mediated spinal nociceptive hypersensitivity and long-term 

depression [72]. Such ‘structural’ changes would then provide a reasonable explanation for 

the maintained and long-lasting pain reductions observed in clinical and preclinical PRF 

studies.  

Studying behavioral effects (short or long-lasting) is still an issue in the experimental 

pain field and may make the impact of pain relieving effects and the interpretation and 

translation of findings to the clinic very difficult. To date, reflex-based outcome measures 

such as mechanical hypersensitivity (e.g. Von Frey test) and thermal hypersensitivity (e.g. 

Hargreaves test) are considered to be the golden standard in experimental pain research. 

However, as these tests are rather subjective and rely on evoked nociception instead of 

spontaneous pain, they are not optimal. 

Besides reflex-based tests like the Von Frey and Hargreaves assay, several attempts 

have been undertaken to measure behavioral changes in animal models, as an indirect 
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measure of pain. Over the years, CatWalk gait analysis has been demonstrated to be one the 

most complete and objective methods of measuring gait in experimental animal research 

[73, 74]. The CatWalk system has been used in experimental animal research for a wide 

variety of neurological disorders, ranging from spinal cord injury [75, 76] and peripheral 

nerve injury [77, 78]  to traumatic brain injury [79] and Parkinson’s disease [80]. In our study, 

CatWalk gait analysis of animals that underwent PSNL showed significant decreases over time 

for all selected CatWalk parameters. Interestingly, our results in Chapter 6 showed a gradual 

normalization of Catwalk parameters over time, possibly hinting to development of 

adaptation behavior in the animals, and something that is in line with literature [77]. We 

were not able to detect any behavioral effects of PRF on CatWalk pain-induced gait 

parameters. At the same time a profound effect of PRF treatment was observed on 

mechanical and thermal hypersensitivity as measured by the von Frey and Hargreaves test. 

In line with this, a study by Truin and colleagues, using the same animal model, showed no 

effect of SCS on any of the measured CatWalk gait parameters, but did show profound 

increases in Von Frey values [81]. Although spinal cord stimulation and pulsed 

radiofrequency treatment are fundamentally different in their properties and proposed 

working mechanisms, the fact that two of the most widely adopted interventional pain 

treatment approaches seem to not alter pain-induced gait, while at the same time 

attenuating mechanical and thermal hypersensitivity in chronic neuropathic animals, 

strongly suggests that CatWalk gait analysis does not allow to detect or analyze behavioral 

effects of interventional treatment approaches in the chronic experimental PSNL model.   

To conclude, PRF adjacent to the L5 DRG resulted in longer-lasting, but milder 

attenuation of chronic neuropathic pain, as compared with DRGS. Use of CatWalk based gait 

analysis did not allow the detection of PRF-induced changes. Future research should focus 

on elucidating the mechanisms underlying PRF treatment and optimization of the stimulation 

paradigm. 
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7.3. Conclusion 

In summary, the results presented in this academic thesis show that modulation of 

the DRG via either Con-DRGS or PRF results in effective pain relief in two well-established 

rodent models of chronic neuropathic pain. The fundamental differences in terms of efficacy 

and duration of pain relief between Con-DRGS (efficacy: near complete pain reduction; short, 

transient effect) and PRF (efficacy: max 40-50% pain reduction; long duration effect) are 

discussed, and likely depend on different mechanisms of action. Further fundamental, 

neurobiological studies are needed. The introduction of novel DRGS stimulation paradigms, 

such as Burst-DRGS, have the potential to improve the therapeutic efficacy of DRGS.  
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