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Neuromodulation approaches, including spinal cord
stimulation and dorsal root ganglion stimulation, are
established methods for controlling chronic pain' that may
avoid the risks of addiction and overdose that accompany
opioid use. Spinal cord stimulation is effective for a range of
pain conditions, but relief may be incomplete' and diminish
over time. Dorsal root ganglion stimulation is achieved with
electrodes placed adjacent to the ganglion in the interver-
tebral foramen, produces analgesia without anesthesia, and
has proven effective for treating chronic neuropathic and
nonneuropathic pain,>™ advantages being that placement of
ganglion stimulation electrodes may be more stable* and
anatomical targeting of the pain site may be more readily
achieved, compared to spinal cord stimulation. Moreover,
ganglion stimulation may provide relief for conditions in
which spinal cord stimulation is ineffective, and in subjects
for whom spinal cord stimulation has failed.>

The mechanism of ganglion stimulation analgesia has
been only minimally explored,” and functional studies will
require a thoroughly validated animal model. We have ini-
tially described a rat model in which single level ganglion
stimulation relieved neuropathic pain from tibial nerve
injury.® In order to have a suitable platform for mechanis-
tic experiments, here we extend our observations to test if
our model is a valid representation of clinical ganglion stim-
ulation. As the mechanism by which ganglion stimulation
provides analgesia may be through amplifying the natural
impulse filtering at the sensory neuron T-junction,” we also
hypothesize that ganglion stimulation should be effective on

ABSTRACT

Background: Dorsal root ganglion field stimulation is an analgesic neuromodula-
tion approach in use clinically, but its mechanism is unknown as there is no validated
animal model for this purpose. The authors hypothesized that ganglion stimulation is
effective in reducing pain-like behaviors in preclinical chronic pain models.

Methods: The authors provided ganglion stimulation or spinal cord stimulation to
rats with traumatic neuropathy (tibial nerve injury), or osteoarthritis induced by intraar-
ticular knee monosodium iodoacetate, or without injury (naive). Analgesia was evalu-
ated by testing a battery of pain-related reflexive, functional, and affective behaviors.

Results: In rats with nerve injury, multilevel L4 and L5 ganglion stimulation é’
decreased hypersensitivity to noxious mechanical stimulation more (area under §
curve, —1,447 + 423 min x % response; n = 12) than single level ganglion g
stimulation at L4 ([-960 + 251 min x % response; n = 8; P=0.012] vs. L4 §
and L5), and L5 ([—676 + 295min x % response; n = 8; P < 0.0001] vs. Z
L4 and L5). Spontaneous pain-like behavior, evaluated by conditioned place 5
preference, responded to single L4 (Pretest [-93 + 65 s] vs. Test [87 + 82 g];
P=10.002; n=9), L5 (Pretest [-57 = 36 s] vs. Test [137 = 73 s]; P=0.001;
n = 8), and multilevel L4 and L5 (Pretest: —81 + 68s vs. Test: 90 + 765;
P = 0.003; n = 8) ganglion stimulation. In rats with osteoarthritis, multilevel
L3 and L4 ganglion stimulation reduced sensitivity to knee motion more (—
+ 28min x points; n = 8) than L3 ([-94 + 19min x points in knee bend %
test; n = 7; P=0.002] vs. L3 and L4) or L4 ([-71 + 22min x points; n = 7; g
P < 0.0001] vs. L3 and L4). Conditioned place preference during osteoarthritis é\’
revealed analgesic effectiveness for ganglion stimulation when delivered at L3 “5:’&
(Pretest [-78 = 77 s] vs. Test [68 + 136 s]; P=0.048; n = 9), L4 (Pretestg
[-96 = 51 ] vs. Test [73 + 111 s]; P=0.004; n = 9), and L3 and L4 (Pretest =
[-69 £ 52s; n = 7] vs. Test [55 + 140 s]; P= 0.022; n = 7).
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Conclusions: Dorsal root ganglion stimulation is effective in neuropathic
and osteoarthritic preclinical rat pain models with peripheral pathologic ori-
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setting and justifying this model as a suitable platform for mechanistic studies.
(AnesTHesloLogy 2020; 133:408—-25)

EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e Dorsal root ganglion stimulation is a new approach to neuromodula-
tion for the purpose of achieving pain relief

e Neuromodulation research has been slowed by the lack of well char-
acterized animal models

What This Article Tells Us That Is New

e Using a rat model of osteoarthritis, stimulation of both the L3 and
L4 dorsal root ganglia reduced nonreflexive knee motion scores and
provided conditioned place preference more than sham stimulation

e Sensitization from peripheral nerve injury responded to stimulation
maximally when provided at two ganglia (L4 and L5) versus just one
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all pain conditions with peripheral pathologic origins if the
painful region is covered. First, we designed studies to address
critical features of the model, including direct comparison to
spinal cord stimulation, influence of sex, and effectiveness
of ganglion stimulation measured by operant approaches
(weight bearing and conditioned place preference). In clin-
ical use, ganglion stimulation is usually applied at multiple
ganglion levels to fully cover a painful region.*'° Therefore,
we also compared the effectiveness of single versus multiple
levels of ganglion stimulation to identify if there is complete-
ness of covering the painful region. Also, we have extended
our neuropathic pain experiments to include examination
of a somatic pain condition, specifically osteoarthritis, in
which both inflammatory and neuropathic processes con-
tribute to the development of chronic pain."' Osteoarthritis
is the most common variety of arthritis and its most com-
mon symptom is pain, which can become resistant to non-
steroidal antiinflammatory drugs, as well as steroids. Opioid
medications are effective, but side effects and complications
are common.'? So, osteoarthritis pain is an important poten-
tial target of ganglion stimulation. Intraarticular injection of
the chondrocyte glycolytic inhibitor monoiodoacetate is a
well-accepted model of osteoarthritis that replicates the his-
tological findings of clinical osteoarthritis.'® Osteoarthritis
can evolve into a chronic condition in which pain occurs
even at rest and is resistant to nonsteroidal antiinflammatory
drugs."* We therefore chose this model to complement find-
ings from the contrasting tibial nerve injury model of nerve
trauma, and because of the frequency of osteoarthritis in the
clinical chronic pain population.

Materials and Methods
Animals

Male and female Sprague-Dawley rats weighing 200 to
250g were obtained from Taconic Farms Biosciences
(USA), and were maintained and used according to the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. All animal experiments were per-
formed according to protocols approved by the Institutional
Animal Care and Use Committee of the Medical College
of Wisconsin (animal protocol AUA00454). Animals were
housed in a pathogen-free facility, with two animals per
ventilated cage, in a room maintained at 25 £ 1°C with 35
to 45% humidity, and a 12/12-h day/night cycle. Animals
had free access to food and water, and bedding was aspen
wood chips. At the termination of the study, euthana-
sia was performed by decapitation during deep isoflurane
anesthesia.

Neuropathic Pain Model

Tibia nerve injury was performed as described in our pre-
vious report.® Briefly, animals were anesthetized with 2%
isoflurane/oxygen mixture, a 2-cm incision was made on

Dorsal Root Ganglion Stimulation on Rats with Pain

the lateral mid-thigh of right leg, and the sciatic nerve was
exposed at the point that it divides into its distal branches.
At a distance of 5mm distal to this branch point, the tibial
nerve was ligated with 5.0 silk sutures and 2 to 3 mm of the
nerve was removed distal to the ligation. Contact with the
preserved sural and common peroneal nerves was avoided.
Muscle and fascia were closed in layers, and skin was closed
with staples. Sham tibial nerve injury control rats had only
exposure of the nerves without further handling.

Monosodium lodoacetate—induced Osteoarthritis
Pain Model

Intraarticular injection of monosodium iodoacetate induces
articular cartilage loss, progressive subchondral bone lesions,
and induces pain due to both peripheral and central mecha-
nisms that responds to clinically relevant analgesics, indicat-
ing that monosodium iodoacetate—induced osteoarthritis is
a suitable model for study on chronic osteoarthritis pain.
Monosodium iodoacetate—induced osteoarthritis was per-
formed as described in a previous report.” Animals were
anesthetized with 2% isoflurane/oxygen mixture, during
which a single intraarticular injection of monosodium
iodoacetate (catalogue no. 12512; Sigma, USA) through
the infrapatellar ligament of the right knee was performed.
Monosodium iodoacetate was dissolved in 0.9% sterile
saline to a final concentration of 80 mg/ml and adminis-
tered in a volume of 25 pl (containing 2 mg monosodium
iodoacetate) using a 26-gauge needle. Sham osteoarthritis
control animals were given a single intraarticular injection
of 25 pl saline into the right knee. Evaluation of pain behav-
iors was performed 14 days after the intraarticular injection
of monosodium iodoacetate or saline.

Dorsal Root Ganglion Stimulation Electrode Implantation

Stimulation electrodes were prepared from two plat-
inum—iridium wires (0.010 inch and 0.005 inch), as
described in our previous report,® where their implantation
is also described. Briefly, rats were anesthetized with 2%
isoflurane/oxygen while maintaining body temperature at
36.5°C. A dorsal paramedian incision was made to expose
the external aspect of the intervertebral foramen at the
required levels of ganglion stimulation, which included the
fourth lumbar (L4), L5, or L3 spinal nerve, individually or
in combination. This requires removal of the overhanging
accessory process at the L3 and L4 levels. A probe with 0.4-
mm diameter was inserted into the intervertebral foramen
dorsolateral to the ganglion, to create a passage into which
the electrode was inserted in juxtaposition to the ganglion
at that level. A stainless steel wire was used to fix the elec-
trode to a screw inserted into the transverse process caudal
to the foramen.The leads, which were contained in flexible
plastic tubing for protection from excess flexion, were tun-
neled to the head, where the connection hub was secured
to the skull with screws and dental cement.
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Spinal Cord Stimulation Electrode Implantation

Spinal cord stimulation electrodes were made from two
platinum—iridium wires (0.005 inch), each configured as
circles with 1-mm diameter at their end and assembled to
lie with their centers 2mm apart. This was implanted as
described in a previous report.'® Briefly, after a small central
laminectomy of the T13 vertebra, a 1-mm diameter probe
was inserted epidurally in the rostral direction to create a
passage into which the electrode was inserted a distance of
10mm to face the dorsal aspect of the spinal cord at T10-
12 vertebral levels. The proximal end of the electrode was
passed through a subcutaneous tunnel to the skull, where it
was attached with screws and dental cement.

Dorsal Root Ganglion Stimulation and Spinal Cord
Stimulation

Animals received dorsal root ganglion stimulation or spi-
nal cord stimulation while awake and freely moving. In the
clinic setting, the intensity used is that which can produce

() 2517
paresthesia,

indicating that low-threshold mechanore-
ceptors are activated, but at current levels that do not pro-
duce motor activity. Therefore, in these experiments on rats,
we used a current at 80% of the motor threshold, similar to
previous studies,'® and additionally tested the effectiveness
of ganglion stimulation at 40, 60, and 98% of the motor
threshold. The motor threshold was determined as the cur-
rent at which any further increase resulted in perceptible
hind limb movement for ganglion stimulation or back mus-
cle shaking for spinal cord stimulation during stimulation
at 2 Hz with a pulse width of 200 ps. This was established
at each testing session. There were no differences in motor
threshold between L3, L4, and L5 ganglia and spinal cord
stimulation, both immediately after electrode implantation
surgery and 14 days after the surgery, at which time, thresh-
olds had increased uniformly in all groups (Supplemental
Digital Content 1, http://linksIww.com/ALN/C385).
Stimulation frequencies were 20 Hz for ganglion stimula-
tion and 40 Hz for spinal cord stimulation, similar to levels
used in previous animal studies and comparable to clinical

settings used to obtain optimal analgesia.>®!°

Behavioral Tests

Sensory testing of the plantar skin included eliciting reflex-
ive behaviors induced at threshold intensity punctate
mechanical stimulation (von Frey test), noxious mechanical
stimulation (pin), dynamic nonnoxious mechanical stimu-
lation (brush), cold stimulation (acetone), and heat stimu-
lation (Hargreaves test). Use-dependent pain was measured
using the static weight bearing test (“incapacitance” test),
and the affective dimension of spontaneous pain with
determined using conditioned place preference. Induced
knee joint pain was tested by pressure application mea-
surement and knee bend score. For animals with multiple
behavioral tests on the same day, the presentation sequence

Anesthesiology 2020; 133:408-25

was by the stress levels of those tests, specifically in the order
of von Frey, brush, acetone, pin, Hargreaves, knee bend, and
pressure application measurement. The investigator per-
forming conditioned place preference, pressure application
measurement, and the knee bend score was blinded on the
test day as to the animal’s treatment group, and the inves-
tigator performing sensory behavior tests (von Frey, pin,
acetone, brush heat, incapacitance) did not know whether
animals in osteoarthritis study had received monosodium
iodoacetate or normal saline injection into the knee. For
ganglion stimulation and spinal cord stimulation treat-
ments, the investigator was blinded as to administration of
gabapentin (catalog no. PHR 1049; Sigma—Aldrich, USA)
versus saline in experiments involving gabapentin, but the
investigator was not blinded to the electrical stimulation
treatment group as this was evident from induced motor
activity during motor threshold testing for establishing the
electrical stimulation current.

Threshold Punctate Mechanical Stimulation (von Frey)

The von Frey test was performed using calibrated mono-
filaments (Patterson Medical, USA). Briefly, beginning with
the 2.8-g filament, the tip of filament was applied perpen-
dicularly to the glabrous skin on the lateral third of the
plantar aspect of the hind paw for 1s, with just enough
force to bend the fiber. If a paw removing response was
observed, then the next weaker filament was applied, and
if no response was observed, then the next stiffer fiber was
applied, until a reversal occurred. After a reversal event,
four more stimulations were performed following the same
pattern. Each application is with intervals of at least 10s
between applications. The forces of the filaments before and
after the reversal, and the four filaments applied after the
reversal, were used to calculate the 50% withdrawal thresh-
old. Rats not responding to any filament were assigned a
score of 25 ¢.

In the absence of a hypersensitivity state, animals often
default to the 25-g score. In some experiments, we wished
to have a dynamic range that would allow identification of
changes in sensitivity to mechanical stimulation. For these,
we used von Frey fibers that we modified by attaching
tungsten tips of 100-pm diameters with precisely squared
ends to avoid points.'®!? This standardized the contact area,
and testing in palmar glabrous skin in human subjects shows
a liminal unpleasant sensation with a threshold of 9.5 *
0.6g (n = 3).

Noxious Punctate Mechanical Stimulation (Pin Test)

Pin test was performed using the point of a 22-gauge spi-
nal anesthesia needle that was applied to the lateral third
of the hind paw with enough force to indent the skin but
not puncture it. This was repeated for five applications,
with intervals of at least 10s between applications; this set
of applications was repeated after 1min, for a total of 10
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touches. Each application induced a behavior that was cat-
egorized as one of two types. The response typical of unin-
jured rats consisted of a very brief (less than 1s) withdrawal,
with immediate return of the foot to the cage floor. An
alternate behavior that we termed a hyperalgesic response
consisted of a complex event with sustained elevation of at
least 1s, variably combined with grooming that included
licking and chewing of the paw, and with shaking of the
limb."® This hyperalgesic behavior is specifically associated
with place avoidance,” indicating that it represents an aver-
sive experience. Hyperalgesia was quantified by tabulating
the number of hyperalgesic responses as a percentage of
total 10 touches.

Cold Stimulation (Acetone Test)

Sensitivity to cold was assessed using application of ace-
tone, which was expelled through tubing to form a convex
meniscus on the end of the tubing and was touched to the
lateral plantar skin without contact of the tubing with the
skin.?! The response was scored as positive if the paw was
removed, and 3 repetitions were spaced at least 1min apart.

Dynamic Mechanical Stimulation (Brush Test)

A camel hair brush (4mm wide) was applied to the lateral
plantar skin of the hind paw by light stroking in the direc-
tion from heel to toe during a span of 2s." The response
was scored as either “positive” if the paw was removed, or
“none” in the absence of movement. The test was applied
three times to each paw, separated by intervals of at least 10s.

Hargreaves Radiant Heat Stimulation

Animals were placed on temperature-regulated glass and
exposed to a radiant heat source. Three determinations of
withdrawal latency for each paw were separated by 1min."

Weight-bearing (Incapacitance Test)

An incapacitance device (Columbus Instruments, USA)
with a dual-channel weighing apparatus was used to mea-
sure asymmetry of weight-bearing as an indication of
use-dependent pain.?? Animals were trained and gently
restrained in a chamber with two hind paws placed on the
weighing surfaces. The weight borne on each hind limb
was measured.

Pressure Application Test

A pressure application measurement device (pressure appli-
cation measurement; Ugo Basile, Italy) was used to give
pressure stimuli directly to the knee. A calibrated force
sensor is worn on the thumb of the experimenter. With
the animal gently restrained, the pressure application mea-
surement device was pressed against the medial and lateral
aspects of the knee joint and the peak force at which a
withdrawal response is initiated was measured.

Dorsal Root Ganglion Stimulation on Rats with Pain

Knee Bend Test

Pain induced by knee joint movement in the monosodium
iodoacetate—induced osteoarthritis model was assessed by a
knee bend test.” While animals were gently restrained with
one hand by holding the upper body, the experimenter
flexed and extended the knee joint slowly for 2 to 35, then
struggling movements and audible vocalizations induced by
this maneuver were categorized according to the follow-
ing scale: O points (no response to full range extension or
flexion of the joint); 0.5 points (struggling in response to
full flexion or extension); 1 point (struggle in response to
medium range flexion or extension and also audible vocal-
izations to full range flexion or extension); and 2 points
(audible vocalizations in response to medium range flexion
or extension of the joint). The sum of the animal’s reactions
to five flexions and extensions was recorded, such that the
maximum value of the knee bend score is 20 points.

Conditioned Place Preference

This was performed as described in our previous report.®
A three-chamber conditioned place preference apparatus
(Med Associates, USA) was used. On the preconditioning
day, animals were allowed to explore both sides of chambers
for 15min and the time spent in each side was recorded.
Animals that showed a preference for one chamber (greater
than or equal to 67% of total time) were excluded from fur-
ther study. In the immediately after 4 days, place condition-
ing was conducted using an unbiased procedure. Specifically,
on each day animals received two 30 min sessions separated
by 6h in which either ganglion stimulation or sham gan-
glion stimulation without current (or in other experiments
in which either gabapentin or saline) were administered.
The chamber paired with ganglion stimulation or gabapen-
tin was consistent on all 4 days for a given animal, but was
randomly assigned for different animals. In the experiment
in which we tested if gabapentin can occlude conditioned
place preference induced by ganglion stimulation, gabapen-
tin was intraperitoneally injected 60 min before condition-
ing those rats with ganglion stimulation and sham ganglion
stimulation. Acquisition of conditioned place preference
was tested on the day after the last conditioning session. At
these final sessions, after each animal was placed in the cen-
tral chamber, it was allowed to freely explore the chambers
for 15min, and the time spent on each side was recorded.
A preference score was calculated as the total time spent in
the chamber paired with ganglion stimulation or gabapen-
tin, minus the total time spent in the other chamber paired
with sham ganglion stimulation or saline. Each rat had only
a single conditioned place preference test.

Protocol Design

In tibial nerve injury experiments, implantation of gan-
glion stimulation or spinal cord stimulation electrodes
was performed after baseline (day 0) sensory testing. After
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7 days or 14 days, during which no electrical stimulation

was provided, sensory testing was performed again, after
which tibial nerve injury was performed. For the experi-
ment comparing ganglion stimulation in male and female
rats, tibial nerve injury surgery was performed at the same
time as electrode insertion. In monosodium iodoacetate
experiments, the implantation of ganglion stimulation or
spinal cord stimulation electrodes was performed 7 days
after monosodium iodoacetate injection, at the time of the
onset of monosodium iodoacetate—induced osteoarthritis.
On days 7 to 11 after electrodes implantation surgery, gan-
glion stimulation was provided for 30min. The ensemble
of pain behavior tests (von Frey, brush, cold, pin test—all
done within 5min) were performed 15 min before ganglion
stimulation or spinal cord stimulation, and again 15min and
30min after the initiation of ganglion stimulation or spi-
nal cord stimulation (i.e., during stimulation), and again
15min and 30min after the end of ganglion stimulation
or spinal cord stimulation. Knee pressure application mea-
surement, knee bending, and incapacitance (weight-bearing
asymmetry) tests were applied before ganglion stimulation,
and only at 30 min after the initiation of ganglion stimula-
tion, to avoid excessive stress on the animals due to multi-
ple applications. Conditioned place preference testing was
performed on days 17 through 25 after tibial nerve injury
surgery or monosodium iodoacetate injection (at least 1d ay
after pain behavior testing during electrical or sham stimu-
lation). This consisted of 1 preconditioning test day, 4 days
of conditioning (starting 2 days after the preconditioning
test),and 1 test day. Animals without nerve injury (sham tib-
ial nerve injury), but with dorsal root ganglion stimulation
and animals with nerve injury or monosodium iodoacetate
injection but without ganglion stimulation or spinal cord
stimulation served as controls. All behavioral tests were per-
formed between 9:00 am to 3:00 pMm.

The sample size was based on our previous experience
with this design.® No statistical power calculation was con-
ducted before the study. The primary outcomes of this study
will be the effectiveness of ganglion stimulation on different
pain models and genders. The secondary outcome will be
whether there is a difference in effectiveness between gan-
glion stimulation and spinal cord stimulation.

Statistical Analysis

All data including outliers are included. Statistical analyses
were performed with Prism 8 (GraphPad Software, USA).To
compare changes from baseline before simulation, responses
to pin, brush, and cold were evaluated nonparametrically
using two-way repeated measures ANOVA with post hoc
Dunn test. Responses to von Frey and incapacitance tests
were evaluated using repeated measures ANOVA, with post
hoc comparisons using Dunnett test. The area under the curve
(AUC) of behavior values during 30-min stimulation and
30min after the stimulation was calculated with the value just
before the initiation of ganglion stimulation as baseline from

Anesthesiology 2020; 133:408-25

each animal and represented the comprehensive response to
ganglion stimulation. AUC determinations from different
groups were compared for difference using one-way ANOVA
with post hoc comparison Tukey test. For ganglion stimulation,
post hoc paired comparisons were performed for all possible
treatment pairs among L4 ganglion stimulation, L5 ganglion
stimulation, and simultaneous L4 and L5 ganglion stimulation
(L4 and L5 ganglion stimulation), but spinal cord stimulation
treatment was compared only to Sham spinal cord stimulation
and L4 and L5 ganglion stimulation. Conditioned place pref-
erence scores were analyzed with paired  tests and one-way
ANOVA with post hoc Tukey test was used for comparison
between treatments. When ANOVA and ¢ tests were used,
quantile—quantile plots were used to test the assumption of
normality. A two-tailed test of significance was use with P <
0.05. Data are reported as either mean + SD for parametric
data or as median * interquartile range for nonparametric
data. No responses to sham ganglion stimulation or spinal
cord stimulation were found, so these data were combined
into one Sham treatment group.

Results

Dorsal Root Ganglion Stimulation with Intensity at 80%
of Motor Threshold Had Better Effectiveness than Lower
Intensities

In our previous report, current at 80% of the motor thresh-
old was effective in providing analgesia in rats after tibial
nerve injury.'® Here, we tested the effectiveness of gan-
glion stimulation with different stimulating intensities in
preventing reflex pain behaviors and spontaneous pain
(conditioned place preference). Dorsal root ganglion stim-
ulation at 100% motor threshold (i.e., the lowest current at
which an induced movement that was detectable visually
or by touching the hindlimb) produced arousal and raising
and shaking of the hind paw, which disappeared when the
intensity was reduced to subthreshold levels (98% motor
threshold). Effectiveness of ganglion stimulation with cur-
rents at 40% motor threshold, 60% motor threshold, 80%
motor threshold, and 98% motor threshold were compared.
On the same rats with tibial nerve injury, ganglion stimu-
lation with 40% motor threshold and 60% motor threshold
produced less analgesic effects than that with 80% motor
threshold (Supplemental Digital Content 2, http://links.
Iww.com/ALN/C386). At the same time, ganglion stimula-
tion with 80% motor threshold (Pretest [-93 £ 65 s] vs. Test
[87 £ 825]; P=0.002; n = 9), but not 60% motor threshold
(Pretest [—53 + 51 s] vs. Test [-96 £ 117 s]; P = 0.430;
n = 8) showed effect on conditioned place preference
(Supplemental Digital Content 3, http://links.lww.com/
ALN/C387). Mechanical failure of the external electrode
connections caused two fewer data points in ganglion stim-
ulation with 0% motor threshold and 98% motor threshold
groups. On the basis of these findings, we used 80% motor
threshold in the subsequent experiments.
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Dorsal Root Ganglion Stimulation at L4 and L5
Together, but not Individually, Decreased Natural
Sensitivity to Mechanical Stimulation and Heat
Thresholds in Naive Rats

We first tested whether electrical stimulation at either
the dorsal root ganglion or spinal cord alters normal sen-
sory function by examining thresholds for withdrawal
from heat and punctate mechanical stimulation, applied
7 days after electrode implantation. The design of this
experiment used each animal for only one type of stim-
ulation. Ganglion stimulation and spinal cord stimulation
electrode implantation itself did not alter responses to
sensory testing (fig. 1), which is consistent with our pre-
vious report.® Spinal cord stimulation, as well as simulta-
neous L4 and L5 dorsal root ganglion stimulation applied
ipsilateral with the tested foot, increased the latency for
response to heat (fig. 1A), but such changes were not
seen with single level ganglion stimulation. Comparison
of treatment groups by calculating the AUC for heat
latency normalized to the O-min baseline showed
increased latency by ipsilateral L4 and L5 ganglion stim-
ulation ([101 £ 75min X s;n = 9; P = 0.039] vs. Sham
stimulation [20 £ 25min X s;n = 6]) and by spinal cord
stimulation ([157 + 96min X s;n = 8; P = 0.001] vs.
Sham stimulation; fig. 1B). Sham treatment group con-
sisted of animals with a spinal cord stimulation electrode
or ganglion stimulation electrodes that were inserted but
not activated. L4 or L5 dorsal root ganglion stimulation
alone did not affect heat sensitivity (fig. 1, A and B).
Whereas heat sensitivity was diminished bilaterally by
spinal cord stimulation, single level and combined L4
and L5 ganglion stimulation applied contralateral to the
tested foot had no effect (fig. 1, C and D). For testing
mechanical sensitivity, normal rats typically fail to with-
draw their paw upon plantar application of high-force
von Frey fibers of the customary design because of their
large cross-sectional areas. Since this makes a loss of
sensitivity impossible to discern, we instead used modi-
fied fibers in which force is applied to the skin through
standardized 100-um diameter tips that were applied to
the ends of the regular von Frey fibers."” The thresh-
old for response to mechanical stimulation with these
modified von Frey fibers was decreased by ipsilateral
L4 and L5 ganglion stimulation ([comparison by AUC,
444 + 670min X g; n = 9; P = 0.021] vs. Sham stimu-
lation [0 & Omin X g; n = 6]) and by spinal cord stimu-
lation ([comparison by AUC, 670 * 383 min X g;n = 9;
P = 0.002] vs. Sham stimulation), but ganglion stimula-
tion at L4 or L5 individually did not affect mechanical
sensitivity tested this way (fig. 1, E and F). Mechanical
sensitivity was diminished bilaterally by spinal cord
stimulation, but not by single level or L4 and L5 gan-
glion stimulation applied contralateral to the tested foot
(fig. 1, G and H). There were no missing data in these
experiments.

Dorsal Root Ganglion Stimulation on Rats with Pain

Single Level L4 or L5 Dorsal Root Ganglion Stimulation
Decreased Neuropathy-induced Hypersensitivity, but
not as Effectively as Combined L4 and L5 Dorsal Root
Ganglion Stimulation

We next examined the effects of ganglion stimulation and
spinal cord stimulation on the hypersensitivity that occurs
after nerve injury. Animals first had implantation of either
a spinal cord stimulation electrode, or a single ganglion
stimulation electrode at L4 or L5, or a ganglion stimula-
tion electrode at both L4 and L5. Each animal was used
for only one type of stimulation. Tibial nerve injury was
performed 7 days after electrode implantation, and 7 days
after that, hypersensitivity was evident by elevated rates for
hyperalgesic responses to noxious mechanical stimulation
(pin), withdrawal from cold (acetone), and withdrawal from
dynamic soft touch (brush), as well as lowered threshold for
withdrawal from threshold mechanical stimulation, which
used unmodified von Frey fibers as animals became sen-
sitive to these after nerve injury (fig. 2). After this baseline
testing session, testing was performed at 15-min and 30-min
timepoints during stimulation. All forms of ganglion stim-
ulation reversed hypersensitivity to all tested modalities
at both timepoints after initiation of ganglion stimulation
(fig. 2). Residual analgesia was evident 15min after termi-
nating stimulation, although this was variable. For instance,
residual effects were evident for pin-induced hyperalgesia
for all modalities except L5 ganglion stimulation, while no
residual effects were proven for cold testing. Comparison
between groups by AUC analysis showed analgesia from all
treatments including L4 ([-960 + 251 min X % response;
n = 8; P < 0.0001] vs. Sham stimulation [—30 * 85min X
% response; n = 8]), L5 ([-676 * 295min X % response;
n = 8; P = 0.001] vs. Sham stimulation), and L4 and L5
([—1447 £ 423 min X % response; n = 12; P < 0.0001] vs.
Sham stimulation), i.e., a larger effect than the Sham group,
and comparisons between treatments showed a greater
effect for L4 and L5 dorsal root ganglion stimulation versus
ganglion stimulation at individual levels (P = 0.012 vs. L4
and P < 0.0001 ws. L5; fig. 2B). Spinal cord stimulation
generated similar analgesic effects ([—1447 £ 387 minutes
X % response; n = 12; P < 0.0001] vs. Sham stimulation) as
L4 and L5 ganglion stimulation, and also showed residual
analgesia after stopping stimulation. There were no missing
data in these experiments.

In order to optimize the possibility of identifying dif-
ferences between dorsal root ganglion stimulation at dif-
ferent levels or combined levels, an additional experiment
was designed to compare these within the same animal,
allowing repeated measures comparisons. Each animal had
dorsal root ganglion stimulation electrodes implanted at
both L4 and L5. Fourteen days later, sensory testing showed
no changes induced by electrode placement (Supplemental
Digital Content 4, http://links.Iww.com/ALN/C388).
Tibial nerve injury was then performed, which induced
the expected hypersensitivity 7 days later (Supplemental
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Fig. 1. Effects of dorsal root ganglion stimulation and spinal cord stimulation on nociceptive sensation in normal rats. Left panels show the
time course for latency to respond to radiant heat applied to the plantar skin on the right foot (ipsilateral to the dorsal root ganglion stimulation
placement [A]) and left foot (C), and to noxious mechanical stimulation (modified von Frey, right foot [£], left foot [G]). Dorsal root ganglion
stimulation or spinal cord stimulation electrodes were implanted immediately after the baseline behavioral tests at day 0. Dorsal root ganglion
stimulation or spinal cord stimulation was given 30 min and behavioral responses were monitored for another 30 min. Right panels (B, D, F,
H) show the average of the area under the curve calculated for each rat for the time period during and 30 min after the dorsal root ganglion
stimulation or spinal cord stimulation, normalized to the baseline just before stimulation. Results are means = SD. Here and in other time
sequence data, each timepoint was compared to the 0 time baseline for that group and to the same timepoint for the control group, and a
planned comparison design was used for these post hoc tests. *P < 0.05, **P < 0.01 by the Tukey test after one-way ANOVA; 1, P< 0.05 and
2, P< 0.01 compared to data immediately before dorsal root ganglion stimulation; a, P< 0.05 and b, P < 0.01 compared to sham treatment
group by the Dunnett test after two-way repeated measures ANOVA with Greenhouse—Geisser correction; n, number of animals.

Digital Content 4, http://linksIww.com/ALN/C388). At testing during either L4 ganglion stimulation, L5 ganglion
that time, sequential testing of each animal was initiated  stimulation, L4 and L5 ganglion stimulation, or sham gan-
in which an initial sensory testing session was followed by glion stimulation (no electrical current), which were applied
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. 2. Effects of dorsal root ganglion stimulation and spinal cord stimulation on rats with tibial nerve injury. Dorsal root ganglion stimula- =
Fig. 2. Effects of dorsal root I timulat d | cord stimulat ts with tibial Dorsal root I timul X

tion or spinal cord stimulation electrodes were implanted immediately after the baseline (day 0) behavioral determinations. Animals were
assigned only to one treatment group and electrodes were only inserted at the sites at which active treatment was given. Tibial nerve injury
surgeries were performed 7 days after the electrode implantation. Time course for effects are shown in the left panels, and area under curve
analysis for group comparisons are shown in the right panels, for sensitivity to noxious mechanical stimuli (pin [A, B), threshold mechanical
stimuli (von Frey [C, D)), cold (E, ), and brush (G, H). The Sham treatment group consisted of animals with a spinal cord stimulation electrode
or dorsal root ganglion stimulation electrode (at L4 and L5) that were inserted but not activated. Results in A, £, and G are median = inter-
quartile range. Results in B, C, D, F, and H are mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001 by the Tukey test after one-way ANOVA. 1,
P<0.05; 2, P<0.01; and 3, P< 0.001 compared to data immediately before dorsal root ganglion stimulation; a, P < 0.05; b, P< 0.01; and
¢, P < 0.001 compared to Sham treatment group by the Dunnett test after two-way repeated measures ANOVA with Greenhouse—Geisser
correction; n, number of animals.
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to each rat in a random order with at least 1 day elapsed

between testing. This experiment again revealed a greater
effect for L4 and L5 ganglion stimulation versus stimulation
at individual ganglion levels (L4 and L5 [—1447 + 423 min
X % response; n = 12; P = 0.014] vs. L4 [-895 * 526 min
X % response; n = 12; P = 0.002] vs. L5 [-607 + 316 min
X % response; n = 12]) for pin hyperalgesia, but no such
differences were demonstrated for other tested modalities.
There were no missing data in in these experiments.

Sex Had No Influence on Neuropathic Pain Treatment by
Dorsal Root Ganglion Stimulation in Rats

Sexual dimorphism in effectiveness of analgesics is recog-
nized for multiple agents.*** To test if ganglion stimulation
analgesia differs by sex, we tested effectiveness of L4 gan-
glion stimulation analgesia against neuropathic pain in male
and female 14 days after ganglion electrode implantation
and tibial nerve injury. This showed that ganglion stimula-
tion was equally effective for male and female rats in reduc-
ing tibial nerve injury—induced hypersensitivity to pin, von
Frey, brush, and cold testing at 15 min and 30 min after ini-
tiation of ganglion stimulation, compared to Omin on day
14 in both male and female tibial nerve injury rats (fig. 3).

Pain Induced by Weight Bearing after Tibial Nerve Injury
Was Relieved by Both Dorsal Root Ganglion Stimulation
and Spinal Cord Stimulation

Static weight bearing asymmetry (incapacitance test) is
designed to assess avoidance of pain induced by use of the
limb for weight bearing in hindlimb pain models.”® Before
tibial nerve injury surgery, rats bore weight on the hind paws
equally (fig. 4), but after tibial nerve injury, less weight was
borne by the injured leg (fig. 4A). AUC analysis (fig. 4B)
showed reversal of the injury effect by both L4 dorsal root
ganglion stimulation ([—1,173 * 430min X g; n = 6] vs.
Sham stimulation [—43 * 48min X g;n = 6; P < 0.0001])
and L5 ganglion stimulation ([—1,225 £ 285min X g;n = 6]
vs. Sham stimulation [P < 0.0001]) compared to the Sham
group, but greater improvement by L4 and L5 ganglion stim-
ulation ([—1,992 + 295min X g;n = 6; P = 0.002] vs. L4,
and P = 0.001 vs. L5) and spinal cord stimulation ([—2,018 *
357min X g;n = 6; P = 0.001] vs. L4,and P = 0.001 vs. L5)
compared to single-level ganglion stimulation. There were
no missing data in in these experiments.

Spontaneous Pain-related Behavior after Tibial Nerve
Injury Was Relieved by Dorsal Root Ganglion Stimulation
and Spinal Cord Stimulation

The ability of ganglion stimulation and spinal cord stimu-
lation to relieve spontaneous pain and subsequent prefer-
ence for the location at which it was provided was tested
by the conditioned place preference test. After a 1-day pre-
conditioning phase and 4 sequential days of conditioning,
tibial nerve injury rats showed a strong preference for the

Anesthesiology 2020; 133:408-25

chamber paired with L4 ganglion stimulation (Pretest [—93
+ 65 5] vs. Test [87 £ 82 s]; P = 0.002; n = 9), L5 gan-
glion stimulation (Pretest [—57 *+ 36 s| vs. Test [137 + 73 s];
P =0.001;n = 8), L4 and L5 ganglion stimulation (Pretest
[-81 £ 68 s] ws. Test [90 + 76 s]; P = 0.003; n = 8), and
spinal cord stimulation (Pretest [—87 £ 42 s] vs. Test [106 *
168 s]; P = 0.020; n = 7), without any effect of Sham gan-
glion stimulation (fig. 5, A and B). This provides evidence
of spontaneous pain after tibial nerve injury and its relief by
these treatment modalities. We compared the effectiveness
of the different treatments using the time differences (AA
time) between the preference on test day and precondition-
ing day for each group (ganglion stimulation and spinal cord
stimulation; fig. 5C).This showed comparable effect sizes for
all ganglion stimulation (L4 [163 £ 85s;n = 9; P = 0.017]
vs. Sham stimulation [-12 * 70s; n = 7]; L5 [180 *+ 113s;
n = 8; P = 0.006] vs. Sham stimulation; L4 and L5 [171 *
108s; n = 8; P = 0.012] vs. Sham stimulation) and spinal
cord stimulation ([173 = 179s;n = 7; P = 0.006] vs. Sham
stimulation) groups, compared to the Sham group. Since it is
possible that ganglion stimulation induces conditioned place
preference by positive effects other than pain relief, we next
tested if ganglion stimulation can produce place preference
in the absence of a painful condition, which revealed that
animals with sham tibial nerve injury developed no place
preference from conditioning with L4 dorsal root ganglion
stimulation (Pretest [—132 * 87 s] vs. Test [—100 £ 44 s];
P = 0.235;n = 6) (fig. 6A).The lack of place avoidance in
this experiment (Sham tibial nerve injury with L4 ganglion
stimulation in fig. 6A) also indicates that ganglion stimu-
lation does not produce paresthesia at an aversive intensity.
To specifically identify if pain relief is the means by which
ganglion stimulation produces place preference after tibial
nerve injury, we also tested if gabapentin, an established anal-
gesic for treating neuropathic pain,” can occlude ganglion
stimulation—induced conditioned place preference. To opti-
mize timing of the analgesic effect of gabapentin (100 mg/
kg, intraperitoneal injection), we measured the timing of
its effects on hyperalgesia measured by the pin test and on
mechanical hypersensitivity during the von Frey test (fig. 6,
C and D). These both showed maximum effects at 1h after
injection, so gabapentin was given 1h before the animal was
put into ganglion stimulation-paired chamber or sham gan-
glion stimulation-paired chamber on conditioning days. We
confirmed the analgesic effectiveness of gabapentin in our
tibial nerve injury model by its ability to induce condition-
ing in tibial nerve injury animals (Pretest [-102 £ 54 s] vs.
Test [85 £ 58 s|; P < 0.0001; n = 9) (fig. 6A). Gabapentin
has also previously been shown to lack any positive condi-
tioning effect itself.?*** Here, when gabapentin was given to
tibial nerve injury animals before their attempted condition-
ing with L4 ganglion stimulation, we found that ganglion
stimulation no longer induced conditioned place preference
(Pretest [—100 £ 44 5] vs. Test [132 £ 87 s]; P = 0.235;n = 6)
(fig. 6,A and B), which demonstrates that the conditioning
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Fig. 3. Effects of dorsal root ganglion stimulation on male and female rats with tibial nerve injury. Dorsal root ganglion stimulation or spi-
nal cord stimulation electrodes were implanted immediately after the baseline (day 0) behavioral determinations. Time course for effects
are shown in the /eft panels, and area under curve analysis for group comparisons are shown in the right panels, for sensitivity to noxious
mechanical stimuli (pin [A, B]), threshold mechanical stimuli (von Frey [C, D)), cold (E, F), and brush (G, H). Results in A, E, and G are median
+ interquartile range. Results in B, C, D, F, and H are mean + SD. 1, P< 0.05; 2, P< 0.01; and 3, P < 0.001 compared to data immediately
before dorsal root ganglion stimulation by the Dunnett test after two-way repeated measures ANOVA with Greenhouse—Geisser correction;

n, number of animals.

effect of ganglion stimulation is attributable to its analge-
sic effectiveness. There were no missing data in in these
experiments.

Dorsal Root Ganglion Stimulation and Spinal Cord
Stimulation Relieved Mechanically Induced Knee
Osteoarthritis Pain

In order to expand our observations to include a different
type of pain, we employed the rat monosodium iodoacetate

model of osteoarthritis at the knee. Monosodium iodo-
acetate produces its peak sensory behavioral effects by

30 at which time rats in our

14 days after knee injection,
study showed weight bearing avoidance on the side of the
injected knee (81 £ 15g vs. 7 = 14 g [Baseline at day O[;
P = 0.002), and secondary plantar hypersensitivity by Pin
(57 £ 10% response vs. 2 = 4% response [Baseline at day 0];
P = 0.03) and von Frey (3 £ 2g vs. 25 £ Og [Baseline at
day 0]; P = 0.002) tests (fig. 7). These changes were reversed

by spinal cord stimulation, and by ganglion stimulation at
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Fig. 4. Effects of dorsal root ganglion stimulation and spinal cord stimulation on incapacitance test in rats with tibial nerve injury. Time
course for effects on weight-bearing asymmetry are shown in A, and area under curve analysis for group comparisons are shown in B.
Results are mean = SD. **P< 0.01; ***P< 0.001 by the Tukey test after one-way ANOVA. 1, P< 0.05; 2, P< 0.01; and 3, P< 0.001 compared
to data immediately before dorsal root ganglion stimulation; a, P < 0.05; b, P< 0.01; and ¢, P < 0.001 compared to Sham treatment group
by the Dunnett test after two-way repeated measures ANOVA with Greenhouse—Geisser correction; n, number of animals.
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Fig. 5. Effects of dorsal root ganglion stimulation and spinal cord stimulation on Conditioned Place Preference test in rats with tibial nerve
injury. (4) Sequence of events. (B) Preference at baseline (Pretest) and after treatment or Sham treatment, and the treatment effect normalized
to the Pretest baseline. Results are mean + SD. * P < 0.05; ** P< 0.01 by the paired ¢ test (B) and the Tukey test after one-way ANOVA (0).

n, number of animals.

the L4 level (in animals without an L3 electrode) and L3
and L4 combined ganglion stimulation, but not by gan-
glion stimulation at the L3 level (in animals without an L4
electrode) (fig. 7, A, C, and E). Comparisons by calculat-
ing the AUC demonstrated analgesic effects by L4 ganglion
stimulation (Pin [—881 £ 354 min X % response; n = 8; P
< 0.001] vs. Sham group; von Frey [159 + 134min X g;
n = 8; P < 0.0001] vs. Sham group; Weight bearing [—2,080
+ 766min X g;n = 8; P < 0.0001] vs. Sham group), L3
and L4 ganglion stimulation (Pin [—1,022 £ 335min X %
response; n = 8; P < 0.0001] vs. Sham group; von Frey

Anesthesiology 2020; 133:408-25

[198 + 106 min X g;n = 8; P < 0.0001] vs. Sham group;
Weight bearing [—1,634 + 736 min X g;n = 8; P < 0.0001]
vs. Sham group), and spinal cord stimulation (Pin [-892 £
211 min X % response; n = 7; P < 0.0001] vs. Sham group;
von Frey [157 £ 127 min X g;n = 8; P < 0.0001] vs. Sham
group; Weight bearing [—2,230 £ 670min X g;n = 8; P
< 0.0001] vs. Sham group) groups compared to the Sham
group (Pin [-113 + 101 min X % response;n = 6]; von Frey
[10 £ 13min X g;n = 8]; Weight bearing [-182 £ 210 min
X g;n = 6]), whereas L3 ganglion stimulation (Pin [-144 +
137 min X % response; n = 8]; von Frey [17 & 13min X g;
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Fig. 6. Effects of dorsal root ganglion stimulation on Conditioned Place Preference test in rats, showing preference at baseline (Pretest)
and after treatment (4), and the treatment effect normalized to the Pretest baseline (B). The time course for onset of analgesia by gabapentin
(100 mg/kg intraperitoneally) in tibial nerve injury animals is shown for pin (C) and von Frey test (D; n = 8). Gabapentin was injected 60 min
before conditioning those rats with dorsal root ganglion stimulation and Sham dorsal root ganglion stimulation. Results in A are median +
interquartile range. All other results are mean + SD. *P < 0.05; **P < 0.01; ***P < 0.001 by the paired ttest (4), the Tukey test after one-way
ANOVA (B), and the Dunnett test after one-way repeated-measures ANOVA (C). n, number of animals.

n = 8];Weight bearing [-228 + 124 min X g;n = 8]) was not
different from Sham. No differences were found between
L4 ganglion stimulation, L3 and L4 ganglion stimulation,
and spinal cord stimulation groups.To directly test ganglion
stimulation and spinal cord stimulation effects on the knee’s
mechanical sensitivity, we used the knee pressure applica-
tion measurement method, and pain behavior induced by
bending the knee was scored. Monosodium iodoacetate
decreased the threshold force to cause limb withdrawal for
the monosodium iodoacetate—injected knee, but there was
no change during 30-min stimulation by L3 ganglion stim-
ulation, L4 ganglion stimulation, L3 and L4 ganglion stim-
ulation, or spinal cord stimulation (fig. 8A). This negative
result may reflect the relatively high intensity of stimulation
necessary to reach the endpoint of audible vocalization. In
contrast, the knee bend test measures pain induced by grad-
ually increasing range of movement of the affected joint.
This test showed that monosodium iodoacetate increased
scores for the injected knee, and these elevated scores were
reduced by L3 ganglion stimulation (Before stimulation
[6 £ 1 points] vs. 30min after [3 + 1 points]; P = 0.009;
n = 7), L4 ganglion stimulation (Before stimulation [6 £
2 points| vs. 30 min after [4 £ 2 points]; P = 0.009; n = 7),
L3 and L4 ganglion stimulation (Before stimulation [7 *
1 points] vs. 30 min after [2 £ 1 points]; P = 0.007;n = §;
fig. 8B). The effect size of L3 and L4 ganglion stimulation
(=156 £ 28 min X points;n = 8) was greater than L3 (-94 *

19min X points;n = 7; P = 0.002) or L4 (=71 * 22min X
points; n = 7; P < 0.0001) ganglion stimulation alone, and
also greater than spinal cord stimulation analgesia (=110 £
30min X points; n = 6; P = 0.044; fig. 8C). There were no
missing data in these experiments.

Dorsal Root Ganglion Stimulation and Spinal Cord
Stimulation Relieved Spontaneous Knee Osteoarthritis
Pain

Conditioned place preference testing was performed after 4
sequential days of conditioning (30 min paired with 20-Hz
ganglion stimulation or 50-Hz spinal cord stimulation in
one chamber at random), with each rat having only a sin-
gle conditioned place preference test. No preference was
detected in monosodium iodoacetate rats paired with sham
ganglion stimulation or spinal cord stimulation (Pretest
[=76 £ 60s s] vs. Test [-88 + 90s; P = 0.640; n = 6]), but
rats showed a strong preference to the chamber paired
with spinal cord stimulation and ganglion stimulation per-
formed at either L3 (Pretest [—=78 + 77 s] vs. Test [68 £
1365s; P = 0.048; n = 9]), L4 (Pretest [-96 £ 51 s] vs. Test
[73 £ 111s; P = 0.004;n = 9]), or L3 and L4 ganglion stim-
ulation (Pretest [-69 + 52 5] vs. Test [55 = 140s; P = 0.022;
n = 7]; fig. 9A). Comparison of AA times between dif-
ferent treatment groups showed that ganglion stimulation
at either L3 ([146 = 178s; P = 0.039] vs. Sham treatment
[19 £ 425;n = 6]), L4 ([169 £ 1265; n = 9; P = 0.004]
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Fig. 7. Effects of dorsal root ganglion stimulation and spinal cord stimulation on rats with monosodium iodoacetate—induced osteoarthritis
pain. The time course for effects are shown in the /eft panels, and area under curve analysis for group comparisons are shown in the right
panels, for plantar sensitivity to noxious mechanical stimuli (pin [4, B]), plantar sensitivity to threshold mechanical stimuli (von Frey [C, 01),
and weight-bearing asymmetry (E, A. Solid arrows in A, C, and E represent intraarticular injection of monosodium iodoacetate and stimula-
tion electrodes implantation. Results in A are median =+ interquartile range. Results in other panels are mean + SD. *P < 0.05, **P < 0.01,
***P < 0.001 by the Tukey test after one-way ANOVA. 1, P< 0.05; 2, P< 0.01; and 3, P < 0.001 compared to data immediately before dorsal
root ganglion stimulation; a, P < 0.05, b, P< 0.01, and ¢, P < 0.001 compared to Sham treatment group by the Dunnett test after two-way
repeated measures ANOVA with Greenhouse—Geisser correction; n, number of animals.

vs. Sham stimulation), or L3 and L4 ([124 = 106s;n = 7,
P = 0.038] vs. Sham stimulation), and spinal cord stimula-
tion ([174 £ 103s;n = 6; P = 0.003] vs. Sham stimulation)
all had increased AA time compared to the Sham stimula-
tion group, and there were no differences between L3, L4,
and L3 and L4 dorsal root ganglion stimulation, and spinal
cord stimulation groups (fig. 9B). There were no missing
data in this part in these experiments.

Discussion

Electrical stimulation of segmental dorsal root ganglion
neurons is a new clinical treatment for pain that has an
uncertain mechanism of action. Development of a validated

Anesthesiology 2020; 133:408-25

preclinical model can generate insights on the potential
effectiveness of new clinical applications, and provide a plat-
form for testing mechanistic hypotheses. We have identified
analgesic effectiveness of ganglion stimulation in rat mod-
els of neuropathic pain and osteoarthritis pain, and have
shown that treating two ganglia that innervate a painful area
generates greater analgesia than single level stimulation, and
that ganglion stimulation is equally effective in females and
males. Conditioned place preference data demonstrate that
ganglion stimulation reduces the negative affective aspects
of spontaneous pain induced by both nerve injury and
osteoarthritis. Together, these findings support the validity
of this rat model of ganglion stimulation as a relevant replica
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Fig. 8. Effects of dorsal root ganglion stimulation/spinal cord stimulation on rats with monosodium iodoacetateinduced osteoarthritis
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compression using a pressure application measurement device (4). Also shown are the scored response to knee bending (B), and group
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Fig. 9. Effects of dorsal root ganglion stimulation and spinal cord stimulation on Conditioned Place Preference test in rats with monosodium
iodoacetate—induced osteoarthritis pain, showing preference at baseline (Pretest) and after treatment (4), and the treatment effect normalized
to the Pretest baseline (B). Results are mean + SD. *P < 0.05, **P < 0.01 by the paired ttest (4) and the Tukey test after one-way ANOVA (B).

n, number of animals.

of clinical use, making it suitable for exploring indications
and mechanisms of ganglion stimulation. Additionally, this
study confirms analgesic effectiveness of ganglion stimula-
tion neuromodulation in a placebo-free preclinical setting,
using tests that limit bias.

Our examination of the effectiveness of ganglion and
spinal cord stimulation against normal nociception demon-
strates that both forms of neuromodulation reduce respon-
siveness to heat and mechanical stimulation, although in the
case of ganglion stimulation, analgesia was evident only if it
was applied at both ganglia that provide the dominant sen-
sory innervation to the plantar skin. There are no published
observations testing effectiveness of ganglion stimulation
against normal nociception in humans, although our find-
ings suggest that such effects could be expected. For spinal

cord stimulation, some animal studies demonstrate that spi-
nal cord stimulation decreases responsiveness to noxious
or threshold mechanical stimulation in uninjured areas,
while others observed no changes.*** Human studies also
suggest diminished cutaneous sensory function in the area
of paresthesia induced by spinal cord stimulation,”? so
reduced thresholds for mechanical and heat stimulation
during spinal cord stimulation in this rat model are com-
patible with human observations.

In comparing multiple- versus single-level ganglion stim-
ulation, our findings across various sensory modalities for
both normal nociception and tibial nerve injury—induced
neuropathic pain uniformly indicate greater suppression
of hypersensitivity by stimulation at two adjacent gan-
glia compared to single-level stimulation. Overlap of the
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dermatomes for adjacent segmental levels is well estab-
lished,” so it is evident that both pathways for afferent fibers
must be exposed to stimulation for shifting the threshold
for response to these particular noxious stimuli (heat and
punctate mechanical). In clinical application, electrodes
are commonly implanted at multiple dorsal root ganglion
levels, and success correlates with the number of ganglia
treated,’®** supporting the validity of our model.

The use of tests that evaluate an animal’s affective
response to pain is a critical supplement to the more tradi-
tional evaluations of reflex behaviors. For instance, although
we have shown that the hyperalgesia response reflects an
aversive experience,” no such evidence exists for the von
Frey test, indicating that it may represent withdrawal that
accompanies a nonpainful experience. The conditioned
place preference paradigm quantifies the rat’s choice of
location as an indication of analgesic effectiveness in treat-
ing spontaneous pain, and thereby permits measurement
of the unpleasant, motivational aspect of the pain experi-
ence. After nerve injury, both spinal cord stimulation and
ganglion stimulation conditioned a place preference, with
comparable effectiveness for single- and multilevel ganglion
stimulation. This difference from reflex-based tests, in which
multilevel ganglion stimulation showed greater effective-
ness, may reflect either a peak conditioning influence by
even partial analgesia, or comparable analgesia for sponta-
neous pain when using single-level compared to multilevel
ganglion stimulation. Like conditioned place preference,
the rat’s choice of weight distribution between the injured
and healthy leg reflects a decision influenced by avoiding
use-dependent pain. For this test, there was less apparent
benefit in two-level ganglion stimulation versus single-level
than was seen with induced reflex behaviors. The relative
sufficiency of single-level ganglion stimulation in this test
and for conditioned place preference, compared to a lack of
effectiveness for single-level dorsal ganglion stimulation in
reflex-based pain testing, may indicate that ganglion stim-
ulation has greater effectiveness in relieving affective influ-
ences of pain than in reducing nociceptive aspects.

We extended our examination of dorsal root ganglion
stimulation to include a model of osteoarthritis, as this
is a common chronic pain condition. There has been no
study to examine if ganglion stimulation is effective against
clinical osteoarthritis pain. We identified weightbearing
avoidance and secondary plantar hypersensitivity in exper-
imental osteoarthritis, as observed previously,* attributed
to dorsal horn sensitization and descending facilitation.'
The majority (63 to 88%"*%) of rat knee innervation passes
through the L3 and L4 ganglia. However, L3 neurons min-
imally contribute to plantar innervation compared to L4
and L5,%* so the secondary hyperalgesia of the plantar
skin may be insensitive to ganglion stimulation at L3, while
stimulation at L4 was effective. It was unexpected, however,
to find that only L4 dorsal root ganglion stimulation pro-
vided analgesia against mechanical stimulation of the knee

Anesthesiology 2020; 133:408-25

by weightbearing, since this stimulus should engage activity
in the L3 pathway. Also unexplained is failure by any treat-
ment to lessen sensitivity to knee compression, although it
is possible that the intensity of stimulation at the endpoint
of withdrawal exceeds the analgesic effectiveness of neu-
romodulation. Proportionate contributions for L3 and L4
were, however, noted for pain induced by passive move-
ment of the joint, and ganglion stimulation at each of these
levels produced conditioned place preference, confirming
effectiveness for spontaneous pain. This confirms previous
observations that neuronal activity originating in the joint
produces ongoing pain.'*

Our study was not designed to directly examine possi-
ble mechanisms by which ganglion stimulation may pro-
duce analgesia, but some insights may be derived from
the findings. Ganglion stimulation has no effect on sen-
sory thresholds of the contralateral foot, supporting the
view that analgesic effects arise from interactions with the
local afferent neurons exposed to stimulation, rather than a
generalized effect such as activation of descending analge-
sic pathways or a change in animal attentiveness. Bilateral
effects of spinal cord stimulation are expected from its mid-
line location, causing symmetric effects upon spinal cord
pain processing. Analgesia did not follow insertion of the
electrodes alone, indicating that mechanical damage was
not responsible for sensory changes. Analgesia for hyper-
sensitivity induced by ganglion stimulation has an onset
within 15min, suggesting that it is not attributable to
reversal of the complex and diverse pathogenesis of these
chronic pain states. Additionally, reduced sensitivity to
cutaneous stimulation was also seen in rats without injury,
which further supports a ganglion stimulation mechanism
resembling a block-like state that engages normal neuronal
processes sensitive to electrical stimulation. Responsiveness
was reduced for diverse types of sensory stimuli, includ-
ing thermal and mechanical stimulation, at both threshold
level and high intensity, and for both cutaneous and deep
somatic structures. This indicates that a broad range of sen-
sory neuron subtypes are sensitive to ganglion stimulation,
suggesting that blockade takes place not at their differenti-
ated peripheral terminals where impulse trains are initiated
by specific transduction processes, but rather that stimula-
tion acts along the axon where the mechanism of impulse
propagation 1s similar for all modality types. We have previ-
ously hypothesized that ganglion stimulation reduces trans-
mission of impulse trains through the axonal T-junction by
amplifying its natural low-pass filtering on a use-depen-
dent basis.”** Our current observations are compatible
with this explanation of ganglion stimulation as a locally
acting blockade of action potential trains. As the process
of Tjunction filtering is sensitive to intracellular calcium
accumulation and calcium/calmodulin-dependent protein

kinase II activation,***’

the residual period of relative anal-
gesia we observed after termination of stimulation is also

compatible with this hypothesis.
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‘We previously observed that 2 weeks of ganglion stim-
ulation is effective in blocking neurogenic inflammation of
peripheral tissues in the setting of collagen-induced arthri-
tis,* and reduced tissue inflammation has been noted in
one clinical report.”” Since inflammation of the dorsal root
ganglion is evident in both the peripheral nerve injury*
and monosodium iodoacetate models,® an alternative
mechanism of ganglion stimulation analgesia might be
blockade of neurogenic inflammation within the ganglion
itself. However, clinical subjects report that pain returns
promptly after discontinuation of a sustained period of suc-
cessfully analgesic dorsal root ganglion stimulation,® mak-
ing reversal of pathogenic processes an unlikely analgesic
mechanism. Future mechanistic experiments will test our
hypothesis that ganglion stimulation acts locally by block-
ing transit of action potential trains through the sensory
neuron T-junction. Refinement by identification of rele-
vant parameters, such as stimulation intensity and compar-
ative effectiveness of multiple stimulation levels, will also
allow us to limit the number of animal groups in future
mechanistic studies.
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