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Introduction
The concurrent rise of opiate abuse and undertreated pain continues to drive interest in non-
invasive brain stimulation techniques that may diminish pain [1; 51; 68] One brain region
that has emerged as a target of such stimulation is the dorsolateral prefrontal cortex
(DLFPC). Studies have shown that stimulating DLPFC with transcranial direct current
stimulation (tDCS) or repetitive transcranial magnetic stimulation (rTMS) reduces
experimentally-induced pain [14; 54; 61] as well as chronic pain [5; 18; 46]. In two different
postoperative studies, patients who received a single session of left DLPFC rTMS after
gastric bypass surgery self-administered 40% less morphine than controls who received
sham stimulation [17; 20]. Despite these positive results, there are conflicting reports about
the extent to which rTMS produces a clinically relevant pain reduction [55]. An important
step toward evaluating DLPFC rTMS as a potential analgesic intervention is to determine
the pharmacological mechanisms by which it produces analgesia.

The periaqueductal gray (PAG) and rostral ventromedial medulla (RVM) are critical
components of a supraspinal opioidergic circuit (SOC) that modulates pain, the subjective
experience frequently linked to nociception [7; 8; 33; 49]. There are several lines of indirect
evidence that cingulofrontal regions like DLPFC or ACC can drive top-down analgesia via
gain modulation of the SOC. These include (a) anatomical connectivity as evidenced by
retrograde tracing [4; 22] and fos immunoreactivity [48] in laboratory animals and diffusion
tensor imaging [37] in humans, (b) physiological connectivity as evidenced by electrical or
chemical stimulation in rodents, which alter PAG-RVM physiology and induce analgesia in
an intensity- and dose-dependent manner [24; 39], (c) pharmacological connectivity as
evidenced by the shared capacity for opioid release, opiate binding and opiate-mediated
activation [10; 13; 60], and (d) functional connectivity as evidenced by naloxone reversible
blood oxygen level dependent (BOLD) signal coupling during placebo analgesia [32; 57].

A recent study found that naloxone pretreatment significantly reduced right motor cortex
(M1) rTMS-induced analgesia but did not affect right DLPFC rTMS-induced analgesia [26].
It is important to continue probing the pharmacological mechanisms of DLPFC-induced
analgesia given the potential for a prefrontal-midbrain-brainstem circuit and the lack of
clarity about functional lateralization in the prefrontal cortex (PFC). The purpose of the
present study was to determine whether pretreatment with a μ-opioid antagonist inhibits left
DLPFC rTMS-induced analgesia.
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Materials and Methods
This study was approved by the Institutional Review Board at the Medical University of
South Carolina. All participants signed a written informed consent prior to participation.

Study Design
Twenty-four (24) healthy volunteers between 18-45 years of age were recruited to
participate in this double sham-controlled, double-blind, crossover study. All participants
were naïve to TMS prior to enrollment. Qualified participants were randomly assigned to
receive real or sham left DLPFC rTMS. Within each arm, participants were then randomized
to receive IV naloxone (0.1 mg/kg) or saline during their first experimental trial. One week
later, participants returned for a second experimental trial in which they received the same
TMS treatment but the opposite IV infusion. The number of participants randomly assigned
to each group was determined by power calculation based on data from a previous study in
the lab [19].

Screening Procedures
Prospective participants (self-referred via flyers and e-mail announcements) were
interviewed by the PI over the phone. Exclusion criteria were used to eliminate participants
with conditions that might confound the research or put them at risk for an adverse event.
Participants met the following criteria: (1) 18-45 years of age, (2) no seizure history
(individual or family), (3) no history of depression, (4) no hospitalizations or surgeries in the
previous 6 months, (5) not currently experiencing pain, (6) no history of chronic pain, (7) no
metal implant above the waste (e.g. pacemakers, metal plates, wires, (8) not pregnant, (9) no
alcohol dependence (10) no illicit drug use in the previous 6 months, (11) no known allergy
to capsaicin, (12) no history of brain surgery or brain lesions, (13) no history of loss of
consciousness (greater than 15 min), (14) no stimulants or medications that lower seizure
threshold, (15) negative drug screen for opiate use. Individuals who phone qualified for the
study were invited to a screening visit during which risks and benefits were explained. After
providing written informed consent to participate, each participant submitted a urine sample
tested for opiates. Female participants’ urine was also screened for pregnancy hormones.

Resting Motor Threshold Assessment
Resting motor threshold (rMT) assessment was performed using a Neuronetics TMS
machine with an iron-core, solid-state figure-of-8 coil (Model 2100, Neuronetics Inc;
Malvern, PA). The TMS machine was initially set to 65% of its maximal output. The coil
was systematically moved until the area on the scalp that produced contraction of adbuctor
pollicis brevis (APB) was identified. Custom-developed software that employs adaptive
parameter estimation by sequential testing (PEST) data was used to determine rMT, or the
minimum machine output necessary for visible APB contraction 50% of the time that pulses
were delivered [15]. Once rMT was determined, the location on the scalp that corresponds to
BA9 of left DLPFC was found using the Beam F3 method [9].

Behavioral Measures
Baseline pain assessments were performed using cutaneous hot and cold stimuli via a 30 ×
30 mm ATS thermode on the Medoc Pathway System (Israel). There were two behavioral
measures: quantitative sensory testing (QST) on untreated skin and blocks of pain on
capsaicin-treated skin.

QST was performed via method of limits testing on the right thenar eminence. A program
was designed to randomly order five hot and five cold stimuli with random durations (5-35
sec) between each trial. The ATS thermode began at 32°C and increased or decreased by
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0.5°C per sec. Participants were instructed to press a button in order to signify three different
measures: (1) sensory threshold, or the temperature at which the stimulus became
noticeable, (2) pain threshold, or the temperature at which the stimulus became painful, and
(3) pain tolerance, or the temperature at which the stimulus became unbearable. The device
was set to stop heating at 51.5°C and stop cooling at 0°C to avoid tissue damage.

Block testing was done with a slightly adapted model of hot allodynia [56]. First, 1%
capsaicin cream was applied to a 40 × 40 mm region of skin 12 cm away from the wrist on
the right volar forearm. After 30 min, the capsaicin was cleaned off and cutaneous heat
stimuli were applied to the capsaicin-treated skin via the ATS thermode. Pain was assessed
by administering 22s blocks of fixed temperatures. After each trial, participants rated pain
unpleasantness and intensity using an 11-point (0 to 10) rating scale. Multiple trials were
conducted at baseline until the participant consistently rated one temperature as “7 out of
10” in intensity. Studies have shown that stimuli rated as 7 out of 10 produce highly
reproducible results in terms of pain ratings and fMRI activation without posing significant
risk to participants [27]. This temperature was administered in 3 separate 22 sec trials with
30 s between each trial 0, 20 and 40 min after TMS.

Intravenous Drug Infusion and TMS Procedure
After baseline pain measurements, a bolus of 0.1mg/kg naloxone or the equivalent amount
of saline was blindly infused intravenously into the participant’s left arm. Naloxone was
chosen over oral μ-opioid antagonists like naltrexone because naloxone has consistent
bioavailability, immediate onset and short duration. Naloxone has also been shown to be
safe to administer to healthy volunteers and drug-naïve subjects, producing very little
obvious side effects [21; 40]. The saline infusion was designed to control for placebo
effects. Five min after naloxone or saline infusion, participants blindly received either 20
min of left DLPFC TMS (10 Hz, 110% RMT, 5 s on, 10 s off) or 20 min of left DLPFC
sham stimulation. The eSham system was implemented in conjunction with a specialized
Neuronetics sham TMS coil. Two Thymapad Stimulus Electrodes (Somatics, LLC; Lake
Bluff, IL) were placed on the scalp under the TMS coil. All participants had electrodes
placed on the scalp location that corresponded to left DLPFC, but only those assigned to
sham received electrical stimulation through them. Studies have shown that this sham
system effectively blinds participants to TMS treatment (active versus sham) [16].
Following real or sham TMS, QST and block pain ratings were performed at 0, 20 and 40
min.

Unblinded nurses who were not present during TMS administration, data acquisition or data
analysis prepared the saline or naloxone syringes according to a randomization chart. These
individuals had minimal interaction with study participants. Similarly, the real or sham TMS
coil was setup by a research assistant who was otherwise not involved in the study. This
arrangement allowed the Principal Investigator (JJT), who collected all pain measurements
and ran all study sessions, to remain blind to both medication and TMS allocation. The
participants were also blinded and were not told of their TMS or medication randomization
status. At the end of the experiment, each participant was asked to guess whether they had
received real TMS or sham TMS or if they could not make a guess and had no idea which
they had received.

Statistical Analyses
For all QST measures, the first hot and cold trial within each time point was discarded to
control for novelty effects and reduce the variability associated with Aδ fiber activation
[58]. All data were reviewed for quality prior to being locked for statistical analysis after
unblinding. Results are expressed as mean temperature detected or tolerated (Celsius) or
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rating ± SD. Analysis of variance (ANOVA) tests were implemented using IBM SPSS
Statistics Version 19 (New York, NY). One-way and mixed model ANOVAs were used to
examine within- and between-group effects with Bonferroni adjustments for post hoc
analyses.

Results
No reportable adverse events were produced by this protocol. One participant had to cease
participation in the study after a brief syncopal episode during venipuncture prior to drug or
TMS administration. Data from this individual were not used in the subsequent analyses.

Demographics
There were no significant differences between the real and sham TMS groups in terms of
age (p = 0.42; student’s t-tests, two-tailed), gender (p = 0.44), handedness (p = 1.00), or race
(p = 0.56; student’s t-tests, two-tailed) (Table 1).

Resting Motor Threshold Assessment
There were no significant differences in resting motor threshold between the real and sham
TMS groups (p = 0.86) or within the real TMS group between saline and naloxone
pretreatment (p = 0.39; student’s t-tests, two-tailed).

Baseline Pain Comparisons
There were no significant differences in any of the baseline pain measures between saline-
real TMS, saline-sham TMS, naloxone-real TMS, and naloxone-sham TMS treatment
groups.

TMS Blind Integrity
As a group, participants were successfully blind to TMS treatment condition. When asked if
they had received real or sham TMS, 6 participants guessed correctly, 7 participants guessed
incorrectly and 11 had “no idea”. Of those who guessed about treatment condition,4 out of 8
participants successfully reported that they had received real TMS and 2 out of 5
participants successfully reported that they had received sham TMS [χ2(1) = 0.12, not
significant]. Thus, the success rate for correctly identifying the TMS treatment condition
was no better than chance.

Effect of Real versus Sham TMS
Acute Pain Model: Quantitative Sensory Testing—The mean hot pain threshold for
participants in the saline-sham TMS group was 46.71 (2.34) at baseline, 46.26 (2.21) at time
0, 46.22 (2.38) at time 20 and 46.51 (2.30) at time 40. There were no significant within-
group effects in the saline-sham TMS treatment group. The mean hot pain threshold for
participants in the saline-real TMS treatment group was 44.84°C (2.76) at baseline, 46.13
(2.62) at time 0, 47.47 (1.70) at time 20, and 47.82 (1.82) at time 40. A within-group one-
way ANOVA with Bonferroni correction revealed significant effects for real TMS on hot
pain threshold at time 20 (p = 0.41) and time 40 (p = 0.014) when compared to baseline. A
between-group mixed model ANOVA revealed a significant effect for time (F[3,66.29]=
9.34, p < 0.001) and a group*time interaction (F[3,66.29]= 13.52, p < 0.001) for hot pain
threshold when saline-real TMS treatment was compared to saline-sham TMS treatment
(Figure 1). Post hoc analyses with Bonferroni adjustment indicate that there were significant
differences in hot pain threshold between the two treatment conditions when baseline was
compared to time 20 (df = 66.29, p = 0.007) and time 40 (df = 66.29, p < 0.001). There were
also significant differences in hot pain tolerance between the two treatment conditions when
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baseline was compared to time 20 (df = 65.97, p = 0.027) and time 40 (df = 65.97, p =
0.018).

Hot Allodynia Model: Block Testing—The saline-sham TMS group rated the mean
temperature of 43.08 (3.26) at an intensity of 7.01 (0.25) at baseline, 6.86 (0.61) at time 0,
6.92 (0.43) at time 20 and 6.86 (0.33) at time 40. A within-group one-way ANOVA with
Bonferroni correction found no significant within-group effects in the saline-sham TMS
treatment group. In contrast, the saline-real TMS group rated the mean temperature of
42.33°C (2.64) at an intensity of 6.92 (0.78) at baseline, 4.42 (0.79) at time 0, 4.47 (0.95) at
time 20 and 4.22 (0.75) at time 40. A within-group one-way ANOVA with Bonferroni
correction revealed significant effects for real TMS on pain intensity at all three post-TMS
time points (p < 0.001). Identical results were found with pain unpleasantness at each time
point. A between-group mixed model ANOVA revealed a significant effect for group
(F[1,22.00] = 66.40, p < 0.001), time (F[3,66.00] = 60.34, p < 0.001) and a group*time
interaction (F[3,66.00] = 51.36, p < 0.001) for pain intensity when saline-real TMS
treatment was compared to saline-sham TMS treatment. Post hoc analyses with Bonferroni
adjustment indicate that there were significant differences in pain intensity between the two
treatment conditions when baseline was compared to all three post-TMS time points (df =
66.00, p < 0.001). Identical results were found with pain unpleasantness. Thus, real TMS
significantly reduced acute pain and hot allodynia ratings.

Effect of Naloxone versus Saline Pretreatment on Real TMS
Acute Pain Model: Quantitative Sensory Testing—The mean hot pain threshold for
participants in the naloxone-real TMS treatment group was 45.25 (2.29) at baseline, 45.33
(2.43) at time 0, 45.45 (2.24) at time 20 and 45.17 (2.32) at time 40. A within-group one-
way ANOVA with Bonferroni correction revealed no significant within-group effects in the
naloxone-real TMS treatment (Figure 1). A between-group mixed model ANOVA revealed
a significant effect for time (F[3,66.03]= 14.41, p < 0.001) and a group*time interaction
(F[3,66.03]= 14.40, p < 0.001) for hot pain threshold when saline-real TMS treatment was
compared to naloxone-real TMS treatment. Post hoc analyses with Bonferroni adjustment
indicate that there were significant differences in hot pain threshold between the two
treatment conditions when baseline was compared to time 0 (df = 66.03, p = 0.22), time 20
(df = 66.03, p < 0.001) and time 40 (df = 66.03, p < 0.001). There were also significant
differences in hot pain tolerance between the two treatment conditions when baseline was
compared to time 0 (df = 66.43, p = 0.002) and time 40 (df = 66.43, p = 0.009).

Hot Allodynia Model: Block Testing—In the naloxone-real TMS treatment group, the
mean temperature of 42.58 (2.64) was rated at an intensity of 6.67 (1.06) at baseline, 6.56
(1.09) at time 0, 6.56 (1.05) at time 20 and 6.39 (0.99) at time 40. A within-group one-way
ANOVA with Bonferroni correction revealed no significant within-group effects in the
naloxone-real TMS treatment (Figure 2). A between-group mixed model ANOVA revealed
a significant effect for group (F[1,22.06] = 16.28, p = 0.001), time (F[3,66.00] = 66.04, p <
0.001) and a group*time interaction (F[3,66.00] = 66.04, p < 0.001) for pain intensity when
saline-real TMS treatment was compared to naloxone-real TMS treatment. Post hoc analyses
with Bonferroni adjustment indicate that there were significant differences in pain intensity
between the two treatment conditions when baseline was compared to all three post-TMS
time points (df = 66.04, p < 0.001). Identical results were found with pain unpleasantness.
Thus, naloxone pretreatment significantly reduces the analgesic effects of real TMS.

Effect of Naloxone versus Saline Pretreatment on Sham TMS
Acute Pain Model: Quantitative Sensory Testing—The mean hot pain threshold for
participants in the naloxone-sham group was 46.78 (2.86) at baseline, 46.54 (2.30) at time 0,
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46.76 (2.96) at time 20 and 46.55 (2.82) at time 40. There were no significant within-group
effects in the naloxone-sham TMS treatment group, nor were there any significant between-
group effects when this group was compared to the saline-sham TMS treatment group.

Hot Allodynia Model: Block Testing—In the naloxone-sham TMS treatment group, the
mean temperature of 43.92 (3.26) was rated at an intensity of 7.06 (0.29) at baseline, 7.13
(1.09) at time 0, 6.78 (0.74) at time 20 and 6.79 (0.49) at time 40. There were no significant
within-group effects in the naloxone-sham TMS treatment group, nor were there any
significant between-group effects when this group was compared to the saline-sham TMS
treatment. Thus, naloxone pretreatment had no effect on sham TMS.

Discussion
Naloxone Reduces Left DLPFC rTMS-induced Analgesia

The results of this study support the pre-study hypothesis that naloxone pretreatment would
diminish the analgesic effects of left DLPFC rTMS. While the precise level of opioid
blockade by naloxone is unknown, there is evidence to suggest that the dose used in this
study was likely sufficient to block the behavioral and neurophysiological effects of
endogenous opioids. A number of previous studies used comparatively smaller doses of
naloxone to block endogenous opioid analgesia and induce BOLD signal changes in cortical
and subcortical brain regions implicated in pain processing [21; 69]. In this study we found
that naloxone pretreatment, at this dose and in a bolus and without redosing, effectively
blocked TMS-induced analgesia.

What remains less clear is whether endogenous opioids are exclusively responsible for the
maintenance of DLPFC rTMS-induced analgesia. The biological half-life of naloxone has
historically been reported as 60-90 minutes [11; 35]. The fact that behavioral testing
occurred within 60 minutes of pretreatment suggests that the majority of naloxone had not
yet lost its pharmacologic activity. Nevertheless, there is a possibility that reduced opioid
blockade explains the consistent yet statistically insignificant reduction in hot allodynia pain
ratings in the naloxone-real group compared to naloxone-sham group (Figure 2). An
alternative explanation for this residual analgesia is that a critical amount of endogenous
opioid substrate was released, thereby partially displacing the competitive μ-opioid
antagonist. The only published study to test the opioid sensitivity of PFC TMS featured a
supplementary naloxone infusion following the initial bolus [26]. This technique was
presumably intended to maintain constant plasma levels of naloxone for an extended period
of time [62]. There are conflicting reports about the necessity of secondary infusions to
achieve sustained opioid blockade [3; 21]. Moreover, the de Andrade et al. secondary
infusion likely provided no long-term advantage because it was completed 60 minutes prior
to 15 minutes of QST testing.

The lack of certainty about sustained opioid blockade also raises the possibility that residual
analgesia in the naloxone-real group is explained by non-opioidergic mechanisms. In other
words, endogenous opioid activity may be necessary but not sufficient for the maintenance
of DLPFC rTMS-induced analgesia. This is not an unreasonable idea since neuropeptides
are often co-localized with classic neurotransmitters and released in response to high
frequency stimulation [67]. While it is difficult to speculate about the neuropharmacology
that might work in conjunction with opioids to maintain DLFPC rTMS-induced analgesia, it
is reasonable to suspect that anterior cingulate and insular cortex are involved given their
role in pain processing and their PFC connectivity [6; 13; 27]
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The Possibility of Functional Lateralization in DLPFC Pain Processing
This is the first study to demonstrate that endogenous opioids mediate PFC rTMS-induced
analgesia. A previous study showed that inhibiting DLPFC with low-frequency rTMS
blocks placebo analgesia, but there was no evidence that exciting DLPFC with the type of
high-frequency rTMS that diminishes pain in clinical trials induces the release of
endogenous opioids [44]. The de Andrade et al. study showed that naloxone pretreatment
significantly reduced analgesia produced by right M1 stimulation but had no effect on
analgesia produced by right DLPFC stimulation [26]. There are a number of differences
between the de Andrade et al. study and the current study, including dose and location of
TMS as well as type of pain measured. In the de Andrade et al. study, the authors delivered
62.5% fewer pulses (1500) at 20% lower intensity (80% rMT) than the dose of TMS
previously shown to diminish postoperative morphine self-administration [17; 20]. The
extent to which different TMS dosing paradigms produce different brain effects remains
unclear. From a clinical standpoint, it is reasonable to suspect that larger TMS doses might
be necessary to counteract postoperative sedation caused by decreased cortical, thalamic and
brainstem activity [23]. As demonstrated by interleaved TMS-fMRI in healthy volunteers,
larger TMS doses at suprathreshold intensity more effectively activate proximal targets and
are more likely to propagate along efferent connections to distal targets like the SOC [12].
While inconclusive, these data raise the possibility that larger doses of DLPFC rTMS more
effectively recruit the SOC or release endogenous opioids.

Another important difference between the de Andrade et al. study and the current study is
laterality of stimulation. Naloxone pretreatment had no effect on right DLPFC rTMS-
induced analgesia in the de Andrade et al. study but significantly reduced left DLPFC
rTMS-induced analgesia in the current study. Taken together, these results suggest that
opioidergic analgesia is mediated by left, but not right, DLPFC activation. It is difficult to
evaluate the validity of this suggestion given the limited data on PFC functional
lateralization. In one positron emission tomography (PET) study, elevated left DLPFC
activity correlated negatively with perceived intensity and unpleasantness during heat
allodynia. Further analyses revealed that left DLPFC activity was associated with
diminished inter-regional correlation between midbrain and medial thalamus. Right DLPFC
activity, by contrast, was associated with a weakened relationship between anterior insula
and pain intensity [50]. This study provides some evidence that left DLPFC activity is linked
to midbrain function during hot allodynia, but more experiments are needed to evaluate the
laterality of pain processing.

The final difference between the de Andrade et al. study and the current study is the type of
pain measured. Whereas the de Andrade et al. study measured acute cold pain, the current
study measured acute hot and cold pain as well as hot allodynia. In the current study, real
TMS had no significant effect on cold pain perception. This lack of significance is probably
the result of floor effects and habituation rather than TMS selectively affecting hot pain
perception. Differences in location and dose of stimulation, however, make it difficult to
compare cold pain results between the two studies. Human and animal studies alike have
implicated opioidergic midbrain and brainstem regions in allodynia and pain from hot
stimuli lasting 20 seconds or longer [13; 29; 71], but these data do not explain why hot pain
threshold and tolerance were affected by left DLPFC rTMS in the current study. It has been
noted that the heterogeneity of experimentally induced pain between studies might explain
the heterogeneity of data on DLPFC rTMS analgesia [34]. Clearly, more studies are needed
to reveal how different types of pain are affected by TMS.
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Evidence for Functional Connectivity between DLPFC and the SOC
The evidence for connectivity between DLPFC and the SOC in humans is limited to PET
and functional magnetic resonance imaging (fMRI) studies that demonstrate time-correlated
elevations in tracer or BOLD signal, respectively, between these two regions. Placebo
analgesia, for example, is strongly associated with a naloxone-reversible increase in DLPFC
and PAG activity [32; 65; 66]. This finding is corroborated by a meta-analysis of 162
neuroimaging studies in which co-activation of BA9 and PAG was found to be essential for
assigning emotional valence, a process that contributes to noxious stimulus interpretation
[42]. While these types of imaging studies are useful, they fail to provide the level of
compelling circuit-based evidence found in animal studies because they rely on nonspecific
cognitive processes instead of electrical or chemical stimulation to drive changes in
surrogate markers of neuronal activity. Without focal stimulation to test directionality,
knowledge of brain networks is limited to functional connectivity based on time
correlations. Even authors that use such evidence to argue that DLPFC exerts a top-down
influence on subcortical opioidergic regions acknowledge the need for an “interventional
approach” [50]. Interleaved TMS-fMRI studies are needed to ultimately confirm or reject
the involvement of the SOC in DLPFC rTMS-induced analgesia

Prefrontal rTMS: An Interventional Approach to Pain Circuitry
From a basic science standpoint, the current results reveal important clues about the
interface between cognition, nociception and pain. Attention, mood and expectations are
among the executive functions associated with DLPFC that tailor pain in a context-
dependent manner [2; 50; 63]. Before this study, however, there was limited evidence that
DLPFC stimulation drove opioidergic pain relief in the human brain. The capacity for the
highly evolved PFC to recruit the phylogenetically conserved SOC [32; 53; 71] might be the
evolutionary substrate for low fidelity pain perception. From a translational standpoint, the
current results support existing theories that endogenous opioids play a role in pain
conditions [38; 41; 43; 47] and stress-related psychiatric disorders like depression, post-
traumatic stress disorder and panic disorder [25; 28; 30; 31; 36; 45; 52; 59] that frequently
involve DLPFC. Using TMS as an interventional tool to understanding the circuitry
underlying these conditions may ultimately reveal new therapeutic applications of TMS.
From a clinical standpoint, the current results lend credibility to the use of DLPFC rTMS as
an adjunctive therapy for pain. More studies are needed to determine if left DLPFC rTMS
produces a synergistic effect with opiates or if it can be used in opiate addiction treatment.
The importance of these clinical possibilities cannot be overstated given rising opiate abuse
and the extent to which chronic and postoperative pain remains undertreated [64; 70].
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Figure 1.
Comparison of hot pain thresholds (mean percent change from baseline ± SEM) over time.
The black line represents saline-real TMS while the gray line represents naloxone-real TMS.
Asterisks (* p < 0.05, ** p < 0.001) indicate significant baseline comparisons within-groups
(immediately above data series) and between-groups (immediately above SEM bars).
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Figure 2.
Comparison of block pain intensity ratings (mean ± SEM). Twenty-two (22) sec blocks of a
fixed temperature reported as an intensity of “7” on a VAS (1-10) at baseline were applied
to capsaicin-sensitized skin in three consecutive trials at 0, 20 and 40 min after TMS with
pretreatment. Asterisks (* p < 0.05, ** p < 0.001) indicate significant baseline comparisons
within groups (immediately above data series) and between-groups (immediately above
brackets).
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