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ABSTRACT

Background and Objective: The sensory cell somata in the DRG contain all equipment necessary for extensive GABAergic sig-
naling and are able to release GABA upon depolarization. With this study, we hypothesize that pain relief induced by conven-
tional 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.

Materials and Methods: Female Sprague-Dawley rats (n = 31) were injected with streptozotocin (STZ) in order to induce Diabetes
Mellitus. Animals that developed neuropathic pain after four weeks (Von Frey) were implanted with a unilateral DRGS device at L4
(n = 14). Animals were then stimulated for 30 min with Con-DRGS (20 Hz, pulse width = 0.2 msec, amplitude = 67% of motor threshold,
n = 8) or Sham-DRGS (n = 6), while pain behavior (von Frey) was measured. DRGs were then collected and immunostained for GABA,
and a relation to 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) wasmade.

Results: DRGS treated animals showed significant reductions in STZ-induced mechanical hypersensitivity. No significant differ-
ences in GABA immunostaining intensity per sensory neuron cell soma type (small-, medium-, or large-sized) were noted in
DRGs 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 DRGs were observed.

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.
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INTRODUCTION

Spinal cord stimulation (SCS) is a recognized treatment option
for patients with intractable chronic neuropathic pain (1,2). SCS
was first utilized in 1967 by Shealy and colleagues (3) two years
after the publication of the “Gate-control” theory by Melzack and
Wall (4). According to the Gate Control Theory, antidromic stimu-
lation of the non-nociceptive Aβ-fibers located in the dorsal col-
umn of the spinal cord can close the “spinal gate” by inhibiting
incoming signals entering the spinal cord from the periphery via
nociceptive C- and Aδ-fibers. 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 (DH) of the spinal cord following
peripheral nerve injury (8). It was later shown that conventional
(Con-)SCS decreased the intracellular GABA concentration in the
DH of the spinal cord in this same neuropathic pain model (9), as
well as multiple studies demonstrating increased extracellular
GABA levels, as measured by microdialysis, following Con-SCS
(10–12). In addition, the application of a GABAB receptor antago-
nist can transiently abolish the SCS-induced effects in neuropathic
rats (10), and application of subeffective doses of Baclofen
(a GABAB receptor agonist) was shown to turn SCS nonresponders
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 neuromodulation, with advantages over
SCS in terms of a smaller charge requirement, better dermatomal
coverage, and efficacy in the treatment of complex regional pain
syndrome (15–18). Over the years, an increasing amount of litera-
ture has been published on the analgesic properties of DRGS,
including both clinical (19) and rodent studies (20–25). 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 (26). 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 inser-
tion (27). These different types of sensory DRG neurons have dif-
ferent properties, both in terms of electrophysiological responses
as well as 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 conduc-
tion velocity) and C-fibers (unmyelinated, small-sized cell soma: 12–
26 μm, low conduction velocity) have their own distinct electro-
physiological and morphological properties (28). To date, the MoA
of DRGS remains largely unknown. It was recently shown that DRGS
with conventional settings (Con-DRGS) does not decrease intracel-
lular levels of GABA immunoreactive staining in the DH of the spi-
nal cord in rats with painful diabetic polyneuropathy (PDPN) (29).
From this, it is concluded that Con-DRGS, in contrast to Con-SCS, is
not likely to depend on GABA release in the DH of the spinal cord.
In this context it is interesting that Du et al. reported the presence
of an extensive GABAergic communication network between sen-
sory neuron somata inside the DRG itself (30). 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 DH.

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.

MATERIALS AND METHODS
Animals
This study was performed in 31 female Sprague-Dawley rats

(Charles River, Maastricht, The 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 Com-
mittee of the Maastricht University Medical Centre (under project
license 2017–022), and experiments were performed in accor-
dance with the guidelines of the European Directive for the Pro-
tection of Vertebrate Animals Used for Experimental and Other
Scientific Purposes (86/609/EU).

Induction of Diabetes Mellitus
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 (31–35).

Assessment of Mechanical Hypersensitivity
Pain behavior was assessed by applying Von Frey monofila-

ments (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 four 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 min. The 50% withdrawal threshold (WT) was then calcu-
lated based on the up-down method as previously described (36).
A cutoff 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 (37). Only animals with a decrease of ≥0.2 of the
log10 (10,000 × 50% WT) unit were considered to have mechani-
cal hypersensitivity and were treated with DRGS.

Dorsal Root Ganglion Stimulation
A bipolar, custom-made DRGS lead was implanted as previously

described (20–23,27). 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 elec-
trode 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
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the skin via the neck of the animal, and the incision was closed in
layers.
Animals were externally stimulated for 30 min with Con-DRGS

(20 Hz, 0.2 msec pulse width, amplitude at 67% of the motor
threshold [MT]) or Sham-DRGS (amplitude at 0% MT) using a Pro-
claim implantable pulse generator (Abbott, Inc., TX, USA) in the
first week following DRGS implantation (31,32). The MT was mea-
sured before stimulation onset using a frequency of 2 Hz, and
pulse width of 0.2 msec. 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 measure-
ments were performed just before, and at 30 min following onset
of Con-DRGS. Following 30 min of DRGS, animals were immedi-
ately anesthetized with pentobarbital (100 mg/kg) and
transcardially perfused with 15% picric acid and 4% paraformalde-
hyde in 0.2 M phosphate buffer saline (PBS; pH 7.6).

Tissue Preparation
Following transcardial perfusion, both the ipsi- and contralateral

L4 DRG were extracted as previously described (38). Tissue was
then stored in PBS with 1% azide until further use. DRGs 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.

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 one hour using 2% normal donkey serum (Sigma-
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 pri-
mary antibody in TBS (3x 10 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 Nether-
lands) for two hours. Slides were then again washed in TBS
(3x 10 min), after which slides were incubated with Hoechst
(1:1000 in TBS) for 15 min in order to visualize nuclei. Last, slides
were washed 3x 10 min in TBS, and then cover slipped with
TBS/glycerol (80%/20%).

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 (three sections per DRG) using Micromanager
Software (Ron Vale’s Laboratory, UCSF, San Francisco, CA, USA).
Images were then merged together using Adobe Photoshop
(Adobe, Inc., San Jose, CA, 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 Wiscon-
sin, USA), and the corresponding diameter per soma was mea-
sured and noted. Average gray values per treatment group were
then calculated, as well as the average gray values per cell diame-
ter per treatment group. Three 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) (28). The
investigator was blinded for the condition of the tissue and ani-
mals throughout the whole experiment.

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
(37). For comparisons between pre-STZ WTs and preimplant 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 ipsilat-
eral and contralateral, one-way and two-way ANOVAs were used,
followed by a Tukey’s multiple comparisons test. A p value <0.05
was considered statistically significant. All statistical analyses were
performed using GraphPad Prism software version 8.4.3 (Gra-
phPad Software, Inc., San Diego, CA, USA).

RESULTS
Flowchart of Animals
Twenty-six out of 31 rats that were injected with STZ

developed DM within one week (84%; blood glucose
level > 15 mmol/L). No animals required additional insulin treat-
ment (blood glucose ≥31.4 mmol/L). Out of the 26 diabetic rats,
14 animals developed PDPN after four weeks (54%; ≥0.2
decrease in log10 (10,000 × 50% WT) on von Frey when com-
pared 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.

Behavior
Development of PDPN
The mean log10 (10,000 × 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 (ipsi-
lateral hind paw; p < 0.0001 compared to baseline) and
4.8 ± 0.07 g (contralateral hind paw; p < 0.01 compared to base-
line) at preimplantation (four weeks after STZ injection). No differ-
ences between the ipsi- and contralateral hind paw were noted at
either the pre-STZ baseline (p = 0.20) or the preimplantation mea-
surement (p > 0.99) (Fig. 1a).

Dorsal Root Ganglion Stimulation
No significant differences in terms of MTs were observed

between the Con-DRGS and Sham-DRGS group, indicating
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correct and stable implantation of the DRGS lead in both arms
(DRGS: 202 ± 79 μA, Sham-DRGS: 236 ± 39 μA; p = 0.74)
(Fig. 1b).
Con-DRGS significantly attenuated STZ-induced mechanical

hypersensitivity in the ipsilateral (stimulated) hind paw. 6/8 ani-
mals (75%) were classified as responders to Con-DRGS (≥0.2
increase in log10 (10,000 × 50% WT) on Von Frey when compared
to the stim off measurement). Average ipsilateral Log10
(10,000 × 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 × 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)
(Fig. 1c).
No effect of Sham-DRGS was observed on either the ipsilateral

or contralateral hind paw. Average ipsilateral log10 (10,000 × 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 × 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) (Fig. 1d).

Immunohistochemical GABA Staining
Average Gray Values
Anti-GABA immunostained sections showed a strong and spe-

cific GABA immunoreactivity (Fig. 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 differ-
ences (Con-DRGS vs. Sham-DRGS) were observed in neither the
ipsilateral DRG (p = 0.99) nor the contralateral DRG (p = 0.64)
(Fig. 2b).

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-sized (40–54 μm) 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 sig-
nificant difference also was noted between the gray values of the
small versus medium (Con-DRGS ipsi, p < 0.01; Con-DRGS contra,
p < 0.05; Sham-DRGS contra, p < 0.05) and small- versus large-
sized somata (Sham-DRGS contra, p < 0.05). A trend also was
observed between the medium- versus large-sized somata in the
Sham-DRGS contra DRG sections (p = 0.09) (Fig. 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,
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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 ipsi-
lateral and contralateral hind paw. b. No significant differences were observed in terms of average MTs between the Con-DRGS and Sham-DRGS group. MT was
assessed using a frequency of 2 Hz, and pulse width of 0.2 msec. c. The effect of 30 min of Con-DRGS (20 Hz) 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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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) (Fig. 2c).

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 neu-
rons (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 (21,31,32,39), as well as in rat models of tibial nerve injury
(25,27), collagen-induced rheumatoid arthritis (24), and intra-
articular knee monosodium iodoacetate-induced osteoarthri-
tis (25).
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 DH of the spinal cord. This is represented by a
decrease in intracellular GABA immunoreactivity in the DH of the
spinal cord directly following stimulation (9,40), and an increase
in extracellular GABA levels (10–12). Moreover, the analgesic prop-
erties of Con-SCS can be blocked with GABAB receptor antago-
nists (10,40), while they can be improved with 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

643

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 DRGs 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-sized as compared to the medium- and large-sized soma. No differences were observed between ipsi-
and contralateral DRGs 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 < 0.01. [Color figure can be viewed at
wileyonlinelibrary.com]
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speculate that DRGS activates these Aβ-fibers, and thereby
induces the release of GABA in the spinal cord dorsal horn, simi-
larly to what happens in Con-SCS of the dorsal columns. Indeed, a
computational analysis performed by Graham et al. found Con-
DRGS to modulate Aβ-fiber, but not C-fiber activity (41), which
could theoretically lead to the occurrence of pain gating mecha-
nisms in the spinal cord DH. However, a study by Koetsier et al.,
using the same PDPN model as used in the present study, found
that Con-DRGS does not affect the intensity of GABA-
immunoreactivity staining in the DH, and from this concluded
that Con-DRGS is not likely to release GABA in the DH of the spi-
nal cord (42). Based on these observations, it is unlikely that Con-
DRGS relies on GABAergic pain gating mechanisms within the DH
of the spinal cord.
Con-DRGS differentiates itself from Con-SCS by having access

to the somata 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 affer-
ent signaling (43). The latter finding is consistent with multiple elec-
trophysiological studies (26,44), 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 (30). 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 (30). Based on these findings, we hypothesized that
Con-DRGS induces the release of GABA from DRG somata for its
analgesic action which would result in decreased intensity of intra-
cellular GABA-immunoreactivity. Clearly, we were not able to dem-
onstrate any differences between Con-DRGS treated animals and
Sham-DRGS treated animals in terms of average GABA immunofluo-
rescence, 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 mea-
suring the average immunofluorescence per condition, we also
looked into the effect of Con-DRGS on groups of somata based on
three ranges of diameter: 12–26, 26–40, and 40–54 μm (28). In gen-
eral, the small- and medium-sized somas are more likely to include
nociceptive cells (C-type and Aδ-type, respectively), whereas the
large-sized soma are more likely to include non-nociceptive cells
(Aβ-type). In this context, the small nociceptive DRG somata (12–
26 μm) were found to express significantly more GABA as compared
to the medium- and large-sized somata in most groups, suggesting
the importance of GABA in (slow) nociceptive signaling. Interest-
ingly, 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
DRG somata (small, medium, large), nor were ipsi- versus contralat-
eral differences observed. This indicates that Con-DRGS does not act
by reducing intracellular GABA concentrations in either nociceptive
(small- and medium-sized somata) or 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 diame-
ter (28). Furthermore, Lee et al. showed that the soma size of
these intermediate cells does not correlate with conduction veloc-
ity as these cells appear with both myelinated as well as unmy-
elinated 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 men-
tioned earlier, there is some evidence suggesting the ability of
DRGS to inhibit the T-junction electrophysiologically (26,44). Fur-
thermore, a functional magnetic resonance imaging study showed
that DRGS can attenuate BOLD signals in pain-affiliated brain
regions, such as the contralateral ventral posterolateral and ventral
posteromedial thalamic nuclei, and cortical S1 and S2 (46). Last, it
was recently suggested that DRGS, especially at low frequencies
(<20 Hz), might induce DH inhibition via the activation of low
threshold mechanoreceptors 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 evi-

dence 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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COMMENT

This is another example of the excellent preclinical work per-
formed by this group working to elucidate the mechanisms
underlying DRG-S. This research paper underscores prior works
demonstrating a separate and distinct mechanism of action for
DRG-S as compared to SCS, and the limited role of GABA plays in
DRG-S.
The time, effort, skill, and commitment from these scientists to

put together such a project deserves praise from all those
involved with neuromodulation.
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