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  Neuropathic pain: Definition  

Neuropathic pain is a complex, heterogeneous disorder that affects approximately 

8% of the total adult human population and comes with significant burden for both the 

patient and healthcare system. The international association for the study of pain (IASP) 

defines neuropathic pain as: ‘’pain that arises as a direct consequence of a lesion or disease 

affecting the somatosensory system’’ [1].  

The somatosensory system is a complex system involved in the perception of pain, 

touch, pressure, temperature, vibration and movement. A lesion or disease affecting this 

system leads to altered or enhanced signal transmission in either the peripheral (PNS) and/or 

central nervous system (CNS), which is a completely natural and healthy reaction of the body 

in response to a damaging insult. It is when this process is deregulated over a longer period 

of time, that neuropathic pain develops. In patients with chronic neuropathic pain (defined 

as neuropathic pain lasting for more than 3 months and classified as a disease under ICD-11 

[2]), the body acts inadequate and non-functional to the initially obtained damage due to 

sensitization of the nociceptive network at the level of the spinal cord. Neuropathic pain can 

both originate in the PNS as well as the CNS. Peripheral neuropathic pain typically results 

from a lesion of the PNS, caused by mechanical trauma (peripheral nerve 

injury/compression), metabolic diseases (e.g. Diabetes Mellitus (DM)), neurotoxic 

substances, infection, or tumor invasion, whereas central neuropathic pain is most 

commonly caused by spinal cord injury, stroke, or multiple sclerosis [3]. Neuropathic pain 

patients usually experience burning, electric, stabbing or tingling sensations, which arise 

either spontaneously or upon application of an external stimulus [4]. Stimulus-evoked 

neuropathic pain can be characterized with presence of hyperalgesia and allodynia. 

Hyperalgesia can be defined as increased pain from a stimulus that normally provokes pain, 

whereas allodynia can be defined as pain to a stimulus that does not normally provoke pain. 

Besides its manifestation in the clinic, mechanical and thermal hyperalgesia/allodynia are 

also commonly used in experimental animal studies as a measure of ‘’pain’’. The collection 

of these symptoms make that neuropathic pain patients often suffer from a low health-

related quality of life, have high amounts of drug prescriptions, sleep disturbances, and a 
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high chance of developing anxiety and depression [5, 6]. The pathophysiology underlying 

neuropathic pain is explained in greater detail below. 

  Neuropathic pain: Pathophysiology 

The pathophysiology underlying neuropathic pain consists of a complex interplay 

between cellular and molecular processes across different parts of the somatosensory 

nervous system, including the peripheral nerves, the spinal cord, and the brain. The 

perception of pain starts in sensory nerve endings arising in the periphery, including the skin, 

muscles, joints and fascia, where they can react to environmental changes through 

specialized receptors including nociceptors (damaging or potentially damaging mechanical 

stimuli), mechanoreceptors (pressure or distortion), thermoreceptors (temperature), and 

chemoreceptors (chemical substances). When stimulated, these receptors can signal 

information to the spinal cord via 1st order afferent neurons. First-order afferent neurons 

include thinly myelinated Aδ-fibers (transmission of sharp/quick pain signals), unmyelinated 

C-fibers (transmission of slow, dull pain signals) and thickly myelinated Aβ-fibers 

(transmission of touch signals). The sensory neuron somata for all sensory modalities and 

fiber types (so Aβ-, Aδ- and C-fibers) are collected in a structure called the dorsal root 

ganglion (DRG). DRG’s are located at each segmental level of the spinal column at the 

intersection of the peripheral and central nervous system. DRG neurons have a unique 

‘’pseudo-unipolar’’ design, with axons that divide in two separate branches (one branch 

going from the periphery to the cell body, and one branch going from the cell body to the 

spinal cord), connected by a T-junction which connects the branching point to the cell body. 

This T-junction can either act as an impediment to electrical impulses traveling from the 

periphery to the dorsal horn of the spinal cord, participate in the propagation of the electrical 

pulse, or act as a low-pass filter to electrical information passing through the DRG from the 

periphery [7]. The cell bodies that reside in the DRG were originally thought to only serve as 

metabolic storage ‘’helpers’’ to peripheral processes. However, over the years, it has become 

clear that these DRG cell bodies act as a pivotal relay station in the nociceptive network and 

thus the pathogenesis of neuropathic pain [8]. Upregulation of multiple neuropeptides, 

receptors, ion channels, signal transduction molecules, synaptic vesicle proteins, and other 
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factors involved in the development of neuropathic pain have been observed in the DRG in 

response to nerve injury and inflammation [9], indicating the importance of the DRG in the 

nociceptive cascade. These changes at the site of the DRG can lead to the production of 

ectopic, aberrant, discharges. It was calculated that more than 75% of these ectopic 

discharges were generated at the site of the DRG, whereas only 25% of the ectopic discharges 

were generated at the lesion or neuroma site, after peripheral nerve injury [10].  

Ectopic discharges generated in the DRG can reach the dorsal horn of the spinal 

cord, where they can activate postsynaptic, 2nd order projection neurons due to increased 

synaptic efficiency via modulation of among others glutamate, substance-p and BDNF [11, 

12]. These 2nd order projection neurons include both nociceptive-specific (NS) projection 

neurons located in the superficial dorsal horn (predominantly laminae I-II), but also wide 

dynamic range (WDR) projection neurons (i.e. 2nd order neurons capable of responding to 

multiple types of somatosensory stimuli, including both noxious and innocuous input) 

located in the deeper laminae IV-VI. Additionally, ectopic firing induced at the DRG can 

induce microglia activation in the dorsal horn of the spinal cord, which, in turn, can also 

produce BDNF. Both this neuronal and microglia-derived BDNF can bind to its post-synaptic 

tyrosine kinase receptor B (trkB) [13], which in turn can interfere with the opening of post-

synaptic NMDA channels important in the process of central sensitization [14, 15]. 

Collectively, micro-environmental changes at the site of the DRG, together with the 

production of ectopic discharges and neuropeptides, can sensitize the transmission of 

afferent nociceptive input in the dorsal horn of the spinal cord.  

Second-order projection neurons cross over to the contralateral site before they 

ascend to the brain in what is called the spinothalamic tract, after which these neurons 

synapse onto their respective 3rd order neurons in predominantly the thalamus and brain 

stem. These 3rd order neurons connect to multiple brain areas that play a role in the 

processing of pain signals. Collectively, these brain areas are commonly referred to as ‘’the 

pain matrix’’, and include areas like the central amygdala, prefrontal cortex, anterior 

cingulate cortex, periaqueductal grey, thalamus, insula, inferior parietal cortex and the 
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primary and secondary cortices. It is a strong interplay between these structures that causes 

the experience we refer to as ‘’pain’’, and includes both the objective/discriminative as well 

as the affective components of the pain experience. Finally, after supraspinal integration of 

the pain signal, a feedback loop of descending serotonergic, noradrenergic and dopaminergic 

projections to the dorsal spinal horn further modulates and controls the spinal dorsal horn 

network [16].  

  Treatment algorithm for neuropathic pain 

The standard treatment approach for managing neuropathic pain is to start with 

pharmacological interventions. Pregabalin and gabapentin (gabapentinoids: calcium channel 

alpha2-delta ligands), duloxetine (a serotonin-noradrenaline reuptake inhibitor) and a 

number of tricyclic antidepressants are recommended first-line treatments for neuropathic 

pain. Capsaicin patches, lidocaine patches, and tramadol (a µ-opioid receptor agonist and 

serotonin-noradrenalin reuptake inhibitor (SNRI)) have less evidence and are mostly 

considered as second-line treatments. Stronger opioids such as oxycodone and morphine (µ-

opioid receptor agonists) and botulinum toxin A (a potent neurotoxin) have only weak 

recommendations as third-line treatment options [17-22].  

Despite the development and use of many pharmacological drugs and guidelines for 

the treatment of chronic neuropathic pain over the years, a substantial amount of 

neuropathic pain patients remain under- or untreated, with less than 50% of patients 

responding to pharmacological treatment [23]. These chronic pain patients are diagnosed 

with having refractory neuropathic pain. The Scottish Medicines Consortium specifies 

patients who suffer from refractory chronic pain as: ‘’those who have not achieved adequate 

pain relief from, or have not tolerated, conventional first and second line treatments’’ [24]. 

Hence, the development of novel, last-resort interventional treatment therapies is crucial to 

also relief neuropathic pain in these refractory patients. Recent developments in the field of 

interventional neuromodulation have shown great promise for these patients.  
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  Interventional neuromodulation in treatment of neuropathic pain 

Over the last decades, neuromodulation based on electrical stimulation has proven 

to be a valuable last-resort treatment option for patients with refractory neuropathic pain. 

With neuromodulation, nerve fiber activity is being altered through targeted delivery of an 

electrical stimulus to defined neurological sites in the body, as with neuropathic pain 

particular the spinal cord and DRG. This neuromodulation is aimed to interfere with 

nociceptive transmission and with that minimize pain transmission to and in the brain. This 

thesis will focus on neuromodulation of nociceptive transmission via targeting the Dorsal 

Root Ganglion (DRG). As mentioned in section 1.2, the DRG’s play a crucial role in the 

pathogenesis of neuropathic pain. The unique, pseudo-unipolar structure of DRG neurons 

and the fact that the somata for all sensory modalities and fiber types reside in the DRG at 

each segmental level, makes this anatomical entity a very interesting target for 

neuromodulation. Two interventional techniques, namely dorsal root ganglion stimulation 

(DRGS) and pulsed radiofrequency (PRF) are investigated with focus on their pain relieving 

effect and mechanism of action in chronic neuropathic pain.  

1.4.1. (Pulsed) radiofrequency treatment 

Radiofrequency (RF) treatment is a frequently used therapy for treating neuropathic 

pain. During RF treatment, an electrode is transcutaneously placed on a peripheral nerve or 

DRG of interest, after which radiofrequency current is applied for a brief period of time 

(usually 2-8 minutes). This administration of radiofrequency current results in heating of the 

electrode tip (up until 80oC) and as a result produces a lesion through the process of 

thermocoagulation. The lesioning or ablation of the neurological tissue interrupts the 

movement of impulses across the nerve, and thus effectively reduces pain perception [25, 

26]. Although RF has been successful at reducing pain in multiple chronic pain conditions, 

several reports have pointed out its neurological side effects. These side effects vary from 

post-procedural pain and dysesthesias to sensory loss in the treated dermatomes and motor 

disturbances [27, 28]. 
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In order to minimize the undesired neurological side effects related to RF, Sluijter et 

al. were the first to describe an isothermal variant of RF named pulsed radiofrequency (PRF) 

in 1998 [29]. In contrast to the view that RF relies on heat-induced damage of small 

nociceptive C-fibers, Sluijter and colleagues proposed the idea that PRF, due to the high 

intensity electrical fields generated, has a neuromodulatory effect on DRG fibers and their 

nociceptive endings located in the dorsal horn of the spinal cord. During PRF treatment, 

tissue injury as a consequence of thermocoagulation is avoided by limiting the peak electrode 

temperature to 42 °C, which is considered the threshold temperature for neurodestruction, 

while at the same time applying higher voltages to maximize the delivery of electromagnetic 

force. This is achieved by administrating radiofrequency current in a pulsed-based fashion (2-

4 Hz), and alternating brief pulses (20 ms) of high voltage (45 V) with resting periods (480 ms) 

to dissipate the generated heat [25, 30]. 

Mechanistically, PRF adjacent to the DRG has been linked to cellular stress in DRG 

soma of small afferent neurons (Aδ- and C-fibers) [31] and increased neural activity [32], 

excitatory neurotransmitter release [33], and micro-environmental changes [34, 35]  in the 

dorsal horn of the spinal cord. 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 [30]. 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 [36, 37]. These changes seem to be 

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

morphological changes. 

Although a growing amount of literature suggests clinical efficacy of PRF adjacent to 

the DRG for neuropathic pain on the cervical [38], as well as lumbar [39-41] level, strong 

clinical evidence for the use of PRF adjacent to the DRG in neuropathic pain remains limited. 

PRF adjacent to the DRG also tends to provide positive outcomes in preclinical animal models 

of neuropathic pain in terms of mechanical and thermal hypersensitivity, although literature 

shows that the effects of PRF, the pain model used, electrode positioning, time frame, and 
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stimulation settings are subjected to great diversity between research groups [33-35, 39, 42-

49]. Together, this creates the need for further validation of PRF adjacent to the DRG as a 

treatment for neuropathic pain on both the clinical and preclinical level. Also the addition of 

novel, objective behavioral tests are necessary to successfully validate and translate 

preclinical findings related to the effect of PRF and neuropathic pain. 

1.4.2.  Spinal cord stimulation 

Chronic neuropathic pain can also be treated with use of neuromodulation of the 

thick Aβ-fibers in the spinal cord dorsal columns. Spinal cord stimulation (SCS) requires 

transcutaneous implantation of one or multiple leads into the epidural space on top of the 

dura mater surrounding the spinal cord. Electrical pulses are then applied to the dorsal 

columns of the spinal cord via an implantable pulse generator (IPG). SCS was developed 

based on the Gate-Control Theory as formulated by Melzack and Wall  in 1965 [50]. The Gate-

Control theory postulates that stimulation of large diameter, fast conducting, non-

nociceptive touch affiliated Aβ-fibers can block nociceptive input from the smaller sized and 

slower conducting nociceptive Aδ- and C-fibers in the dorsal horn of the spinal cord (‘’fast 

blocks slow’’ [51]), and thereby ‘’close the spinal gate’’. Stimulation of large diameter Aβ-

fibers was hypothesized to achieve this goal via activation of inhibitory interneurons located 

in the dorsal horn of the spinal cord. When activated, these interneurons release the 

inhibitory neurotransmitter gamma-amino-butyric acid (GABA) [52-55], which 

presynaptically modulate the incoming nociceptive signals from Aδ- and C-fibers.   

Over the years, SCS with conventional settings (Con-SCS; frequency= 30-80 Hz, pulse 

width=100-500 µs, amplitude above sensory threshold)  has proven to be a valuable last-

resort treatment option for a wide variety of neuropathic pain disorders, such as painful 

diabetic peripheral neuropathy (PDPN) [56, 57], complex regional pain syndrome (CRPS) [58], 

and failed back surgery syndrome (FBSS) [59, 60]. Despite considerable improvements, there 

are limitations to the efficacy of Con-SCS. First, only 50-70% of patients achieve pain 

reductions of ≥50% [56, 57, 59, 60]. Second, the average pain reduction is restricted to 

approximately 50-60% [56, 57, 59, 60]. Third, Con-SCS is often unable to satisfactory and 
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specifically stimulate difficult-to-reach areas, such as the extremities or the groin. Fourth, 

placement of the leads on top of the dorsal columns makes this therapy susceptible to 

postural variations due to changes in distance between stimulation lead and stimulation 

target, leading to unpleasant paresthesias and/or overstimulation [61]. Last, the energy 

consumption of SCS is relatively high, as there is significant energy loss to the local 

environment such as the cerebrospinal fluid (CSF), before the electrical energy (charge) 

reaches the spinal cord dorsal columns.  

In an attempt to improve the efficacy of SCS, many novel stimulation waveforms 

have been developed over the years. Two prominent examples, high frequency SCS (HF-SCS) 

and Burst-SCS, were recently introduced in order to optimize the pain relieving effect of SCS. 

These two SCS modalities are typically delivered below sensory threshold, which has had 

huge impact in the field of SCS as this gives the opportunity to perform double-blind, placebo-

controlled studies [62-65].   

With HF-SCS, tonic stimulation is applied at a frequency of 1000 Hz-10.000Hz, a 

pulse width of approximately 30 µs, and an amplitude ranging from 1-5 mA [66]. The 

proposed working mechanisms underlying HF-SCS vary from temporal summation (multiple 

pulses build on each other to achieve neuronal activation), to a depolarization blockade 

induced by the high frequency stimulation, to pseudo-spontaneous or stochastic neuronal 

activity in the spinal pain gate due to desynchronization [67-69]. Yet, the optimal frequency 

of HF-SCS, as well as its superiority over Con-SCS, still needs to be determined, as clinical 

evidence suggests that multiple HF-SCS frequencies can cause significant pain relief [65, 66, 

70-74]. 

Burst stimulation administered at an interburst frequency of 40Hz, an intraburst 

frequency of 500Hz, a pulse width of 1ms, with pulses delivered at a 1ms spike interval was 

first introduced by Dirk De Ridder [75] and later patented by Abbott Inc. as ‘’BurstDR’’. 

Various clinical studies strongly suggest BurstDR to be superior to Con-SCS as it decreases 

pain intensity to a greater degree than Con-SCS [76, 77]. This superior effect might be 

attributed to the underlying mechanism of action of BurstDR-SCS, as it is hypothesized that 
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BurstDR-SCS, besides targeting brain areas related to the location and intensity of pain 

(lateral pain pathway), also targets areas related to the emotional and affective components 

of pain (medial pain pathway) [76].  

However, even with these novel SCS waveforms, the pain relieving effect of SCS as 

well as responder rates can be improved. Additionally, certain indications demand a more 

specific stimulation modality, such as extremity pain in PDPN, and groin pain. In view of this 

it interesting to note that selective stimulation of the DRG has developed over the years. 

1.4.3.  Dorsal root ganglion stimulation 

Dorsal root ganglion stimulation (DRGS) was developed to overcome some of the 

drawbacks of SCS (see 1.4.2). With DRGS, leads are transcutaneously implanted in the 

epidural space on top of the dura mater surrounding the spinal cord, but are then advanced 

laterally through the intervertebral foramen, in order to place the lead over the DRG of 

interest. Since the first fully implanted DRGS system in 2011 by Liem and colleagues [78], 

DRGS has been successfully implemented for a wide variety of neuropathic pain disorders, 

including, but not limited to, axial back pain [79], leg and foot pain [78], CRPS [58], chest wall 

pain [80], post-amputation pain syndromes [81], and PDPN [82]. Yet, only one randomized 

clinical trial (RCT) on DRGS has been published to date [58]. This study found DRGS to be non-

inferior and superior to traditional SCS for treating chronic intractable pain of the lower limbs 

attributed to CRPS. Additionally, patients receiving DRGS were found to have less therapy 

habituation as compared to patients treated with traditional SCS at 9 and 12 months [83]. 

Also the amount, intensity, area size, and dependency on positional changes of paresthesias 

were found to be less with DRGS over traditional SCS [84], with some DRGS patients achieving 

paresthesia-free analgesia [85].   

Mechanistically, it was initially assumed that DRGS engages the spinal mechanisms 

dependent on stimulation of non-nociceptive Aβ-fibers and GABA release in the dorsal horn 

of the spinal cord as occurs in Con-SCS. While a recent computational study indeed suggested 

that DRGS may provide pain relief by activating pain-gating mechanisms in the dorsal horn 

via repeated activation of large myelinated (Aβ) afferents [86], another study found that the 
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pain relieving effect of DRGS is not likely to be dependent on GABA release in the spinal dorsal 

horn at the L4-L6 lumbar level [87]. Experimental studies suggest that instead, DRGS 

suppresses excitability of neurons with predominantly slow-conducting fibers (Aδ- and C-

fibers) [88, 89]. Because of the unique pseudo-unipolar design of DRG neurons, the DRG is 

likely to act as an impediment or low-pass filter to electrical impulses traveling from the 

peripheral nociceptor to the spinal cord in response to electrical stimulation [7, 88]. 

Interestingly, a recent study by Du et al. reported an extensive GABAergic communication 

network between sensory neuron somata in the DRG. The sensory neurons in the DRG 

express major proteins required for GABA synthesis and release, and are capable of releasing 

GABA upon depolarization. From this it was proposed that this GABAergic system in the DRG 

acts as a second gate important in modulating the nociceptive input. This second gate is 

hypothesized to act in addition to the GABAergic modulation in  the spinal cord as proposed 

in the  Gate Control Theory (or first gate) [90]. The conduction block at the DRG is consistent 

with the observation that DRGS attenuates blood oxygen-level dependent (BOLD) signals of 

brain areas that are considered to be part of the pain matrix including thalamic nuclei, and 

cortical S1 and S2 that were increased by noxious hind-limb stimulation in rats [91]. 

Although promising, the therapeutic efficacy of DRGS should be confirmed and 

verified in additional large-scale RCTs focused at identified pain etiologies. Future 

experimental studies are also needed to unravel the underlying mechanisms of DRGS, 

including the possible role of a hypothesized second (GABAergic) gate. Then, the effect of 

new stimulation paradigms, combined with this new stimulation location (DRGS), needs to 

be further developed in order to improve the analgesic efficacy of DRGS.  

  Aims and research questions 

The primary aim of this academic thesis is to investigate the efficacy and 

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

pain. 
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RESEARCH QUESTIONS (RQ’s) 

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? 

  Outline of the thesis 

RQ1 is addressed in Chapter 2, and summarizes the current literature on SCS, with 

focus on recent advancements in terms of novel stimulation locations (DRGS), and novel 

stimulation paradigms (such as Burst stimulation). In Chapter 3 and Chapter 4, we combined 

these two novel advancements and studied, for the first time, the effect of Burst-DRGS in an 

animal model of experimental PDPN.  

More specifically, RQ2, addressed in Chapter 3, investigates and compares the effect 

of Con-DRGS and Burst-DRGS on mechanical hypersensitivity during stimulation (wash-in and 

maximum effect: 30 minutes), and 30 minutes post-stimulation (wash-out).  

In order to gain more insight into the effect of stimulation amplitude on Burst-DRGS 

efficacy, we then studied the behavioral effect of Burst-DRGS in response to various 

stimulation amplitudes in Chapter 4 (RQ3). Here, we titrated the optimal Burst-DRGS 

amplitude for maximum efficacy.   

In RQ4, addressed in Chapter 5, we aimed to explore the working mechanism of Con-

DRGS. By use of quantitative immunocytochemical analysis on intracellular GABA 
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immunoreactivity of sensory neuron somata located in the DRG, we tested the hypothesis 

that DRGS acts via diminishing intracellular GABA concentrations in sensory neuron somata 

located locally in the DRG. 

Lastly, we tested the efficacy of PRF applied adjacent to the DRG on mechanical and 

thermal hypersensitivity, as well as pain-related gait in a partial sciatic nerve ligation animal 

model in Chapter 6 (RQ5).   
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2.1. Abstract 

Spinal cord stimulation (SCS) is usually a minimally invasive therapy and has proven 

to be a valuable last-resort treatment option for a wide variety of refractory (peripheral) 

neuropathic pain disorders. Conventional or Tonic SCS (with an amplitude above sensory 

threshold) is characterized by the presence of paresthesias that overlap the painful area, and 

provides pain attenuation for some patients. The analgesic effect of Tonic SCS is thought to 

be mainly mediated via segmental spinal mechanisms by activation of dorsal column Aβ-

fibers, but also supraspinal mechanisms and cortical processing are involved in the pain 

relieving effect of Tonic SCS. An important limitation of Tonic SCS is that only 50-70% of 

patients with refractory neuropathic pain achieve pain reductions of ≥50%, and the average 

pain reduction is restricted to approximately 50-60%. With the introduction of new 

anatomical locations for stimulation, like dorsal root ganglion stimulation (DRGS), and the 

addition of new sub-sensory stimulation paradigms like high frequency (HF) SCS and Burst 

SCS, options for improvement are available. The mechanisms of action of these new SCS 

paradigms are incompletely understood, but it seems that specific stimulation of cortical 

brain areas is involved and this accounts for modulation of motivational, affective, cognitive 

and emotional components of pain. Future mechanistic and clinical studies are needed to 

further optimize the efficacy of SCS and develop new (personalized) stimulation strategies 

for patients with refractory neuropathic pain. 

Keywords: Spinal cord stimulation, Dorsal root ganglion stimulation, Burst SCS, High 

frequency SCS, Neuropathic pain, GABA 
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2.2. Introduction 

Neuropathic pain is a complex, heterogeneous disorder that affects approximately 

8% of the total adult human population and comes with significant burden for both the 

patient and healthcare system [1]. The international association for the study of pain (IASP) 

defines neuropathic pain as ‘’pain caused by a lesion or disease of the somatosensory 

nervous system’’, and classifies chronic neuropathic pain as a disease under International 

Classification of Diseases 11th Revision (ICD-11) [2]. Despite the development and use of 

many pharmacological drugs and guidelines for the treatment of chronic neuropathic pain 

over the years [3], a substantial amount of neuropathic pain patients remain under- or 

untreated, with less than 50% of patients responding to pharmacological treatment [4]. The 

development of novel, last-resort interventional treatment therapies is crucial to also relief 

pain in these refractory patients.  

Over the years, spinal cord stimulation (SCS) has proven to be a valuable last-resort 

treatment option (approximately 50% pain reduction in 50-70% of patients) for a wide variety 

of refractory pain disorders, such as painful diabetic peripheral neuropathy (PDPN) [5, 6], 

complex regional pain syndrome (CRPS) [7, 8] and failed back surgery syndrome (FBSS) [9, 

10]. The mechanism underlying Tonic SCS (see section 2.3) is partly understood, and evidence 

has been provided for a mechanism of action via both spinal (section 2.3.1) as well as 

supraspinal levels (section 2.3.2). Recently, new physiological targets for stimulation as well 

as novel SCS paradigms were introduced in order to bridge the gap between currently 

achieved pain relief (as obtained with Tonic SCS) and the desired pain relief. Literature on the 

effect of stimulation at new anatomical locations, such as dorsal root ganglion stimulation 

(DRGS) (see section 2.4), and the use of new subsensory SCS paradigms like high frequency 

(HF) SCS (see section 2.5.2) and Burst SCS (see section 2.5.3) are discussed. This review ends 

with concluding remarks and future directions for research.  
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2.3. Tonic SCS: Mechanisms of action 

2.3.1. Tonic SCS and spinal segmental mechanisms 

Experimental studies on the effect of SCS have predominantly been performed in 

rodent models including the partial sciatic nerve ligation model (PSNL) (for review see Smits 

et al., 2013 [11]). Electrodes are carefully inserted, either transcutaneous or via laminectomy, 

in the epidural space on top of the dura mater surrounding the spinal cord. Then, electrical 

pulses are administered to the dorsal columns of the spinal cord via an implantable pulse 

generator or an external stimulation device. Tonic SCS settings vary within a range of 30-80 

Hz, 100-500 µs pulse width, and an amplitude above sensory threshold [11-14]. 

The concept of Tonic SCS emerged as a direct spin‐off from the Gate Control Theory 

[15]. Based on this Gate Control Theory, it was postulated that antidromic stimulation of the 

non-nociceptive Aβ-fibers in the dorsal columns could close a ‘spinal gate’, located in the 

dorsal horn of the spinal cord [16]. Meanwhile, orthodromic stimulation of the Aβ-fibers in 

the dorsal columns also caused paresthesias (i.e., abnormal tingling sensation) in the area 

innervated by the stimulated fibers [17] (Figure 1). Nowadays, during implantation of the SCS 

lead the physician makes sure these paresthesias overlap the painful area [17, 18]. Closing of 

the ‘spinal gate’ is mediated by inhibitory interneurons located in the upper laminae of the 

dorsal horn. In line with the Gate Control Theory these inhibitory interneurons, when 

antidromically activated by Tonic SCS, modulate the nociceptive signal through the release 

of gamma-amino-butyric acid (GABA). Indeed, experimental research has demonstrated that 

Tonic SCS decreases intracellular GABA immunoreactivity in the dorsal horn of chronic 

neuropathic rats [19]. At the same time, extracellular GABA levels in the spinal dorsal horn 

increase when applying Tonic SCS in chronic neuropathic rats [20-22]. Thus, enhanced GABA 

release in the spinal dorsal horn seems to be a vital aspect of the mechanisms underlying 

Tonic SCS. The mechanism underlying interference with nociception at the spinal cord level 

using Tonic SCS was further elucidated by the administration of pharmacological agents. 

Local intrathecal application of a GABAB-receptor antagonist in the dorsal horn transiently 

abolished the stimulation-induced analgesic effect in neuropathic rats, and rats not receiving 
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adequate reductions in tactile allodynia with Tonic SCS (non-responders) were turned into 

responders by administration of the GABAB-receptor agonist baclofen [23]. The 

aforementioned preclinical findings were successfully translated to the clinic, where some 

neuropathic pain patients not responding to Tonic SCS were turned into responders with 

additional intrathecal administration of low (sub-effective) doses of baclofen [24-26]. Hence, 

the presynaptic GABAB-mediated inhibition of the communication between nociceptive 

afferents and the second order neurons in the spinal dorsal horn is important in the 

mechanism underlying Tonic SCS. Nevertheless, also postsynaptic GABAergic modulation via 

GABAA receptors in conjunction with K+/Cl- cotransporter 2 (KCC2) expression is involved in 

neuropathic pain [27] and in the mechanism underlying Tonic SCS [19, 23, 28]. 

A decreased GABA-release as noted in animal models of neuropathic pain results in 

further enhanced and uncontrolled glutamate release of the nociceptive afferents, which in 

turn activates and opens the N-methyl-D-aspartate (NMDA) receptor due to removal of the 

Mg2+ block. Enhanced Ca2+ influx via the NMDA-receptor then leads to central sensitization, 

which is a process fundamental to neuropathic pain [29]. From this, it was suggested that 

interference with the process of central sensitization via antagonism of the NMDA receptor 

might attenuate chronic neuropathic pain, a process that may also be involved in the 

antidromic mechanism underlying Tonic SCS.  Indeed, a combined treatment of Tonic SCS 

and the intrathecal application of a sub-effective dose of ketamine (a NMDA-antagonist 

replacing the Mg2+ block) has been shown to convert SCS non-responder into responders in 

a rat model of chronic neuropathic pain [30]. It needs to be stressed that these experimental 

findings have not yet been implemented and/or confirmed in clinical studies. Importantly, 

intrathecal administration of ketamine was shown to result in severe histological 

abnormalities, including central chromatolysis, nerve cell shrinkage, neuronophagia, 

microglial upregulation, and gliosis in a patient suffering from chronic intractable 

neuropathic pain [31]. Although it is very well possible that sub-effective doses of ketamine 

can in fact be safely used in a clinical setting, more research is needed as to determine safe 

intrathecal administration dosages.   
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The main goal of Tonic SCS in the treatment of (experimental) chronic neuropathic 

pain is to stimulate the thickly myelinated Aβ-fibers in the dorsal columns. It can, however, 

not be excluded that also incoming dorsal root fibers, including C- and Aδ-fibers, are directly 

stimulated through the relatively large-sized experimental electrodes as used in rodent 

studies [11]. This possible involvement of dorsal root fibers and the dorsal root as the site of 

action is further substantiated by electrophysiological analysis where not only stimulation of 

the dorsal column but also stimulation of the dorsal root attenuated dorsal horn neuronal 

hyperexcitability in nerve-injured rats [32].  

Although Tonic SCS and its spinal mechanisms are partly uncovered, recent studies 

indicate that much more complicated interactions and cell types are involved. Tonic SCS 

causes long-term depression of excitatory synaptic transmission in the superficial dorsal horn 

(lamina II), and this depression is blocked by antagonists of cannabinoid receptor type 1 (CB1) 

Figure 1. The spinal nociceptive network and mechanisms of action of SCS of the dorsal columns and DRGS. The 

spinal cord dorsal horn contains two types of second-order projection neurons: the nociceptive specific (NS) 

projection neurons located in lamina I, and the wide-dynamic range (WDR) projection neurons located in the 

deeper laminae. These projection neurons receive input from nociceptive afferents, but also from thickly 

myelinated, touch-affiliated, Aβ-fiber afferents. SCS (electrode placed on top of the dorsal columns) is thought 

to depolarize the touch-affiliated Aβ-fibers and this can occur in both the antidromic and orthodromic direction. 

Antidromically, SCS can activate GABAergic inhibitory interneurons located in the dorsal horn. Consequently, 

these inhibitory interneurons release GABA, which, after binding to its GABA receptor (either to GABAB or GABAA 

pre- or post-synaptically), inhibits the incoming signals from nociceptors and thereby closes the ‘spinal gate’. 

Additionally, SCS can also interfere with further processing of the nociceptive signal via the spinothalamic tract, 

thereby modulating supraspinal brain centers such as the thalamus, somatosensory cortex, cingulate cortex, and 

insula. Orthodromically, SCS can also depolarize Aβ-fibers in the cranial direction, thereby further modulating 

supraspinal centers like the cuneate nucleus or gracile nucleus. After supraspinal integration of the signal, a 

descending feedback loop of both serotonergic and noradrenergic projections to the dorsal spinal horn further 

modulates and controls the ‘spinal gate’. DRGS (electrode placed on top of the DRG) might engage mechanisms 

dependent on stimulation of non-nociceptive Aβ-fibers (as occurs in SCS) as well as stimulation of nociceptive C-

fibers in the DRG. Recent studies suggest that DRGS may induce a conduction block via the C-type T-junction 

located in the DRG itself. This T-junction can act as a low-pass filter for action potentials (nociceptive signals) 

travelling from the periphery to the spinal cord.   
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[33]. Furthermore, the intrathecal application of AM251, a CB1 receptor antagonist, was able 

to block SCS-mediated reversal of mechanical hypersensitivity in rats [34]. The CB1 receptor 

is located on microglial cells [34], which indicates that the endocannabinoid system, and in 

particular the CB1 receptor, plays a pivotal role in the reversal of hyperalgesia induced by SCS 

and links the mechanism underlying Tonic SCS analgesia to glia mediated control of 

nociception [35]. 

2.3.2. Tonic SCS and suprasegmental mechanisms 

Once activated, supraspinal cell regions are known to modulate the incoming 

nociceptive signals at the spinal level via descending fiber projections. Brainstem nuclei such 

as the locus coeruleus (LC) and the nucleus raphe magnus (NRM), but also the rostral 

ventromedial medulla (RVM), are activated by Tonic SCS and in turn modulate the spinal 

nociceptive signal (Figure 1). The descending projections release a variety of 

neurotransmitters including serotonin (5-HT), which exerts an inhibitory effect (based on the 

receptor involved) on the incoming nociceptive fibers [36-40], and this maintains long-term 

neuropathic pain [41]. Further detailed research on the spinal 5-HT receptors that contribute 

to the pain relieving effects of Tonic SCS in chronic neuropathic rats was performed, and with 

use of intrathecal application of antagonists and agonists for the various serotonin receptors 

it was shown that the activation of the 5HT-3 receptor appears to operate via spinal 

GABAergic interneurons [42]. 

First evidence for a role of suprasegmental mechanisms underlying Tonic SCS was 

presented by El-Khoury and colleagues [43], who demonstrated that Tonic SCS of the dorsal 

column nuclei reduces allodynia and hypersensitivity in an experimental model of chronic 

neuropathic pain, even after dorsal column transection below these nuclei. From this, it was 

suggested that the observed inhibition in terms of allodynia and hypersensitivity responses 

can be attributed to the activation of brainstem pain-modulating centers via rostral 

projections of the dorsal column nuclei.  

That Tonic SCS can also modulate activation patterns in brain areas at subcortical 

and cortical levels has been shown in a rodent model of chronic neuropathic pain [44, 45]. 
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How Tonic SCS alters cortical processing has also been shown by clinical studies using imaging 

approaches such as functional magnetic resonance imaging (fMRI), positron-emission 

tomography (PET), single-photon emission computed tomography (SPECT), and 133-Xe 

inhalation (reviewed in Bentley et al., 2016 [46]).  These cortical changes during Tonic SCS 

may represent direct effects from dorsal column stimulation or inhibition of nociceptive 

signals arising from the periphery, or they may reflect complex modulatory effects on 

somatosensory and affective processing. Early clinical fMRI-work on the supraspinal effects 

of Tonic SCS has demonstrated modulation of brain regions associated with the lateral 

spinothalamic tract (l-STT) [47, 48]. The l-STT is responsible for the transmission of pain 

aspects such as the intensity and location of the painful stimulus. This l-STT pathway projects 

from the dorsal horn, via the thalamus, to cortical areas such as the somatosensory cortex 

[49]. An fMRI study performed in eight patients receiving Tonic SCS demonstrated that this 

type of stimulation of the dorsal columns increased blood oxygen level-dependent (BOLD) 

signals in somatosensory cortices, the sensorimotor cortex and the insula [48]. Furthermore, 

a more recent fMRI-study with twenty patients who received Tonic SCS as treatment for 

FBSS, reported deactivation of the bilateral medial thalamus and its connections to the 

rostral and caudal cingulate cortex, and the insula [50]. In conclusion, over the years, 

literature on Tonic SCS has provided evidence for a mechanism of action via both spinal as 

well as supraspinal levels. 

2.3.3. Tonic SCS and translation of experimental studies 

It should be noted that the majority of preclinical studies still rely on behavioral 

analysis based on Von Frey paw withdrawal testing, a technique unable to assess supraspinal 

cognitive-motivational aspects of pain [51]. Although the peripheral nerve injuries as used in 

experimental animal studies do definitely result in chronic pain, the rather exclusive use of 

Von Frey testing is much more related to assessment of nociception instead of pain [52]. This 

may underlie the limited translation of experimental findings to the clinic [51, 53]. Recently, 

an operant testing method was introduced which assesses cognitive and motivational 

aspects of pain in rodents: the Mechanical Conflict-Avoidance System (MCAS) [54]. With use 

of MCAS, Tonic SCS was shown to affect also the cognitive-motivational aspects of the 
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presumed pain in chronic neuropathic rats [45]. This indicates that Tonic SCS, in addition to 

local spinal modulation, also recruits supraspinal brain areas, a finding further substantiated 

by fMRI-analysis of brain areas including the anterior cingulate cortex [44]. These findings 

make clear that operant behavioral testing should be considered when analyzing the 

analgesic effects of SCS in chronic neuropathic pain, as this is not only likely to increase the 

translation of experimental findings to the clinic, but will also help to  better understand the 

underlying mechanisms of action. 

Additionally, also other discrepancies between humans and rodents may impact 

direct translation of laboratory findings to the clinic. These include the standardized models 

used (in comparison to heterogeneous clinical populations), the use of motor thresholds 

(instead of perception thresholds in humans) for determining stimulation amplitude, the size 

of the electrode in relation to the dorsal columns (typically larger in rodents), differences in 

dorsal column anatomy, and the thickness of the cerebrospinal fluid (CSF) layer that lies 

between the SCS lead and dorsal column fibers [11]. Therefore, it is important to always 

carefully consider these discrepancies when trying to extrapolate preclinical findings to the 

clinic.      

2.3.4. Tonic SCS: Which dorsal column fibers are stimulated? 

Although both spinal and supraspinal activation is involved in Tonic SCS, it has been 

demonstrated that Tonic SCS results in greater reductions of mechanical allodynia in the rat 

when administered at the level where the injured sciatic nerve fibers enter the spinal dorsal 

horn (=T13), as compared to application at more rostral levels (=T11) [55]. The anatomy of 

the dorsal column in the rat spinal cord makes the Aβ-fibers level localized dorsolateral within 

the columns at T13 (where injured fibers enter) but rearrange to ventromedial positions at 

more rostral levels (T11) [55, 56]. The majority of ascending dorsal column Aβ-fibers were 

also found to be lost from the dorsal columns and only 15% reaches cervical levels [56]. 

Furthermore, computer-modelling and calculations on the fraction of dorsal column fibers 

that are actually being stimulated (and depolarized) by Tonic SCS found that this is not likely 

to exceed 1% of the most superficially (dorsally) located afferents, as the ability of the SCS 
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electrode to depolarize dorsal column fibers decreases to the third power of the distance 

from the electrode [57, 58]. As the behavioral findings on pain relief of Tonic SCS in a model 

of chronic neuropathic pain [55] are in line with the aforementioned anatomical and 

physiological principles it is concluded that Tonic SCS primarily acts through a segmental, 

spinal, site of action  (Figure 1). 

In the context of dorsal column anatomy, it should be stressed that these fiber 

systems not only include large myelinated Aβ-fibers but also contain even larger numbers of 

unmyelinated fibers in the rat [59] and human [60], something that is often neglected. 

Because of the importance of the dorsal columns in somatic sensation, and as the origin of 

these unmyelinated fibers is still not fully understood, it is extremely important to 

understand where these fibers originate. Although the unmyelinated fibers may belong to 

various categories including proprioceptive, corticospinal or fibers descending from cells in 

the nucleus gracilis or cuneate [59, 61], unilateral dorsal root transection revealed that a 

significant fraction of the unmyelinated fibers in the fasciculus gracile ascend, presumably to 

the nucleus gracilis in the brain stem, and also that a significant number of these fibers branch 

[62]. Moreover, based on pharmacological intervention studies it is strongly suggested that, 

at least at cervical levels, a subset of these unmyelinated fibers might be nociceptive and 

involved in noxious processing [63]. This then may shed a more complicated view on the 

mechanism underlying Tonic SCS, as not only non-nociceptive Aβ-fibers but also nociceptive 

unmyelinated C-fibers are stimulated. In this context, it is interesting that a detailed protocol 

for the identification of superficial dorsal horn spinal cord neurons that receive peripheral 

input and project to the brain was recently presented [64]. This may allow further 

identification of not only nociceptive specific (NS) cells in the dorsal horn, but also their 

possible (unmyelinated) ascending projections in the dorsal column. 

2.3.5. Tonic SCS: Limitations 

Despite considerable improvements, there are, however, limitations to the efficacy 

of Tonic SCS. First, only 50-70% of patients with PDPN, CRPS or FBSS achieve pain reductions 

of ≥50% [5-10]. Second, the average pain reduction is restricted to approximately 50-60% [5-
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10]. Third, Tonic SCS is often unable to satisfactory and specifically stimulate difficult-to-

reach areas, such as the extremities or the groin. Fourth, placement of the leads on top of 

the dorsal columns makes this therapy susceptible to postural variations due to changes in 

distance between stimulation lead and stimulation target, leading to unpleasant paresthesias 

and/or overstimulation [11]. Last, with Tonic SCS there is significant energy loss to the local 

environment such as the CSF, before the electrical energy (charge) reaches the spinal cord 

dorsal columns [14]. It is important to note that recent developments in the field of SCS may 

result in overcoming these limitations. These developments will be discussed as related to 

either the use of new locations for stimulation (see section 2.4), and/or the use of new SCS 

paradigms (see section 2.5). 

2.4. New stimulation location: The dorsal root ganglion 

With DRGS, the leads are transcutaneously implanted in the epidural space on top 

of the dura mater surrounding the spinal cord, but are then advanced laterally through the 

intervertebral foramen, in order to place the lead over the DRG of interest. Since the first 

fully implanted DRGS system in 2013 [65], DRGS has been successfully implemented for a 

wide variety of neuropathic pain disorders, including, but not limited to, discogenic low back 

pain [66], CRPS type I and II [67], post-amputation pain [68], and PDPN [69]. Yet, only one 

randomized clinical trial (RCT) on DRGS has been published to date [67]. This study found 

DRGS to be non-inferior and superior to Tonic SCS for treating chronic intractable pain of the 

lower limbs attributed to CRPS type I and II. Additionally, patients receiving DRGS were found 

to have less therapy habituation as compared to patients treated with Tonic SCS at 9 and 12 

months [70]. Also the amount and intensity of paresthesias were found to be less with DRGS 

over Tonic SCS, and DRGS was found to be more stable in response to changes in body 

position as compared to Tonic SCS [71]. Lastly, some DRGS patients even achieved 

paresthesia-free analgesia [72].   

Mechanistically, it was initially assumed that DRGS engages the spinal mechanisms 

dependent on stimulation of non-nociceptive Aβ-fibers and GABA release in the dorsal horn 

of the spinal cord as occurs in Tonic SCS of the dorsal columns. While a recent computational 
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study indeed suggested that DRGS may inhibit nociception by activating pain-gating 

mechanisms in the dorsal horn via repeated activation of large myelinated (Aβ) afferents 

[73], another study found that the pain relieving effect of DRGS is not likely to be dependent 

on GABA release in the spinal dorsal horn at the L4-L6 lumbar level [74]. Some experimental 

studies suggest that instead, DRGS suppresses excitability of neurons with predominantly 

slow-conducting fibers (C-fibers) [75, 76]. Because of the unique pseudo-unipolar design of 

DRG neurons, the DRG is likely to act as an impediment or low-pass filter to electrical 

impulses traveling from the peripheral nociceptor to the spinal cord in response to electrical 

stimulation (Figure 1) [75-77]. Interestingly, a recent study by Du et al. found an extensive 

GABAergic communication network between sensory neuron somata inside the DRG. These 

authors showed that sensory neurons in the DRG express major proteins required for GABA 

synthesis and release, and are capable of releasing GABA upon depolarization. From this it 

was proposed that this GABAergic system in the DRG may act as a second gate, in addition 

to the aforementioned gate control theory (or first gate), and that DRGS might exert its 

analgesic action by engaging this second gate [78]. This proposed conduction block at the site 

of the DRG is consistent with the observation that DRGS attenuates BOLD signals of brain 

areas that are considered to be part of the pain matrix including the contralateral thalamic 

nuclei, and cortical S1 and S2 that were increased by noxious hind-limb stimulation in rats 

[79]. 

Although promising, the therapeutic efficacy of DRGS should be confirmed and 

verified in additional large-scale RCTs including different pain etiologies. Future experimental 

studies are also needed to unravel the underlying mechanisms of DRGS, including the role of 

a hypothetical second (GABAergic) gate in the DRG itself.  

2.5. The use of new SCS paradigms: High Frequency SCS and Burst SCS 

2.5.1. Introduction 

Next to novel physiological targets for stimulation, novel SCS paradigms were 

introduced in order to bridge the gap between currently achieved and desired pain relief. 

Two prominent examples, HF SCS and Burst SCS, were recently introduced in order to try to 
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optimize the efficacy of SCS treatment for chronic neuropathic pain [13, 80-86]. Both HF SCS 

and Burst SCS are generally applied at stimulation amplitudes below sensory threshold, 

which means the patient does not experience paresthesias during stimulation. This has 

offered researchers, for the first time since (Tonic) SCS was introduced in 1967 [16], the 

opportunity to perform double-blind placebo-controlled clinical studies [87-91].  

2.5.2. High Frequency SCS in neuropathic pain 

HF SCS is generally applied at a frequency above 1000 Hz, up until 10 kHz, with a 

pulse width at approximately 30 µs and an amplitude of typically 1–5 mA [92]. Hypotheses 

about the underlying mechanism of HF SCS vary.  

Whereas Tonic SCS and its pain inhibition is accompanied by paresthesias, the 

subthreshold HF SCS paradigm is paresthesia-free (administered below sensory threshold) 

and does not activate or change the conduction properties of the dorsal column Aβ-fibers 

[93-95]. Experimental research has shown that the dorsal column nuclei are activated with 

use of Tonic SCS, while with subthreshold HF SCS the neurons in the gracile nucleus do not 

show a reduction of evoked responses upon peripheral stimulation in a chronic neuropathic 

pain model [96]. A hypothetical mechanism for HF SCS and its pain relieving effect was 

brought forward by Chakravarthy and colleagues, who suggested that the electrical current 

applied to the spinal cord surface may generate a weak and localized electric field of 

electrochemical disturbance in the spinal dorsal horn and dorsal root entry zone [14, 95]. 

Hence, HF SCS in fact desynchronizes the communication between the nociceptive C-fibers, 

which mainly terminate in the dorsal horn superficial laminae (Lamina 1-3), and the NS 

neurons (Figure 1). Besides the generation of a weak electrical field in the superficial dorsal 

horn, the hypotheses about the underlying mechanism of HF SCS also include 1) temporal 

summation which could play a role, where multiple pulses build on each other to achieve 

neuronal activation; and 2) a depolarization blockade which might occur and where 

propagating action potentials are differentially blocked by the high frequency stimulation 

[14, 94, 95, 97, 98]. 
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Until today, the optimal frequency for HF SCS has not yet been determined, and 

clinical evidence suggests that different HF SCS frequencies can yield clinically significant pain 

relief [81, 83, 90, 92, 99]. 

2.5.3. Burst SCS in neuropathic pain 

The Burst paradigm was introduced in 2010 by de Ridder and colleagues [86]. This 

Burst waveform consists of five closely spaced monophasic spikes administered at 40 Hz 

interburst mode and 500 Hz intraburst frequency, with a pulse width of 1 ms and 1 ms 

interspike interval, delivered in constant current mode. The cumulative charge of the five 1 

ms spikes is balanced during the 5 ms after the spikes, in a so-called passive recharge phase, 

which differentiates it from HF SCS and Tonic SCS, in which each pulse is immediately charge 

balanced after each spike, in a so-called active recharge phase [84, 86, 89]. This Burst pattern 

was chosen because it supposedly mimics naturally occurring neural bursting patterns in the 

central nervous system. Indeed, neurons responsible for encoding aspects of nociception 

from peripheral neurons [100-102] and the thalamus [103-105] have been reported to fire in 

bursting patterns. Although possible overlap between the original Burst waveform (as 

proposed and used by De Ridder and colleagues) [86, 89] and the neural bursting patterns in 

the central nervous system (CNS), it is important to note that Burst parameters have not yet 

been optimized in relation to pain relieving capacity because the parameter space has not 

been fully explored. For instance, effect differences of active versus passive charge recovery 

have not been characterized. Beyond charge recovery, many other parameters can be varied: 

interburst frequency, intraburst frequency, pulse width, shape of pulse, but also the number 

of pulses. Future research is needed to optimize burst programming as well as to elucidate 

how the physiological changes produced by different Burst SCS paradigms are reflected in 

preclinical behavior and in the clinic [106]. 

Like HF SCS, the Burst paradigm has been reported to produce pain relief without 

inducing paresthesias in the majority of patients, suggesting that stimulation is not activating 

dorsal column Aβ-fibers [107, 108]. However, even though stimulation at low amplitude may 

be subthreshold with respect to neuronal activation, and subperception with respect to the 
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patient’s experience, large amounts of charge are still delivered to dorsal horn fibers, 

providing the pulse width and/or frequency are sufficiently large [14]. This could potentially 

set in motion additional dorsal horn mechanisms that are not activated with suprathreshold 

Tonic SCS. Yet, the key difference between Tonic SCS and Burst SCS is thought to be located 

higher up the neuraxis, at supraspinal levels. Clinical evidence suggests that Burst SCS not 

only stimulates sensorimotor cortex areas via the l-STT (known to be involved in localization 

and intensity of pain), but also specifically stimulates the medial spinothalamic tract (m-STT), 

which is known to target limbic brain areas involved in cognitive-motivational and emotional 

aspects of pain, such as the amygdala, the anterior cingulate cortex, and the insula [85, 89]. 

Additionally, it was found that Burst SCS improves pain aspects including ‘the amount of 

attention patients pay to pain’ as well ‘changes in pain’, as assed by the Pain Vigilance and 

Awareness Questionaire (PVAQ), to a greater degree than Tonic SCS or placebo stimulation 

[89]. Interestingly, while Burst SCS resulted in significantly more improvement in terms of 

limb and back pain than placebo on the Visual Analog Scale (VAS), no significant differences 

between Burst and Tonic SCS were observed in terms of VAS scores [89]. These findings are 

further substantiated by the fact that Burst and Tonic SCS do share brain activation patterns 

of the l-STT as well as descending pain inhibitory pathways [85, 89]. Combined, these data 

suggest that both Burst SCS and Tonic SCS are capable of modulating the l-STT, but Burst SCS 

adds to this by also modulating the m-STT. Modulation of the m-STT may hereby improve the 

affective component of the pain experience. 

In order to further elucidate the mechanism underlying Burst SCS and pain relief, 

experimental studies are needed. As the majority of experimental studies on the effect of 

Tonic SCS were performed in sciatic nerve injury models including the PSNL model (see 

section 2.3.1), it is important to use similar models to adequately compare and correlate 

findings. As the administration of both bicuculline (GABAA) and phaclofen (GABAB) receptor 

antagonists  abolishes the pain relieving effect of both Tonic SCS but also Burst SCS in a PSNL 

rat model of chronic neuropathic pain, it is concluded that Burst SCS, like Tonic SCS, is 

mediated via spinal GABAergic mechanisms [109]. Since Burst SCS is suggested to modulate 

structures at a supraspinal levels in a different manner as compared to Tonic SCS [85, 89], it 
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is remarkable that the GABAergic mechanisms underlying these different stimulation 

waveforms, at least at a spinal level, show similarities [109]. On the other hand, with the use 

of escape latency in the MCAS [54], the cognitive-motivational aspects of Burst SCS were 

analyzed and compared to Tonic SCS in a rat model of chronic neuropathic pain [45] (see also 

section 2.3.2). With the MCAS, Burst SCS exit latencies differed significantly from Tonic SCS 

exit latencies and from this it was concluded that Burst SCS specifically affects, much more 

than Tonic SCS, supraspinal areas responsible for the processing of cognitive-motivational 

aspects of pain. These findings were further substantiated with fMRI imaging [44]: fMRI 

analysis of Burst SCS in chronic neuropathic animals showed specific involvement and 

activation of limbic brain areas including the Anterior Cingulate Cortex (ACC) as well as the 

Amygdala and Insula, areas known to be involved in cognitive and emotional aspects of pain. 

The behavioral and imaging studies on Burst SCS and Tonic SCS in pain relief in a neuropathic 

animal model strongly suggest that the mechanism underlying Burst SCS significantly differs 

from that of Tonic, although some overlap in underlying mechanism (e.g. GABA release in 

dorsal spinal horn) does exist. 

The fact that Burst SCS has been shown to result in a delayed wash-in and delayed 

wash-out analgesic effect in a chronic neuropathic pain model as compared to Tonic SCS [110, 

111] might provide some additional clues about the underlying mechanism. As the Burst SCS 

paradigm mainly activates ascending pathways including the  l-STT and m-STT (Figure 1), it is 

possible that Burst SCS subsequently modulates descending serotonergic and noradrenergic 

pathways. The latter may explain the delayed wash-in and wash-out effect observed in 

experimental studies. Although not substantiated by clinical data, first anecdotal reports on 

a delayed wash-in of Burst SCS do exist. Additionally, results from a recent RCT found that 

Burst SCS microdosing, a paradigm that relies on the introduction of stimulation-off phases 

in-between stimulation-on phases, is as effective as standard Burst SCS, indeed indicating a 

delayed wash-out following Burst SCS [112]. The activation or deactivation of such a large 

supraspinal loop might take more time as compared to the fast antidromic spinal mechanism 

known to be pivotal in Tonic SCS (see section 2.3.1 and Figure 1). Activation of a supraspinal 

loop implicates signal transfer at various levels in the brain including thalamus [113], cortical 
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brain areas, but also nuclei involved in the descending part of the loop like the periaqueductal 

grey, ventro-medio medial medulla and nucleus raphe [36, 49], as well as signal transfer and 

distribution over the various cortical areas or pain matrix [114].  

That the mechanism underlying Burst SCS differs from Tonic SCS is further indicated 

by experimental studies on the effect of pulse amplitude and the suppression of mechanical 

hypersensitivity in a neuropathic rat model [111]. Burst SCS and mechanical hypersensitivity 

are characterized by a nonlinear relation effect, where Burst SCS is superior at an amplitude 

of 50% of motor threshold as compared to amplitudes of 33% and 66% of motor threshold. 

At the same time, the relation between pulse amplitude and effect with Tonic SCS is linear. 

Hence, the optimal Burst SCS amplitude (at 50% of motor threshold) was comparable to Tonic 

SCS at the high intensity (66% of motor threshold) for attenuating mechanical 

hypersensitivity, and interestingly, the charge delivered per second was much greater for 

Burst SCS than for Tonic SCS at comparable behavioral outcomes. From this it is suggested 

that with Burst SCS a complex, non-linear interplay between charge delivery, activation of 

neuronal elements and pain relief does exist [108, 111].  

2.6. Conclusions, future directions and research agenda 

SCS and in particular Tonic SCS has been shown to represent a safe and effective 

last-resort therapy for patients with pharmacologically refractory pain conditions, especially 

those with FBSS, CRPS and PDPN.  Nevertheless, serious limitations exist (see section 2.3.5). 

Among the main limitations is that with Tonic SCS only 50-70% of patients with refractory 

neuropathic pain achieve pain reductions of ≥50%, and the average pain reduction is 

restricted to approximately 50-60%. Then there is also a loss of efficacy that occurs over short 

and long durations [8, 115, 116]. In order to overcome these limitations, research in the field 

of SCS and neuropathic pain recently introduced new stimulation locations like DRGS and 

new subsensory SCS paradigms like HF SCS and Burst SCS. This increases options for the 

neuropathic pain patient and at the same time allows the possibility for individual and 

personalized treatment strategies. As the mechanisms of action are only rudimentary 

understood, and as the efficacy in terms of pain relief with use of these new locations and 
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new SCS paradigms is not significantly surpassing that achieved with Tonic SCS, further 

research is needed. This then should be based on an orchestrated interplay between 

(reproducible) experimental animal studies and well-designed large, (preferably) non-

industry sponsored clinical trials. In this context the following research questions and 

research directions, in line with those formulated by the IASP special interest group 

Neuromodulation, need to be addressed (=research agenda):  

1. What are the segmental and supraspinal circuits involved in SCS?  The use of modern, 

genetically identified cell types (optogenetics) allows further understanding of these 

circuits. The involvement and role of glial cells is needed and warrants further research 

[117].  

2. How do different stimulation paradigms (i.e. variations in frequency and/or intensity 

and/or pulse width) affect the spinal and supraspinal circuits, and what is the impact of 

the total charge and charge per pulse? As not only HF SCS (see section 2.5.2) and Burst 

SCS (see section 2.5.3), but also other stimulation paradigms such as high-density (HD) 

SCS [118-120] and 3D-guided SCS [121] have shown great promise, both experimental 

studies and large randomized studies are needed to understand and confirm these first 

and preliminary findings. Also the use of closed-loop SCS devices capable of measuring 

evoked compound action potentials (ECAPs) is encouraged in order to better understand 

the relationship between stimulation, electrophysiological response, and 

neuromodulation, which may then have direct consequences for SCS design and 

programming [122].  

3. Animal pain research should include operant behavioral testing and should no longer be 

exclusively based on paw withdrawal testing. Operant testing includes affective-

emotional and cognitive aspects of pain and will likely improve clinical translation of 

findings.  

4. Implementation of imaging techniques (fMRI, PET-scan) and correlation of involvement 

of supraspinal circuits as related to various SCS paradigms and stimulation locations 

(DRGS) and their effect on pain relief are needed. 
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5. It is of utmost importance to understand the anatomy of the dorsal column and the role 

of unmyelinated (nociceptive) fibers (see section 2.3.4)  

As Tonic SCS has been shown to affect cortical processing and thalamo-cortical 

communication, and the fact that new SCS paradigms like Burst SCS may specifically activate 

the m-STT and with that cortical brain areas involved in the motivational, affective and 

emotional components of pain, makes this therapy also interesting for treatment of pain 

related co-morbidities like depression and stress. These co-morbidities, also often difficult to 

treat pharmacologically, are known to be associated to activation of closely related or even 

similar cortical brain areas. Novel SCS paradigms, for instance Burst SCS, may form a serious 

future option for modulating and treating not only chronic neuropathic pain but also its co-

morbidities. 
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3.1. Abstract 

Objectives: Painful diabetic peripheral neuropathy (PDPN) is a long-term 

complication of diabetes mellitus (DM). Dorsal Root Ganglion Stimulation (DRGS) has 

recently emerged as a neuromodulation modality in the treatment of chronic neuropathic 

pain. The objective of this study was to compare the effect of burst DRGS (Burst-DRGS) and 

conventional DRGS (Con-DRGS) in an experimental model of PDPN. 

Methods: DM was induced in female Sprague-Dawley rats by intraperitoneal 

injection of streptozotocin (STZ, n=48). Animals were tested for mechanical hypersensitivity 

(50% hind paw withdrawal threshold (WT) on Von Frey test) before, and 4 weeks after STZ 

injection. PDPN rats were then implanted with a unilateral bipolar lead at the L5 DRG (n=22) 

and were stimulated for 30 minutes at days 2 and 3 post-implantation. Animals received Con-

DRGS and Burst-DRGS in a randomized crossover design (n=10), or received Sham-DRGS (n=7) 

for 30 minutes, and were tested for mechanical hypersensitivity at baseline, 15 and 30 

minutes during DRGS, and 15 and 30 minutes following DRGS. Five animals were withdrawn 

from the study due to electrode-related technical problems.  

Results: Con-DRGS and Burst-DRGS normalized STZ-induced mechanical 

hypersensitivity at 15 and 30 minutes during stimulation. A significant difference in terms of 

mechanical hypersensitivity was observed between both of the stimulated groups and the 

Sham-DRGS group at 15 and 30 minutes during stimulation. Interestingly, Burst-DRGS 

showed signs of a residual effect at 15 minutes after cessation of stimulation, while this was 

not the case for Con-DRGS.  

Conclusions: Under the conditions tested, Con-DRGS and Burst-DRGS are equally 

effective in attenuating STZ-induced mechanical hypersensitivity in an animal model of PDPN. 

Burst-DRGS showed signs of a residual effect at 15 minutes after cessation of stimulation, 

which requires further investigation. 

Keywords: Dorsal root ganglion stimulation, burst stimulation, painful diabetic 

peripheral neuropathy, mechanical hypersensitivity, neuropathic pain 
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3.2. Introduction 

Painful diabetic peripheral neuropathy (PDPN) is a debilitating consequence of 

diabetes mellitus (DM), with a prevalence ranging from 10-26% [1-3]. PDPN typically presents 

as burning, electric, stabbing or tingling neuropathic pain that starts in the lower limbs, and 

is characterized by diffuse damage to small nerve fibers, specifically to those of the Aδ and C 

type [4]. Numerous pharmacological drugs for neuropathic pain have been introduced over 

the years [5]. As the efficacy of pharmacological drugs in PDPN is limited, there is an urgent 

need for the development of novel treatment options. 

Spinal cord stimulation of the dorsal columns (SCS) is a recommended last resort 

therapy for PDPN patients who do not respond to conventional pharmacological medication. 

The effectiveness of SCS in PDPN has been demonstrated in two randomized clinical trials 

(RCTs) [6-8]. Despite considerable improvements, there are limitations to the efficacy of SCS. 

Firstly, approximately 60% of patients with PDPN achieve pain reductions of ≥50% [6-8]. 

Secondly, SCS is often unable to satisfactorily and specifically stimulate difficult-to-reach 

areas, such as the extremities in PDPN. Thirdly, placement of the leads on top of the dorsal 

columns makes SCS with conventional settings susceptible to postural variations due to 

changes in distance between stimulation lead and stimulation target, leading to unpleasant 

paresthesias and/or overstimulation [9]. Lastly, the energy consumption of SCS is relatively 

high, as there is significant energy loss to surroundings, such as the cerebrospinal fluid (CSF), 

before stimulation reaches the spinal cord dorsal columns. 

In the field of neuromodulation, new developments aimed to change not only the 

anatomical target but also to introduce new stimulation waveforms have been suggested to 

overcome most of the disadvantages of SCS. Change of anatomical target from the spinal 

cord to the dorsal root ganglion (dorsal root ganglion stimulation, DRGS) not only increased 

treatment success in chronic intractable neuropathic pain but also resulted in less postural 

variation in paresthesia intensity and less battery consumption as compared to SCS [10]. 

Additionally, DRGS was found to be a safe and effective neuromodulation modality that 

improves painful symptoms in PDPN patients [11]. The introduction of new stimulation 
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waveforms including use of burst paradigms [12] have been shown to result in clinically 

relevant pain reductions, without eliciting paresthesias. Studies have shown that burst SCS 

(Burst-SCS) decreases pain intensity to a greater degree than conventional SCS (Con-SCS) [13, 

14]. This superior effect might be attributed to the underlying mechanism of action of Burst-

SCS, as it is hypothesized that Burst-SCS, besides targeting brain areas related to the location 

and intensity of pain (lateral pain pathway), also targets areas related to the emotional and 

affective components of pain (medial pain pathway) [13].  

Over the years, preclinical research has provided valuable information with regard 

to the therapeutic effects of neuromodulation for PDPN. The effectiveness of SCS in 

experimental PDPN has been demonstrated in both the short [15, 16] and long term [17]. 

Interestingly, the first in vivo study to test the effectiveness of DRGS in an animal model of 

peripheral nerve injury was recently published [18]. The authors showed that DRGS 

attenuated both reflex-based pain behavior as well as affective pain behavior, with no signs 

of histological damage to the DRG.  

In line with the recent changes in the field of neuromodulation, a combination of 

novel anatomical targeting and the use of novel stimulation waveforms might provide a 

platform to further improve neuromodulatory therapies for chronic neuropathic pain. To 

date, no study has explored the effect of novel DRGS modalities, like Burst-DRGS, in 

experimental or clinical PDPN. The present study therefore aimed to assess the effect of 

Burst-DRGS vs. Con-DRGS in an animal model of PDPN. To this end, we used an animal model 

for DRGS, which was demonstrated to relieve neuropathic pain in rats [18]. Based on the 

aforementioned evidence on Burst stimulation in the field of SCS, we hypothesized that 

Burst-DRGS leads to significantly higher pain relief and higher responder rates compared to 

Con-DRGS.  
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3.3. Methods 

3.3.1. Ethical statement 

All experiments were conducted in a humane manner in accordance with the 

European Directive for the Protection of Vertebrate Animals Used for Experimental and 

Other Scientific Purposes (86/609/EU). The study was approved by the Animal Research 

Committee of Maastricht University (DEC-protocol 2013-079). 

3.3.2. Animals 

All experiments were performed using young-adult, female Sprague-Dawley rats (6 

weeks at study onset, 180-220g, n=48). Animals were housed per 2 in filter-top 

polycarbonate cages in a climate controlled room (temperature 21±1°C, humidity 55±15%) 

with constant background music (approximately 45 decibel) and under artificial lightning 

(12:12 reversed light/dark cycle). Distilled water and food was at all times available to the 

animals ad libitum. Animals were allowed to acclimatize to the housing facility without 

experimenter contact for 1 week after arrival, and were handled properly before the onset 

of the experiments. 

3.3.3. Induction of Diabetes Mellitus (DM) 

Diabetes mellitus (DM) was induced by a single intraperitoneal injection of 65 mg/kg 

Streptozotocin (STZ) (Sigma‐Aldrich, Schnelldorf, Germany) (n=48). Prior to STZ injection, 

animals were weighed and fasted overnight. STZ was then freshly dissolved in sterile 0.9% 

NaCl to a solution of 65 mg/mL. In the first week after STZ injection, blood glucose levels 

were assessed in blood derived from the saphenous vein using a blood glucose meter (Accu‐

Chek Aviva®, Roche Diagnostics GmbH, Mannheim, Germany). Rats with a glucose level of 

≥15 mmol/L were considered diabetic [19] and were included in the study. When glucose 

levels exceeded 31.4 mmol/L, one-third of a slow releasing insulin pellet (LinShin Canada, 

Inc.) was placed subcutaneously in the trunk of the animal. 
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3.3.4. Assessment of mechanical hypersensitivity (Von Frey assay) 

Mechanical hypersensitivity was assessed by measuring the response of the hind 

paws to Von Frey filaments using the ‘up-down’ method [20]. In short, rats were placed in a 

transparent box on an elevated mesh floor. Animals were allowed to acclimate to the 

behavioral set-up for 15 minutes before testing. Subsequently, a series of Von Frey filaments 

with incrementing stiffness (bending forces 0.6, 1.2, 2.0, 3.6, 5.5, 8.5, 15.1, and 28.84 g) were 

applied to the plantar surface of the hind paws of the animals for 5 s. In case of a negative 

response (no withdrawal of hind paw), the next filament with higher bending force was 

applied. In case of a positive response (withdrawal of hind paw), the previous filament with 

lower bending force was applied. The 50% withdrawal threshold (WT) was calculated after 

completion of a sequence of six consecutive responses. A cut-off value of 28.84 g was defined 

to prevent tissue damage. Lastly, the 50% WT was multiplied by 10.000 and logarithmically 

transformed to account for Weber’s law [21] and obtain a linear scale.  

3.3.5. Development of mechanical hypersensitivity 

Only animals showing mechanical hypersensitivity on the Von Frey assay at 4 weeks 

after STZ injection were implanted and treated with DRGS. Animals without mechanical 

hypersensitivity were excluded from the study. The presence of mechanical hypersensitivity 

was defined as a decrease of ≥0.2 unit in log10 (10.000 x 50% WT) when compared to pre-STZ 

values [15-17]. 

3.3.6. Dorsal root ganglion stimulation (DRGS) lead 

Preparation of the dorsal root ganglion stimulation (DRGS) lead was performed as 

previously described [18]. Briefly, the lead was manufactured out of two platinum-iridium 

wires with different diameters (0.010 and 0.005 in). The insulation at the termini of both 

wires was removed, and the terminal of the large wire (0.010 in) was bent back upon itself 

to produce an atraumatic tip. The smaller wire (0.005 in) was then wrapped around the 

insulated part of the larger wire. A few spots of dental cement were added to strengthen the 

lead. Lastly, the lead was tested with an Ohmmeter to confirm proper functioning of the lead 

(Figure 1).  
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3.3.7. Implantation of the DRGS lead 

Implantation of the DRGS lead at the L5 DRG was performed as previously described 

[18]. Briefly, the intervertebral foramen at the level of the fifth lumbar (L5) spinal nerve was 

exposed via a paravertebral incision under general anesthesia. Subsequently, the foramen 

was gently opened by probing with a small, blunt nerve hook to provide a passage for the 

lead to enter the foramen on the dorsolateral aspect of the L5 DRG. The lead was secured 

onto the transverse process caudal to the foramen using a stainless steel ligature and a small 

screw (diameter 0.86mm, length 3.2 mm). This produced a device capable of providing 

bipolar contact in apposition to the L5 DRG. Lastly, the lead was tunneled subcutaneously 

through the neck of the animals and the wounds were closed in layers. After implantation of 

the lead, the rats were allowed to recover for two days before the start of DRGS.  

3.3.8. DRG stimulation (DRGS) 

For stimulation of the L5 DRG, an A-M systems stimulator (MultiStim: Programmable 

8-Channel Stimulator (Model 3800) 220 V/50 Hz) fitted with an additional stimulus Isolator 

(Model 3820 for A-M Systems MultiStim) was used. After connecting the implanted lead to 

Figure 1. Bipolar DRGS lead. 
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the stimulator, the motor threshold (MT) was determined using a frequency of 2 Hz and pulse 

width of 200 µs for Con-DRGS, and a pulse width of 1000 µs, five pulses (500 Hz intraburst 

frequency) administered at an interburst frequency of 2 Hz for Burst-DRGS. MT was defined 

as the current inducing contractions of the lower trunk or hind limb(s). For Con-DRGS the 

stimulation settings were as follows: biphasic stimulation with frequency= 50 Hz, pulse 

width= 200 µs, amplitude= 67% of motor threshold (Figure 2a). For Burst-DRGS the 

stimulation settings were as follows: monophasic stimulation with interburst frequency= 

40Hz, intraburst frequency= 500Hz, pulse width= 1000 µs, interpulse interval= 1000µs, burst 

pulse count= 5, amplitude= 67% MT [12-14] (Figure 2b). Animals with an MT of ≥ 1 mA at 

stimulation days were excluded from analysis. For sham stimulated animals the amplitude 

was set at zero. Animals were unrestrained during DRGS. 

3.3.9. Timeline of experiments 

Following baseline measurements for mechanical hypersensitivity (Von Frey) (week 

-1), animals were injected with STZ (week 0). In the first week after STZ injection (week 1), 

blood glucose of the animals was measured to confirm DM (DM defined as blood glucose 

level ≥15 mmol/L [19]). 4 weeks after STZ injection (week 4), animals were again tested for 

Figure 2. Oscilloscope output of the Con-DRGS (a) and Burst-DRGS (b) waveform. Con-DRGS: biphasic mode with 

frequency = 50 Hz, pulse width = 200 μsec. Burst-DRGS: monophasic mode with interburst frequency = 40 Hz, 

intraburst frequency = 500 Hz, pulse width = 1000 μsec, interpulse interval = 1000 μsec, burstpulse count = 5. 
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mechanical hypersensitivity, in order to select animals that developed PDPN (≥0.2 decrease 

in log10 (10.000 x 50% WT) on Von Frey when compared to the pre-STZ baseline [15-17]) for 

DRGS implantation (week 5). PDPN animals received either Con-DRGS and Burst-DRGS in a 

randomized cross-over design on days 2 and 3 post-implantation, or were assigned to a 

Sham-DRGS group (50% WT measured on day 2). The experimenter was blinded for the DRGS 

paradigm used. On stimulation days, animals were first tested for MT, after which the 

amplitude was set accordingly. Animals were then tested for mechanical hypersensitivity on 

Von Frey just before DRGS onset (baseline), 15 and 30 minutes during DRGS (or sham-DRGS), 

and 15 and 30 minutes after DRGS (45 and 60 minutes) (Figure 3).  

3.3.10. Statistical analysis 

The WTs to Von Frey filaments are presented as mean ± standard error of the mean 

(SEM). For statistical analysis, Von Frey data were logarithmically transformed to account for 

Weber’s Law [21] and obtain a linear scale. Data were tested for a normal distribution using 

the Shapiro-Wilk normality test and were confirmed to be normally distributed. For analysis 

of intra-group changes in WTs over time, one-way repeated measures analysis of variance 

Figure 3. Timeline of experiments. 
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(ANOVA) was performed, followed by Tukey’s multiple comparison test. For between-groups 

analysis (Con-DRGS vs. Burst-DRGS vs. Sham-DRGS), a two-way ANOVA followed by Tukey’s 

multiple comparisons test was used. For comparisons between pre-STZ WTs and pre-implant 

WTs, and comparisons of MTs between the Con-DRGS and Burst-DRGS group, a paired-

samples t-test was used. 

3.4. Results 

3.4.1. Flowchart of animals 

Out of the 48 animals that were injected with STZ, 43 developed Diabetes Mellitus 

(DM) (90%; blood glucose level ≥15 mmol/L). One animal died as a result from STZ‐related 

health deterioration. 13 animals required insulin treatment (blood glucose level ≥ 31.4 

mmol/L). 25 out of the 43 diabetic animals developed subsequent PDPN 4 weeks post-STZ 

injection (58%; ≥0.2 decrease in log10 (10.000 x 50% WT) on Von Frey when compared to the 

pre-STZ baseline [15-17]), of which 22 were successfully implanted with a DRGS device. Two 

out of the 22 implanted PDPN animals were withdrawn from the study due to connector 

breakage before the first stimulation day, one animal was withdrawn from the study due to 

not being able to finish the complete study period (no motor threshold observed on second 

stimulation day), and two animals were excluded from the study because of high MT (MT ≥ 

1 mA). Consequently, 17 animals were left for analysis. Of these 17 animals, 10 animals 

received Con-DRGS and Burst-DRGS in a randomized cross-over design, and 7 animals 

received Sham-DRGS. 

3.4.2. Development of STZ-induced mechanical hypersensitivity 

The mean log10 (10.000 x 50% WT) value of the 17 stimulated animals (animals that 

underwent Con-DRGS, Burst-DRGS, or Sham-DRGS) dropped from 5.06 ± 0.04 before STZ 

injection to 4.47 ± 0.04 pre-implantation (4 weeks following STZ injection) (p<0.0001) (Figure 

4).  
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3.4.3. Effect of Con-DRGS on STZ-induced mechanical hypersensitivity 

For animals receiving Con-DRGS, the average baseline log10 (10.000 x 50% WT) score 

(before start of Con-DRGS) was 4.38 ± 0.07. Con-DRGS resulted in a significant reduction of 

mechanical hypersensitivity at 15 minutes (4.81 ± 0.12, p<0.05) and 30 minutes (5.01 ± 0.12, 

p<0.01), when compared to baseline. Log10 (10.000 x 50% WT) scores returned to baseline 

values after cessation of Con-DRGS at 45 minutes (4.41 ± 0.06, P>0.99) and 60 minutes (4.42 

± 0.08, P>0.99). No residual effect was observed for Con-DRGS, as both the 45 minutes and 

60 minutes time point were significantly different compared to the 30 minutes time point 

(p<0.01), while no significant difference was observed between the 45 and 60 minutes time 

points and baseline (p>0.99) (Figure 5a). 

3.4.4. Effect of Burst-DRGS on STZ-induced mechanical hypersensitivity 

For animals receiving Burst-DRGS, the average baseline log10 (10.000 x 50% WT) 

score (before start of Burst-DRGS) was 4.31 ± 0.06. Burst-DRGS resulted in a significant 

reduction of mechanical hypersensitivity at 15 minutes (4.91 ± 0.13, p=0.01) and 30 minutes 

Figure 4. Development of mechanical hypersensitivity after STZ injection of all stimulated rats (animals that 

underwent Con-DRGS, Burst-DRGS, or Sham-DRGS; n = 17). **** p < 0.0001 compared to pre-STZ baseline. 

 



62 
 

(4.90 ± 0.16, p=0.02), when compared to baseline. Log10 (10.000 x 50% WT) scores returned 

to baseline values after cessation of Burst-DRGS at 45 minutes (4.58 ± 0.15, p=0.40) and 60 

minutes (4.52 ± 0.10, p=0.15). Importantly, Burst-DRGS showed signs of a residual effect at 

45 minutes (15 minutes after stimulation), as there was no significant difference in the 

efficacy of Burst-DRGS at the 45 minutes time point when compared to the 30 minutes time 

point (p>0.05) and baseline (p=0.40) (Figure 5b). 

3.4.5. Effect of Sham-DRGS on STZ-induced mechanical hypersensitivity 

For animals receiving Sham-DRGS, the average baseline log10 (10.000 x 50% WT) 

score (before start of Sham-DRGS) was 4.42 ± 0.04. No significant differences in mechanical 

hypersensitivity were found at 15 minutes (4.35 ± 0.08, p=0.88), 30 minutes (4.38 ± 0.13, 

p>0.99), 45 minutes (4.35 ± 0.10, p=0.90), and 60 minutes (4.38 ± 0.12, p>0.99), when 

compared to baseline. Furthermore, no significant difference was observed between any of 

the tested time points (p>0.88) (Figure 5c). 

3.4.6. Effect of Con-DRGS vs. Burst-DRGS vs. Sham-DRGS on STZ-induced mechanical 

hypersensitivity 

A significant difference between Con-DRGS and Sham-DRGS log10 (10.000 x 50% WT) 

values was observed at 15 minutes of stimulation (4.81 ± 0.12 vs. 4.35 ± 0.08, p=0.02) and 30 

minutes of stimulation (5.01 ± 0.12 vs. 4.38 ± 0.13, p<0.001). No significant differences in 

terms of log10 (10.000 x 50% WT) values were observed between Con-DRGS and Sham-DRGS 

at baseline (4.38 ± 0.07 vs. 4.42 ± 0.04, p=0.98), 45 minutes (4.41 ± 0.06 vs. 4.35 ± 0.10, 

p=0.92), and 60 minutes (4.42 ± 0.08 vs. 4.38 ± 0.12, p=0.97).  

A significant difference was also observed between Burst-DRGS and Sham-DRGS 

log10 (10.000 x 50% WT) values at 15 minutes of stimulation (4.91 ± 0.13 vs. 4.35 ± 0.08, 

p<0.01) and 30 minutes of stimulation (4.90 ± 0.16 vs. 4.38 ± 0.13, p<0.01). No significant 

differences in terms of log10 (10.000 x 50% WT) values were observed between Burst-DRGS 

and Sham-DRGS at baseline (4.31 ± 0.06 vs. 4.42 ± 0.04, p=0.81), 45 minutes (4.58 ± 0.15 vs. 

4.35 ± 0.10, p=0.32), and 60 minutes (4.52 ± 0.10 vs. 4.38 ± 0.12, p=0.68).  
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No significant differences were observed between Con-DRGS and Burst-DRGS at any 

time point: Baseline: 4.38 ± 0.07 vs. 4.31 ± 0.06, p=0.88; 15 minutes: 4.81 ± 0.12 vs. 4.91 ± 

0.13, p=0.80; 30 minutes: 5.01 ± 0.12 vs. 4.90 ± 0.16, p=0.55; 45 minutes: 4.41 ± 0.06 vs. 4.58 

± 0.15, p=0.48; 60 minutes: 4.42 ± 0.08 vs. 4.52 ± 0.10, p=0.78 (Figure 5d). Additionally, 

Figure 5. Scatter plot of the effect of Con-DRGS (n = 10) (a), Burst-DRGS (n = 10) (b), and Sham-DRGS (n = 7) (c) 

on STZ-induced mechanical hypersensitivity. A combined presentation of the effect of Con-DRGS, Burst-DRGS, 

and Sham-DRGS is presented in (d). Dotted line = the mean pre-STZ baseline of all stimulated animals. Gray area 

= period of DRGS. *, **p < 0.05, p < 0.01 compared to prestimulation baseline; $, $$, $$$p < 0.05, p < 0.01, p < 

0.001 compared to T = 30 min; #,##, ###p < 0.05, p < 0.01, p < 0.001 compared to the Sham-DRGS group at the 

same time point. 
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observed MTs were lower in the Burst-DRGS group compared to the Con-DRGS group, albeit 

not significant (p=0.12) (Figure 6). 

3.4.7. Percentage responders: Con-DRGS vs. Burst-DRGS 

The percentage of responders to Con-DRGS was 70% (seven out of ten) at 15 

minutes, 90% (nine out of ten) at 30 minutes of stimulation, 20% (2 out of ten) at 45 minutes, 

and 33% (3 out of ten) at 60 minutes. In the Burst-DRGS group, the percentage of responders 

was 80% (eight out of ten) at 15 minutes, 70% (seven out of ten) at 30 minutes of stimulation, 

50% (five out of ten) at 45 minutes, and 40% (4 out of ten) at 60 minutes. A responder was 

defined as an animal with an increase of ≥0.2 unit in log10 (10.000 x 50% WT) at the 15 

minutes, 30 minutes, 45 minutes, or 60 minutes marks when compared to baseline before 

stimulation onset (Table 1). 

Table 1. Percentage responders to DRGS: Con-DRGS vs. Burst-DRGS. A responder to stimulation is defined as 

an animal with an increase of the 10log (10.000 x 50%WT)  ≥0.2 during stimulation. 

Group T=15 min T = 30 min T = 45 min T = 60 min 

Con-DRGS 7/10 (70%) 9/10 (90%) 2/10 (20%) 3/10 (33%) 

Burst-DRGS 8/10 (80%) 7/10 (70%) 5/10 (50%) 4/10 (40%) 

Figure 6. Motor thresholds (MT) assessed by means of Con-DRGS and Burst-DRGS. The MT of Con-DRGS was 

assessed at 2 Hz and pulse width of 200 μsec. The MT of Burst-DRGS was assessed using a pulse width of 1000 

μsec, and five pulses (500 Hz intraburst frequency) administered at an interburst frequency of 2 Hz. 
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3.5. Discussion  

This is the first study to compare Burst-DRGS with Con-DRGS in PDPN. Our findings 

showed that both Con-DRGS and Burst-DRGS are equally effective in reversing STZ-induced 

mechanical hypersensitivity to pre-STZ baseline values. Since Con-DRGS was already very 

effective in bringing log10 (10.000 x 50% WT) values back to the healthy baseline level after 

30 minutes of stimulation, it might have been challenging to show statistically significant 

improvements with Burst-DRGS over this effective Con-DRGS therapy. Nevertheless, Burst-

DRGS showed signs of a residual effect (not significant) at 15 minutes after cessation of 

stimulation, while this was not the case for Con-DRGS treated animals. Also the responder 

rates were considerably higher in the Burst-DRGS (5/10; 50%) group when compared to the 

Con-DRGS group (2/10; 20%) 15 minutes after cessation of stimulation.  Our results are in 

line with the work of Pan et al., who were the first to perform in vivo Con-DRGS in a unilateral 

peripheral nerve injury model of neuropathic pain [18]. The authors concluded that Con-

DRGS attenuates both reflex-based as well as affective pain behavior. Also the observed 

motor thresholds in the study of Pan et al (20) were comparable to those observed in our 

study. Importantly, the study of Pan and colleagues also showed that DRGS produces no signs 

of histological or behavioral injury to the DRG.  

Also clinically, the effectiveness of Con-DRGS and the superiority of Con-DRGS over 

Con-SCS for the treatment of chronic intractable pain of the lower limbs attributed to 

complex regional pain syndrome (CRPS) and causalgia has been published in a randomized 

clinical trial (RCT)[10]. Additionally, the first retrospective study to assess the effect of Con-

DRGS for refractory PDPN patients was recently published by Eldabe et al. [11]. Despite the 

retrospective nature and small sample size (ten patients) of this study, the authors concluded 

that Con-DRGS is a safe and effective neuromodulation modality to improve painful 

symptoms in PDPN patients [11].  

 In the field of Burst stimulation, contradictory findings regarding the superiority of 

Burst-SCS over Con-SCS have been reported. While some studies show a clear advantage of 

Burst-SCS over Con-SCS [13, 14, 22], other studies show no difference between the two 
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stimulation modalities in terms of their pain relieving effect [23], which may have resulted 

from the different disease indications assessed in these studies. The superiority of Burst-SCS 

observed in some studies might be attributed to the mechanism of action of Burst-SCS, as it 

is hypothesized that Burst-SCS, besides targeting brain areas related to the location and 

intensity of pain (lateral pain pathway), also targets areas related to the emotional and 

affective components of pain (medial pain pathway) [13]. Furthermore, a study by Tang et al. 

found that Burst-SCS at 60% MT reduced neural activity significantly more than Con-SCS at 

the same amplitude, which might explain the superiority of Burst-SCS over Con-SCS [24]. 

Lastly, the total charge per second is higher with Burst-SCS when compared to Con-SCS, 

something that is hypothesized to correlate with stimulation efficacy [25]. In our study, no 

significant difference was found between Con-DRGS and Burst-DRGS on STZ-induced 

mechanical hypersensitivity. Nevertheless, 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 [13]. Also, the Burst waveform used in the present study, albeit 

monophasic, varies slightly from the clinically-used BurstDR™ waveform, which is 

monophasic with a passive recharge balance. 

The present preclinical DRGS model mimics features that are typical of clinical DRGS. 

As is the case in clinical DRGS, pain relief occurred very promptly (after 15 minutes of 

stimulation) in our animal model for both Con-DRGS and Burst-DRGS, and was maintained 

for the full 30 minutes stimulation period. Interestingly, a recent study by Meuwissen et al., 

which compared Con-SCS with Burst-SCS in an animal model of peripheral nerve injury, 

showed Burst-SCS to have a delayed onset and a delayed carry-over of analgesic effect when 

compared to Con-SCS [26]. While no differences in terms of a delayed onset of analgesic 

effect was observed between Con-DRGS and Burst-DRGS in the present study, Burst-DRGS 

appeared to show signs of a residual effect at 45 minutes when compared to Con-DRGS. 

Differences in the delayed wash-in of stimulation might be attributed to differences in the 

experimental model used, the location of stimulation (dorsal column vs. DRG), the type of 

stimulation (quadripolar vs. bipolar) and/or the Burst paradigm used (biphasic vs. 

monophasic). The motor thresholds necessary to evoke contractions of the hind paws of the 
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animals were lower for Burst-DRGS than Con-DRGS in our study, albeit not significant. This is 

in line with preclinical findings that Burst-SCS requires significantly lower amplitudes to 

obtain a motor response when compared to Con-SCS [24, 26-30]. The latter has important 

consequences for the stimulation amplitude, which is generally lower with Burst-SCS when 

compared to Con-SCS [12].  

To date, few studies have been conducted in order to elucidate the mechanism 

underlying DRGS. DRGS was found to inhibit neuronal excitability, by reducing the amplitude 

and/or the amount of action potentials arising from the DRG [31]. The unique pseudo-

unipolar design and the T-junction of the DRG may act as a low-pass filter for electrical stimuli 

travelling from the periphery to the spinal cord [32]. Furthermore, it was shown by fMRI that 

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 [33]. 

However, the involvement of the spinal pain gate should not be overlooked, as modulating 

firing rates of DRG neurons by DRGS may also affect interneurons and GABAergic systems in 

the dorsal horn as is the case in traditional SCS [34-36]. Interestingly, it was shown that Burst-

SCS does not rely on GABAergic mechanisms as is the case for Con-SCS, as it was shown that 

the effect of Con-SCS, but not Burst-SCS, is blocked by administration of a GABA-B receptor 

antagonist [28], suggesting that different mechanisms of action underlie different 

stimulation waveforms. Recently, a study by Du et al. found an extensive GABAergic 

communication network between sensory neuron somata inside the DRG [37]. The authors 

showed that sensory neurons in the DRG express major proteins required for GABA synthesis 

and release, and are capable of releasing GABA upon depolarization. Furthermore, it was 

found that local infusion of GABA reuptake inhibitors into the DRG alleviated neuropathic 

pain, whereas focal application of GABA receptor antagonists triggered neuropathic pain. The 

authors proposed the idea that this GABAergic system in the DRG acts as a second gate, in 

addition to the Gate Control Theory[38], and that neuromodulation of the DRG might exert 

its analgesic action by engaging this second gate [37]. More research into the underlying 

mechanisms of DRGS and its relation to specific stimulation waveforms is necessary to fine-

tune DRGS for chronic neuropathic pain diseases.  
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Limitations of this study include the use of only a short-term stimulation protocol. 

Long-term stimulation protocols, as being used in clinical practice, require further 

investigation. Secondly, only female Sprague-Dawley rats were included in our study as 

female Sprague-Dawley rats reach their maximal body weight and nerve conduction values 

faster and at a lower weight when compared to male Sprague-Dawley rats or either sex of 

other strains [19]. As there is strong evidence for sex differences in pain and analgesia, one 

should be cautious when extrapolating these data to the male sex [39]. As mentioned earlier, 

also the inclusion of only reflex-based tests has its limitations and the Burst waveform used 

in the present study varies slightly from the clinically used BurstDR™ waveform. 

We conclude that under the conditions tested, Con-DRGS and Burst-DRGS are 

equally effective in attenuating streptozotocin-induced mechanical hypersensitivity in an 

animal model of PDPN. Importantly, Burst-DRGS showed signs of a residual effect at 15 

minutes after cessation of stimulation, which was not the case with Con-DRGS. Further work 

needs to be done to confirm this residual effect of Burst-DRGS. The present study provides a 

first insight into the pain relieving effect of Burst-DRGS. Further optimization and analysis of 

DRGS driven by insights into the underlying mechanisms of the various stimulation paradigms 

is necessary.  
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4.1. Abstract 

Background and objective: Dorsal root ganglion stimulation (DRGS) has recently 

emerged as a neuromodulation modality in the treatment of chronic neuropathic pain. The 

objective of this study was to compare the efficacy of different Burst-DRGS amplitudes in an 

experimental model of painful diabetic peripheral neuropathy (PDPN). 

Methods: Diabetes Mellitus was induced in female Sprague-Dawley rats by 

intraperitoneal injection of streptozotocin (STZ, n=28). Animals were tested for mechanical 

hypersensitivity (von Frey paw withdrawal test) before, and 4 weeks after STZ injection. PDPN 

rats (n=13) were implanted with a unilateral bipolar electrode at the L5 DRG. Animals 

received Burst-DRGS at 0%, 10%, 33%, 50%, 66% and 80% of motor threshold (MT) in a 

randomized crossover design on post-implantation days 2-7 (n=9). Mechanical 

hypersensitivity was assessed before stimulation onset, 15 and 30 minutes during 

stimulation, and 15 and 30 minutes after stimulation.  

Results: Burst-DRGS at amplitudes of 33%, 50%, 66%, and 80% MT resulted in 

significant attenuation of STZ-induced mechanical hypersensitivity at 15 and 30 minutes 

during stimulation, as well as 15 minutes after cessation of stimulation. No effect on 

mechanical hypersensitivity was observed for Burst-DRGS at 0% MT and 10% MT. Optimal 

pain relief and highest responder rates were achieved with Burst-DRGS at 50-66% MT, with 

an estimated optimum at 52% MT.  

Conclusion: Our findings indicate a nonlinear relationship between Burst-DRGS 

amplitude and behavioral outcome, with an estimated optimal amplitude of 52% MT. Further 

optimization and analysis of DRGS driven by insights into the underlying mechanisms related 

to the various stimulation paradigms is warranted. 

Keywords: Dorsal root ganglion stimulation, burst stimulation, neuromodulation, 

painful diabetic peripheral neuropathy, neuropathic pain, Von Frey 
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4.2. Introduction 

Painful diabetic peripheral neuropathy (PDPN) is a frequent and disabling 

complication of Diabetes Mellitus (DM)[1-3]. In PDPN, small fibers of the Aδ and C type are 

damaged, leading to subsequent neuropathic pain in extremities and often starting in the  

lower limbs[4].  As the effectiveness of pharmacological interventions in PDPN is limited[5], 

there is an urgent need for new non-pharmacological approaches. Spinal cord stimulation of 

the dorsal columns with conventional settings (Con-SCS) is an established last-resort 

treatment for PDPN patients who are refractory to pharmacological interventions. The 

effectiveness of Con-SCS in patients with PDPN has been demonstrated in two randomized 

clinical trials (RCTs)[6, 7]. However, despite considerable improvements with Con-SCS, Con-

SCS has limitations with regard to effect size, responder rate, specificity, stability, and energy 

consumption[6-11]. Recently, dorsal root ganglion stimulation (DRGS) was developed and 

expected to overcome some of the limitations observed with Con-SCS.  

Since the implantation of the first fully implantable DRGS system in 2011[9], DRGS 

has shown clinical success in groin pain, axial back pain[12], leg and foot pain[9], complex 

regional pain syndrome (CRPS)[13], chest wall pain[14] and post-amputation pain 

syndromes[15]. Interestingly, a recent study by Eldabe and colleagues showed DRGS to be an 

effective and safe neuromodulation technique to improve painful symptoms in PDPN 

patients[16]. However, despite considerable improvements in terms of pain scores using 

DRGS, many PDPN patients still experience unsatisfactory pain relief16. 

Besides changes in the anatomical target of stimulation, the introduction of novel 

stimulation waveforms has also aided to the field of SCS in recent years. SCS paradigms that 

use bursting patterns[17] offer a paresthesia-free solution to conventional Con-SCS, and 

decrease pain intensity to a greater degree than Con-SCS in some studies[18, 19]. 

Nevertheless, only few studies have investigated the combination of both novel anatomical 

targeting such as DRGS, and the use of novel stimulation waveforms, such as burst 

stimulation. 
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In a previous experimental study, we showed that Burst-DRGS in a rat model of 

PDPN showed signs of a residual effect after cessation of stimulation, which was 

accompanied with higher responder rates when compared to conventional DRGS (Con-

DRGS)[20]. Although the results of this study already seem to favor Burst-DRGS over Con-

DRGS, there is still room for improvement in terms of the optimal stimulation settings of 

Burst-DRGS. Previous experimental electrophysiological and behavioral studies suggest that 

Burst-SCS can be optimized by changing stimulation settings that are related to the amount 

of energy delivered to the system, such as amplitude and pulse width[21-23]. This study aims 

to investigate the effect of stimulation intensity on the therapeutic efficacy or pain relief of 

Burst-DRGS in an experimental rat model of PDPN.  

4.3. Methods 

4.3.1. Ethical statement 

All experiments were performed in accordance with the European Directive for the 

Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes 

(86/609/EU). The study was approved by the Central Authority for Scientific Procedures on 

Animals, The Netherlands (project license 2017-022).  

4.3.2. Animals 

Experiments were conducted in female Sprague-Dawley rats (170-210g at study 

onset; n=28). Animals were housed in pairs in polycarbonate cages placed in a controlled 

environment (temperature 21±1°C, humidity 55±15%) in a reversed day/night cycle. Animals 

had ad libitum access to distilled water and food. Before onset of the experiments, the 

animals were habituated to the housing facility for one week without experimenter contact.  

4.3.3. Induction of DM 

DM was induced by intraperitoneal injection of Streptozotocin (STZ; Sigma‐Aldrich, 

Schnelldorf, Germany). Animals were weighed and fasted overnight, after which STZ was 

freshly dissolved in 0.9% NaCl to achieve a solution of 65 mg/mL. 65 mg/kg STZ was then 

injected in order to induce DM. One week following STZ injection, animals were tested for 
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blood glucose levels via blood derived from the saphenous vein (Accu‐Chek Aviva®, Roche 

Diagnostics GmbH, Mannheim, Germany). Rats with a blood glucose level of ≥15 mmol/L 

were considered diabetic[24]. In case of excessively high glucose values (>31.4 mmol/L), one-

third of a slow releasing insulin pellet (LinShin Canada, Inc.) was placed subcutaneously in the 

trunk of the animal. 

4.3.4. Assessment of mechanical hypersensitivity  

Mechanical hypersensitivity was assessed by determining the paw withdrawal 

threshold of the hind paw of the animals to calibrated Von Frey filaments. In short, animals 

were places on an elevated mesh floor in a transparent box. Animals were allowed to 

acclimatize to the testing environment for 15 min. A series of calibrated Von Frey filaments 

(0.6, 1.2, 2.0, 3.6, 5.5, 8.5, 15.1, and 28.84 g) were then applied to the plantar surface of the 

hind paw for 5 s using the ‘’up-down’’ method[25]. The 50% withdrawal threshold (WT) was 

calculated after completion of a sequence of six consecutive responses. A cut-off value of 

28.84 g was defined to prevent tissue damage. Lastly, the 50% WT was multiplied by 10,000 

and logarithmically transformed to account for Weber’s law and obtain a linear scale[26].  

Only animals displaying mechanical hypersensitivity at 4 weeks after STZ injection 

were implanted and treated with DRGS. Animals without mechanical hypersensitivity were 

excluded from the study. The presence of mechanical hypersensitivity was defined as a 

decrease of ≥0.2 unit in log10 (10,000 x 50% WT) when compared to pre-STZ values [27-29]. 

4.3.5. DRGS 

For DRGS, the lead fashioned out of two platinum-iridium wires (diameter 0.010 and 

0.005 in) custom made for experimental studies, was unilaterally implanted adjacent to the 

left L5 DRG as previously described[20, 30]. Via paravertebral incision the intervertebral 

foramen was exposed at the level of the L5 spinal nerve. The entry of the lead into the 

foramen was ensured by a blunt nerve hook gently probing inside the foramen. Then the lead 

was inserted into the foramen and secured to the transverse process of L6 using a small 

stainless steel wire and screw (diameter 0.86mm, length 3.2 mm). Lastly, the lead was 

subcutaneously tunneled through the neck of the animal, after which the wounds were 
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closed in layers. Animals were allowed to recover for two days before starting the stimulation 

protocol.  

Animals received Burst-DRGS using an Abbott Inc. Proclaim implantable pulse 

generator (IPG) at 0%, 10%, 33%, 50%, 66% and 80% of motor threshold (MT) at days 2-7 

following implantation (one amplitude each day) using a randomized crossover design. 

Randomization was performed by an independent researcher using the website 

randomize.org. The experimenter was blinded for the applied amplitude. On stimulation 

days, animals were externally connected to the IPG and tested for MT after which the 

amplitude was set accordingly for each animal. The MT was determined using an interburst 

frequency of 10Hz, intraburst frequency of 500Hz, pulse width of 1000 µs, interpulse interval 

of 1000µs and a burst pulse count of 5. MT was defined as the current inducing contractions 

of the lower trunk or hind limb. Animals with an MT ≥ 1 mA were excluded from analysis. 

Settings for Burst-DRGS were as follows: monophasic stimulation with interburst frequency= 

40Hz, intraburst frequency= 500Hz, pulse width= 1000 µs, interpulse interval= 1000µs, burst 

pulse count= 5)[17-19] (Figure 1). Animals were not restrained during Burst-DRGS. 

Figure 1. Oscilloscope recording of Burst-DRGS waveform. Settings for Burst-DRGS were as follows: monophasic 

stimulation with interburst frequency = 40 Hz, intraburst frequency = 500 Hz, pulse width = 1000 μsec, interpulse 

interval = 1000 μsec, burst pulse count = 5.  

 



77 
 

4.3.6. Timeline of experiments 

Animals were tested for mechanical hypersensitivity (Von Frey) at baseline (week -

1), after which animals were injected with STZ at week 0. Blood was taken from the animals 

at week 1 to confirm induction of DM (defined as blood glucose level ≥15 mmol/L[24]). 

Animals were again tested for mechanical hypersensitivity (Von Frey) at week 4, in order to 

select animals that developed PDPN (defined as ≥0.2 decrease in log10 (10,000 x 50% WT) 

on Von Frey test when compared to pre-STZ baseline [27-29]). Animals that developed PDPN 

were then implanted with a DRGS lead at week 5, and stimulated on days 2-7 following 

implantation using different amplitudes (0%, 10%, 33%, 50%, 66% and 80% MT). Animals 

were each day tested for mechanical hypersensitivity on Von Frey just before Burst-DRGS 

onset (baseline), 15 and 30 minutes during Burst-DRGS , and 15 and 30 minutes after Burst-

DRGS (45 and 60 minutes) (Figure 2). 

4.3.7. Data analysis 

Values are presented as mean ± standard error of the mean (SEM). For statistical 

analysis, Von Frey data were logarithmically transformed to account for Weber’s Law and 

obtain a linear scale[26]. For analysis of the effect of Burst-DRGS over time and intra-group 

changes in WTs over time, two-way repeated measures analysis of variance (ANOVA) was 

Figure 2. Study design. 
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performed, followed by Dunnett’s multiple comparison test. For between-groups analyses, a 

two-way ANOVA followed by Tukey’s multiple comparisons test was used. For comparisons 

between pre-STZ WTs and pre-implant WTs, a paired-samples t-test was used. For the 

analysis of MTs over time, a one-way repeated measures ANOVA with Dunnett’s multiple 

comparisons test was used. For calculation of the amplitude-mechanical hypersensitivity 

relationship at each specific time point (baseline, 15 min, 30 min, 45 min and 60 min), mean 

log10 (10,000 x 50% WT) values at each time point were expressed as a function of Burst-

DRGS amplitude. Non-linear regression was then performed for each time point, and the X-

value corresponding to the vertex of the resulting parabola-shaped curve was defined as the 

optimal DRGS amplitude for that time point. For calculation of the overall optimal DRGS 

amplitude, area under the curve analysis was first performed for the effect of Burst-DRGS 

over time for each specific animal, at all tested Burst-DRGS amplitudes. The mean AUC values 

± SEM were then expressed as a function of Burst-DRGS amplitude, after which nonlinear 

regression was performed, and the X-value corresponding to the vertex of the parabola was 

identified as the overall optimal Burst-DRGS amplitude.   

4.4. Results 

4.4.1. Flowchart of animals 

Out of the 28 STZ-injected animals, 27 animals developed Diabetes Mellitus (96%; 

blood glucose level ≥15 mmol/L). 7 animals required insulin treatment (blood glucose level ≥ 

31.4 mmol/L). 13 out of these 27 diabetic animals developed subsequent PDPN (48%; ≥0.2 

decrease in log10 (10,000 x 50% WT) on Von Frey when compared to the pre-STZ injection 

baseline). All PDPN animals (n=13) were then implanted with a unilateral DRGS device at the 

L5 lumbar level. Two animals were withdrawn from the study due to excessively high MT 

(>1mA) and two animals were withdrawn due to not displaying neuropathic symptoms 

following implantation. In the end, 9 of these 13 implanted animals successfully finished the 

6-day stimulation protocol. 
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4.4.2. Development of STZ-induced mechanical hypersensitivity 

The mean log10 (10,000 x 50% WT) of the 13 implanted animals dropped from 5.1 ± 

0.05 g at pre-STZ-baseline to 4.7 ± 0.05 g pre-implantation (4 weeks after STZ injection) 

(P<0.0001) (Figure 3).  

4.4.3. Intra-group analyses: effect of Burst-DRGS over time  

Burst-DRGS significantly attenuated STZ-induced mechanical hypersensitivity over 

time (p<0.0001, effect of factor time; two-way repeated measures ANOVA) (Figure 4a). 

Burst-DRGS at 33% MT, 50% MT, 66% MT, and 80% MT significantly reduced mechanical 

hypersensitivity at 15 min, 30 min, and 45 min as compared to the corresponding baseline 

(p<0.05) (Table 1). As expected, no significant effects over time were observed for very low 

amplitudes of 0% MT and 10% MT (P>0.05) (Table 1).  

4.4.4. Inter-group analyses: effect between stimulation amplitudes  

A significant effect of amplitude was found (p<0.01, effect of factor amplitude; two-

way repeated measures ANOVA) (Figure 4a). Significant differences were observed between 

Burst-DRGS at 33% MT, 50% MT, 66% MT and 80% MT when compared to 10% MT and 0% 

MT (p<0.05) (Table 1). Additionally, Burst-DRGS at 50% MT was significantly more effective 

Figure 3. Development of mechanical hypersensitivity after STZ injection of all implanted rats (n = 13). ****p <. 

0.0001 compared to pre-STZ baseline. 
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in normalizing STZ-induced mechanical hypersensitivity as compared to Burst-DRGS at 80% 

MT while the stimulator was turned on (15 and 30 min) (p<0.05) (Table 1). As expected, no 

significant effect of amplitude was observed in the contralateral hind paw (p=0.69, effect of 

factor amplitude; two-way repeated measures ANOVA) (Figure 4b).  

  

Figure 4. A combined presentation of the effect of Burst-DRGS for different amplitudes. Dotted line = the mean 

pre-STZ baseline of all stimulated animals. Gray area = period of DRGS. 
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4.4.5. Responder rates 

The percentage of animals responding to Burst-DRGS (responder defined as increase 

of the log10 (10,000 x 50% WT) ≥0.2 compared to pre-stimulation baseline) was highest in the 

50% MT and 66% MT group at 15 min (100%), the 66% MT group at 30 min (89%), the 66% 

MT and 80% MT group at 45 min (56%), and the 50% MT group at 60 min (56%) (Table 2). 
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Figure 5. Plots resulting from nonlinear curve-fitting for the amplitude-mechanical hypersensitivity interaction 

for each time point. a. At baseline, no substantial relationship was present between amplitude and mechanical 

hypersensitivity. b,c. When the stimulator was turned on at 15 and 30 min, the curves describing the amplitude-

mechanical hypersensitivity relationship were downward opening parabolas that can be described by the 

formula y = c + bx − ax2. Optimal DRGS amplitudes were estimated at 51%–54% MT. d,e. When the stimulator 

was turned off at 45 and 60 min, the nonlinear relationship became less obvious. Here, the optimal DRGS 

amplitude was estimated at 54%–64% MT. 
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4.4.6. Relationship between stimulation amplitude and mechanical hypersensitivity 

4.4.6.1. Calculation of the optimal Burst-DRGS amplitude at each specific time point 

In order to investigate the relationship between amplitude and mechanical 

hypersensitivity, log10 (10,000 x 50% WT) responses were expressed as a function of Burst-

DRGS amplitude. At pre-stimulation baseline (Figure 5a), no substantial relationship was 

present between amplitude and mechanical hypersensitivity (R2<0.001). With the stimulator 

turned on (15 and 30 min), log10 (10,000 x 50% WT) values could be expressed by a 

polynomial function of the second order (y=c +bx−ax2) (R2=0.42 at 15 min, R2=0.37 at 30 min). 

The resulting plot was parabolic in shape, with the peak of the graph (Xmax) showing the 

estimated maximum log10 (10,000 x 50% WT) response and the corresponding amplitude. 

The calculated optimal DRGS amplitudes (Xmax) at 15 and 30 min were 54% MT and 51% MT, 

respectively (Figure 5b-c). At 45 and 60 min (after the stimulator was turned off), this 

nonlinear relationship was less obvious (R2=0.14 at 45 min and R2=0.05 at 60 min). Optimal 

DRGS amplitudes were observed at an Xmax of 54% MT and 64% MT for 45 min and 60 min, 

respectively (Figure 5d-e). 

Figure 6. Plot resulting from nonlinear curve fitting for the amplitude-AUC interaction. AUCs were based on 

outcomes as depicted in Fig. 4a and were calculated for each animal individually before they were averaged. The 

resulting plot shows a clear nonlinear relationship between amplitude and AUC with an optimal DRGS amplitude 

at Xmax = 52% MT. 
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4.4.6.2. Calculation of the overall optimal Burst-DRGS amplitude 

Also when area under the curves (AUC) from Figure 4 were plotted, the nonlinear 

relationship between amplitude and mechanical hypersensitivity was clearly visible 

(R2=0.35), with an estimated optimal pain relieving effect of Burst-DRGS amplitude at 

Xmax=52% MT (Figure 6).  

4.4.7. Motor thresholds 

Lastly, MTs remained stable throughout the experiment (day 1: 0.12 ± 0.008 mA, 

day 2: 0.14 ± 0.01 mA, day 3: 0.18 ± 0.03 mA, day 4: 0.18 ± 0.02 mA, day 5: 0.15 ± 0.02 mA. 

P=0.07) (Figure 7). 

4.5. Discussion  

The present study demonstrates that: 1. Burst-DRGS at 33%-80% MT is capable of 

attenuating STZ-induced mechanical hypersensitivity in rats not only during stimulation, but 

also 15 min after stimulation cessation. 2. There is a nonlinear relation between Burst-DRGS 

amplitude and observed behavioral outcome with the best range of stimulation amplitude 

being 50-66% MT, and an estimated optimal pain relieving effect at 52% MT.  

Figure 7. Observed motor thresholds (MT) throughout the study period. MT was assessed using a pulse width of 

1000 μsec, and five pulses (500 Hz intraburst frequency) administered at an interburst frequency of 10 Hz. 
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Burst-DRGS at amplitudes of 33% MT, 50% MT, 66% MT and 80% MT all significantly 

attenuated STZ-induced mechanical hypersensitivity during stimulation (15 min and 30 min) 

as well as 15 min after stimulation (45 min), after which mechanical hypersensitivity values 

returned to pre-stimulation baseline values (60 min). These behavioral effects validate an 

earlier study published by our group on Burst-DRGS at 66% MT, which indicated that Burst-

DRGS is capable of treating STZ-induced mechanical hypersensitivity, with the advantage of 

a significant residual effect after turning off the stimulator[20]. Along these lines, results from 

a recent randomized controlled trial found that Burst-SCS microdosing, a paradigm that relies 

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

effective as standard Burst-SCS, while having significantly lower battery consumption[31]. 

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

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

stimulation[32]. Together, these results strongly indicate a beneficial carry-over effect of 

Burst stimulation, both when delivered at the dorsal column and 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)[33]. As 

Burst stimulation 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 projection neurons[34], and signs of 

short term plasticity have been found in response to electrical stimulation, including those 

modulated by Burst stimulation[35].  

Previous studies have indicated that Burst stimulation can be optimized by adjusting 

relevant stimulation parameters to modulate the charge delivered to the spinal cord during 

stimulation, such as amplitude[22]. In our study, there seems to be no linear correlation 

between Burst-DRGS amplitude and the observed behavioral outcome, as the highest 

amplitude (80% MT) did not result in optimal pain relief and highest responder rates. 

Significant differences were observed between 33% MT, 50% MT, and 66% MT (at 15 min, 30 
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min and 45 min) when compared to 10% MT and 0% MT, and Burst-DRGS at 50% MT was 

significantly more effective in normalizing STZ-induced mechanical hypersensitivity as 

compared to Burst-DRGS at 80% MT while the stimulator was turned on (15 and 30 min). 

Moreover, Burst-DRGS at 50% MT and 66% MT (15 min) and Burst-DRGS at 66% MT (30 min) 

yielded the highest responder rates, seemingly favoring amplitudes of 50-66% over the 

higher (80% MT) and lower (0-33% MT) stimulation amplitudes. Lastly, the estimated optimal 

amplitude of DRGS based on nonlinear regression of AUCs was found to be 52% MT. 

Interestingly, previous work on high frequency SCS suggests the sensation threshold, defined 

as the amplitude at which animals start to show signs of disturbance of their normal behavior, 

to be around 50% MT [36]. The gradual decrease in therapy efficacy with stimulation 

amplitudes beyond this optimum might be explained by the fact that sensory, potential 

uncomfortable, sensations induced by the stimulation might have taken place. Interestingly, 

a recent study by Meuwissen et al. showed that Burst-SCS also followed this nonlinear course 

between amplitude and behavioral outcome [23]. The optimal amplitude for Burst-SCS in 

that study was reported to be 50% MT, and the behavioral outcome was shown to decline 

rather rapidly when this optimal amplitude was surpassed[23]. This is in line with the findings 

of Courtney et al. who demonstrated that the absolute therapeutic window of Burst-SCS in 

terms of amplitude is considerably smaller when compared to Con-SCS [37].  In contrast, the 

Burst-DRGS paradigm as used in the present study demonstrated a larger optimal therapeutic 

window (50-67% MT).Differences in terms of this optimal therapeutic window between our 

study and the study of Meuwissen and colleagues might be attributed to the experimental 

model used (PDPN vs. Seltzer lesion), the location of stimulation (spinal cord vs. DRG), the 

type of stimulation used (quadripolar vs. bipolar), and/or the Burst waveform used (biphasic 

with active recharge balance vs. monophasic with passive recharge balance) [23]. 

Additionally, a study by Tang et al. found that while spinal neuronal responses to colorectal 

distension and pinch were reduced similarly using tonic SCS and Burst-SCS at 90% MT, Burst, 

but not tonic SCS significantly decreased the nociceptive somatic response after colorectal 

distension or pinch using lower amplitudes of 60% MT[21]. Combined, these data suggest 

that Burst stimulation is effective at lower amplitudes relative to the observed MT as 
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compared to tonic stimulation. The combination of this relatively low optimal Burst 

stimulation amplitude, both in DRGS and SCS studies, together with the earlier 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.  

To date, few studies have investigated the mechanisms underlying (Burst-)DRGS and 

the question remains how (Burst-)DRGS might affect the nociceptive afferents and firing of 

these afferents. The DRG consists of a unique pseudounipolar design, in which the T-junction 

of the DRG can act as a selective filter for stimuli i.e. action potentials traveling towards the 

spinal cord[38]. A study by Koopmeiners et al. reported DRGS to reduce the amplitude and/or 

amount of action potentials arising from the DRG, thereby inhibiting neuronal excitability 

[39]. Interestingly, it was recently suggested that the outcome of dorsal column SCS is 

correlated to the active stimulation period or duty cycle[40], and that SCS can attenuate 

aberrant, hyperactive firing of pain transmission neurons[40, 41]. Along these lines, a 

stimulation mode with a high duty cycle, like Burst-SCS, but also Burst-DRGS, is more likely 

to counteract this aberrant firing of pain transmission neurons. The impact of the high duty 

cycle of Burst-DRGS may therefore preclude the strength–duration and charge–duration 

relationship from defining the relationship between single pulse parameters and neural 

activation thresholds. Besides these electrophysiological findings, DRGS has been linked to 

attenuation of brain area’s that are considered to be part of the pain matrix like the 

contralateral thalamic VPL/VPM nuclei, and cortical S1 and S2[42], and one can argue that 

also spinal mechanisms may underlie DRGS as modulating firing rates of DRG neurons by 

DRGS may also affect interneurons and GABAergic systems in the dorsal horn as is the case 

in traditional SCS[43-45]. However, more research is needed to fully understand the 

underlying mechanisms of DRGS and its relation to specific waveforms, like Burst-DRGS 

and/or individual DRGS-stimulation parameters, like amplitude.  

Limitations of this study include the time frame of the used stimulation protocol. In 

clinical practice, patients typically receive DRGS for a longer period of time as compared to 

the short-term protocol used in this study. Second, it should be stressed that using the MT 
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for determining the desired stimulation amplitude in rodents may have several 

shortcomings. In preclinical studies, the MT often replaces the perception threshold (PT) as 

used in humans, since it is a quick, easy to use, and objective outcome measure based on 

visible contractions of the lower trunk and/or hind limbs. In contrast, the PT is relatively 

difficult to observe in rodents, as the experimenter has to ‘determine’ whether or not an 

animal perceives the stimulation or not, which can lead to subjectivity. The PT has been 

estimated to be approximately 30-50% MT in rats[36, 46], and a study by Koyama et al. found 

that this PT/MT ratio varies across rats[46]. The latter might interfere with direct translation 

of our results to the clinic, as there might have been differences in the amount of stimulation 

relative to the PT (% PT) delivered to the system across animals. However, it is worth noting 

that the MTs in the study of Koyama and colleagues were measured under anesthesia, which 

might significantly influence the (variation between) observed MTs in their study[46]. We are 

convinced that future studies should try to objectively establish the PT in rodent models 

which would then allow for an even more precise translation of findings to the human 

situation. Additionally, it should also be noted that there might be differences in the exact 

MT amplitude when stimulating with an interburst frequency of 10Hz (which was used to 

determine the MT used in the experiment) as compared to an interburst frequency of 40Hz 

(which was used for final delivery of Burst-DRGS), given the lower duty cycle of 10Hz 

stimulation. As it is near impossible to objectively assess MTs using higher frequencies, 

including 40Hz, preclinical studies tend to use lower frequencies for assessment of MT (both 

in DRGS and (Burst-)SCS studies). The latter is needed to obtain a clear and easy to observe 

MT, even though final delivery of stimulation happens at higher frequencies [23, 47, 48]. 

Third, in the present study we chose to only include female Sprague-Dawley rats. Female rats 

reach their mature body weight and nerve conduction status faster as compared to their 

male counterpart, or either sex of other strains [24]. As such, one should be cautious when 

extrapolating these results to the male sex [49]. Fourth, there are fundamental differences 

in the clinical and preclinical manifestation of PDPN. In patients, diabetes is a chronic disease 

where complications often only arise after many years. Streptozotocin injection in rats relies 

on destruction of beta cells in the pancreas[24]. The injection leads therefore to a very swift 
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development of diabetes (within one week), and subsequent development of mechanical 

allodynia (within 4 weeks)[20, 27, 29, 50]. Although the injection of streptozotocin is the most 

common used diabetes model in rats, one should be cautious when extrapolating these 

results to a human situation. Lastly, the results presented here are limited to reflex-based 

outcome measures (Von Frey) in experimental PDPN. Future studies using spontaneous or 

operant behavioral tests and/or different animal models should be conducted to verify these 

results, as it is very well possible that Burst stimulation only targets specific components of 

pain, not observable by the Von Frey test[51].     

Altogether, our findings indicate that there is a nonlinear relationship between 

Burst-DRGS amplitude and behavioral outcome, as Burst-DRGS at 50% MT and 66% MT 

resulted in optimal pain relief and highest responder rates, with an estimated optimal pain 

relief at 52% MT. A further increase in Burst-DRGS amplitude up to 80% MT did not result in 

better pain relief, even though Burst-DRGS at amplitudes of 33% MT-80% MT significantly 

attenuated mechanical hypersensitivity in PDPN animals. Also, a significant wash-out of 

Burst-DRGS was observed 15 min following Burst-DRGS cessation at these amplitudes. 

Further optimization and analysis of DRGS driven by insights into the underlying mechanisms 

related to the various stimulation paradigms is warranted. 
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5.1. Abstract 

Objectives: The sensory cell somata in the DRG contain all necessary equipment for 

extensive GABAergic signaling, and are able to release GABA upon depolarization. With this 

study we hypothesized that pain relief induced by conventional dorsal root ganglion 

stimulation (Con-DRGS) in animals with experimental painful diabetic peripheral neuropathy 

is related to the release of GABA from DRG neurons. With use of quantitative 

immunocytochemistry we hypothesize DRGS to result in a decreased intensity of intracellular 

GABA-immunostaining in DRG somata.  

 Methods: Female Sprague-Dawley rats (n=31) were injected with streptozotocin 

(STZ) in order to induce Diabetes Mellitus (DM). Only animals that developed neuropathic 

pain after 4 weeks (Von Frey) were implanted with a unilateral, DRGS device L4 (n=14). 

Animals were then stimulated for 30 minutes, and received either Con-DRGS (20Hz, pulse 

width= 0.2 ms, amplitude=67% of motor threshold, n=8) or Sham-DRGS (amplitude set at 

zero, n=6) while pain behavior (von Frey) was measured. After 30 minutes, animals were 

immediately perfused, after which the ipsi- and contralateral DRG’s were collected. DRG’s 

were processed and sectioned, after which sections were immunostained for GABA. 

Quantitative immunocytochemical analysis was performed and the intensity of staining was 

measured based on gray values per cell. Relation with size of sensory cell soma diameter 

(small: 12-26 µm, assumed to be C-fiber related sensory neurons; medium: 26-40 µm, 

assumed to be Aδ related sensory neurons; and large: 40-54 µm, assumed to be Aβ related 

sensory neurons) was included.  

Results: DRGS treated animals showed significant reductions in STZ-induced 

mechanical hypersensitivity. No significant differences in GABA immunostaining intensity per 

sensory neuron cell soma type (small, medium, or large-sized) were noted in DRG’s of 

stimulated (Con-DRGS) animals versus Sham animals. No differences in GABA 

immunostaining intensity per sensory cell soma type in  ipsi- as compared to contralateral 

DRG’s were observed.  
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Conclusion: Con-DRGS does not affect the average intracellular GABA 

immunofluorescence staining intensity in DRG sensory neurons of those animals which 

showed significant pain reduction. Similarly, no soma size related changes in intracellular 

GABA immunofluorescence were observed following Con-DRGS.  

Keywords: GABA, dorsal root ganglion stimulation, neuromodulation, painful 

diabetic peripheral neuropathy, neuropathic pain 
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5.2. Introduction 

Spinal cord stimulation (SCS) is a last-resort treatment option for patients with 

intractable chronic neuropathic pain [1, 2]. SCS, first utilized in 1967 by Shealy and colleagues 

[3], emerged as a direct spin-off of the two years earlier published ‘’Gate-control’’ theory by 

Melzack and Wall [4]. According to the Gate Control Theory, antidromic stimulation of the 

non-nociceptive Aβ-fibers located in the dorsal column of the spinal cord can close the 

‘’spinal gate’’ by blocking incoming nociceptive signals which enter the spinal cord from the 

periphery via nociceptive C- and Aδ-fibers (see Figure 1, Chapter 2). The neurotransmitter γ‐

aminobutyric acid (GABA) is thought to be a key molecule in this process [5-7]. A study by 

Janssen et al. found intracellular GABA levels to be increased in the dorsal horn of the spinal 

cord following peripheral nerve injury [8]. Later, it was shown that conventional (Con-)SCS 

decreases the intracellular GABA concentration in the dorsal horn of the spinal cord in this 

same neuropathic pain model [9]. At the same time, multiple studies have shown that 

extracellular GABA levels, as measured by microdialysis, are increased following Con-SCS [10-

12]. Also the application of a GABAB receptor antagonist can transiently abolish the SCS-

induced effects in neuropathic rats [10], and application of sub-effective doses of Baclofen (a 

GABAB receptor agonist) was shown to turn SCS non-responders into SCS responders both in 

rats [13] as well as humans [14]. Thus, spinal GABA release seems to play a pivotal role in the 

analgesic mechanism of action (MoA) of Con-SCS of the dorsal columns.  

Dorsal root ganglion stimulation (DRGS) is a promising novel addition to the field of 

SCS [15, 16] (see Chapter 2), with advantages over SCS in terms of battery consumption, area 

coverage, and for some indications, such as complex regional pain syndrome (CRPS), efficacy 

[17]. Over the years, an increasing amount of literature has been published on the analgesic 

properties of DRGS, including both clinical [18] and rodent studies [19-24]. Whereas SCS is 

thought to only recruit Aβ-fibers, DRGS can theoretically stimulate not only Aβ-, but also C- 

and Aδ-fibers due to the unique properties of the DRG [25]. The somata of all peripheral 

fibers (Aβ-, C- and Aδ-fibers) reside in the DRG, and the DRG has shown to be surprisingly 

tolerant for trauma following lead insertion [26]. These different types of sensory DRG 

neurons have different properties, both in terms of electrophysiological responses as well as 
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morphology. Whereas the touch-affiliated Aβ-fibers have thick, myelinated fibers with a large 

cell soma (40-54 µm) and high conduction velocity, the nociceptive Aδ-fibers (thinly 

myelinated, medium-sized cell soma: 26-40 µm, medium conduction velocity) and C-fibers 

(unmyelinated, small-sized cell soma: 12-26 µm, low conduction velocity) have their own 

distinct electrophysiological and morphological properties [27]. To date, the MoA of DRGS 

remains largely unknown. It was recently shown that DRGS with conventional settings (Con-

DRGS) does not decrease intracellular levels of GABA immunoreactive staining in the dorsal 

horn of the spinal cord in rats with painful diabetic polyneuropathy (PDPN) [28]. From this, it 

is concluded that Con-DRGS, in contrast to Con-SCS, is not likely to depend on GABA release 

in the dorsal horn of the spinal cord. In this context it is interesting that  Du et al. reported 

the presence  of an extensive GABAergic communication network between sensory neuron 

somata inside the DRG itself [29]. The authors showed that sensory neurons in the DRG 

express major proteins required for GABA synthesis and release, and that these neurons are 

capable of releasing GABA upon depolarization. From this it was postulated that the 

GABAergic system in the DRG itself may act as a second gate, in addition to the 

aforementioned gate control theory (or first gate) in the spinal dorsal horn.  

In the present study, we therefore hypothesized that electrical stimulation of the 

DRG with conventional settings (Con-DRGS) decreases intracellular GABA immunoreactivity 

in DRG somata of those animals which showed reduced mechanical hypersensitivity. To 

investigate this, we quantitatively assessed the intensity of local intracellular GABA 

immunoreactivity in the L4 DRG of Con-DRGS or sham treated PDPN animals. 

5.3. Methods 

5.3.1. Animals 

This study was performed in 31 female Sprague Dawley rats (Charles River, 

Maastricht, Netherlands), with an average body weight of 160-220 g at the start of the 

experiment. Animals were socially housed in a climate-controlled room at a 12/12 reversed 

day-night cycle in transparent polycarbonate cages, with ad libitum access to food and 

drinking water. The experiments described in this study were approved by the Animal Care 



98 
 

Committee of the Maastricht University Medical Centre (under project license 2017-022), 

and experiments were performed in accordance with the guidelines of the European 

Directive for the Protection of Vertebrate Animals Used for Experimental and Other Scientific 

Purposes (86/609/EU). 

5.3.2. Induction of Diabetes Mellitus (DM) 

Before streptozotocin (STZ) injections, animals were weighed and fasted overnight. 

65 mg/kg freshly dissolved STZ in 0.9% NaCl was then intraperitoneally injected to induce 

Diabetes Mellitus (DM). Six days following STZ injection, blood glucose levels of the animals 

were measured using an Accu‐Chek Aviva® glucometer (Roche Diagnostics GmbH, 

Mannheim, Germany). Only rats with a blood glucose level of ≥15 mmol/L were considered 

diabetic and included in the study [30-34].  

5.3.3. Assessment of mechanical hypersensitivity 

Pain behavior was assessed by applying Von Frey monofilaments (bending forces 

0.6, 1.2, 2.0, 3.6, 5.5, 8.5, 15.1, and 28.84 g) to the plantar surface of the hind paws of the 

animals at baseline (before STZ injection) and 4 weeks following STZ injection. Rats were 

individually placed in plastic cages with a mesh floor, after which they were allowed to 

habituate to the testing environment for 15 minutes.  The 50% withdrawal threshold (WT) 

was then calculated based on the up-down method as previously described [35]. A cut-off of 

28.84 g was used in order to prevent tissue damage. Calculated 50% WT values were then 

multiplied by 10.000 and logarithmically transformed to obtain a linear scale and account for 

Weber’s law [36]. Only animals with a decrease of ≥ 0.2 of the log10 (10 000 × 50% WT) unit 

were considered to have mechanical hypersensitivity and were treated with dorsal root 

ganglion stimulation (DRGS). 

5.3.4. Dorsal root ganglion stimulation (DRGS) 

A bipolar, custom-made DRGS lead was implanted as previously described [19-22, 

26]. Briefly, a paravertebral incision was made, and the intravertebral foramen of L4 was 

exposed. The foramen was then opened, and both the anode and cathode of the electrode 
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were inserted into the foramen in order to stimulate the L4 DRG. The electrode was then 

secured to the transverse process caudal to the L4 foramen using a small screw and steel 

wire. The external connectors of the electrode were then tunneled under the skin via the 

neck of the animal, and the incision was closed in layers.  

Animals were externally stimulated for 30 minutes with Con-DRGS (20 Hz, 0.2 ms 

pulse width, amplitude at 67% of the motor threshold (MT)) or Sham-DRGS (amplitude at 0% 

MT) using a Proclaim implantable pulse generator (IPG) (Abbott Inc., Texas, USA) in the first 

week following DRGS implantation [30, 31]. The MT was measured before stimulation onset 

using a frequency of 2 Hz, and pulse width of 0.2 ms. The MT was defined as the current 

inducing contractions of the lower trunk or hind limb. In order to test the effect of Con-DRGS 

on pain behavior, Von Frey measurements were performed just before, and at 30 minutes 

following onset of Con-DRGS. Following 30 minutes of DRGS, animals were immediately 

anesthetized with pentobarbital (100 mg/kg) and transcardially perfused with 15% picric acid 

and 4% paraformaldehyde in 0.2 M phosphate buffer saline (PBS; pH 7.6).  

5.3.5. Tissue preparation 

Following transcardial perfusion, both the ipsi- and contralateral L4 DRG were 

extracted as previously described [37].  Tissue was then stored in PBS with 1% azide until 

further use. DRG’s were pre-embedded in a 50:50 mix of 4% agar/5% gelatin in order to 

prevent tissue shrinking, followed by paraffin embedding. Tissue was serially sectioned using 

a microtome at a thickness of 4 µm, after which each out of 10 sections were mounted on 

glass slides (each 40 µm). The glass slides containing the tissue were then incubated 

overnight at a temperature of 37 ˚C, after which they were stored at room temperature until 

further use.   

5.3.6. Immunohistochemical GABA staining 

Sections were first deparaffinized using a sequence of 2x 15 min xylene, 2x 5 min 

100% ethanol, 2x 5 min 96% ethanol, and 2x 70% ethanol. Slides were then washed 10 min 

with Tris‐buffered saline (TBS, 0.1 M, pH 7.6) including 0.3% Triton X‐100 (TBS‐T), 10 min TBS, 

and 10 min TBS‐T. Next, sections were blocked for 1 h using 2% normal donkey serum (Sigma‐
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Aldrich, Zwijndrecht, The Netherlands, D9663) diluted in TBS-T. Slides were then incubated 

overnight with a rabbit anti‐GABA polyclonal antibody (1:1000 diluted in TBS‐T; Sigma‐

Aldrich, Zwijndrecht, The Netherlands, A2052). After rinsing unbound primary antibody in 

TBS (3x10 min), slides were incubated with the far-red secondary antibody Alexa-Fluor 647 

donkey anti‐rabbit IgG (1:100 diluted in TBS‐T; Invitrogen, Breda, The Netherlands) for 2 h. 

Slides were then again washed in TBS (3x 10 min), after which slides were incubated with 

Hoechst (1:1000 in TBS) for 15 minutes in order to visualize nuclei. Lastly, slides were washed 

3x 10 min in TBS, and then coverslipped with TBS/glycerol (80%/20%).  

5.3.7. Quantitative immunocytochemical analysis 

Following the GABA-staining protocol, immunostained sections were observed 

under a Disk Scanning Unit (DSU) microscope (Olympus, Tokyo, Japan). First, 

photomicrographs were taken of the DRG sections (3 sections per DRG) using Micromanager 

Software (Ron Vale’s Laboratory, UCSF, San Francisco, USA). Images were then merged 

together using Adobe Photoshop (Adobe Inc., San Jose, USA), and somata were outlined. 

Only somata with a visible nucleus were included in the analysis, which, in combination with 

the fact that only one section in every 40 µm (1:10) was mounted on a glass slide, should 

make sure that no cells were measured twice. Average grayscale values at the 647 channel 

were analyzed per cell soma using ImageJ software (National Institutes of Health (NIH) and 

the Laboratory for Optical and Computational Instrumentation (LOCI), University of 

Wisconsin, USA), and the corresponding diameter per soma was measured and noted. 

Averages gray values per treatment group were then calculated, as well as the average gray 

values per cell diameter per treatment group. 3 diameter ranges were chosen based on 

literature: 12-26 µm (small-sized soma, assumed to be C-fiber related sensory neurons)), 26-

40 µm (medium-sized soma, assumed to be Aδ related sensory neurons), and 50-54 µm 

(large-sized soma, assumed to be Aβ related sensory neurons) [27]. The investigator was 

blinded for the condition of the tissue and animals throughout the whole experiment.  
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5.3.8. Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). For statistical 

analysis, Von Frey data were logarithmically transformed to account for Weber's Law and 

obtain a linear scale [36]. For comparisons between pre‐STZ WTs and pre-implant WTs, and 

analysis of the effect of DRGS on WTs, a one-way analysis of variance (ANOVA) was 

performed, followed by Tukey's multiple comparison test. For the comparison of MTs 

between groups, an unpaired t-test was used. For comparisons of grayscale values between 

treatments (DRGS vs. Sham‐DRGS), and between ipsilateral and contralateral, one-way and 

two-way ANOVA’s were used, followed by a Tukey’s multiple comparisons test. A P value < 

0.05 was considered statistically significant. All statistical analysis was performed using 

GraphPad Prism software version 8.4.3 (GraphPad Software Inc., California, USA). 

5.4. Results 

5.4.1. Flowchart of animals 

Twenty-six out of 31 rats that were injected with STZ developed DM within one 

week (84%; blood glucose level >15mmol/L). No animals required additional insulin 

treatment (blood glucose ≥ 31.4 mmol/L). Out of the 26 diabetic rats, 14 animals developed 

PDPN after 4 weeks (54%; ≥0.2 decrease in log10 (10,000 x 50% WT) on von Frey when 

compared to the pre-STZ injection baseline), and were subsequently implanted with a 

unilateral DRGS device at the L4 lumbar level in week 5. The remaining 12 rats were excluded 

from the study and sacrificed.  

5.4.2. Behavior 

5.4.2.1. Development of PDPN 

The mean log10 (10,000 x 50% WT) of the 14 implanted animals dropped from 5.3 ± 

0.05 g (ipsilateral hind paw) and 5.1 ± 0.05 g (contralateral hind paw) at pre-STZ-baseline to 

4.8 ± 0.06 g (ipsilateral hind paw; p<0.0001 compared to baseline) and 4.8 ± 0.07 g 

(contralateral hind paw; p<0.01 compared to baseline) at pre-implantation (4 weeks after 

STZ injection). No differences between the ipsi- and contralateral hind paw were noted at 
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either the pre-STZ baseline (p=0.20) or the pre-implantation measurement (p>0.99) (Figure 

1A). 

5.4.2.2. Dorsal root ganglion stimulation 

No significant differences in terms of MT’s were observed between the Con-DRGS 

and Sham-DRGS group, indicating correct and stable implantation of the DRGS lead in both 

arms (DRGS: 202 ± 79 µA, Sham-DRGS: 236 ± 39 µA; p=0.74) (Figure 1B).  

Con-DRGS significantly attenuated STZ-induced mechanical hypersensitivity in the 

ipsilateral (stimulated) hind paw. 6/8 animals (75%) were classified as responders to Con-

DRGS (≥0.2 increase in log10 (10,000 x 50% WT) on Von Frey when compared to the stim off 

measurement). Average ipsilateral Log10 (10.000 x 50% WT) values were 4.8 ± 0.10 g at 

baseline (before Con-DRGS onset), and significantly increased to 5.2 ± 0.07 g after 30 min of 

Con-DRGS (p<0.05). Contralateral log10 (10.000 x 50% WT) values also increased from 4.9 ± 

0.10 g at baseline (before Con-DRGS onset) to 5.1 ± 0.09 g after 30 min of Con-DRGS, albeit 

not significant (p>0.05). No significant differences were observed between the ipsi-and 

contralateral hind paw at either baseline (stim off; p=0.27) or the 30 min time point (stim on; 

p=0.75) (Figure 1C).  

No effect of Sham-DRGS was observed on either the ipsilateral or contralateral hind 

paw. Average ipsilateral log10 (10.000 x 50% WT) values were 4.9 ± 0.09 g at baseline (before 

Sham-DRGS onset), and 4.8 ± 0.08 g after 30 min of Sham-DRGS (p=0.11). Contralateral log10 

(10.000 x 50% WT) values were 5.0 ± 0.11 at baseline (before Sham-DRGS onset), and 4.9 ± 

0.12 g after 30 min of Sham-DRGS (p=0.25). No significant differences were observed 

between the ipsi-and contralateral hind paw at either baseline (stim off; p=0.69) or the 30 

min time point (stim on; p=0.44) (Figure 1D). 
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Figure 1. (A) Development PDPN over time in all implanted rats (n=14). Animals developed profound STZ-induced 

mechanical hypersensitivity in both the ipsilateral and contralateral hind paw (B). No significant differences were 

observed in terms of average MT’s between the Con-DRGS and Sham-DRGS group. MT was assessed using  a 

frequency of 2 Hz, and pulse width of 0.2 ms. (C) The effect of 30 min of Con-DRGS (20Hz) on mechanical 

hypersensitivity values of both the ipsilateral (stimulated) and contralateral (unstimulated) hind paw (n=8). Con-

DRGS attenuated STZ-induced mechanical hypersensitivity in the ipsilateral, but not contralateral hind paw. (D) 

No significant effect was observed of Sham-DRGS on mechanical hypersensitivity values of both the ipsi- and 

contralateral hind paw (n=6). *p<0.05; **p<0.01; ****p<0.0001; ns= not significant. 
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5.4.3. Immunohistochemical GABA staining 

5.4.3.1. Average gray values 

Anti-GABA immunostained sections showed a strong and specific GABA-IR (Figure 

2A). No significant intragroup differences (ipsi vs. contra) in terms of average gray values 

were observed in either the Con-DRGS (p=0.99) or Sham-DRGS group (p=0.71). Along the 

same lines, no significant intergroup differences (Con-DRGS vs. Sham-DRGS) were observed 

in neither the ipsilateral DRG (p=0.99) nor the contralateral DRG (p=0.64) (Figure 2B).  

5.4.3.2. Average gray values per soma diameter 

We then tested whether there was a difference in the average gray value of small- 

(12-26 µm), medium- (26-40 µm), and large- (40-54 µm) sized somata, and whether or not 

Con-DRGS specifically acts on one of these ranges of soma diameter. An overall significant 

effect of diameter was noted (p<0.0001). A significant difference was also noted between 

the gray values of the small vs. medium (Con-DRGS ipsi; p<0.01, Con-DRGS contra; p<0.05, 

Sham-DRGS contra; p<0.05) and small vs. large sized somata (Sham-DRGS contra; p <0.05). A 

trend was also observed between the medium vs. large sized somata in the Sham-DRGS 

contra DRG sections (p=0.09)(Figure 2C). 

No intragroup differences (ipsi vs. contra) in terms of gray values were observed in 

both the Con-DRGS and Sham-DRGS group for all three soma diameter ranges (Con-DRGS: 

small; p=0.99, medium; p=0.99, large; p=0.99. Sham-DRGS: small; p=0.44, medium; p=0.46, 

large; p=0.79). Along these lines, no intergroup differences (Con-DRGS vs. Sham-DRGS) in 

terms of gray values were observed in the ipsilateral and contralateral DRG for all soma 

diameter ranges (ipsilateral: small; p=0.99, medium; p=0.99, large; p=0.99. Contralateral: 

small; p=0.53, medium; p=0.61, large; p=0.95) (Figure 2C). 
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Figure 2. (A) Representative photomicrograph of anti-GABA immunostaining. Note the difference in staining 

intensity between the large and small diameter somata. (B) Comparison of average gray values in the ipsi- and 

contralateral DRG of both the Con-DRGS and Sham-DRGS treated group. No differences were observed between 

ipsi- and contralateral DRG’s in both the Con-DRGS and Sham-DRGS group, nor were differences observed 

between the Con-DRGS and Sham-DRGS group in both the ipsi- and contralateral DRG. (C) Comparison of average 

gray values based on soma diameter. Significant differences were observed in intensity of GABA-immunoreactivity 

between the small as compared to the medium and large sized soma. No differences were observed between ipsi- 

and contralateral DRG’s in both the Con-DRGS and Sham-DRGS group for all three soma diameter ranges, nor 

were differences observed between the Con-DRGS and Sham-DRGS group in both the ipsi- and contralateral DRG 

for all three soma diameter ranges. *p<0.05; **p<0.01. 

 

A 
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5.5. Discussion 

The present study showed that Con-DRGS does not alter the average intracellular 

GABA immunofluorescence staining intensity in DRG sensory neurons. Similarly, no cell size 

specific effect was noted as the intensity of GABA-immunoreactivity in cell somata of small 

(12-26 µm), medium (26-40 µm) or large DRG sensory neurons (40-54 µm) was similar 

between Con-DRGS and Sham-DRGS treated animals. At the same time, animals did show 

marked reductions in STZ-induced mechanical hypersensitivity values after 30 min of 

stimulation. These reductions in pain behavior are comparable to those obtained previously 

in the same diabetic rat model [20, 30, 31, 38], as well as in rat models of tibial nerve injury 

(TNI) [26, 39], collagen-induced rheumatoid arthritis [23], and intra-articular knee 

monosodium iodoacetate-induced osteoarthritis [39].  

The role of GABA as a key player in the mechanism underlying Con-SCS of the dorsal 

columns has been well established over the years. The general consensus is that, in 

accordance with the Gate Control Theory [4], Con-SCS antidromically stimulates the non-

nociceptive Aβ-fibers, and thereby releases GABA from inhibitory interneurons in the dorsal 

horn of the spinal cord. This is represented by a decrease in intracellular GABA 

immunoreactivity in the dorsal horn of the spinal cord directly following stimulation [9, 40], 

whereas extracellular levels of GABA, as measured by microdialysis, rise [10-12]. Moreover, 

the analgesic properties of Con-SCS can be blocked by the application of GABAB receptor 

antagonists [10, 40], while they can be improved by the application of GABAB receptor 

agonists [13, 14].   

In theory, this same principle may hold true also for DRGS. As all the somata of the 

Aβ-fibers reside in the DRG, one could speculate that DRGS activates these Aβ-fibers, and 

thereby induces the release of GABA in the spinal cord dorsal horn, similarly to what happens 

in Con-SCS of the dorsal columns. Indeed, a computational analysis performed by Graham 

and colleagues found Con-DRGS to modulate Aβ-fiber, but not C-fiber activity [41], which 

could theoretically lead to the occurrence of pain gating mechanisms in the spinal cord dorsal 

horn. However, a study by Koetsier et al., using the same PDPN model as used in the present 
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study, found that Con-DRGS does not affect the intensity of GABA-immunoreactivity staining 

in the dorsal spinal horn, and from this concluded that Con-DRGS is not likely to release GABA 

in the dorsal horn of the spinal cord [42]. It is based on these observations suggested that it 

is unlikely that Con-DRGS relies on GABAergic pain gating mechanisms in the spinal cord 

dorsal horn. 

Con-DRGS differentiates itself from Con-SCS by having access to the soma of all 

three types of sensory fibers: Aδ, Aβ, and C-type soma. Along these lines, another 

computational study found that DRGS in fact does modulate C-fiber activity, and that DRGS 

can amplify local T-junction filtering, thereby blocking afferent signaling [43]. The latter 

finding is consistent with multiple electrophysiological studies [25, 44], and might indicate 

that a more local effect is responsible for the analgesic properties of DRGS.  

A recent study by Du and colleagues reported the presence of an extensive, local, 

GABAergic network in the DRG itself, as DRG cells expressed all the major proteins required 

for GABA synthesis and release [29]. They also reported that DRG neurons of all sizes (small 

DRG neurons assumed to be C-fiber related; medium DRG neurons assumed to be Aδ related; 

large DRG neurons assumed to be Aβ related) are capable of releasing GABA upon 

depolarization, and that GABA can produce a net inhibitory effect at the T-junction in small 

diameter cells [29]. Based on these findings, we hypothesized that Con-DRGS induces the 

release of GABA from DRG somata for its analgesic action and thus that Con-DRGS would 

result in decreased intensity of intracellular GABA-immunoreactivity. Clearly, we were not 

able to demonstrate any differences between Con-DRGS treated animals and Sham-DRGS 

treated animals in terms of average GABA immunofluorescence, nor were differences 

observed between the ipsilateral and contralateral DRG of (Sham-)DRGS treated animals. 

Furthermore, as it is possible that specific soma types behave differently in response to Con-

DRGS, something that is impossible to detect by only measuring the average 

immunofluorescence per condition, we also looked into the effect of Con-DRGS on somata 

classified based on three ranges of diameter: 12-26 µm, 26-40 µm, and 40-54 µm [27]. In 

general, the small and medium-sized soma are more likely to include nociceptive cells (C-type 
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and Aδ-type respectively), whereas the large-sized soma are more likely to include non-

nociceptive cells (Aβ-type). In this context, especially the small type, nociceptive DRG somata 

(12-26 µm) were found to express significantly more GABA as compared to the medium and 

large sized soma in most groups, suggesting the importance of GABA in (slow) nociceptive 

signaling. Interestingly, the medium sized nociceptive cells (26-40 µm; assumed to be Aδ 

somata) showed the same GABA staining intensity as the non-nociceptive Aβ somata. 

Nevertheless, no significant effects were observed between Con-DRGS and Sham-DRGS for 

all three types of DRGS soma (small, medium, large), nor were ipsi- contralateral differences 

observed. This indicates that Con-DRGS does not act by reducing intracellular GABA 

concentrations in neither nociceptive (small and medium sized somata) nor non-nociceptive 

cells (large sized somata).  

Although it is tempting to strictly classify the small, medium, and large cells as C-

type soma, Aδ-type soma, and Aβ-type soma, respectively, one should be cautious in doing 

so, as C, Aδ, and Aβ-type in rat DRG cells are known to superpose the soma diameter [27]. 

Furthermore, Lee et al. showed 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 [45]. Moreover, the GABA immunoreactivity was analyzed in a 2D 

plane, which makes it possible that some somata that were classified as being medium or 

even small-sized, might in fact be larger cells due to the unknown depth of the Z-axis. Future 

studies might therefore be undertaken including double labeling of GABA with C-, Aδ-, and/or 

Aβ-specific antibodies, as well as 3D visualizations of DRG cell somata.    

From these results it seems very well possible that Con-DRGS acts via totally 

different, GABA independent, mechanisms. As mentioned earlier, there is some evidence 

suggesting the ability of DRGS to inhibit the T-junction electrophysiologically [25, 44]. 

Furthermore, an fMRI study showed that DRGS can attenuate BOLD signals in pain-affiliated 

brain regions, such as the contralateral thalamic VPL/VPM nuclei, and cortical S1 and S2 [46]. 

Lastly, it was recently suggested that DRGS, especially at low frequencies (<20 Hz), might 

induce dorsal horn inhibition via the activation of low threshold mechanoreceptors (LTMR’s) 
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and the activation the body’s own opioid system via the release of endorphins and 

dynorphins [47]. 

In conclusion, under the conditions tested, we found no evidence for a local, GABA-

mediated MoA of Con-DRGS and suggest a GABA independent mechanism to be involved in 

pain relief. The future research agenda should include more specific classification of 

nociceptive and non-nociceptive neurons in the DRG, as well as 3D visualizations of the DRG 

cell somata.  
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6.1. Abstract 

Objectives: Pulsed radiofrequency (PRF) is a commonly used neuromodulation 

modality for treating chronic neuropathic pain. An important translational aspect of 

preclinical findings related to PRF is the use of new objective, accurate behavioral tests. This 

study aimed to 1. study the effect of PRF on mechanical and thermal hypersensitivity and 2. 

implement CatWalk gait analysis for detection of pain-related gait changes after PRF in rats 

with chronic neuropathic pain. 

Methods: Male Sprague-Dawley rats were subjected to partial sciatic nerve ligation 

(PSNL) and randomly assigned to a PRF or sham group. PRF was applied to the ipsilateral L5 

Dorsal Root Ganglion (DRG) two weeks post-PSNL. Animals were tested for mechanical 

hypersensitivity, thermal hypersensitivity and selected parameters of pain-related gait 

changes (CatWalk) on baseline, days 3, 7 and 14 post-PSNL, and days 5, 8 and 15 post-PRF 

application.  

Results: PSNL successfully induced mechanical and thermal hypersensitivity 

throughout the 14 days post-PSNL. Additionally, significant pain-related gait changes over 

time were observed for all selected CatWalk parameters following PSNL injury, but changes 

tended to normalize 14 days after PSNL. PRF treatment attenuated PSNL-induced mechanical 

hypersensitivity at all post-PRF time points and thermal hypersensitivity at post-PRF days 5 

and 15. No effect of PRF was observed on selected Catwalk parameters. 

Conclusions: PRF treatment attenuates mechanical hypersensitivity and thermal 

hypersensitivity in animals with chronic neuropathic pain. Catwalk gait analysis allows for 

objective assessment of chronic neuropathic pain following nerve injury. CatWalk does not 

result in the detection of behavioral changes to PRF. 

Keywords: Pulsed radiofrequency, mechanical hypersensitivity, thermal 

hypersensitivity, gait analysis, CatWalk, chronic neuropathic pain. 
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6.2. Introduction  

Neuropathic pain is a type of pain caused by injury or disease of the peripheral or 

central nervous system, affecting approximately 8% of the total adult population [1]. Since 

the introduction of pulsed radiofrequency (PRF) treatment by Sluijter and colleagues in 1998, 

PRF has consistently been used in clinical pain practice [2]. PRF relies on the administration 

of radiofrequency current to a peripheral nerve or dorsal root ganglion (DRG) of interest. In 

contrast to continuous radiofrequency (CRF) treatment, which involves ablation of nerve 

tissue by the process of thermocoagualation, PRF offers an isothermal alternative that keeps 

the temperature of the electrode tip below 42°C by administering radiofrequency current in 

a pulsed-based fashion. This circumvents the neurological side effects as seen in CRF, such as 

sensory loss, motor deficits, and in severe cases post-operative pain, and is thought to involve 

modulation rather than ablation of the nociceptive network [3-5].  

Although a growing amount of literature suggests clinical efficacy of PRF for 

neuropathic pain on the cervical [6], as well as lumbar [2, 7, 8] level, strong clinical evidence 

for the use of PRF in neuropathic pain remains limited. Additionally, PRF also tends to provide 

positive outcomes in preclinical animal models of neuropathic pain in terms of mechanical 

hypersensitivity and thermal hypersensitivity, although literature shows that the effects of 

PRF, the used pain model, electrode positioning, time frame, and stimulation settings are 

subjected to great diversity between research groups [9-23]. Together, this creates the need 

for further validation of PRF as a treatment for neuropathic pain on both the clinical and 

preclinical level. 

A second aspect important for validation and translationability of the preclinical 

findings related to effects of PRF and neuropathic pain is the use of new objective, accurate 

behavioral tests. To date, reflex-based outcome measures, such as mechanical 

hypersensitivity (e.g. Von Frey test, Randall-Selitto test) and thermal hypersensitivity (e.g. 

Hargreaves test, hot plate test) [24] are considered to be the golden standard in experimental 

pain research. More recently, CatWalk gait analysis was suggested as a novel and highly 

objective alternative to these reflex-based outcome measures in order to study experimental 
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neuropathic pain. The Catwalk gait analysis system is a fully automated, objective, computer-

assisted method of locomotor analysis, allowing rapid quantification of individual paw 

parameters as well as parameters related to interlimb coordination [25]. CatWalk gait 

analysis has successfully been used as an assessment for both acute [26] and chronic 

neuropathic pain [25, 27]. 

It is therefore that we, for the first time, included CatWalk gait analysis to not only 

study the effect of partial ligation of the sciatic nerve but also the treatment effect of PRF 

applied adjacent to the DRG. Therefore, the aim of this study was twofold: first to analyze 

the behavioral effect of PRF in terms of mechanical and thermal hypersensitivity in an 

experimental model of chronic neuropathic pain, and second to implement CatWalk gait 

analysis for detection of pain-related gait changes after PRF in rats with chronic neuropathic 

pain. 

6.3. Methods 

6.3.1. Experimental animals 

All experiments were performed using male Sprague-Dawley rats (6 weeks at study 

onset, 150-200g, n=23). Animals were housed in filter-top polycarbonate cages (per 2) in a 

climate controlled room (temperature 21±1°C, humidity 55±15%) and under artificial 

lightning (12:12 reversed light/dark cycle). Food and distilled water was ad libitum available. 

Animals were allowed to acclimatize to the housing facility for 1 week after arriving at the 

animal facility, and were handled properly before starting experiments. Experiments were 

conducted in a humane manner and in accordance with the European Directive for the 

Protection of Vertebrate Animals Used for Experimental and Other Scientific Purposes 

(86/609/EU). The protocol was approved by the Animal Research Committee of the 

Maastricht University Medical Centre (DEC-protocol 2014-085). 

6.3.2. Surgeries 

All surgeries were performed under anesthesia and aseptic conditions. Anesthesia 

was induced using 4% Isoflurane in a Plexiglas cylinder induction chamber and maintained 
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with 1-2% Isoflurane using an anesthesia mask (1:1 with air and 100% O2, 250 ml/min flow; 

Univentor 400 anesthesia unit, Univentor Limited, Zejtun ZTN 3000, Malta). Body 

temperature was controlled at 37.5 °C ± 0.5 using an automatic heating pad and an ointment 

was applied to the eyes prior to each surgery in order to prevent eye dehydration. Surgeries 

were started in case of absence of a toe and eye-ball reflex. 

6.3.2.1. Partial sciatic nerve ligation (PSNL) 

A unilateral ligation of the left sciatic nerve was induced (n=23) as described by 

Seltzer et al. [28], and as previously applied in our laboratory [29, 30]. Briefly, the skin 

covering the left hind paw was shaved using an electrical shaving apparatus and was 

disinfected with povidine-iodine. The animal was placed face down on a heating pad and a 

small incision was made at high thigh level using a carbon steel surgical blade no. 10. The left 

sciatic nerve was exposed by blunt dissection, and the dorsum of the nerve was carefully 

freed from surrounding connective tissue at a site near the trochanter just distal to the 

Nervus biceps semitendinosus posterior under a magnification of 25 times. An 8-0 non-

absorbable silk suture was inserted into the sciatic nerve using a reverse cutting micro needle 

in a way that one-third to one-half of the diameter of the sciatic nerve was trapped inside 

the ligature.     Lastly, the surgical wound was intracutaneously closed using 4-0 silk sutures 

and the animal was allowed to recover for at least two days. 

6.3.2.2. Pulsed radiofrequency (PRF) procedure 

Two weeks after PSNL surgery, animals were randomly assigned to either a PRF 

(n=12) or sham-PRF group (n=9) using the website randomize.org. The back and torso of the 

animal were shaved using an electrical shaving apparatus and disinfected with povidine-

iodine. The animal was placed face down on a disposable radiofrequency grounding pad 

(DGP-PM, Cosman Medical Inc., Burlington, MA, USA) treated with ultrasound transmission 

gel (Aquasonic 100, Parker Laboratories Inc., Fairfield, CT, USA). The spinous process of L6 

was identified at the level of the pelvic bone and a skin incision covering spinous process L4 

to L6 was made using a carbon steel surgical blade no. 10. The left L5 DRG was then exposed 

by laminectomy and facetectomy. PRF waves were applied using a PRF generator (Cosman 
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G4 generator, Cosman Medical Inc., Burlington, MA, USA), by placing an electrode (10 cm, 5 

mm tip, 22 Gauge) adjacent to the left L5 DRG. PRF stimulation parameters were set as 

follows: pulse frequency= 2 Hz, pulse width= 20 ms, output voltage= 45V, stimulation 

duration= 2 x 180 s and maximum temperature=42 °C (kept <42°C by varying pulse width). 

Animals in the sham-PRF group underwent the exact same surgery procedure as the PRF 

group, including placement of the electrode adjacent to the L5 DRG. However, the PRF 

generator was turned off to not allow stimulation of the DRG. Lastly, the surgical wound was 

closed using 4-0 silk sutures and the animal was allowed to recover for at least four days. 

6.3.3. Behavioral analysis 

At baseline (t=0), t=3, 7, and 14 days following PSNL, and t=5, 8, 15 days following 

PRF treatment, nociceptive behavior was assessed by measuring mechanical hypersensitivity 

(Von Frey), thermal hypersensitivity (Hargreaves), and pain-related gait changes (CatWalk) 

(Figure 1). An interval of at least two hours was used between two consecutive 

measurements. The experimenter was blinded to the experimental condition of the animals. 

6.3.3.1. Mechanical hypersensitivity (Von Frey assay) 

Mechanical hypersensitivity was assessed by measuring paw withdrawal thresholds 

(PWT) of the hind paws to mechanical stimulation with von Frey filaments. Animals were 

individually placed in an in-house developed closed Plexiglas cage chamber set-up with metal 

mesh floor in a dark room with ambient lighting. Animals were placed in the set-up for 15 

minutes before each test in order to acclimatize the animals to the testing environment. A 

Figure 1. Study design. 
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series of von Frey filaments with logarithmic incremental stiffness (Stoelting, Wood Dale, IL, 

USA; bending forces 0.6, 1.2, 2.0, 3.6, 5.5, 8.5, 15.1 and 28.84 g) was applied to the plantar 

surface of the hind paws of the rats for 5 seconds, using the up-down method as described 

by Chaplan et al. [31]. If the hind paw was not withdrawn, the next filament with greater 

bending force was applied, whereas the previous filament with lower bending force was 

applied if the hind paw was withdrawn. A positive response was defined as a swift, sharp paw 

withdrawal response upon application of the filament to the hind paw. The 50% PWT was 

calculated after completion of a sequence of six consecutive responses [32]. The 28.84 g 

filament was taken as cut-off value to prevent tissue damage, and, if no withdrawal response 

was elicited at 28.84 g, the mechanical paw withdrawal threshold was noted as 28.84 g. 

Finally, 50% PWTs were multiplied by 10.000 and logarithmically transformed to obtain a 

linear scale and to account for Weber’s law [33] 

6.3.3.2. Thermal hypersensitivity (Hargreaves assay) 

Thermal hypersensitivity was tested by measuring the paw withdrawal latency 

(PWL) of the hind paws to thermal stimulation using a Hargreaves apparatus (Plantar Test 

apparatus 37370, Ugo Basile, Milan, Italy). Animals were individually placed on the glass floor 

of the Hargreaves apparatus in transparent plastic cages in a room with ambient lighting. 

Animals were placed in the set-up for 15 minutes before each test in order to acclimatize 

them to the testing surroundings. A focused radiant heat source underneath the glass floor 

with increasing temperature was then applied to the plantar surface of the hind paw. A swift, 

sharp withdrawal of the hind paw was considered a positive response and measurements 

were only taken when the rat was not moving. The PWL of both hind paws of each rat was 

measured four times, and the mean value of the last three measurements was used for 

analysis. A cut-off value of 20s was used to avoid tissue injury.  

6.3.3.3. Gait analysis (CatWalk) 

The gait of the animals was analyzed using the CatWalk quantitative gait analysis 

system (Version 9.1, Noldus, Wageningen, The Netherlands). For a complete description of 

the CatWalk system, the reader is referred to the paper by Hamers et al. [34]. In brief, the 
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CatWalk consists of a glass runway with plastic walls that is capable of specifically illuminating 

an animal’s footprints. Animals are filmed from underneath the glass runway in a darkened 

room, thus providing good contrast between paw prints and the rest of the body. The 

CatWalk behavioral analysis system is a computer-assisted method of locomotor analysis 

that allows a rapid quantification of individual paw parameters as well as parameters related 

to interlimb coordination. Two weeks prior to the start of the experiment, the animals are 

trained to cross the runway and acclimatized to the testing procedure. In order to motivate 

the animals to cross the runway, animals are rewarded with small sucrose pellets after each 

run. For correct gait analysis, the following criteria for correct runway crossing have to be 

met: (1) the rat crossed the runway without interruption or hesitation within five s and (2) a 

minimum of three correct runs per animal have to be required. The following CatWalk 

parameters were analyzed in the present study: (1) stand phase: the duration in seconds of 

contact of a paw with the glass plate, (2) print area: the surface area of the complete paw 

print, (3) mean intensity: the mean intensity of the paw print, (4) max intensity: the maximum 

intensity of the paw print.  

6.3.4. Statistical analysis 

Data were tested for normality using the D'Agostino & Pearson omnibus normality 

test. Von Frey data were multiplied by 10.000 and logarithmically transformed to obtain a 

linear scale and to account for Weber’s law [33]. For the statistical analysis of differences in 

mechanical PWTs over time, one-way repeated measures analysis of variance (ANOVA) was 

used, followed by Dunnett’s post hoc test. For the comparison of PWTs between groups and 

between the ipsi- and contralateral hind paw for each individual time point, independent 

samples T-test and paired samples T-test were used, respectively. Changes in thermal PWLs 

and CatWalk gait parameters over time were analyzed using the non-parametric Friedman 

test followed by Dunn’s post hoc test. Differences in thermal PWLs and CatWalk gait 

parameters between groups and between the ipsi- and contralateral hind paw for each 

individual time point were analyzed using the nonparametric Mann-Whitney-U-test and 

Wilcoxon matched-pairs signed rank test, respectively. Data are presented as mean ± 
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standard error of the mean (SEM). P-values <0.05 were considered to indicate statistical 

significance. All statistical analyses were performed using Graphpad Prism 6.  

6.4. Results 

6.4.1. Development of chronic neuropathic pain  

6.4.1.1. Mechanical hypersensitivity (Von Frey assay) 

A significant decrease in terms of Log10 (10.000 x 50% PWT) responses over time was 

observed in the ipsilateral hind paw when compared to baseline (p<0.0001). The average 

Log10 (10.000 x 50% PWT) of the ipsilateral hind paw was 5.0 ± 0.3 at baseline. After PSNL, 

Log10 (10.000 x 50% PWT) responses significantly decreased to 4.1 ± 0.2 at PO-3d (p<0.0001), 

4.1 ± 0.2 at PO-7d (p<0.0001) and 4.0 ± 0.3 at PO-14d (p<0.0001). Interestingly, a significant 

reduction in terms of Log10 (10.000 x 50% PWT) responses was also observed in the 

contralateral hind paw (p<0.01), albeit at reduced magnitude. The average Log10 (10.000 x 

50% PWT) of the contralateral hind paw was 5.0 ± 0.3 at baseline. After PSNL, Log10 (10.000 

x 50%   PWT) responses decreased to 4.9 ± 0.3 at PO-3d (p=0.21), 4.8 ± 0.3 at PO-7d (p<0.01) 

and 4.9 ± 0.3 at PO-14d (p<0.05). Importantly, statistical significant differences were also 

Figure 2. Development of PSNL-induced mechanical hypersensitivity. *p<0.0001 compared to baseline. 

#p<0.0001 compared to the contralateral hind paw at the same time point. Data are presented at as mean ± 

SEM. PO= postoperative day. Dotted line= average baseline before PSNL. 
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found between the ipsi- and contralateral paw at PO-3d (p<0.0001), PO-7d 3d (p<0.0001) and 

PO-14d (p<0.0001) (Figure 2). 

6.4.1.2. Thermal hypersensitivity (Hargreaves assay) 

A significant decrease in terms of thermal PWLs over time was observed in the 

ipsilateral hind paw when compared to baseline (p<0.0001). The average thermal PWL of the 

ipsilateral hind paw was 8.9 ± 3.0 s at baseline. After PSNL, thermal PWLs decreased to 5.5 ± 

1.4 s at PO-3d (p<0.0001), 5.5 ± 1.6 s at PO-7d (p<0.0001) and 5.9 ± 2.0 s at PO-14d (p<0.001). 

No significant reductions in terms of thermal PWLs were observed in the contralateral hind 

paw (p=0.11). The average thermal PWL of the contralateral hind paw was 8.9 ± 3.0 s at 

baseline. After PSNL, thermal PWLs remained stable at 9.0 ± 2.7 s at PO-3d (p>0.99), 8.3 ± 2.1 

s at PO-7d (p=0.63) and 9.7 ± 2.2 s at PO-14d (p=0.76). Importantly, statistical significant 

differences were also found between the ipsi- and contralateral paw at PO-3d (p<0.0001), 

PO-7d (p<0.0001) and PO-14d (p<0.0001) (Figure 3). 

Figure 3. Development of PSNL-induced thermal hypersensitivity. *p<0.001 compared to baseline. #p<0.0001 

compared to the contralateral hind paw at the same time point. Data are presented at as mean ± SEM. PO= 

postoperative day. Dotted line= average baseline before PSNL. 
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6.4.1.3. Gait analysis (CatWalk) 

Significant decreases over time were observed in the ipsilateral hind paw for all 

selected CatWalk parameters. A significant decrease in stand phase over time was observed 

in the ipsilateral hind paw when compared to baseline (p<0.05), with a reduction in stand 

phase of 18%, 20%, and 14% at days 3 (p<0.05), 7 (p<0.05), and 14 (p=0.31) following PSNL, 

respectively. Additionally, a significant decrease in print area over time was observed in the 

ipsilateral hind paw when compared to baseline (p<0.05), with a reduction in print area of 

24%, 16% and 8% at days 3 (p=0.06), 7 (p=0.19) and 14 (p>0.99) following PSNL. Also mean 

intensity was significantly changed over time (p<0.05): 9% at 3 PO-3d (p>0.99), 6% at PO-7d 

(p>0.99) and 4% at PO-14d (p=0.06). Lastly, also max intensity of the ipsilateral hind paw was 

significantly decreased over time (p<0.01). Max intensity of the ipsilateral hind paw 

decreased with 17%, 11%, and 2% at days  (p<0.05), 7 (p=0.11) and 14 (p>0.99) following 

PSNL (Figure 4).  

Interestingly, significant increases over time were observed in the contralateral paw 

for all selected CatWalk parameters: stand phase; p<0.05, print area; p<0.01, mean intensity; 

Figure 4. Development of pain-related gait changes. *p<0.05 stand phase compared to baseline; #p<0.05 print 

area compared to baseline; ^p<0.01 mean intensity compared to baseline; $p<0.05 max intensity compared to 

baseline. Data are presented at as mean ± SEM and presented as percentage change from (pre-PSNL) baseline. 

PO= postoperative day. 
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p<0.01, max intensity; p<0.01. Stand phase increased with 24%, 9% and 6% at days 3 

(p<0.05), 7 (p=0.60) and 14 (p>0.99) compared to baseline. Print area increased with 30%, 

13% and 26% at days 3 (p<0.01), 7 (p=0.60) and 14 (p<0.05) compared to baseline. Mean 

intensity increased with 3%, 2% and 7% at days 3 (p=0.11), 7 (p=0.48) and 14 (p<0.01) 

compared to baseline. Max intensity increased with 3%, 2% and 7% at days 3 (p=0.19), 7 

(p=0.60) and 14 (p<0.001) compared to baseline (Figure 4). 

Except for print area at post-PSNL day 7, and mean intensity at post-PSNL day 14, a 

significant difference was observed between the ipsi- and contralateral hind paw for each 

CatWalk parameter at each time point (p<0.05) (Figure 4).   

6.4.2. Effect of pulsed radiofrequency treatment 

6.4.2.1. Mechanical hypersensitivity (Von Frey) 

PRF adjacent to the L5 DRG significantly attenuated PSNL-induced mechanical 

hypersensitivity in the ipsilateral hind paw over time (p<0.0001). Log10 (10.000 x 50% PWT) 

values increased from 4.1 ± 0.2 at PO-14d to 4.6 ± 0.3 at PRF-5d (p<0.001), 4.7 ± 0.2 at PRF-

8d (p<0.0001) and 4.6 ± 0.3 at PRF-15d (p<0.001). Sham-PRF had no effect on Log10 (10.000 x 

Figure 5. Effect of PRF treatment adjacent to the L5 DRG on PSNL-induced mechanical hypersensitivity. *p<0.001 

compared to PO-14d. #p<0.001 compared to the sham-PRF group at the same time point. Data are presented at 

as mean ± SEM. POd=postoperative day. Dotted line= average baseline before PSNL. 
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50% PWT) values of the ipsilateral paw over time (p=0.71). Additionally, there was a 

significant intergroup difference between the PRF and sham-PRF group in terms of Log10 

(10.000 x 50% PWT) at all time points following PRF treatment (p<0.001) (Figure 5).  

6.4.2.2. Thermal hypersensitivity (Hargreaves) 

PRF adjacent to the L5 DRG also significantly attenuated PSNL-induced thermal 

hypersensitivity in the ipsilateral hind paw over time (p<0.01). PWLs increased from 5.6 ± 0.5 

s at PO-14d to 7.7 ± 0.4 s at PRF-5d (p<0.05), 7.7 ± 0.3 s at PRF-8d (p=0.05) and 9.4 ± 1.0 s at 

PRF-15d (p<0.01). Sham-PRF showed no effect on PWLs of the ipsilateral paw over time 

(p=0.35). Lastly, significant differences were found between PWLs of the PRF and sham-PRF 

group at all time points following PRF treatment (p<0.05) (Figure 6).  

6.4.2.3. Gait analysis (CatWalk) 

With use of CatWalk, no significant effect of PRF was observed for any of the tested 

gait parameters. Additionally, no effects were observed for any of the selected gait 

parameters following Sham-PRF (Figure 7).  

  

Figure 6. Effect of PRF treatment adjacent to the L5 DRG on PSNL-induced thermal hypersensitivity. *p<0.05 

compared to PO-14d. #p<0.05 compared to the sham-PRF group at the same time point. Data are presented 

at as mean ± SEM. POd=postoperative day. Dotted line= average baseline before PSNL. 
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6.5. Discussion 

Our study showed that a single treatment with PRF adjacent to the ipsilateral L5-

DRG significantly attenuates PSNL-induced mechanical hypersensitivity as well as thermal 

hypersensitivity in an animal model of chronic neuropathic pain. With this we confirm and 

validate previous findings (9-23), which is an essential part of establishing a reproducible and 

valid animal model for studying the effects of PRF in the treatment of chronic neuropathic 

pain. PSNL, first described by Seltzer et al. in 1998 [28], resulted in the development of 

chronic neuropathic pain, which is in line with previous studies using this same model [28, 

35-38]. PSNL is often considered the golden standard for modeling clinical chronic 

neuropathic pain in rodents, because of the immediate onset (within a few hours) and long-

lasting perpetuation (at least 7 months) of translational symptoms like mechanical 

hypersensitivity and thermal hypersensitivity. Additionally, animals that undergo PSNL show 

signs of spontaneous pain, like paw guarding and licking, but do not show signs of rather 

extreme spontaneous pain behavior, like autotomy, as observed in other widely adopted 

preclinical pain models including the Chronic Constriction Injury (CCI) [28, 39]. The effect of 

PRF on mechanical as well as thermal hypersensitivity has been demonstrated in various 

experimental studies and a wide variety of neuropathic pain models, including PSNL [13], CCI 

Figure 7. Effect of PRF treatment adjacent to the L5 DRG on pain related gait changes. Data are presented at as 

mean ± SEM and presented as percentage change from (pre-PSNL) baseline. PO=postoperative day. 
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[14, 22], Spinal Nerve Ligation (SNL) [10, 11, 16, 21], Spared Nerve Injury [15, 19, 23], Nucleus 

Pulposus administration to the dorsal root [17], Complete Freund’s Adjuvant (CFA) injection 

into the hind paws [12, 18, 20], and intraperitoneal resiniferatoxin injection [9]. However, 

comparing the outcomes of these studies remains difficult, as not only the used model differs 

between studies, but studies are also subject to great diversity in terms of the used PRF 

location and PRF duration. Interestingly, studies by Chen et al.[18] and Yang et al. [20] found 

that PRF adjacent the DRG, but not PRF adjacent to the sciatic nerve, reduced mechanical 

hypersensitivity in a CFA-induced inflammatory pain model [18, 20], favoring the use of DRG-

PRF over sciatic nerve PRF. Additionally, no consensus has been reached with respect to the 

optimal duration of PRF. While some studies favor 2 minutes PRF over 6 minutes PRF [11], 

other studies favor 6 minutes over 2 minutes PRF [9]. Our PRF protocol of 2x 180 s PRF applied 

adjacent to the L5 DRG showed a profound attenuation of PWT and PWL values 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 [10]. Indeed, both 

our Von Frey and Hargreaves data show no sign of attenuation in terms of PRF treatment 

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

persisted after 15 days. 

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

have been undertaken to measure behavioral changes in animal models of pain, as an 

indirect 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 [25, 34, 40]. The Catwalk gait analysis system is a computer-assisted method of 

locomotor analysis, allowing rapid quantification of individual paw parameters as well as 

parameters related to interlimb coordination [25]. The CatWalk system has been used in 

experimental animal research for a wide variety of neurological disorders, ranging from 

spinal cord injury [41, 42] and peripheral nerve injury [25, 27, 43] to traumatic brain injury 

[44] and Parkinson’s disease [45]. The addition of the CatWalk gait analysis to our set of 

behavioral outcome assessments was decided upon several reasons: 1. To provide an 
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objective and quantitative alternative for measuring neuropathic pain in addition to reflex-

based assessments like the Von Frey and Hargreaves test. 2. To provide analysis of more 

subtle pain related gait changes which then might allow analysis of the PRF effect in more 

detail. In our study, CatWalk gait analysis of animals that underwent PSNL showed significant 

decreases over time for all selected CatWalk parameters. Moreover, a significant ipsilateral-

contralateral difference was observed for all Catwalk parameters at almost each time point. 

This observation, in combination with the fact that significant increases were found for all 

selected parameters in the contralateral hind paw, strongly suggest a compensatory role of 

the contralateral hind paw, by unloading the pain at the ipsilateral hind paw. In comparison, 

a study by Vrinten et al. reported significant decreases in both stand phase and mean 

intensity of the ipsilateral hind-paw following chronic constriction injury (CCI) for at least 5 

weeks [27]. These changes in stand phase and mean intensity of paw print normalized at 10 

weeks. Although the time frame of normalization in our study was substantially different 

compared to the study of Vrinten et al., our results also showed a gradual normalization of 

Catwalk parameters over time, possibly hinting to development of adaptation behavior in 

the animals. Using the same CCI model, another study showed stand phase, print area, and 

max intensity to be significantly decreased following ligation for a period up to 28 days [46]. 

Furthermore, Gabriel and colleagues showed that intensity and print area of the ipsilateral 

hind paw significantly decreased using an acute inflammatory pain model of carrageenan 

injection into the knee for a period up to 48 hours [26]. With regard to this last study, the 

same authors also found significant decrease in intensity of the ipsilateral hind paw for at 

least 21 days using a more chronic version of this pain model [25].  Interestingly, Truin et al., 

who also used the PSNL model for studying chronic neuropathic pain, albeit in the mouse, 

reported significant decreases in mean intensity of the ipsilateral hind paw for 14 days post-

surgery, and significant decreases in stand phase until day 7 post-surgery [47]. The latter is 

comparable with the results for stand phase as noted in our study. However, it is worth 

noticing that the study by Truin et al. was performed in mice instead of rats, and that strain 

differences in one species (rats) were already sufficient to show marked differences in static 

paw parameters on the CatWalk [48]. 
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Clearly, we were not able to detect any effect of PRF on CatWalk pain induced gait 

parameters. In contrast, and as mentioned earlier, a profound effect of PRF treatment was 

observed on PWTs on the Von Frey and PWLs on the Hargreaves test. In line with this, the 

study by Truin and colleagues, using the same animal model, showed no effect of spinal cord 

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

increases in PWTs on the Von Frey test [47]. 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 hypersensitivity 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.  One could speculate that the window for treatment effect of PRF on the CatWalk in 

this study is too small, and that the CatWalk is not sensitive enough to detect potential minor 

differences in terms of pain-induced gait. As this might be the case, future developments and 

improvements in the CatWalk system, allowing even more precise assessment of pain-

related gait parameters, might allow assessment of behavioral effects due to interventional 

procedures.  

The fact that a single treatment with PRF adjacent to the DRG has a long-lasting 

effect (15 days in the present study) on mechanical hypersensitivity and thermal 

hypersensitivity, needs a neurobiological and mechanistic understanding of PRF-induced 

changes in the nociceptive network. Mechanistically, PRF is thought to involve 

neuromodulation rather than neuro-ablation of the nociceptive network [3, 5]. Van Zundert 

et al. provided a first insight into the mechanism underlying PRF treatment [49]. The authors 

observed an increase in c-Fos immunoreactive cells, an indirect marker for neuronal activity, 

in the dorsal horn 7 days after PRF administration adjacent to the DRG. Over the years, many 

working mechanisms of PRF have been proposed, including modulation of excitatory 

neurotransmitter release in the dorsal horn [20], activation of glial cells [16, 17], activation 

of descending inhibitory pathways [12], and the induction of ultrastructural changes in 
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important organelles of sensory c-fibers [50-52]. 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 

[53].  

In line with this, the PSNL-model, and our observation that a single PRF-treatment 

adjacent to the DRG attenuates mechanical as well as thermal hypersensitivity for at last two 

weeks, allows us to further analyze the underlying neuromodulatory mechanism of action of 

PRF in the near future. 

6.6. Conclusion 

We have shown that PSNL significantly induces chronic neuropathic pain as based 

on the presence of mechanical hypersensitivity, thermal hypersensitivity and pain-related 

gait changes on the CatWalk. PRF adjacent to the L5 DRG results in attenuation of chronic 

neuropathic pain as it attenuates mechanical and thermal hypersensitivity. Use of CatWalk 

based gait analysis did not allow the detection of PRF induced changes on selected CatWalk 

parameters. Future research should focus on elucidating the mechanisms underlying PRF 

treatment and optimization of the stimulation paradigm but also on further improving the 

CatWalk system to detect smaller changes in gait parameters.  
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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 



140 
 

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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Chronic neuropathic pain affects approximately 8% of the total adult human 

population and comes with significant burden for both the patient and healthcare system [1]. 

Patients often experience reduced functionality, which, in many cases results in them being 

uncapable of working. Chronic neuropathic pain is typically characterized by a low health-

related quality of life; compared to other major diseases such as cancer, type-2 diabetes, and 

cardiovascular diseases, the health-related quality of life of patients with chronic neuropathic 

pain is significantly lower [2]. Because of the high prevalence of chronic neuropathic pain and 

the low health-related quality of life patients suffer from, chronic neuropathic pain forms a 

serious burden on both the healthcare system as well as the economy.  

The effectiveness of pharmacological treatment of chronic neuropathic pain is often 

very limited, with less than 50% of patients responding to therapy. Furthermore, 

pharmacological interventions are often accompanied by unacceptable side effects such as 

development of tolerance and addiction [3]. It is therefore that further optimization of 

chronic neuropathic pain treatment is needed and it is in this context that the present thesis 

focusses on the role and mechanisms of action of interventional neuromodulatory 

approaches.  

Interventional neuromodulation techniques such as spinal cord stimulation (SCS), 

dorsal root ganglion stimulation (DRGS) and pulsed radiofrequency (PRF) often provide a 

suitable therapy for refractory neuropathic pain patients [4-16]. Moreover, the side effects 

associated with these types of interventional treatments are typically less severe than those 

associated with many pharmacological treatment options [3]. However, despite the many 

advantages, these neuromodulation techniques do not come without limitations. A 

substantial group of patients treated with either SCS, DRGS or PRF still do not respond to 

treatment or experience a lack of treatment success over time. In this light it is of utmost 

importance to understand why, when and how chronic neuropathic pain patients do not 

respond to these treatments. A mechanism-based approach which allows understanding of 

the mechanisms of action of these neuromodulatory treatments might result in improved 

efficacy of these therapies.   
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SCS with conventional settings (Con-SCS) has been successfully used to treat chronic 

neuropathic pain for over 50 years. Over the last decade, several new stimulation waveforms 

and new stimulation targets (such as DRGS) have been introduced to the field of SCS in order 

to  further improve stimulation efficacy, while simultaneously eliminating some of the 

limitations with Con-SCS. One of the most prominent examples of innovation within the 

parameter space of SCS is the paresthesia-free Burst paradigm [17]. While indeed evidence 

suggests that Burst-SCS can yield superior pain relief compared to Con-SCS [17-19], especially 

related to the cognitive-affective dimensions of the pain experience, Burst-SCS still lacks the 

anatomic specificity (ability to stimulate difficult-to-reach areas such as the extremities and 

the groin) and stability (stable paresthesia intensity regardless of body position) of DRGS. 

Based on this knowledge, summarized in Chapter 2, we set out to combine for the first time 

the advantage of a new stimulation paradigm with a new location of SCS in an animal model 

of painful diabetic peripheral neuropathy (PDPN) in Chapter 3: burst stimulation of the dorsal 

root ganglion. From these experiments we concluded that while the maximum amount of 

pain relief was comparable between Con-DRGS and Burst-DRGS, Burst-DRGS, but not Con-

DRGS, showed a delayed wash-out effect, which might have serious implications for optimal 

stimulation delivery of Burst-DRGS as well as battery life of the IPG in clinical practice. In line 

with this, preclinical observations have been extended to the clinic, where further clinical 

studies have been performed on the efficacy of Burst ‘’microdosing’’, a paradigm that relies 

on the introduction of stimulation-off phases inbetween stimulation-on phases. From this it 

was concluded that Burst-SCS microdosing is as effective as standard Burst-SCS, while having 

significantly lower battery consumption (and thus fewer battery replacements for the pain 

patient) [20]. Whether or not such a microdosing approach can also be successfully utilized 

for Burst-DRGS remains to be studied. Interestingly, with the publication of our first 

preclinical study on Burst-DRGS in PDPN, one clinical study has been published utilizing Burst-

DRGS in neuropathic pain patients [21]. The authors found that at the end of the 18 months 

treatment period, 78% of patients preferred the Burst-DRGS protocol over the Con-DRGS 

protocol. Burst-DRGS is currently being assessed formally, however, in a RCT that is under 

way (ClinicalTrials.gov identifier: NCT03318250).  
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Previous studies have indicated that Burst-SCS can be further optimized by adjusting 

relevant stimulation parameters, such as amplitude, in order to modulate the amount of 

charge delivered to the nervous system [22]. In Chapter 4, we titrated the optimal stimulation 

amplitude for Burst-DRGS to approximately 52% of the motor threshold (MT), and found a 

nonlinear relation between Burst-DRGS amplitude and pain behavior outcome. Combined 

with the results of Chapter 3, these results allowed us to further optimize Burst-DRGS to give 

a form of stimulation that delivers maximum pain relief, while at the same time minimizing 

battery consumption. As the chronic pain patient is likely to benefit from such an optimized 

treatment, future clinical studies should aim to verify these findings. 

Besides the titration of optimal stimulation parameters, another important aspect 

for optimizing DRGS therapy is understanding its underlying mechanism of action. From the 

field of SCS we know that the presence of the neurotransmitter GABA in the dorsal horn of 

the spinal cord plays an important role in its mode of action [23-27]. This even led to 

translation to the clinic, where baclofen, a GABAB receptor agonist was used to rescue initial 

nonresponders to SCS, and turn them into responders [28, 29]. Similarly, gaining more insight 

into the mechanisms of action underlying DRGS might lead to improved treatment of the 

chronic neuropathic pain patient. While it was recently shown that DRGS is not likely to rely 

on the release of GABA in the dorsal horn of the spinal cord [30], it is possible that local, 

GABAergic signaling in the DRG is involved [31]. In Chapter 5, we therefore tested the 

hypothesis that a second GABAergic gate is responsible for the pain relieving effect of DRGS. 

Based on our immunohistochemical findings, we found no evidence for such a GABAergic 

gate located in the DRG. Still, we consider the presentation of these data to be of great 

importance, as publishing bias (skewed towards positive findings) is an important problem 

that the academic community has to deal with. Based on this work, we can now look for 

alternative modes of action of DRGS to further improve DRGS therapy for the pain patient. 

In the last part of the thesis (Chapter 6) the efficacy of a PRF treatment adjacent to 

the DRG on experimental chronic neuropathic pain is investigated and described. 

Fundamentally, PRF greatly differs from DRGS in the way it is delivered (once vs continuous 
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delivery of current), something that is also expressed in the differences between the duration 

and amount of pain relief obtained with these two therapies. We showed that treatment 

with PRF to the DRG significantly attenuated mechanical and thermal hypersensitivity, albeit 

to lesser extent than DRGS (Chapter 3 and 4), whereas no effect was observed on pain-

related gait using the CatWalk system. With our study, previous findings [32] related to the 

pain relieving effect of PRF were confirmed, something which is important when establishing 

a reproducible and valid animal model for studying the effects end mechanisms of action of 

a given treatment. At the same time, our, and previous [33] data strongly suggests that 

CatWalk gait analysis does not allow to detect or analyze behavioral effects of interventional 

treatment approaches such as PRF and SCS in the chronic experimental PSNL model. 

Nevertheless, 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. Future studies should 

therefore aim to include more operant-like tests that also take into account the affective-

emotional and cognitive aspects of pain in order to improve the translational significance of 

preclinical observations. 

From a practical point of view, the results presented in this academic thesis provide 

strong arguments for continuing experimental research on the efficacy and mechanisms of 

action of neuromodulation of the DRG in experimental chronic neuropathic pain. This should 

then be based on an orchestrated interplay between reproducible experimental animal 

studies and well-designed large, (preferably) non-industry initiated clinical trials. Given the 

fundamental differences in terms of efficacy and duration of pain relief between DRGS and 

PRF, they are very likely to depend on different mechanisms of action. By gaining more insight 

into these mechanisms of action, the efficacy of interventional pain treatments for the 
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chronic neuropathic pain patient might significantly increase, thereby reducing the societal 

and economic burden of chronic neuropathic pain as a disease. 
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Glenn Franken was born in Brunssum, The Netherlands, on March 26th, 1992. He 

attended secondary school at Rombouts College in Brunssum, where he obtained his 

Atheneum degree in 2010. That same year, he started his Bachelor in Biomedical Sciences, 

with a specialization in Molecular Life Sciences (Minors: Neurosciences and Toxicology, 

Diseased Cells), at Maastricht University. During his Bachelor internship, Glenn studied the 

effect of exercise training on intrahepatic lipid content in type 2 diabetic men by means of 

MRI under supervision of Dr. Bram Brouwers and Prof. Dr. Patrick Schrauwen at the 

Department of Human Biology. He obtained his Bachelor degree in 2013, after which he 

started his Master in Biomedical Sciences. During his Junior Master Internship, he joined the 

research team ‘Neuroinflammation and Autoimmunity’ supervised by Prof. Dr. Pilar 

Martinez-Martinez at Maastricht University. Here, Glenn studied the presence of 

autoantibodies against the N-methyl-D-aspartate (NMDA) receptor in schizophrenic patients. 

For his Senior Master Internship, Glenn joined the Department of Anesthesiology and Pain 

Management, supervised by Prof. Dr. Bert Joosten, to study the effect of Pulsed 

Radiofrequency (PRF) treatment on experimental chronic neuropathic pain. After 

successfully completing his Master studies in 2015, Glenn started his PhD project at this same 

department under supervision of Prof. Dr. Bert Joosten, Prof. Dr. Jan van Zundert, and Prof. 

Dr. Liong Liem. During his PhD, Glenn studied the efficacy and mechanisms of action of 

neuromodulation of the dorsal root ganglion (DRG), in particular PRF and dorsal root ganglion 

stimulation (DRGS), for the treatment of experimental chronic neuropathic pain. He 

collaborated with many experts in the field of neuromodulation and pain, including Prof. Dr. 

Bengt Linderoth (Karolinska Institutet, Stockholm, Sweden), Prof. Dr. Quinn Hogan 

(University of Wisconsin, USA), Prof. Dr. Roberto Perez (VUMC, Amsterdam, Netherlands), as 

well as world leading industry partners in the neuromodulation field (Abbott Laboratories 

inc.). The results of his studies are presented in this academic thesis. Following his PhD 

defense, Glenn will continue his scientific career as a postdoctoral researcher at the 

Department of Anesthesiology and Pain Management at Maastricht University. 
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Allereerst mijn promotor en dagelijkse supervisor Prof. Dr. Bert Joosten. Bert, in 

2014 begon ik aan mijn stage periode binnen de befaamde ‘’pijn groep’’. Na een kleine 

miscommunicatie (ik was er van overtuigd dat de stage 1 november zou beginnen, maar dit 

bleek toch al een week eerder te zijn) klikte het tussen ons toch al vrij snel, en het duurde 

dan ook niet lang voordat de gesprekken begonnen over een mogelijk aansluitend promotie 

traject welke in 2016 van start is gegaan. Vier jaar later is het dan zo ver, en ik kan zeggen 

dat ik geen moment spijt heb gehad van deze keuze. Jouw natuurlijke talent om een groep 

van gezellige Limburgers en Brabanders bij elkaar te brengen, aangevuld met een sprankje 

jong, exotisch talent uit de noordelijkere regionen, heeft een groep bij elkaar gebracht waar 

we denk ik trots op mogen zijn. Vooral het aantal contacturen met je PhD studenten die je, 

ondanks je drukke agenda, eruit weet te persen verdienen credits. Gedurende mijn PhD ben 

ik gegroeid zowel als onderzoeker en als mens, waarvoor dank! 

Mijn tweede promotor, Prof. Dr. Jan van Zundert; Beste Jan, hoewel onze échte 

samenwerking pas vrij recentelijk is gestart sinds jouw benoeming als hoofd van de pijn 

afdeling, ben ik in mei 2015 als ‘’broekie’’ al eens langs geweest in Lanaken om een aantal 

PRF ingrepen bij te wonen. Dat je mijn bezoek destijds, later verwarde met Koen (Meuwissen) 

vergeef ik je bij deze. Jouw openheid en transparantie waardeer ik zeer, evenals de 

translationele aanpak van jouw leidinggeven. Het is ook niet voor niets dat we vanaf 1 

september gezamenlijk een mooi postdoc project zijn gestart! Ik kijk uit naar onze verdere 

samenwerking. 

Mijn co-promotor, Prof. Dr. Liong Liem. Beste Liong, hoewel onze agenda’s niet 

altijd matchten (Liong is een echte wereldbewoner; je weet nooit waar hij deze keer weer 

uithangt), was jij altijd bereikbaar en in voor een belletje of ‘’appje’’. Ik heb veel geleerd van 

jouw klinische ervaring en kritische houding wat betreft DRG stimulatie. Daarnaast is een 

meeting met jou ook nooit saai; ik vergeet nooit meer dat tijdens het maken van een 

presentatie plotseling een kerkklok afging op jouw telefoon omdat dit je aan thuis liet 

denken.  
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Daarnaast wil ik ook Prof. Dr. Maarten van Kleef bedanken. Beste Maarten, 

gedurende jouw periode als hoofd van de pijnafdeling heb ik jouw ongezouten, Rotterdamse 

mening en objectiviteit altijd zeer gewaardeerd. Het is me dan ook een eer dat jij deel zal 

nemen in mijn Corona. Geniet van je welverdiende pensioen, al heb ik het gevoel dat wij met 

enige regelmaat nog wat van jou zullen vernemen. Een arts en onderzoeker in hart en nieren. 

My paranymfs, Margot and Chris. Margot, allereerst wil ik je een compliment geven 

over hoe jij je als erkende thee connaisseur staande weet te houden binnen een divisie die 

zo koffie gedreven is. Na een kleine acclimatisatie periode (lees: Van der Valk) denk ik dat we 

toch kunnen stellen dat het meer dan goed gekomen is tussen ons, zowel op de werkvloer 

als privé. Ook al vinden onze wekelijkse thee meetings slechts zeer sporadisch plaats, wordt 

dit meer dan voldoende gecompenseerd door de vaak diepe (en raadgevende) gesprekken. 

Kwaliteit boven kwantiteit zullen we maar zeggen! Ik waardeer jouw down-to-earth, maar 

positieve houding enorm en weet zeker dat wij ook buiten het werk om contact zullen 

houden. Je weet nu immers dat ik toch wel (een beetje) kan koken;). Chris, you are without 

a doubt one of the most social persons that I know. The positivity you bring to the work floor 

is inspiring. You are always concerned with other people, and sometimes appear to be a 

walking encyclopedia; your natural ability to remember things (be it birthdays, holidays, or 

where I was 2 years ago on a random Thursday) is remarkable. I am sure we will have this 

shisha in the near future; but, like I said before, planning is important. P.S. If you are searching 

for Chris, your best chance is to look for him in the corridor of our division, as there is a high 

likelihood that you will find him roaming around searching for somebody to drink coffee (or 

have ‘’lunch’’) with;).  

Onderzoek is een team effort, en daarom wil ik zeker ook de leden van de pijngroep 

bedanken. Roel, ondanks dat we af en toe anders over zaken denken (en nee ik doel niet op 

flat earth), ben ik ervan overtuigd dat wij in de loop der jaren een zeer goede band hebben 

opgebouwd. Ik wens je alvast heel veel succes bij je nieuwe baan. Voordeel voor mij is dat nu 

in ieder geval niet mijn kantoor plek aan het raam wordt ingepikt;). Rose, ‘’ex-roomie’’, ik 

was er misschien niet vaak, maar ik heb daarom niet minder genoten van alle etentjes samen 
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met jou, Perla en Toon. Mocht je Perla (of mij) missen, jij blijft altijd welkom! Lonne, je was 

mijn eerste student, dus wat dat betreft bevond ik me destijds ook in een pilot fase. Ik ben in 

ieder geval trots dat jij later ons team bent komen versterken! Je hebt een goede, 

hardwerkende instelling die ik enorm waardeer. Martijn, ik kan nu bepaalde anekdotes erin 

gaan gooien, maar die laat ik even voor wat het is (op request wil ik deze echter zeker 

vrijgeven). Jouw open houding en behulpzaamheid zie je niet vaak, en ik kijk uit naar onze 

verdere samenwerking wat betreft DRGS onderzoek. Thomas, jij bent altijd in voor een goede 

discussie. Ik hoop dat je mijn ‘’geplaag’’ altijd in de juiste context hebt kunnen zien (ik denk 

het wel). Rotterdammers hebben soms gewoon wat Limburgs tegengas nodig! Jacques, Wiel 

heeft in jou een uitstekende ‘’opvolger’’ weten te regelen. Ik weet zeker dat de pijngroep (en 

inmiddels de hele neuromodulatie expert group) bij jouw kunde en expertise gebaat is. Al 

vind ik om half 8 beginnen met implantaties nog steeds erg vroeg;). 

Daarnaast wil ook een aantal oud collega’s van het pijnteam bedanken, te beginnen 

met Koen. Koen, thank you for all your kindness and support, moreover….. Oké even 

opnieuw: Koen, ik doe jou eigenlijk tekort met enkel een beschrijving als ‘’oud-collega’’. Jij 

hebt, naast je vaardigheden als wetenschapper, op meerdere vlakken een positieve invloed 

op me gehad: je introduceerde me tot boksen (maar dan enkel kijken, want daadwerkelijk 

tegen Koen boksen wil je niet… ik spreek uit ervaring), en mijn deur zal zeker voor je open 

staan voor Fury-Wilder 3. Mits jij en Marina zelf pizza en drank meenemen. Daarnaast kregen 

jij en Roy me zowaar aan t sporten, waarvoor dank! En we blijven het gewoon stug 

volhouden; Dublin is géén mooie stad. Al zijn er altijd manieren om het een stuk aangenamer 

te maken;). Nynke, dankzij jou weet ik nu hoe een promotie achter de schermen er aan toe 

gaat! Ik hoop dat je het naar je zin hebt in Canada, en we drinken er snel nog eens eentje 

wanneer je terug in Maastricht bent. Maarten, met jou was het nooit saai op kantoor, al had 

ik soms lichte angst om je aan te spreken wanneer je weer eens ‘’zo’n’’ bui had;) Ik hoop dat 

je je draai gevonden hebt zowel op werkvlak als privé. P.S. Vergeet niet dat ik je van een 

elektrocutie gered heb!: you owe me one! Wiel, jij was er vanaf het begin van mijn PhD bij, 

en was er altijd om onze groep uit de brand te helpen. Geniet van je welverdiende pensioen, 

hopelijk kun je na al deze ellende weer snel met de camper naar Marokko! 
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Daarnaast zijn er nog een aantal collega’s die ik graag wil bedanken. Sylvana, jij bent 

de definitie van een power woman; nuchter en principieel. Ik heb je altijd zeer gewaardeerd 

zowel als persoon en als wetenschapper. Ik vind het dan ook erg jammer (maar begrijpelijk) 

dat je Maastricht hebt verlaten. Ik hoop dat jij en Wesley snel een nieuw plekje vinden, en ik 

wens je heel veel succes bij je nieuwe baan! Ik verwacht binnen een niet al te lange tijd dan 

ook zeker een uitnodiging te ontvangen voor een housewarming;). Fred, bedankt voor jouw 

altijd kritische inzichten wat betreft horloges. Ik weet zeker dat ik me vast nog een keer laat 

verleiden tot een (te dure) aankoop wanneer je terug bent (misschien een rattrapante?). 

42mm is té groot. Veel succes in the USA! Marina, small girl, great personality! I wish you all 

the best finishing up your own thesis. I will make sure to have the Disaronno ready 

afterwards! I am sure that Koen and I will gently force you and Perla to watch another boxing 

match in the near future. Wouter, van alle mensen op de afdeling ken ik jou het langst. Je 

blijft altijd dicht bij jezelf staan, wat ik waardeer. De enige keer die ik me kan herinneren dat 

wij onenigheid hebben gehad was de keer dat je ons complete verslag (per ongeluk) besloot 

te verwijderen. Het is uiteindelijk toch allemaal goed gekomen;). Heel veel succes met het 

afronden van je eigen onderzoek.  

Daarnaast dank aan ons technician team: Hellen, Denise, Wouter, Sandra, Barbie, 

maar ook oud collega’s Marjan, Rachelle, Marcella en Anne; bedankt voor jullie harde inzet 

en ondersteuning! Ook dank aan het hele CPV team: Richard, Saskia, Clarice, Rik, Paul, Harry, 

Mandy en alle andere medewerkers voor hun support. 

Tot slot wil ik ook alle overige collega’s van het lab bedanken: Maite, Clara, 

Katherine, Alix, Ghazi, Faisal, Faris, Mohammed, Roman, Jeroen, Ralph, Christian, Renzo, 

Janou, Philippos, Dean, Ellis, Manon, Gusta, Jana, Aimee, Shengua, Carolin, Nikita, Tanya, 

Caterina, Daan, Jackson, Thijs, Nasim, Christian, Sarah, Michiel, Jos, David, Bart, Pilar, 

Daniel, Ali, Govert, Mario, Eshan, Gunter, Lars, Laurence, Tim, Rachelle, Marie-Therese, 

Nicole, Ankie, Tom, alsmede alle collega’s uit de kliniek: Nelleke, Mischa, Wolfgang, Xander, 

Sander, Dianne, Maurice, Anne, Brigitte, Andrea, Philma, Carine, Veerle, José, Daisy, Dion, 

Thibaut, en iedereen die ik onverhoopt vergeten te noemen ben. 
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I also would like to thank our colleagues abroad. Erika Ross, David Zhang, Lalit 

Venkatesan, Alexander Kent, Bill Cusack, Jeffery Kramer at Abbott Laboratories; thank you 

very much for your continued support and collaboration! Also thanks to Quinn Hogan and 

Bin Pan for hosting Wiel and myself back in 2016 and training us in the DRGS implantation. I 

could not have finished this research were it not for you. Also thank you to Eva Koetsier, 

Paolo Maino, Roberto Perez, and Bengt Linderoth for all the fruitful collaborations.  

Vanzelfsprekend wil ik graag ook de mensen buiten het werk bedanken die mij 

gedurende de afgelopen jaren hebben gesteund. Ilvy, buurvrouw, met jou kan ik altijd 

levelen wat betreft lekker eten: met name sushi, frieten en frikandellen. Maar voordat de 

lezer nu denkt ‘’wat zijn deze mensen ongezond’’ wil ik bij deze toch ook onze (soms wat 

wisselvallige) mountainbike carrière benadrukken. Cheryl, uit het oog maar niet uit het hart. 

Er zijn weinig mensen die zo’n aanstekelijke lach als jij hebben. Ik kijk met veel plezier terug 

op alle treinritjes en beschamende confrontaties met de kiosk mevrouw. Ik hoop jou en 

Caspar snel weer te zien, want ik begin jullie gekibbel tijdens de spelavondjes inmiddels toch 

wel te missen;). Veel succes met het afronden van jullie eigen thesis, en ik hoop jullie snel 

terug te zien in Maastricht! Jory en Dylan, bedankt voor alle mooie momenten. Wij laten 

denk ik zien dat je elkaar niet wekelijks hoeft te zien om een goede band te onderhouden. Ik 

kijk nu al uit naar de volgende Star Wars film, zodat Dylan nog maar eens zijn geweldige 

Chewbacca imitatie kan laten zien;). Anniek, jij bent een van de liefste mensen die ik ken. Ik 

ben blij dat je inmiddels je eigen plekje hebt gevonden, en ik kijk uit naar alle toekomstige 

bbq’s en feestmomentjes samen. Maar dan wel mét pina colada shirt;). Anke, soms spreken 

we elkaar maanden niet, soms elke dag. Desalniettemin vervelen wij ons nooit samen. 

Bedankt voor alle koffiemomentjes, al moeten we soms creatief zijn gedurende deze unieke 

omstandigheden;). Melissa, ‘’Mel’’, jij bent een reddende engel op het moment dat Perla op 

vakantie is. Jouw gezelligheid wordt altijd zeer gewaardeerd, al is het maar om samen de 

persconferentie van Mark Rutte te kijken. Ook wil ik de ‘’Masters of Science 2015’’ bedanken: 

Glenn R, Aaron, Bas & Bas, Pauline, Rianne, Wouter. Het is altijd leuk om deze ‘’oude 

gezichten’’ opnieuw te zien. Speciale dank aan Glenn R die er altijd keurig voor zorgt dat er 

toch zeker jaarlijks een meeting wordt gepland. Daarnaast dank aan Henk, Ria, Yanick en 
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Lotte; Ik hoop dat er nog veel leuke weekendjes weg volgen. Al betwijfel ik of zo’n geslaagd 

uitje (met zoveel bier en wijn) nog wel te evenaren is. 

Als laatste wil ik mijn gehele familie bedanken, en in het bijzonder de mensen die 

het dichtst bij me staan: Kimberly, ‘’zusje’’, ik hoop dat je na mijn promotie toch iets meer 

van je broertje gaat aannemen. Al wordt wel eens gezegd dat succes ook naar je hoofd kan 

stijgen… Ik ben enorm trots op jou als zus! Tom, dé redder in nood (samen met Bram) op de 

momenten dat je je huis niet meer uit komt. Jij bent precies wat Kimberly nodig heeft, en een 

topper in hart en nieren. Ik zou nu ook graag de naam van mijn toekomstige neefje noemen, 

maar dit is ‘’the best kept secret’’ binnen de families Offermans en Franken;). Hoe dan ook, 

ik kan niet wachten om mijn neefje, jullie kind, snel te verwelkomen! 

Papa en mama, heb ik toch maar even mooi gedaan he? Ik heb jullie vaak horen 

zeggen ‘’Glenn doet dat wel even’’. Maar het feit is dat ik deze Dr. titel nooit gehaald zou 

hebben zonder jullie onvoorwaardelijke steun; zonder jullie zou ik niet staan waar ik nu sta. 

Pap, jij herkent veel van jezelf in mij. Je hebt me geleerd om de ideale balans te vinden tussen 

hard werken en ‘’chillen’’. Dat laatste uit zich in onze gezamenlijke passie voor films (en 

tegenwoordig zelfs financiën, wie had dat ooit gedacht??), en ik hoop dan ook dat we nog 

vele bioscoop avonden samen mogen doorbrengen! Ik hoop dat je samen met mama en ons 

enorm geniet van je pensioen. Je hebt het verdiend! Mam, het klinkt misschien cliché, maar 

ik ben ervan overtuigd dat wij door hetgeen wij samen hebben meegemaakt een unieke band 

hebben. Nog steeds ben jij er altijd voor me wanneer dat nodig is, zowel op de écht kritische 

momenten, als om vragen over de wasmachine te beantwoorden. Niets is voor jou te gek, en 

je staat binnen een paar minuten voor de deur als dat moet. Je hebt me geleerd om altijd 

mijn hart te volgen, of dat nu privé of op het werk is. Als jij maar half zo trots op mij bent als 

ik op jou, ben ik meer dan tevreden.  

Lieve Perla, omdat je met enige regelmaat aangeeft dat je het dialect spreken zo erg 

mist heb ik mijn uiterste best gedaan om dit stukje in authentiek Ni-jwieërts dialect te 

schrijven. Wae zeen net gaon samewoeene, des toch unne hieele stap. Trök kieekendj deenk 

ich det de aafrondingsfase van mieen PhD dan aug un ideale proefperiode is gewaesj. Dich 
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hes mich tieedes deze tieed ontzettendj geholpe met ut aafronde van mieen leste 

experimente en dit bukske, en dich hes de gave um rust te breenge in mieen (meistal zelf 

gecrejeerde) chaos. Op un paar stress momente nao deenk ich det we toch kinne stelle det 

wae met vlag met wimpel geslaagdj zeen;). Ich wil dich bedanke veur alles, en ich weit zeker 

det wae nog vul leuke jaore tegemoot gaon same in os ‘nowwe’ appartement. Al mot det 

hundje toch echt nog ff wachte!  
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