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Abstract: Peripheral mechanoreceptor-based treatments such as acupuncture and chiropractic ma-
nipulation have shown success in modulating the mesolimbic dopamine (DA) system originating in
the ventral tegmental area (VTA) of the midbrain and projecting to the nucleus accumbens (NAc) of
the striatum. We have previously shown that mechanoreceptor activation via whole-body vibration
(WBV) ameliorates neuronal and behavioral effects of chronic ethanol exposure. In this study, we
employ a similar paradigm to assess the efficacy of WBV as a preventative measure of neuronal and
behavioral effects of morphine withdrawal in a Wistar rat model. We demonstrate that concurrent
administration of WBV at 80 Hz with morphine over a 5-day period significantly reduced adaptations
in VTA GABA neuronal activity and NAc DA release and modulated expression of δ-opioid receptors
(DORs) on NAc cholinergic interneurons (CINs) during withdrawal. We also observed a reduction in
behavior typically associated with opioid withdrawal. WBV represents a promising adjunct to current
intervention for opioid use disorder (OUD) and should be examined translationally in humans.

Keywords: opioid abuse; addiction; morphine; VTA; nucleus accumbens; dopamine; whole-body
vibration; mechanoreceptors

1. Introduction

Over the past decade, opioid use disorder (OUD) has reached epidemic proportions, in
part driven by inappropriate use of prescription opioid pain killers [1]. OUD was identified
as a public health emergency in August 2017 by the US President [2]. Nearly 3 million
Americans have OUD and less than approximately 20% receive treatment [3]. The current
FDA-approved treatments for OUD include the opioid receptor (OR) agonists methadone
and buprenorphine, the µ-OR (MOR) antagonist naltrexone [4], and various forms of
psychosocial intervention [5]. Stress and anxiety associated with OUD are major factors
for initial drug seeking and relapse from chronic abuse, which suggests a possible role for
anxiolytic approaches in the prevention and treatment of OUD [6–9].

Both animal and human studies indicate that key elements within the mesocorticol-
imbic dopamine (DA) system, including the ventral tegmental area (VTA) and nucleus
accumbens (NAc), constitute major brain substrates underlying the reinforcing effects of
drugs of abuse, including opioids. Dopamine is the canonical neurotransmitter implicated
in motivated behavior and reward learning. Current dogma maintains that DA neuron
activation and release in the mesocorticolimbic DA system originating in the midbrain
VTA and projecting to the NAc and other limbic structures is a scalar index of reward [10].
This system is known to be involved in reward stemming from natural behaviors such
as feeding [11–13] and drinking [14,15], as well as other rewards such as intracranial self-
stimulation [16–18]. It has also been implicated in the habit-forming actions of several
addictive drugs [19], including opioids. The dogma is that any drug or behavior that
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increases mesolimbic DA neuron activity and release will be reinforcing and potentially
addictive [20–22].

Although the prevailing dogma is that DA neurons mediate the rewarding and addic-
tive properties of drugs of abuse [10], VTA GABA neurons have garnered much interest
for their role in modulating DA release and perhaps as independent substrates mediating
reward or aversion [23–29]. We have shown previously that acute administration of ethanol,
opioids, or cocaine inhibits VTA GABA neurons [23–26,30], leading to a net disinhibition
of VTA DA neurons [31–33]. In contrast, during EtOH or opioid withdrawal, VTA GABA
neurons become hyperactive [23,34], leading to decreased mesolimbic DA activity and DA
release in the NAc [19,35–38]. This reduction in mesolimbic DA transmission is theorized
to be the primary driver of relapse [39]. However, VTA GABA neurons appear to be the
primary adaptive substrate in the VTA for drug dependence, as we have shown in multiple
reports that GABAA receptors (GABAAR) switch their function following alcohol and
opioid withdrawal [40–44].

Peripheral mechanoreceptor-based treatments have previously been shown to modu-
late the brain substrates underlying addiction. For example, acupuncture has been shown
to modulate VTA GABA neurons via somatosensory pathways and reduce alcohol, cocaine,
and methamphetamine psychomotor effects and drug-seeking behavior [45–50]. Mechani-
cal stimulation at HT7 (Shenmen acupoint) activates the dorsal column medial lemniscus
(DCML) pathway, synapses in the nucleus cuneatus (CN), and subsequently relays through
the thalamus and lateral habenula [51] before finally modulating the excitability of VTA
GABA neurons [45]. The effects of HT7 acupoint stimulation can be attenuated with abla-
tion of the DCML and are mediated by endogenous opioids [45,47,52], presumably through
δ-opioid receptors (DORs) that are expressed on GABA neurons in, or projections of GABA
neurons to the NAc [53]. Pertinent to addressing drug relapse, such treatments have also
been shown to modulate behavioral symptoms of stress, anxiety, and depression [54–56].

We have previously reported that stimulation of mechanoreceptors in the cervical spine
(MStim), an area with a relatively high concentration of primary mechanoreceptors [57],
for 1–2 min at 40 and 80 Hz inhibits VTA GABA neuron firing, enhances VTA DA neuron
firing, and increases DA release in the NAc [58]. VTA effects are driven by cholinergic
interneurons (CINs) and DOR number and translocation in the NAc [59]. Furthermore,
we have shown that whole-body vibration (WBV) at 80 Hz reduces adaptations in VTA
GABA neurons and DA release in response to a reinstatement dose (2.5 g/kg) of ethanol
(EtOH) [60]. Behavioral indices of EtOH withdrawal (e.g., anxiety) were also substantively
ameliorated with concurrent application of WBV, and WBV significantly increased the
overall frequency of ultrasonic vocalizations, suggesting an increased positive affective
state [61].

In this study, we investigate the role of WBV as a simulation of mechanoreceptor-based
treatment modalities. We evaluate its ability to prevent morphine-induced changes to VTA
GABA neuron firing and DA release in the NAc as we have previously done with EtOH.
We likewise examine its effect on behavioral indices related to morphine withdrawal. As
opioids and EtOH have similar effects on VTA neurons and DA release, we hypothesized
that WBV would be an adequate stimulus to block morphine-induced desensitization
of VTA GABA neurons and changes in NAc DA release in response to acute morphine
reinstatement. We further hypothesized that WBV would block anxiety-related behaviors
normally associated with withdrawal from opioid treatment.

2. Results
2.1. Effect of WBV on Morphine-Induced Changes to VTA GABA Neurons

We have previously demonstrated that VTA GABA neurons develop tolerance to an
acute opioid challenge and enhanced baseline firing rate during opioid withdrawal [43]. As
WBV reduces EtOH effects on VTA GABA neurons [60], we hypothesized that WBV would
similarly reduce morphine effects on VTA GABA neurons. We recorded VTA GABA neuron
firing rate in vivo under isoflurane anesthesia in rats that had undergone five days of saline
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or morphine injections with or without concurrent WBV treatment (Figure 1). Morphine-
dependent rats were allowed to enter a withdrawal state (24 h) before experimentation. The
GABA neuron firing rate was recorded before and after a reinstatement dose of morphine
(1 mg/kg IP). The firing rate 30-60 min post-injection taken as a percentage of baseline
rate was significantly higher in morphine-control rats (94.8 ± 8.5%) than all other groups
(F3,67 = 34.6, p < 0.0001; Figure 1C,D). Importantly, morphine + WBV rats demonstrated
a post-injection firing rate similar to that of saline rats (p > 0.05). These findings suggest
that when administered concurrent with morphine, WBV blocks the desensitization of VTA
GABA neurons to reinstatement exposure.

Figure 1. Effects of WBV on VTA GABA neuron firing rate in response to morphine reinstatement
during withdrawal. (A,B) Representative ratemeter records for GABA neuron response to morphine
after five days of saline (A) or morphine (B) with or without WBV. Arrows denote timing of saline or
acute morphine challenge (1 mg/kg) administration. Note that acute morphine challenge inhibits
the VTA GABA neuron firing rate after saline administration but has little effect after sub-chronic
morphine exposure. WBV restores the ability of morphine to inhibit VTA GABA neuron firing rate.
(C) Time course of all groups’ post-injection firing rate taken as a percentage of baseline firing rate.
(D) Summary demonstrating that WBV significantly reduces morphine-induced desensitization
of GABA neurons to morphine reinstatement. Significance levels for comparisons within a drug
condition are indicated with asterisks (***, p < 0.001) and for between drug conditions with hashes
(###, p < 0.001). Not all comparisons are included.

2.2. Effect of WBV on Morphine-Induced Changes to NAc DA Release

As WBV has previously been shown to decrease EtOH-induced changes to NAc DA
release [60], WBV effects on morphine-induced changes to NAc DA release were next observed.
Dialysate samples were collected from the NAc before and after a 1 mg/kg morphine challenge
in isoflurane-anesthetized rats (Figure 2). Following a 24-h withdrawal state, the average
DA concentration in saline-treated animals exhibited a significant morphine-induced rise
in DA levels as compared to baseline during the first hour post-injection (saline-control,
144 ± 9.02% baseline, t16 = 4.7254, p = 0.0002; saline + WBV, 136 ± 7.07% baseline, t10 = 4.9399,
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p = 0.0006; Figure 2B). Similar to saline-treated groups, morphine + WBV rats also experienced
a significant rise in DA level (150 ± 7.53% baseline, t14 = 6.6882, p < 0.0001) and did not
significantly differ from saline-treated groups (p > 0.05). Morphine-control animals had
significantly lower increases in DA concentration than all other groups during the first
(F3,57 = 12.55, p < 0.0001) and second (F3,58 = 3.804, p = 0.0147) hours post-injection. There were
significant differences between morphine + WBV and morphine-control animals at 20 min
(p = 0.0443), 40 min (p = 0.0029), and 60 min (p = 0.0213), as well as 120 min (p = 0.0495) and
180 min (p = 0.0083). Interestingly, while saline groups trended down towards baseline DA
levels during hour 2 (saline-control, 114 ± 10.2% baseline; saline-WBV, 118 ± 11.4% baseline;
Figure 2A) and hour 3 (saline-control, 104 ± 4.97% baseline; saline-WBV, 90.1 ± 7.72% baseline;
Figure 2A), morphine + WBV animals remained significantly elevated above all other animals
during hour 3 (127 ± 4.96% baseline; F3,54 = 8.495, p < 0.0001). Taken altogether, these results
suggest that WBV blocks morphine-induced changes to NAc DA neural activity.

Figure 2. Effects of WBV on DA release in the NAc during morphine withdrawal. (A) Summarized
time course of morphine enhancement of basal DA release in the NAc. Note that saline treated
animals show distinct differences when compared to animals that received morphine or WBV.
(B–D) Comparison of DA release at time intervals: 40–60 min; 100–120 min; and 160–180 min after
morphine injection. Significance levels for comparisons within a drug condition are indicated with
asterisks (**, p < 0.01; ***, p < 0.001) and for between drug conditions with hashes (###, p < 0.001). Not
all comparisons are included.
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2.3. Effect of WBV on Morphine-Induced Changes in NAc CIN DOR Expression

As mechanical stimulation targeted at cervical spine has previously shown to modulate
DOR expression in NAc CINs [59], we next evaluated changes in DOR expression in
NAc CINs induced by WBV with or without sub-chronic morphine administration via
immunohistochemistry. DOR expression, as measured by mean fluorescence intensity
(MFI), in morphine rats without WBV was significantly higher than all other groups
(3.30 ± 0.384 DOR MFI; F3,82 = 13.38, p < 0.0001; Figure 3B). Morphine + WBV rats did
not significantly differ from rats that did not receive drug, independent of WBV status
(p > 0.05). MANOVA revealed a significant effect from drug status (morphine vs. no drug;
F1,82 = 25.201, p < 0.0001), treatment status (WBV vs. control; F1,82 = 5.525, p = 0.0212), as
well as a significant interaction between drug and treatment (F1,82 = 9.424, p = 0.0029). This
suggests that the effect of WBV on DOR expression varies somewhat in the presence of
morphine, but that WBV alone has a significant effect.

Figure 3. Effects of WBV on DOR expression in CINs. (A) This panel of representative immuno-
histochemical images shows high magnification views (40×) of DOR expression in CINs with
no drug, + WBV, sub-chronic morphine, and sub-chronic morphine + WBV conditions. (B) WBV
significantly decreased the enhancement of DOR expression produced by sub-chronic morphine.
(C) WBV significantly increased membrane translocation of DORs, as reported previously, but
morphine was without effect on translocation. Significance levels for comparisons within a drug
condition are indicated with asterisks (***, p < 0.001) and for between drug conditions with hashes
(###, p < 0.001). Not all comparisons are included.

When taken as the ratio of DOR MFI in the membrane vs. cell cytosol, no drug + WBV
rats showed significantly higher expression than all other groups (1.80 ± 0.0663; F3,82 = 31.42,
p < 0.0001; Figure 3C). Morphine + WBV rats showed decreased expression compared to no
drug-control rats (morphine + WBV, 1.18 ± 0.384; no drug-control, 1.38 ± 0.0618; p = 0.0205)
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and did not significantly differ from morphine + no WBV rats (1.24 ± 0.384; p > 0.05). As be-
fore, MANOVA revealed a significant effect from drug status (morphine vs. no drug-control;
F1,82 = 54.07, p < 0.0001), treatment status (WBV vs. no treatment; F1,82 = 17.47, p < 0.0001),
and a significant interaction between drug and treatment (F1,82 = 22.72, p < 0.0001), again
suggesting that WBV has a significant effect on DOR expression, which is affected by the
co-administration of morphine.

2.4. Effect of WBV on Anxiety Induced by Morphine Withdrawal

We next examined the effect of WBV on anxiety related to opioid withdrawal, a com-
mon factor in opioid use relapse [7–9]. As we have previously shown that WBV reduces
anxiety associated with EtOH withdrawal [60], we hypothesized that WBV would also
reduce anxiety associated with morphine withdrawal. The relative level of anxiety dis-
played in rats was measured via the elevated-plus maze [62] before rats received any drug
or treatment (“baseline”), after 5 days of drug and treatment administration (“intoxicated”),
and 24-h after the final drug administration wherein morphine-dependent rats had entered
a withdrawal state (“withdrawal”). Baseline measurements showed no significant differ-
ence between experimental groups (F3,48 = 0.863, p > 0.05; Figure 4A). After five days of
morphine injections, morphine-receiving rats spent significantly less time in the open arm
than saline-receiving rats, independent of WBV treatment (MANOVA; morphine vs. saline,
F1,48 = 18.872, p < 0.0001; WBV vs. control, F1,48 = 0.196 p > 0.05; Figure 4B). During the
withdrawal period, morphine-control rats spent significantly less time in the open arm than
all other groups (120 ± 8.31 s; F3,48 = 6.082, p = 0.00136) while morphine + WBV rats did not
significantly differ from saline-control rats (morphine + WBV, 151 ± 11.1 s; saline-control,
162 ± 14.3 s; p > 0.05; Figure 4C).

Figure 4. Effects of WBV on anxiety in the elevated plus maze procedure. Twenty-four hours
following the last morphine injection, rats were placed in the elevated plus maze (EPM) procedure
and the time spent in the open arm was recorded. Comparisons between treatment conditions:
(A) baseline; (B) during morphine intoxication; and (C) during morphine withdrawal. Note that
there were no differences in open arm time in baseline, but that sub-chronic morphine significantly
reduced the time in the open arm, and that WBV significantly reduced the anxiety associated with
morphine withdrawal. Significance levels for comparisons within a drug condition are indicated
with asterisks (*, p < 0.05) and for between drug conditions with hashes (#, p < 0.05; ##, p < 0.01) Not
all comparisons are included.

Within-group paired comparison shows that morphine-control rats spent significantly
less time in the open arm during withdrawal than during baseline measurements (baseline,
165 ± 12.8 s; paired t14 = 3.2726, p = 0.00556). Morphine + WBV rats did not show a similar
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decline from baseline (baseline, 173 ± 12.7 s; paired t13 = 1.4757, p > 0.05). Interestingly,
while saline-control rats showed an initial increase of open time on day 5 with a restoration
to baseline levels on day 6, saline + WBV animals remained significantly more elevated
than baseline levels (baseline, 142 ± 17.1 s; day 6, 185 ± 9.67 s; t10 = −2.2403, p = 0.0498)
and were significantly higher than morphine + WBV animals on day 6 (p = 0.03912). During
withdrawal, MANOVA analysis reveals a significant effect from treatment status (WBV vs.
control; F1,48 = 6.175, p = 0.0165), drug status (morphine vs. saline; F1,48 = 11.927, p = 0.00117),
but not the interaction between drug and treatment (F1,48 = 0.143, p > 0.05). Taken altogether,
these results suggest an anxiolytic effect of WBV within morphine withdrawal but not
during intoxication. The anxiolytic effect of WBV may also be present independent of drug
intake, as shown in saline animals treated concurrently with WBV.

3. Discussion

We have previously reported that 80 Hz mechanical stimulation (MStim) acts on
the NAc to increase local DA release and that this effect is mediated by activation of
cholinergic neurons and DORs [58,59]. Further, projections from the NAc then cause a
depression in VTA GABA neuron firing, which results in VTA DA neuron disinhibition
and a subsequent increase in firing. We have recently reported that WBV at frequencies
shown in these previous studies to modify VTA neuronal activity and enhance DA release
reduces neuronal and behavioral indices of withdrawal from EtOH, including anxiety [60].
The current study was designed to investigate if these neuromodulatory changes by WBV
are sufficient to alter sub-chronic opioid effects on VTA GABA neurons, DA release, DOR
expression on CINs in the NAc, and anxiety in the elevated-plus maze procedure.

The effects of 80 Hz WBV treatment, given twice daily for 15 min, concurrently with
dependence-inducing intermittent morphine injections, were tested on various measures of
morphine withdrawal. While acute administration of morphine reduces VTA GABA neuron
firing rate, this effect has been shown to desensitize with chronic exposure [34]. Interestingly,
concurrent administration of 80 Hz WBV with sub-chronic morphine blocks morphine-
induced desensitization (Figure 1C,D). Mechanical stimulation has been previously shown
to increase DA levels in the NAc 2 h post-MStim [59]. This effect activates medium
spiny neurons that project back to the VTA and ultimately influence VTA GABA neuron
firing [58,63]. This feedback mechanism could be responsible for the described WBV effects.

Dopamine levels were also measured following withdrawal and reinstatement. Mor-
phine naïve and exposed animals demonstrated characteristic responses following 1 mg/kg
morphine injection with respective increases and maintenance of baseline [64,65]. However,
rats that received WBV concurrent with morphine injections exhibited increases in DA
levels akin to rats in a morphine naïve state (Figure 2A). Interestingly, these rats not only
experienced acute increases in DA levels in-line with naïve rats, but those levels remained
higher than all other groups by the third hour of testing, suggesting a lasting impact of the
interaction between morphine and WBV (Figure 2D). Morphine administration has been
shown to increase expression levels of DORs while decreasing expression of MORs [66–68].
Additionally, we have previously shown that targeted mechanical stimulation of cervical
spine at 80 Hz produces increased translocation of DORs to NAc neuron membranes [59].
This commonality between morphine and mechanical stimulation could contribute to the
altered release pattern of DA in rats exposed to sub-chronic morphine and WBV.

To evaluate the influence of DOR translocation induced by WBV, immunohistochemi-
cal analysis was performed to quantify DOR expression on CINs in the NAc. The experi-
ments revealed a significant increase in MFI from DORs expressed on CINs in morphine-
treated rats when compared to all other groups (Figure 3B), and increased DOR transloca-
tion to the cellular membrane of CINs in rats that were treated with WBV alone (Figure 3C).
The latter finding replicates previous studies that have shown mechanical stimulation
producing this effect in isolation [59]. Further, WBV in sub-chronic morphine rats demon-
strates no significant change in DOR MFI when compared with morphine-naïve rats and
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is suggestive of a protective effect when compared to morphine administration alone
(Figure 3A,B).

Finally, we hypothesized that WBV effects on VTA GABA neurons, DA release, and
its ability to ameliorate measurements of anxiety are due to its induction of DA release in
the NAc. The ascending mesolimbic cholinergic system initiates negative emotional states,
and the ascending DA system initiates positive emotional states [69,70]. Importantly, WBV
rescued morphine induced reductions in open arm time during an elevated plus behavioral
assay, which is a proxy for anxiety (Figure 4) [62]. It is noteworthy that prior reception of
WBV was not sufficient to alter behavioral outcomes in acute intoxication.

This study adds to the mounting evidence that peripheral mechanoreceptor activation
holds promise as a potential therapeutic neuromodulatory modality because of its ability
to alter neuron firing patterns and induce DA release. Specifically, it is suggestive that for
conditions characterized by reductions in DA levels, targeted WBV should be considered
for future studies to evaluate its efficacy. This is particularly important because of its low
risk-benefit profile, non-invasive nature, and cost effectiveness. It is noteworthy that WBV
shares potential mechanistic underpinnings with several physical therapeutics including
osteopathic and chiropractic manipulation as well as acupuncture. This study was limited
to examining the ability of WBV to reduce neuronal, neurochemical, and behavioral indices
of withdrawal when administered concomitantly with sub-chronic morphine. Future
studies should address whether WBV can reverse these changes after withdrawal is already
established. Future studies should also evaluate effectiveness in a human model and could
include studies into the mesolimbic effects of these varied physical modalities.

4. Materials and Methods
4.1. Animal Subjects

Male Wistar rats (350–500 g, 70–120 PND, n = 83) were used for all experimentation.
Initial testing with male and female rats demonstrated no significant difference in WBV-
induced effects on mesolimbic neurons. Once weaned at PND 21, animals were housed in
groups of 2–3 and given access to solid food and water ad libitum. Animals were housed at
a fixed temperature (21–23 ◦C) and humidity (55–65%) and placed on a reverse light/dark
cycle with lights on from 10 p.m. to 10 a.m. For each methodology employed, animals were
treated in strict accordance with the Brigham Young University (BYU) Animal Research
Committee (IACUC) guidelines, which incorporate and exceed current NIH guidelines.
The BYU IACUC reviewed and approved the procedures detailed herein.

4.2. Whole-Body Vibration Apparatus

Animals were placed in a sound-attenuating chamber (57 cm × 57 cm × 50.8 cm), with
floors constructed of 1 cm thick aluminum plate and isolated from the walls of the chamber
with 4 vibration isolators at each corner. A low frequency effect (LFE) audio transducer
(miniLFE ButtKicker, The Guitammer Company, Westerville, OH, USA) was suspended
below the center of the floor. An 80 Hz, 500 mV pp sine wave was generated using a
Wavetex Datron Universal Waveform Generator model 195 (San Diego, CA, USA) and
amplified using a Crown model XLi 3500 (Los Angeles, CA, USA) amplifier. The vibration
acceleration on the plate was 1.86 m/s2. Parameters were selected congruent with previous
studies [59,60].

4.3. Morphine Administration and Whole-Body Vibration

Rats were randomly divided into four groups based on drug administered and treat-
ment condition as follows: saline + no treatment, n = 20; saline + 80 Hz WBV, n = 20;
morphine + no treatment, n = 22; morphine + 80 Hz WBV, n = 21. Over a 5-day period,
each animal received twice-daily treatment (9 a.m. and 5 p.m.) for 15 min, followed by
a subcutaneous injection of the animal’s assigned drug. Animals assigned to the “no
treatment” condition were placed in an unpowered WBV apparatus for 15 min. Injected
morphine concentrations increased incrementally from 10 mg/kg to 20 mg/kg over the
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5-day period. On the final day of injections, rats were administered their assigned drug at
9 a.m. but not at 5 p.m.to facilitate a 24-h drug abstinence period and thereby elucidate
a natural withdrawal state in morphine-receiving rats beginning at 9 a.m. the following
day. Rats received their assigned treatment (WBV or no treatment) at 9 a.m. and 5 p.m.on
the final day of injections. Evaluative signs of withdrawal included wet dog shakes, teeth
chattering, mastication, and eye twitch [71].

4.4. In Vivo Single Cell Recordings and Characterization of VTA GABA Neurons

Rats (n = 30) were anesthetized using isoflurane and placed in a stereotaxic apparatus.
Anesthesia was maintained at 1.5% with 2.0 L/min of air flow from a nebulizer driven by
an oxygen concentrator. Body temperature was maintained at 37.0 ± 0.4 ◦C by a feedback-
regulated heating pad. With the skull exposed, a hole was drilled for placement of a 3.0 M
KCl-filled micropipette (2 to 4 MΩ; 1–2 µm inside diameter), driven into the VTA with a
piezoelectric microdrive (EXFO Burleigh 8200 controller and Inchworm, Victor, NY, USA)
based on the following stereotaxic coordinates: from bregma: 5.6 to 6.5 mm posterior, 0.5 to
1.0 mm lateral, 6.5 to 9.0 mm ventral. Potentials were amplified with an Axon Instruments
Multiclamp 700A amplifier (Union City, CA, USA). Single-cell activity was filtered at 0.3 to
10 kHz (3 dB) with the Multiclamp 700A amplifier and displayed on Tektronix (Beaverton,
OR, USA) digital oscilloscopes. Potentials were sampled at 20 kHz (12-bit resolution) with
National Instruments (Austin, TX, USA) data acquisition boards in Macintosh computers
(Apple Computer, Cupertino, CA, USA). Extracellularly recorded action potentials were
discriminated with a World Precision Instruments WP-121 Spike Discriminator (Sarasota,
FL, USA) and converted to computer-level pulses. Single-unit potentials and discriminated
spikes were captured by National Instruments NB-MIO-16 digital I/O and counter/timer
data acquisition boards in Macintosh PowerPC computers.

VTA GABA neurons were identified by previously established stereotaxic coordinates
and by spontaneous electrophysiological and pharmacological criteria [72]. VTA GABA
neuron discharge activity characteristics included a relatively fast firing rate (>10 Hz),
ON-OFF phasic non-bursting activity, and an initially negative spike with a duration less
than 200 µs. We evaluated only the spikes that had a greater than 5:1 signal-to-noise ratio.
After positive neuron identification, the baseline firing rate was measured for 10 min to
ensure stability. Rats were then administered an IP injection of saline and neuron activity
was recorded for another 10 min. A reinstatement dose of morphine (1 mg/kg IP) was then
administered, and activity was recorded for several hours or until GABA neuron activity
diminished to an unobservable level.

4.5. In Vivo Microdialysis and High-Performance Liquid Chromatography of NAc DA

Rats (n = 42) were anesthetized using isoflurane and placed in a stereotaxic apparatus.
Anesthesia was maintained at 1.5% with 2.0 L/min of air flow from a nebulizer driven
by an oxygen concentrator. Body temperature was maintained at 37.0 ± 0.4 ◦C by a
feedback-regulated heating pad. With the skull exposed, microdialysis probes (MD-2200,
BASi Research Products, West Lafayette, IN, USA) were inserted into the NAc based on
stereotaxic coordinates (from bregma: 1.6 mm anterior, 1.9 mm lateral, 8.0 mm ventral).
Artificial cerebrospinal fluid (aCSF) composed of 150 mM NaCl, 3 mM KCl, 1.4 mM
CaCl2, and 0.8 mM MgCl2 in 10 mM phosphate buffer was perfused through the probe
at a rate of 3.0 µL/min. After a 24-h withdrawal period, samples were collected every
20 min for 4 h with a reinstatement dose of morphine (1 mg/kg IP) occurring after the
first hour had elapsed. Baseline was determined as an average of samples collected
for 1 h prior to reinstatement dose. Dopamine concentration in dialysate samples was
evaluated using a high-performance liquid chromatography (HPLC) pump (Ultimate 3000,
Dionex, Sunnyvale, CA, USA) connected to an electrochemical detector (Coulochem III,
ESA, Thermo Fisher Scientific, Waltham, MA, USA). The coulometric detector included
a guard cell (5020, ESA) set at +275 mV, a screen electrode (5014B, ESA) set at −100 mV,
and a detection electrode (5014B, ESA) set at +220 mV. DA was separated using a C18
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reverse phase column (HR-80, Thermo Fisher Scientific, Waltham, MA, USA). Mobile phase
containing 150 mM NaH2PO4, 4.76 mM anhydrous citric acid, 3 mM sodium dodecyl
sulfate (SDS), 50 µM ethylenediaminetetraacetic acid, 15% v/v acetonitrile and 10% v/v
methanol (final pH = 5.6 by NaOH) was pumped through the system at a flow rate of
0.4 mL/min. External DA standards (1 nM and 10 nM) were assayed concurrently with
the samples to allow for construction of a calibration curve using Chromeleon software
(v7.2, Thermo Fisher Scientific, Waltham, MA, USA), which was used to estimate the DA
concentration of the dialysate samples.

4.6. Immunohistochemistry and Confocal Microscopy

Rats (n = 12) were anesthetized in 2–4% isoflurane and perfused with 1× PBS com-
posed of 137 mM NaCl, 3 mM KCl, 10.4 mM NaH2PO4, and 1.8 mM NaHCO3 followed by
4% paraformaldehyde (PFA). Brains were then extracted and held in 4% PFA for 24–48 h
after which the brains were transferred to a 30% sucrose solution. The brains were later
flash-frozen in dry ice, sliced in 30 µm sections, and incubated in 1× PBS. The immunohis-
tochemistry and fluorescence imaging of cholinergic neurons in the NAc were visualized
using an anti-choline acetyltransferase antibody (Millipore, CAT# AB144P). Antibody la-
beling protocol was used to label delta opioid receptors (DORs; Invitrogen, # PA5-86357,
Carlsbad, CA, USA). The anti-DOR antibody was conjugated using a CF 405 labeling kit
(Biotium, CAT#92232, Fremont, CA, USA). Slices were then incubated with 1:50 dilution
of antibody in PBS-T (PBS with 0.4% Triton X-100) for 2 h at room temperature and sub-
sequently washed with 1× PBS-T 3 times for 5 min each. Coverslips were mounted onto
glass microscope slides using mounting media (Fluoromount G, ThermoFisher, Waltham,
MA, USA). Images were captured using an Olympus Fluoview FV1000 microscope using a
60× oil 1.5 NA objective (Olympus, Tokyo, Japan). CF 405 and CF 488 fluorophores were
excited with 405 and 488 nm lasers, respectively. Mean fluorescence intensity was analyzed
using Fiji v20221201-1017 [73].

4.7. Elevated-Plus Maze

The elevated-plus maze (EPM) consisted of two open arms (56 cm × 10 cm) and two
closed arms (56 cm × 10 cm with 15 cm walls). The walls of the closed arms were covered
with a roof (56 cm × 10 cm). The maze was suspended off the ground by 61 cm. Foam
padding was placed under the maze to protect from falls. Rats were handled and allowed to
habituate to the testing room over 3 sessions lasting 20–30 min each. Careful measures were
taken to ensure consistency in rodent handling and room environment including light levels,
temperature, external noise volume, relative placement of equipment, etc. On the testing
days, rats (n = 55) were placed in the center of the apparatus and allowed to move freely
for 5 min while being video recorded. Recordings were taken on 3 occasions: (1) before
the animal was administered a drug or WBV (baseline measurement); (2) after 5 days of
drug and WBV administration; and (3) after a 24-h drug abstinence period. Recordings
were later evaluated by two independent reviewers for time spent in each section of the
maze. Two recordings were thrown out because the rats fell from the platform. Time spent
in open versus closed arms was used as a measure of anxiety level where more time spent
in the closed arm is correlated with higher levels of anxiety [57].

4.8. Statistical Analyses

For single-unit electrophysiology experiments, discriminated spikes were analyzed
with IGOR Pro software (v8.04, Wavemetrics, Lake Oswego, OR, USA). Experimental
group firing rates were averaged across bins and then compared using a one-way analysis
of variance test (ANOVA) followed by Tukey HSD post-hoc test. Where appropriate,
within-group comparison over time utilized a Paired t-test. Between-group comparison
of averaged bins during key time points utilized a Welch two-sample t-test. Average
depression or excitation in firing was calculated from 10 to 40 min post injection. The
baseline firing rate was calculated from the average of the final 60 s of firing rate data
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after an injection of saline equal to the volume of morphine challenge injection and after
10 min of recording to ensure neuron stability. The results from all groups were derived
from calculations performed on ratemeter records and expressed as means and percent of
baseline firing rate ± SEM.

For microdialysis experiments, the area under the curve for the DA peak was extracted
and a two-point calibration was used to approximate the DA concentration. All collections
were normalized to the first hour of baseline collection before injection occurred. DA
release for each time point was expressed as a percentage of baseline ± SEM and was
compared using a one-way ANOVA followed by Tukey HSD post-hoc test. For binned
comparisons, values were averaged over the specified time frame and compared similarly.
Where appropriate, within-group comparison over time utilized a Paired t-test. Between-
group comparison of averaged bins during key time points utilized a Welch two-sample
t-test.

For immunohistochemistry, MFI was calculated as the ratio of cell MFI divided by
background MFI. The ratio of membrane MFI to cytoplasmic MFI was also calculated.
Results between groups were compared using a one-way ANOVA followed by Tukey HSD
post-hoc test. A multivariate ANOVA (MANOVA) was used to analyze the effect of each
variable separately as well as possible interactions between variables.

For behavioral experiments, after blinded scoring, results between groups were com-
pared for each day using a one-way ANOVA followed by Tukey HSD post-hoc test. Where
appropriate, within-group comparison between days utilized a Paired t-test. Between-
group comparison of measures on the same day utilized a Welch two-sample t-test. A
multivariate ANOVA (MANOVA) was used to analyze the effect of each variable separately
as well as possible interactions between variables.

All analyses were conducted in RStudio (R v4.2.3, R Core Team, 2023; RStudio
v2023.03.15, Posit team, 2023) and IGOR Pro (v 8.04, Wavemetrics, Oswego, OR, USA). All
group values are reported as means ± SEM. On graphs, significance levels for within-group
comparisons are indicated with asterisks (*, **, ***), and between-group comparisons are in-
dicated with hashes (#, ##, ###), corresponding to levels p < 0.05, 0.01 and 0.001, respectively.
The figures were constructed with IGOR Pro.

Author Contributions: Conceptualization, J.T.Y., S.C.S. and K.B.B.; Data curation, G.C.J. and C.A.S.;
Formal analysis, G.C.J., D.W.S. and S.C.S.; Investigation, G.C.J., C.A.S., D.Z.O., C.W.H., J.T.B., P.D.F.
and M.D.B.; Methodology, G.C.J., C.A.S., C.W.H., J.T.Y., S.C.S. and K.B.B.; Project administration,
G.C.J., C.A.S. and D.Z.O.; Resources, T.R.R. and S.C.S.; Supervision, J.T.Y., S.C.S. and K.B.B.; Writing—
original draft, G.C.J., C.A.S., C.W.H., M.D.B., S.C.S. and K.B.B.; Writing—review and editing, G.C.J.,
S.C.S., K.B.B. and C.A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grant F32AT009945 to K.B.B., American Osteopathic
Association grant 20146802 to K.B.B., and NIH grants AA020919 and DA035958 to S.C.S.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki. The animal study protocol was approved by the Institutional Review Board of
Brigham Young University under protocol numbers 220303 (3 March 2022) and 230101 (1 January 2023).

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We would like to acknowledge and give our heartfelt thanks to the vast team of
individuals who helped make this project a reality, including Aubrey Moedl, Emily Baldwin, Pacen
Williams, James Bates, Seth Birrell, Cooper Lytle, Kathryn Smith, William ‘Tag’ Harris, Tanner Pollock,
Amulek Brenes, Austin Miner, Zach Larson, Will Baird, Mackenzie Burr, David Archibald, Samantha
Baker, Hillary Wadsworth, Sandy Garrett, Kiana Creech, and many more. Thank you.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Int. J. Mol. Sci. 2023, 24, 14147 12 of 14

References
1. Passik, S.D. Issues in long-term opioid therapy: Unmet needs, risks, and solutions. Mayo Clin. Proc. 2009, 84, 593–601. [CrossRef]

[PubMed]
2. Christie, C.; Baker, C.; Cooper, R.; Kennedy, P.J.; Madras, B.; Bondi, P. The President’s Commission on Combating Drug Addiction and

the Opioid Crisis; US Government Printing Office: Washington, DC, USA, 2017.
3. Substance Abuse and Mental Health Services Administration. Results from the 2008 National Survey on Drug Use and Health:

National Findings; Substance Abuse and Mental Health Services Administration: Rockville, MD, USA, 2009.
4. Bell, J.; Strang, J. Medication Treatment of Opioid Use Disorder. Biol. Psychiatry 2020, 87, 82–88. [CrossRef] [PubMed]
5. Sofuoglu, M.; DeVito, E.E.; Carroll, K.M. Pharmacological and Behavioral Treatment of Opioid Use Disorder. Psychiatr. Res. Clin.

Pract. 2019, 1, 4–15. [CrossRef]
6. Koob, G.F. A role for brain stress systems in addiction. Neuron 2008, 59, 11–34. [CrossRef]
7. Sinha, R. Chronic stress, drug use, and vulnerability to addiction. Ann. N. Y. Acad. Sci. 2008, 1141, 105–130. [CrossRef]
8. Varghese, S.P.; Montalvo-Ortiz, J.L.; Csernansky, J.G.; Eiger, R.I.; Herrold, A.A.; Koola, M.M.; Dong, H. Early Life Stress as a Risk

Factor for Substance use Disorders: Clinical and Neurobiological Substrates. Indian J. Psychol. Med. 2015, 37, 36–41. [CrossRef]
9. McKendrick, G.; Garrett, H.; Jones, H.E.; McDevitt, D.S.; Sharma, S.; Silberman, Y.; Graziane, N.M. Ketamine Blocks Morphine-

Induced Conditioned Place Preference and Anxiety-Like Behaviors in Mice. Front. Behav. Neurosci. 2020, 14, 75. [CrossRef]
10. Wise, R.A. Dopamine and reward: The anhedonia hypothesis 30 years on. Neurotox. Res. 2008, 14, 169–183. [CrossRef]
11. Ahn, S.; Phillips, A.G. Modulation by central and basolateral amygdalar nuclei of dopaminergic correlates of feeding to satiety in

the rat nucleus accumbens and medial prefrontal cortex. J. Neurosci. 2002, 22, 10958–10965. [CrossRef]
12. Ahn, S.; Phillips, A.G. Independent modulation of basal and feeding-evoked dopamine efflux in the nucleus accumbens and

medial prefrontal cortex by the central and basolateral amygdalar nuclei in the rat. Neuroscience 2003, 116, 295–305. [CrossRef]
13. Phillips, A.G.; Ahn, S.; Howland, J.G. Amygdalar control of the mesocorticolimbic dopamine system: Parallel pathways to

motivated behavior. Neurosci. Biobehav. Rev. 2003, 27, 543–554. [CrossRef] [PubMed]
14. Agmo, A.; Federman, I.; Navarro, V.; Padua, M.; Velazquez, G. Reward and reinforcement produced by drinking water: Role of

opioids and dopamine receptor subtypes. Pharmacol. Biochem. Behav. 1993, 46, 183–194. [CrossRef]
15. Agmo, A.; Galvan, A.; Talamantes, B. Reward and reinforcement produced by drinking sucrose: Two processes that may depend

on different neurotransmitters. Pharmacol. Biochem. Behav. 1995, 52, 403–414. [CrossRef]
16. Tzschentke, T.M. The medial prefrontal cortex as a part of the brain reward system. Amino Acids 2000, 19, 211–219. [CrossRef]

[PubMed]
17. Wise, R.A. Brain reward circuitry: Insights from unsensed incentives. Neuron 2002, 36, 229–240. [CrossRef] [PubMed]
18. Gratton, A.; Wise, R.A. Brain stimulation reward in the lateral hypothalamic medial forebrain bundle: Mapping of boundaries

and homogeneity. Brain Res. 1983, 274, 25–30. [CrossRef]
19. Wise, R.A. Dopamine, learning and motivation. Nat. Rev. Neurosci. 2004, 5, 483–494. [CrossRef]
20. Nestler, E.J. Psychogenomics: Opportunities for understanding addiction. J. Neurosci. 2001, 21, 8324–8327. [CrossRef]
21. Kalivas, P.W.; Churchill, L.; Klitenick, M.A. The circuitry mediating the translation of motivational stimuli into adaptive motor

responses. In Limbic Motor Circuits and Neuropsychiatry; Kalivas, P.W., Barnes, C.D., Eds.; CRC Press, Inc.: Boca Raton, FL, USA,
1993; pp. 237–287.

22. Kalivas, P.W.; Volkow, N.D. The neural basis of addiction: A pathology of motivation and choice. Am. J. Psychiatry 2005,
162, 1403–1413. [CrossRef]

23. Gallegos, R.A.; Criado, J.R.; Lee, R.S.; Henriksen, S.J.; Steffensen, S.C. Adaptive responses of GABAergic neurons in the ventral
tegmental area to chronic ethanol. J. Pharmacol. Exp. Ther. 1999, 291, 1045–1053.

24. Ludlow, K.H.; Bradley, K.D.; Allison, D.W.; Taylor, S.R.; Yorgason, J.T.; Hansen, D.M.; Walton, C.H.; Sudweeks, S.N.; Steffensen,
S.C. Acute and chronic ethanol modulate dopamine D2-subtype receptor responses in ventral tegmental area GABA neurons.
Alcohol. Clin. Exp. Res. 2009, 33, 804–811. [CrossRef] [PubMed]

25. Stobbs, S.H.; Ohran, A.J.; Lassen, M.B.; Allison, D.W.; Brown, J.E.; Steffensen, S.C. Ethanol suppression of ventral tegmental area
GABA neuron electrical transmission involves NMDA receptors. J. Pharmacol. Exp. Ther. 2004, 311, 282–289. [CrossRef] [PubMed]

26. Steffensen, S.C.; Taylor, S.R.; Horton, M.L.; Barber, E.N.; Lyle, L.T.; Stobbs, S.H.; Allison, D.W. Cocaine disinhibits dopamine
neurons in the ventral tegmental area via use-dependent blockade of GABA neuron voltage-sensitive sodium channels. Eur. J.
Neurosci. 2008, 28, 2028–2040. [CrossRef] [PubMed]

27. Brown, M.T.; Tan, K.R.; O’Connor, E.C.; Nikonenko, I.; Muller, D.; Luscher, C. Ventral tegmental area GABA projections pause
accumbal cholinergic interneurons to enhance associative learning. Nature 2012, 492, 452–456. [CrossRef] [PubMed]

28. Tan, K.R.; Yvon, C.; Turiault, M.; Mirzabekov, J.J.; Doehner, J.; Labouebe, G.; Deisseroth, K.; Tye, K.M.; Luscher, C. GABA neurons
of the VTA drive conditioned place aversion. Neuron 2012, 73, 1173–1183. [CrossRef]

29. Ohta, Y.; Murakami, T.E.; Kawahara, M.; Haruta, M.; Takehara, H.; Tashiro, H.; Sasagawa, K.; Ohta, J.; Akay, M.; Akay, Y.M.
Investigating the Influence of GABA Neurons on Dopamine Neurons in the Ventral Tegmental Area Using Optogenetic Techniques.
Int. J. Mol. Sci. 2022, 23, 1114. [CrossRef]

30. Steffensen, S.C.; Stobbs, S.H.; Colago, E.E.; Lee, R.S.; Koob, G.F.; Gallegos, R.A.; Henriksen, S.J. Contingent and non-contingent
effects of heroin on mu-opioid receptor-containing ventral tegmental area GABA neurons. Exp. Neurol. 2006, 202, 139–151.
[CrossRef]

https://doi.org/10.1016/S0025-6196(11)60748-9
https://www.ncbi.nlm.nih.gov/pubmed/19567713
https://doi.org/10.1016/j.biopsych.2019.06.020
https://www.ncbi.nlm.nih.gov/pubmed/31420089
https://doi.org/10.1176/appi.prcp.20180006
https://doi.org/10.1016/j.neuron.2008.06.012
https://doi.org/10.1196/annals.1441.030
https://doi.org/10.4103/0253-7176.150816
https://doi.org/10.3389/fnbeh.2020.00075
https://doi.org/10.1007/BF03033808
https://doi.org/10.1523/JNEUROSCI.22-24-10958.2002
https://doi.org/10.1016/S0306-4522(02)00551-1
https://doi.org/10.1016/j.neubiorev.2003.09.002
https://www.ncbi.nlm.nih.gov/pubmed/14599435
https://doi.org/10.1016/0091-3057(93)90339-U
https://doi.org/10.1016/0091-3057(95)00128-J
https://doi.org/10.1007/s007260070051
https://www.ncbi.nlm.nih.gov/pubmed/11026491
https://doi.org/10.1016/S0896-6273(02)00965-0
https://www.ncbi.nlm.nih.gov/pubmed/12383779
https://doi.org/10.1016/0006-8993(83)90518-8
https://doi.org/10.1038/nrn1406
https://doi.org/10.1523/JNEUROSCI.21-21-08324.2001
https://doi.org/10.1176/appi.ajp.162.8.1403
https://doi.org/10.1111/j.1530-0277.2009.00899.x
https://www.ncbi.nlm.nih.gov/pubmed/19298327
https://doi.org/10.1124/jpet.104.071860
https://www.ncbi.nlm.nih.gov/pubmed/15169831
https://doi.org/10.1111/j.1460-9568.2008.06479.x
https://www.ncbi.nlm.nih.gov/pubmed/19046384
https://doi.org/10.1038/nature11657
https://www.ncbi.nlm.nih.gov/pubmed/23178810
https://doi.org/10.1016/j.neuron.2012.02.015
https://doi.org/10.3390/ijms23031114
https://doi.org/10.1016/j.expneurol.2006.05.023


Int. J. Mol. Sci. 2023, 24, 14147 13 of 14

31. Carboni, E.; Imperato, A.; Perezzani, L.; Di Chiara, G. Amphetamine, cocaine, phencyclidine and nomifensine increase extra-
cellular dopamine concentrations preferentially in the nucleus accumbens of freely moving rats. Neuroscience 1989, 28, 653–661.
[CrossRef]

32. Yoshimoto, K.; McBride, W.J.; Lumeng, L.; Li, T.K. Alcohol stimulates the release of dopamine and serotonin in the nucleus
accumbens. Alcohol 1992, 9, 17–22. [CrossRef]

33. Bocklisch, C.; Pascoli, V.; Wong, J.C.; House, D.R.; Yvon, C.; de Roo, M.; Tan, K.R.; Luscher, C. Cocaine disinhibits dopamine
neurons by potentiation of GABA transmission in the ventral tegmental area. Science 2013, 341, 1521–1525. [CrossRef]

34. Bonci, A.; Williams, J.T. Increased probability of GABA release during withdrawal from morphine. J. Neurosci. 1997, 17, 796–803.
[CrossRef] [PubMed]

35. Koeltzow, T.E.; White, F.J. Behavioral depression during cocaine withdrawal is associated with decreased spontaneous activity of
ventral tegmental area dopamine neurons. Behav. Neurosci. 2003, 117, 860–865. [CrossRef] [PubMed]

36. Karkhanis, A.N.; Huggins, K.N.; Rose, J.H.; Jones, S.R. Switch from excitatory to inhibitory actions of ethanol on dopamine levels
after chronic exposure: Role of kappa opioid receptors. Neuropharmacology 2016, 110, 190–197. [CrossRef] [PubMed]

37. Maisonneuve, I.M.; Ho, A.; Kreek, M.J. Chronic administration of a cocaine “binge” alters basal extracellular levels in male rats:
An in vivo microdialysis study. J. Pharmacol. Exp. Ther. 1995, 272, 652–657. [PubMed]

38. Rose, J.H.; Karkhanis, A.N.; Chen, R.; Gioia, D.; Lopez, M.F.; Becker, H.C.; McCool, B.A.; Jones, S.R. Supersensitive kappa opioid
receptors promotes ethanol withdrawal-related behaviors and reduce dopamine signaling in the nucleus accumbens. Int. J.
Neuropsychopharmacol. 2016, 19, 1–10. [CrossRef] [PubMed]

39. Lyness, W.H.; Smith, F.L. Influence of dopaminergic and serotonergic neurons on intravenous ethanol self-administration in the
rat. Pharmacol. Biochem. Behav. 1992, 42, 187–192. [CrossRef]

40. Nelson, A.C.; Williams, S.B.; Pistorius, S.S.; Park, H.J.; Woodward, T.J.; Payne, A.J.; Obray, J.D.; Shin, S.I.; Mabey, J.K.; Steffensen,
S.C. Ventral tegmental area GABA neurons are resistant to GABA(A) receptor-mediated inhibition during ethanol withdrawal.
Front. Neurosci. 2018, 12, 131. [CrossRef]

41. Ting, A.K.R.; van der Kooy, D. The neurobiology of opiate motivation. Cold Spring Harb. Perspect. Med. 2012, 2, 1–15. [CrossRef]
42. Ting, A.K.R.; Vargas-Perez, H.; Mabey, J.K.; Shin, S.I.; Steffensen, S.C.; van der Kooy, D. Ventral tegmental area GABA neurons

and opiate motivation. Psychopharmacology 2013, 227, 697–709. [CrossRef]
43. Vargas-Perez, H.; Bahi, A.; Bufalino, M.R.; Ting, A.K.R.; Maal-Bared, G.; Lam, J.; Fahmy, A.; Clarke, L.; Blanchard, J.K.; Larsen, B.R.;

et al. BDNF signaling in the VTA links the drug-dependent state to drug withdrawal aversions. J. Neurosci. 2014, 34, 7899–7909.
[CrossRef]

44. Vargas-Perez, H.; Ting, A.K.R.; Walton, C.H.; Hansen, D.M.; Razavi, R.; Clarke, L.; Bufalino, M.R.; Allison, D.W.; Steffensen,
S.C.; van der Kooy, D. Ventral tegmental area BDNF induces an opiate-dependent-like reward state in naive rats. Science 2009,
324, 1732–1734. [CrossRef] [PubMed]

45. Chang, S.; Ryu, Y.; Gwak, Y.S.; Kim, N.J.; Kim, J.M.; Lee, J.Y.; Kim, S.A.; Lee, B.H.; Steffensen, S.C.; Jang, E.Y.; et al. Spinal pathways
involved in somatosensory inhibition of the psychomotor actions of cocaine. Sci. Rep. 2017, 7, 5359. [CrossRef] [PubMed]

46. Jin, W.; Kim, M.S.; Jang, E.Y.; Lee, J.Y.; Lee, J.G.; Kim, H.Y.; Yoon, S.S.; Lee, B.H.; Chang, S.; Kim, J.H.; et al. Acupuncture reduces
relapse to cocaine-seeking behavior via activation of GABA neurons in the ventral tegmental area. Addict. Biol. 2018, 23, 165–181.
[CrossRef] [PubMed]

47. Kim, S.A.; Lee, B.H.; Bae, J.H.; Kim, K.J.; Steffensen, S.C.; Ryu, Y.H.; Leem, J.W.; Yang, C.H.; Kim, H.Y. Peripheral afferent
mechanisms underlying acupuncture inhibition of cocaine behavioral effects in rats. PLoS ONE 2013, 8, e81018. [CrossRef]
[PubMed]

48. Yoon, S.S.; Yang, E.J.; Lee, B.H.; Jang, E.Y.; Kim, H.Y.; Choi, S.M.; Steffensen, S.C.; Yang, C.H. Effects of acupuncture on
stress-induced relapse to cocaine-seeking in rats. Psychopharmacology 2012, 222, 303–311. [CrossRef]

49. Yang, C.H.; Yoon, S.S.; Hansen, D.M.; Wilcox, J.D.; Blumell, B.R.; Park, J.J.; Steffensen, S.C. Acupuncture inhibits GABA neuron
activity in the ventral tegmental area and reduces ethanol self-administration. Alcohol. Clin. Exp. Res. 2010, 34, 2137–2146.
[CrossRef] [PubMed]

50. Kim, N.J.; Ryu, Y.; Lee, B.H.; Chang, S.; Fan, Y.; Gwak, Y.S.; Yang, C.H.; Bills, K.B.; Steffensen, S.C.; Koo, J.S.; et al. Acupuncture
inhibition of methamphetamine-induced behaviors, dopamine release and hyperthermia in the nucleus accumbens: Mediation of
group II mGluR. Addict. Biol. 2019, 24, 206–217. [CrossRef]

51. Chang, S.; Fan, Y.; Lee, S.M.; Ryu, Y.; Lee, B.H.; Kim, S.C.; Bills, K.B.; Steffensen, S.C.; Yang, C.H.; Kim, H.Y. Acupuncture reduces
cocaine psychomotor responses by activating the rostromedial tegmental nucleus. Addict. Biol. 2021, 26, e13052. [CrossRef]

52. Yang, C.H.; Lee, B.H.; Sohn, S.H. A possible mechanism underlying the effectiveness of acupuncture in the treatment of drug
addiction. Evid.-Based Complement. Altern. Med. 2008, 5, 463284. [CrossRef]

53. Hipolito, L.; Sanchez-Catalan, M.J.; Zanolini, I.; Polache, A.; Granero, L. Shell/core differences in mu- and delta-opioid receptor
modulation of dopamine efflux in nucleus accumbens. Neuropharmacology 2008, 55, 183–189. [CrossRef]

54. Oroszi, T.; Geerts, E.; de Boer, S.F.; Schoemaker, R.G.; van der Zee, E.A.; Nyakas, C. Whole body vibration improves spatial
memory, anxiety-like behavior, and motor performance in aged male and female rats. Front. Aging Neurosci. 2022, 13, 801828.
[CrossRef] [PubMed]

https://doi.org/10.1016/0306-4522(89)90012-2
https://doi.org/10.1016/0741-8329(92)90004-T
https://doi.org/10.1126/science.1237059
https://doi.org/10.1523/JNEUROSCI.17-02-00796.1997
https://www.ncbi.nlm.nih.gov/pubmed/8987801
https://doi.org/10.1037/0735-7044.117.4.860
https://www.ncbi.nlm.nih.gov/pubmed/12931970
https://doi.org/10.1016/j.neuropharm.2016.07.022
https://www.ncbi.nlm.nih.gov/pubmed/27450094
https://www.ncbi.nlm.nih.gov/pubmed/7853178
https://doi.org/10.1093/ijnp/pyv127
https://www.ncbi.nlm.nih.gov/pubmed/26625893
https://doi.org/10.1016/0091-3057(92)90465-R
https://doi.org/10.3389/fnins.2018.00131
https://doi.org/10.1101/cshperspect.a012096
https://doi.org/10.1007/s00213-013-3002-3
https://doi.org/10.1523/JNEUROSCI.3776-13.2014
https://doi.org/10.1126/science.1168501
https://www.ncbi.nlm.nih.gov/pubmed/19478142
https://doi.org/10.1038/s41598-017-05681-7
https://www.ncbi.nlm.nih.gov/pubmed/28706288
https://doi.org/10.1111/adb.12499
https://www.ncbi.nlm.nih.gov/pubmed/28271626
https://doi.org/10.1371/journal.pone.0081018
https://www.ncbi.nlm.nih.gov/pubmed/24260531
https://doi.org/10.1007/s00213-012-2683-3
https://doi.org/10.1111/j.1530-0277.2010.01310.x
https://www.ncbi.nlm.nih.gov/pubmed/20860620
https://doi.org/10.1111/adb.12587
https://doi.org/10.1111/adb.13052
https://doi.org/10.1093/ecam/nem081
https://doi.org/10.1016/j.neuropharm.2008.05.012
https://doi.org/10.3389/fnagi.2021.801828
https://www.ncbi.nlm.nih.gov/pubmed/35126091


Int. J. Mol. Sci. 2023, 24, 14147 14 of 14

55. Peng, G.; Yang, L.; Wu, C.Y.; Zhang, L.L.; Wu, C.Y.; Li, F.; Shi, H.W.; Hou, J.; Zhang, L.M.; Ma, X.; et al. Whole body vibration
training improves depression-like behaviors in a rat chronic restraint stress model. Neurochem. Int. 2021, 142, 104926. [CrossRef]
[PubMed]

56. Wunram, H.L.; Hamacher, S.; Hellmich, M.; Volk, M.; Jänicke, F.; Reinhard, F.; Bloch, W.; Zimmer, P.; Graf, C.; Schönau, E.; et al.
Whole body vibration added to treatment as usual is effective in adolescents with depression: A partly randomized, three-armed
clinical trial in inpatients. Eur. Child Adolesc. Psychiatry 2018, 27, 645–662. [CrossRef] [PubMed]

57. McLain, R.F.; Raiszadeh, K. Mechanoreceptor endings of the cervical, thoracic, and lumbar spine. Iowa Orthop. J. 1995, 15, 147–155.
[PubMed]

58. Bills, K.B.; Clarke, T.; Major, G.H.; Jacobson, C.B.; Blotter, J.D.; Feland, J.B.; Steffensen, S.C. Targeted subcutaneous vibration with
single-neuron electrophysiology as a novel method for understanding the central effects of peripheral vibrational therapy in a
rodent model. Dose-Response 2019, 17, 1559325818825172. [CrossRef] [PubMed]

59. Bills, K.B.; Obray, J.D.; Clarke, T.; Parsons, M.; Brundage, J.; Yang, C.H.; Kim, H.Y.; Yorgason, J.T.; Blotter, J.D.; Steffensen, S.C.
Mechanical stimulation of cervical vertebrae modulates the discharge activity of ventral tegmental area neurons and dopamine
release in the nucleus accumbens. Brain Stimul. 2020, 13, 403–411. [CrossRef]

60. Bills, K.B.; Otteson, D.Z.; Jones, G.C.; Brundage, J.N.; Baldwin, E.K.; Small, C.A.; Kim, H.Y.; Yorgason, J.T.; Blotter, J.D.; Steffensen,
S.C. Mechanical stimulation alters chronic ethanol-induced changes to VTA GABA neurons, NAc DA release and measures of
withdrawal. Int. J. Mol. Sci. 2022, 23, 12630. [CrossRef]

61. Simola, N.; Granon, S. Ultrasonic vocalizations as a tool in studying emotional states in rodent models of social behavior and
brain disease. Neuropharmacology 2019, 159, 107420. [CrossRef]

62. Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat. Protoc. 2007,
2, 322–328. [CrossRef]

63. Xia, Y.; Driscoll, J.R.; Wilbrecht, L.; Margolis, E.B.; Fields, H.L.; Hjelmstad, G.O. Nucleus accumbens medium spiny neurons target
non-dopaminergic neurons in the ventral tegmental area. J. Neurosci. 2011, 31, 7811–7816. [CrossRef]

64. Jalabert, M.; Bourdy, R.; Courtin, J.; Veinante, P.; Manzoni, O.J.; Barrot, M.; Georges, F. Neuronal circuits underlying acute
morphine action on dopamine neurons. Proc. Natl. Acad. Sci. USA 2011, 108, 16446–16450. [CrossRef]

65. Georges, F.; Moine, C.L.; Aston-Jones, G. No effect of morphine on ventral tegmental dopamine neurons during withdrawal. J.
Neurosci. 2006, 26, 5720–5726. [CrossRef] [PubMed]

66. Bernstein, M.A.; Welch, S.P. µ-Opioid receptor down-regulation and cAMP-dependent protein kinase phosphorylation in a mouse
model of chronic morphine tolerance. Mol. Brain Res. 1998, 55, 237–242. [CrossRef] [PubMed]

67. Ma, J.; Zhang, Y.; Kalyuzhny, A.E.; Pan, Z.Z. Emergence of functional δ-opioid receptors induced by long-term treatment with
morphine. Mol. Pharmacol. 2006, 69, 1137–1145. [CrossRef] [PubMed]

68. Wu, Q.; Zhang, L.; Law, P.-Y.; Wei, L.-N.; Loh, H.H. Long-term morphine treatment decreases the association of µ-opioid receptor
(MOR1) mRNA with polysomes through miRNA23b. Mol. Pharmacol. 2009, 75, 744–750. [CrossRef]

69. Burgdorf, J.S.; Brudzynski, S.M.; Moskal, J.R. Using rat ultrasonic vocalization to study the neurobiology of emotion: From basic
science to the development of novel therapeutics for affective disorders. Curr. Opin. Neurobiol. 2020, 60, 192–200. [CrossRef]

70. Brudzynski, S.M. The ascending mesolimbic cholinergic system—A specific division of the reticular activating system involved in
the initiation of negative emotional states. J. Mol. Neurosci. 2014, 53, 436–445. [CrossRef]

71. Maldonado, R.; Koob, G.F. Destruction of the locus coeruleus decreases physical signs of opiate withdrawal. Brain Res. 1993,
605, 128–138. [CrossRef]

72. Steffensen, S.C.; Svingos, A.L.; Pickel, V.M.; Henriksen, S.J. Electrophysiological characterization of GABAergic neurons in the
ventral tegmental area. J. Neurosci. 1998, 18, 8003–8015. [CrossRef]

73. Schindelin, J.; Arganda-Carreras, I.; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676–682. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.neuint.2020.104926
https://www.ncbi.nlm.nih.gov/pubmed/33276022
https://doi.org/10.1007/s00787-017-1071-2
https://www.ncbi.nlm.nih.gov/pubmed/29119301
https://www.ncbi.nlm.nih.gov/pubmed/7634025
https://doi.org/10.1177/1559325818825172
https://www.ncbi.nlm.nih.gov/pubmed/30728758
https://doi.org/10.1016/j.brs.2019.11.012
https://doi.org/10.3390/ijms232012630
https://doi.org/10.1016/j.neuropharm.2018.11.008
https://doi.org/10.1038/nprot.2007.44
https://doi.org/10.1523/JNEUROSCI.1504-11.2011
https://doi.org/10.1073/pnas.1105418108
https://doi.org/10.1523/JNEUROSCI.5032-05.2006
https://www.ncbi.nlm.nih.gov/pubmed/16723528
https://doi.org/10.1016/S0169-328X(98)00005-9
https://www.ncbi.nlm.nih.gov/pubmed/9582426
https://doi.org/10.1124/mol.105.019109
https://www.ncbi.nlm.nih.gov/pubmed/16399848
https://doi.org/10.1124/mol.108.053462
https://doi.org/10.1016/j.conb.2019.12.008
https://doi.org/10.1007/s12031-013-0179-1
https://doi.org/10.1016/0006-8993(93)91364-X
https://doi.org/10.1523/JNEUROSCI.18-19-08003.1998
https://doi.org/10.1038/nmeth.2019

	Introduction 
	Results 
	Effect of WBV on Morphine-Induced Changes to VTA GABA Neurons 
	Effect of WBV on Morphine-Induced Changes to NAc DA Release 
	Effect of WBV on Morphine-Induced Changes in NAc CIN DOR Expression 
	Effect of WBV on Anxiety Induced by Morphine Withdrawal 

	Discussion 
	Materials and Methods 
	Animal Subjects 
	Whole-Body Vibration Apparatus 
	Morphine Administration and Whole-Body Vibration 
	In Vivo Single Cell Recordings and Characterization of VTA GABA Neurons 
	In Vivo Microdialysis and High-Performance Liquid Chromatography of NAc DA 
	Immunohistochemistry and Confocal Microscopy 
	Elevated-Plus Maze 
	Statistical Analyses 

	References

