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Electroacupuncture prevents
cocaine-induced conditioned
place preference reinstatement
and attenuates AFosB and GluR2
expression
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Hsien-Yuan Lane**$, Cheng-Hao Tu?, Jaung-Geng Lin'*‘ & Yi-Hung Chen?57"

Acupuncture has been used for treating drug addiction since the 1970s, but little is known about

the mechanisms by which acupuncture affects drug cue-induced relapse. The transcription factor
delta-FosB (AFosB) plays a critical role in behavior and pathology after chronic use of cocaine. AFosB
regulates glutamate receptor signaling and dendritic spine morphology in animal models. This
experimental study compared the effects of electroacupuncture (EA) at acupoints LI4 and LI11 with
those of another potentially beneficial intervention, gabapentin (GBP), alone or in combination,

on reinstatement of cocaine-induced conditioned place preference (CPP) and levels of AFosB and
glutamate receptor subunit 2 (GIuR2) expression in the nucleus accumbens (NAc). EA at LI4 and LI11
significantly prevented cue-induced cocaine CPP reinstatement, whereas needle insertion without
electrical stimulation at these acupoints had no such effect. EA also significantly attenuated cocaine-
induced increases in AFosB and GIUR2 expression in the NAc. Unexpectedly, these effects were
reversed when GBP was combined with EA. Treatment with EA at LI4 and LI11 prevented cocaine-
induced increases in dendritic spine density in the NAc core and shell. Our results suggest that EA

at LI4 and LI11 may prevent cocaine relapse by modulating AFosB and GIuR2 expression, as well as
dendritic spine density.

Drug abuse is a huge problem for communities and health care systems worldwide'. Chronic abuse of addic-
tive substances leads to neuroplasticity or neuroadaptation in brain structure and function, impairing cogni-
tive functions, making it difficult for individuals to stop using the addictive substances and rendering them
highly susceptible to relapse, even after long periods of abstinence"* More than two-thirds of people diagnosed
with substance use disorder relapse within the first year after undergoing detoxification!**. Cocaine is a highly
addictive psychostimulant and no regulatory authorities worldwide have as yet approved any medications for
the treatment of addiction to cocaine in adolescents and adults. Cocaine’s rewarding effects are mediated by
activation of the mesocorticolimbic dopamine system®, consisting of the ventral tegmental area (VTA), the
nucleus accumbens (NAc)®, prefrontal cortex (PFC) and amygdala’. The NAc has a critical role in the reward
circuitry underlying addiction, as it receives dopaminergic input from the VTA and glutamatergic input from
the hippocampus, amygdala and frontal cortex®. Previous studies have demonstrated that the transcription fac-
tor delta-FosB (AFosB) plays a critical role in behavior and pathology after chronic use of cocaine®!!. AFosB
regulates the glutamate receptor and the morphology of dendritic spine and neural plasticity in animal models
of addiction”!>!13. Acute cocaine administration increases c-Fos expression in the NAc, while chronic cocaine
use increases AFosB expression and changes behavioral plasticity by altering the expression of its target genes:
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alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) glutamate receptor subunit 2 (GluR2),
cyclin-dependent-kinase 5 (Cdk5) and the opioid peptide, dynorphin'*'. The overexpression of AFosB protein
induced by chronic cocaine administration leads to changes in the glutamatergic synapses in the NAc, including
increased dendritic spine density®. AFosB is believed to be capable of converting acute drug-induced responses
over time into relatively stable adaptations that contribute to long-term neural and behavioral plasticity under-
lying addictive behavior'®. Whether any correlation exists between the overexpression of GluR2 and AFosB in
priming-induced reinstatement of cocaine-seeking behavior in animals has yet to be determined.

Acupuncture needle penetration into acupuncture points (or acupoints) at specific locations of the body is
followed by either manual manipulation (traditional acupuncture) or electrical current stimulation (electroacu-
puncture [EA]). Acupuncture has been used to treat opiate addiction since the 1970s, although its efficacy in drug
addiction treatment needs to be confirmed by large-scale clinical trials’’~**. Moreover, the mechanisms of these
different acupuncture modalities that are used in cocaine addiction treatment have not been clarified. Acupunc-
ture at the HT7 (Shenmen) acupoint in rats decreases the release of dopamine, enhances gamma-aminobutyric
acid-ergic (GABAergic) inhibition and suppresses morphine- and cocaine-induced c-Fos overexpression?, while
acupuncture at ST36 (Zusanli) attenuates alcohol-induced increases in FosB/AFosB immunoreactivity within the
rat dorsolateral striatum and NAc core?!. Furthermore, animal studies have shown that EA reduces the risk of
relapse to drug-seeking behavior. Thus, the experimental evidence shows that acupuncture modulates molecular
abnormalities induced by exposure to addictive substances, but evidence is lacking as to the effects of acupuncture
on glutamatergic neurotransmission and how acupuncture reduces the reinstatement of drug-seeking behavior.
The lack of standardized therapeutic protocols for acupuncture treatment of drug addiction complicates com-
parisons of outcomes from existing acupuncture studies using different formulas’.

Clinical evidence suggests that the anticonvulsant gabapentin (GBP) may be helpful in treating alcohol
dependence and for reducing the symptoms of insomnia, dysphoria and craving”*, in opioid addiction®*>*, and
in treating cannabis dependence®. One small, open-label trial has described finding that GBP reduced cocaine
use and craving®, although other research has reported that GBP does not affect abstinence rates, treatment
retention, cravings, the subjective effects of cocaine, or likelihood of future cocaine use**. Interestingly, the
combination of GBP and EA at ST36 was associated with more robust analgesia than either GBP or EA alone in
mice subjected to paclitaxel-induced neuropathic pain®*. We therefore sought to determine whether treatment
with combined GBP and EA would have any beneficial effect upon cue-induced cocaine seeking and relapse.

Some researchers have suggested that some of the persistent neurobehavioral consequences of repeated
exposure to psychostimulant drugs may be because these agents are capable of reorganizing synaptic connectiv-
ity patterns in the NAc and PFC'2 For instance, cocaine doubles the numbers of branched spines and increases
dendritic spine density on medium spiny neurons in rats'2. To the best of our knowledge, no studies have reported
the effects of acupuncture on dendritic spine morphology in drug addiction. We speculated that exploring the
effects of acupuncture treatment on dendritic spine morphology may lead to more effective treatment of drug
addiction disorders.

In the present study, we compared the effects of EA at acupoints LI4 (Hegu) and LI11 (Quchi) with those of
GBBP, alone or in combination, on cocaine-induced conditioned place preference (CPP) reinstatement, AFosB
and GluR2 expression, as well as dendritic spine density in the mouse NAc.

Results

Only EA at LI4 and LI11 prevents cocaine-induced CPP reinstatement. The cocaine doses of
20 mg/kg for conditioning and 10 mg/kg for reinstatement followed those described in previous reports®-.
In CPP testing, approximately 90% of the mice preferred the black chamber on the pre-testing day; these mice
were included in the study, while the remaining animals preferred the other side and were excluded from the
study. The timeline for the experiment is shown in Fig. 1A. Two-way analysis of variance (ANOVA) revealed
significant interaction effects (F[9,72] =4.031, p<0.001) between groups (no intervention [CO], EA treatment
[CO +EA], manual acupuncture (MA) treatment [CO + MA], and 2% lidocaine injection followed by EA treat-
ment [CO +LIDO +EA]) and phases (preconditioning testing [PRE], post-conditioning testing [POST], extinc-
tion testing [EXT], and reinstatement testing [REIN]). In group factor analysis, significant between-group
differences were observed with the REIN phase only (F[3,24] =5.690, p<0.01). No significant between-group
differences were observed with the PRE, POST, or EXT phases. Post-hoc analysis of the REIN phase revealed
significantly decreased CPP scores in the CO +EA group, compared with the CO group (p <0.01), the CO + MA
group (p <0.05) and the CO + LIDO + EA group (p <0.05), respectively. No significant differences were seen with
any other pairs of treatment groups. In phase factor analysis, significant differences between phases were seen
for all four groups (CO group: F[3,18] =5.298, p<0.01; CO+EA group: F[3,18] =12.754, p<0.001; CO+MA
group: F[3,18] =7.963, p <0.01; CO + LIDO + EA group: F[3,18] =7.969, p <0.01). Post-hoc analysis revealed that
CPP scores were significantly increased in the POST phase compared with the PRE phase in all groups (CO
group: p<0.05; CO+EA group: p<0.01; CO+MA group: p<0.01; CO+LIDO+EA group: p<0.01), whereas
CPP scores were significantly decreased in the EXT phase compared with the POST phase (CO group: p <0.05;
CO +EA group: p<0.001; CO+MA group: p<0.01; CO+LIDO +EA group: p <0.05). No significant difference
was found between the PRE phase and EXT phase. In contrast, the CPP score was significantly increased in the
REIN phase compared with the EXT phase in the CO group, the CO + MA group, and in the CO+LIDO +EA
group (all p<0.05), but not in the CO+EA group. Furthermore, CPP scores were significantly decreased in
the REIN phase compared with the POST phase in the CO+EA group (p<0.01), but not in the CO group,
the CO +MA group, and in the CO +LIDO +EA group. These results suggest that EA at LI4 and LI11, but not
manual needling at LI4 and LI11, prevents cocaine-primed CPP reinstatement. The effects of EA at LI4 and
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Figure 1. EA at LI4 and LI11 acupoints prevents cocaine-induced CPP reinstatement in mice. (A) Timeline
for the CPP testing, training, cocaine administration, and experimental interventions. (B) CPP scores for the
CO group, CO +EA group, CO + MA group, and CO +LIDO +EA group, obtained during PRE, POST, EXT,
and REIN testing. All data are expressed as the means+S.E.M. (n=7 mice per group). *p <0.05; **p <0.01
versus the PRE phases; ¥p <0.05 versus the REIN phases; *p <0.01 versus the CO group; **p<0.01 versus the
EA group (two-way ANOVA with the LSD post-hoc test). Abbreviations: CPP = Cocaine-induced conditioned
place preference; PRE = Preconditioning testing; POST = Post-conditioning testing; EXT = Extinction of cocaine
CPP testing; REIN = Cocaine-primed reinstatement testing; CO =No intervention; CO + EA =EA treatment;
CO +MA =MA treatment; CO + LIDO + EA =Lidocaine (2%, 10 pL) injection followed by EA treatment.

LI11 were significantly blocked by pretreatment with lidocaine (2%) at LI11 given 1 min before EA treatment
(p<0.05; Fig. 1B and Supplementary Fig. S1).

Gabapentin reversed EA-induced effects in cocaine-induced CPP reinstatement. 1In a previ-
ous study, GBP (1-30 mg/kg) attenuated hyperactivation induced by cocaine (10 mg/kg) in rats*’. We therefore
tested the effects of GBP at the dose of 1 mg/kg (see Fig. 2A for the timeline). We speculated that the combi-
nation of GBP plus EA at LI4 and LI11 would enhance the effects of EA on the reduction of CPP in cocaine-
treated mice in the REIN stage. Two-way ANOVA revealed significant interaction effects between groups (no
intervention [COJ, EA treatment [CO+EA], intraperitoneal (ip.) 1 mg/kg GBP treatment [CO + GBP], and
EA followed by i.p. GBP [CO + EA + GBP]) and phases (PRE, POST, EXT, and REIN) (F[6.354, 52.948] =2.954
with Greenhouse-Geisser correction for sphericity, p <0.05). For group factor analysis, the REIN phase revealed
significant differences between groups (REIN phase: F[3,25] =3.344, p<0.05). In the REIN phase, CPP scores
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Figure 2. GBP significantly reversed the effects of EA on cocaine-induced relapse behavior. (A) Timeline of
CPP testing, training, cocaine administration, and experimental interventions. (B) CPP scores for the CO group,
CO +EA group, CO +GBP group and CO +EA + GBP group, obtained during PRE, POST, EXT, and REIN
testing. *p <0.05; **p < 0.01 versus the PRE phases; ¥p <0.05 versus the REIN phases; *p <0.05; #p <0.01 versus
the CO +EA group in REIN phases (two-way ANOVA with the LSD post-hoc test). All data are expressed as the
means+S.E.M. (n=7-8 mice per group). Abbreviations: CPP = Cocaine-induced conditioned place preference;
PRE =Preconditioning testing; POST = Post-conditioning testing; EXT = Extinction of cocaine CPP testing;
REIN = Cocaine-primed reinstatement testing; CO = No intervention; CO + EA =EA treatment; CO + GBP =i.p.
GBP (1 mg/kg) injection; CO + EA + GBP =EA treatment followed by i.p. GBP (1 mg/kg) injection.

were significantly lower in the CO+EA group compared with those in the CO group (p <0.05), the CO + GBP
group (p<0.01) and the CO+EA +GBP group (p<0.05). Factor analysis revealed significant between-phase
differences in all groups (CO group: F[1.443, 8.656] =8.085 with Greenhouse-Geisser correction for sphericity,
p<0.05; CO+EA group: F[3,18]=14.674, p<0.001; CO + GBP group: F[3,18] = 11.637, p<0.001; CO + EA + GBP
group: F[3,21]=5.785, p<0.01).

Post-hoc analysis revealed significant increases in CPP scores in the POST phase compared with the PRE
phase (CO group: p<0.01; CO +EA group: p <0.05; CO + GBP group: p<0.01; CO + EA + GBP group: p<0.01)
and the EXT phase (CO group: p <0.05; CO +EA group: p <0.01; CO + GBP group: p<0.01; CO + EA + GBP
group: p <0.01) for all groups. Moreover, CPP scores were significantly higher in the REIN phase compared
with the EXT phase in the CO group, the CO + GBP group, and the CO + EA + GBP group (all p <0.05), but
not the CO + EA group. Thus, while EA at LI4 and LI11 significantly reduced the CPP score, adding GBP to EA
significantly reversed the effects of EA (Fig. 2B and Supplementary Fig. S2).
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Effects of EA at LI4 and LI11 on AFosB and AMPA GIuR2 protein expression in the NAc. In
Fig. 3A, one-way ANOVA revealed a significant main effect for the group factor in the Western blot analysis for
AFosB (F[3,16] =5.693, p<0.01) and GluR2 (F[3,16] =10.829, p<0.001) expression (Fig. 3B, C; Supplementary
Fig. S3 and S4). Post-hoc analysis revealed significant increases in levels of AFosB and GluR2 expression in the
CO group compared with the NC group (negative controls) (AFosB: p <0.05; GluR2: p <0.01). AFosB and GluR2
levels were significantly reduced in the EA group compared with the CO group (both p <0.05). Western blot data
also revealed that the CO + EA + GBP group and CO group had significantly higher levels of AFosB (p <0.05) and
GluR2 expression (p <0.001) compared with mice given EA only (CO +EA group), suggesting that the combina-
tion of GBP and EA significantly reversed the effects of EA (Fig. 3A-C). To test the effects of only EA (at L14
and LI11) and only GBP treatment in the controls, AFosB and GluR2 levels were compared in three groups (see
Fig. 4A for the timeline). The results revealed that AFosB and GluR2 levels were not changed by EA in controls
(Fig. 4B and Supplementary Fig. S5) and by GBP treatment in controls (Fig. 4C and Supplementary Fig. S6).

EA pretreatment at LI4 and LI11 prevented increases in dendritic spine density induced by
2 weeks of cocaine administration. Dendritic spine density in the NAc core and shell was markedly
increased by cocaine (30 mg/kg per day, i.p.) given for 5 consecutive days followed by 2 injection-free days
for 4 weeks in total*!, while a lower dosage (15 mg/kg per day for 8 consecutive days) increased spine density
only in the shell** and in another study, cocaine (15 mg/kg per day for 14 consecutive days) induced significant
increases in dendritic spine density in the NAc core but had only minimal effects in the NAc shell*’. Based on
the results of these studies, we decided to test the effects of cocaine at the dose of 30 mg/kg (or saline) daily for
14 days (see Fig. 5A for the timeline). Two-way AVOVA analysis indicated significant interaction effects between
cocaine administration (including saline and cocaine conditions) and EA treatment (including anesthesia-only
and EA conditions) were observed in dendritic spine density in both the NAc core (F[1,12] =97.099, p <0.001)
and shell (F[1,12] =26.944, p<0.001) regions (Fig. 5C, D; Supplementary Figs. S7 and S8). Compared with the
control group (saline with anesthesia only), neuronal dendritic spine density was significantly increased in both
the NAc core (p<0.001) and shell (p <0.001) regions of the CO group (cocaine with anesthesia only), but not in
EA-treated mice (saline with anesthesia and EA [EA group]) (Fig. 5C, D). EA pretreatment at LI4 and LI11 in
cocaine-treated mice (CO + EA group) was associated with significant restorations in dendritic spine density in
both the NAc core (p<0.001) and shell (p <0.05) regions compared with the CO group. Dendritic spine density
in the NAc core and shell regions did not differ between the EA group and CO + EA group (Fig. 5C, D).

Discussion

Scant information is available as to the mechanisms underlying the effects of acupuncture in the treatment of
cocaine reinstatement. This study investigated the effects of EA treatment in a murine model of cocaine reinstate-
ment by assessing changes in behavior and specific biomarkers that predict the risk of cocaine reinstatement.

LI4 is an acupoint that is frequently used for treatment of drug addiction'”***>. LI11, another acupoint on
the radial nerve, is commonly combined with LI4 in clinical trials*>*’. We therefore selected the combination of
LI4 and LI11 for this EA treatment investigation; both acupoints are positioned near the radial nerve in humans
and mice. Previous studies have indicated that different frequencies of EA may have different effects on the
release of neuropeptides and neurotransmitters*. For instance, EA 2 Hz stimulates the release of endomorphin,
enkephalin and endorphin, while EA 100 Hz stimulates the release of dynorphin®. EA at 2 Hz and 2/100 Hz,
but not at 100 Hz, has been shown to suppress morphine-induced CPP in rats*’, while other research has shown
that 100 Hz EA attenuates morphine-induced CPP and that this effect is completely blocked by §- and k-opioid
receptor antagonists, which suggests that the activation of §- and k-opioid receptors mediates the anticraving
effects induced by 100 Hz EA™.

EA at 2 Hz has been shown to increase preproenkephalin mRNA levels, whereas EA 100 Hz increases pre-
prodynorphin mRNA levels in the NAc® It is therefore assumed that the inhibitory effects of 2 Hz EA on
morphine-induced CPP expression are mediated by the p- and §-opioid receptors in the NAc*. As to cocaine
addiction in basic research, EA 100 Hz has been shown to suppress cocaine-induced CPP**, while more recent
studies have suggested that EA 2 Hz at acupoint HT7 may suppress cocaine-seeking behavior in rats®, as well
as methamphetamine-induced affective states and locomotor activity®. Thus, the evidence suggests that EA at
2 Hz is effective for inhibiting both morphine- and cocaine-induced addiction. In the present study, we selected
EA 2 Hz to examine the effects of EA on cocaine-induced reinstatement. We found that EA 2 Hz at LI4 and
LI11 successfully inhibited cocaine-induced CPP reinstatement, suggesting that this EA treatment protocol is
appropriate for preventing the reinstatement of cocaine-seeking behavior.

In experimental studies, acupuncture with manual twisting for 1 min®® or acupuncture for 20 s*” at HT7, but
not at LI5, reduced foot shock-induced reinstatement cocaine-seeking behavior® or cocaine-induced locomotion
activity”. Similarly, acupuncture at HT7, but not at LI5, markedly reduced reinstatement of cocaine-seeking,
c-Fos expression and pCREB activation in the NAc shell*®, and reduced self-administration behavior®. L14 and
LI5 are located on the same meridian and near the radial nerve. In the present study, we compared the effects of
EA and manual acupuncture without twisting at LI4 and LI11, for longer periods of time than those recorded
in previous studies. We found that simple needling at LI4 and LI11 did not produce any significant effects on
cocaine reinstatement, consistent with previous findings, while electrical stimulation at LI4 and LI11 prevented
the cocaine reinstatement of CPP.

The structure of GBP is similar to that of GABA®. However, GBP is not active at GABA receptors and does
not modulate GABA transport or metabolism®¢'. Inhibition of a,8-containing voltage-dependent calcium chan-
nels (VDCCs) by GBP appears to be responsible for its anticonvulsant, analgesic and anxiolytic effects®®®%. A
previous study has reported that the combination of GBP (3 mg/kg) and EA at ST36 was associated with more
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Figure 3. EA treatment attenuated cocaine-induced increases of AFosB and GluR2 levels in the NAc. After

2 h of REIN testing, the mice were sacrificed and NAc tissue was collected from the brain, for quantification

of protein levels in the NAc. Figure 2A shows the experimental timeline. (A) Following the study group
interventions, Western blotting examined AFosB and GluR2 expression. The NC group (without any treatment)
was used to confirm the basal levels of protein. The original Western blot images are available in Supplementary
Figure S10, with photographs of each membrane taken after cropping. Data were calculated as the percentages
of the NC group and are expressed as the means+ S.E.M. (n=>5 mice per group). (B) Quantification of

AFosB expression from (A). *p <0.05 versus NC group; *p <0.05 versus the CO group; *p <0.05 versus the

CO +EA group (one-way ANOVA with the LSD post-hoc test). (C) Quantification of GluR2 expression from
Fig. 3A. **p<0.01 versus NC group; *p <0.05 versus the CO group; ***p<0.001 versus the CO + EA group
(one-way ANOVA with the LSD post-hoc test). Abbreviations: NC =Negative control; CO =No intervention;
CO +EA =EA treatment; CO+EA + GBP =EA treatment followed by i.p. GBP (1 mg/kg) injection.
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Figure 4. EA or GBP alone did not affect AFosB and GluR2 expression in cocaine-naive mice. (A) Timeline for
the experimental procedures. (B, C) Cocaine-naive mice were treated with EA or GBP (1 mg/kg i.p.). Levels of
AFosB and GIuR2 expression were examined by Western blotting (n=>5 per group). The original Western blot
images are available in Supplementary Figure S11 and S12, respectively. The bar graphs show the quantification
of protein from (B, C). The same control group was used for both Western blotting assays. Abbreviations:
Control = Cocaine-naive mice; EA = cocaine-naive mice with EA treatment; GBP = Cocaine-naive mice with i.p.
GBP (1 mg/kg) injection.

effective analgesia than the use of either treatment alone and that the mechanism underlying this synergistic
action involved the interaction of opioidergic, noradrenergic and cholinergic systems in the central nervous
system™®. In our investigation, our results (Figs. 2, 3) unexpectedly showed that GBP 1 mg/kg alone (CO + GBP
group) or in combination with EA (CO + EA + GBP group) failed to protect mice from cocaine relapse. The addi-
tion of GBP to EA reversed the effects of EA at LI4 and LI11 upon cocaine-induced increases in levels of AFosB
and GluR2. GBP (1,200-3,200 mg/day) effectively treats alcohol withdrawal syndrome by reducing craving,
improving rates of abstinence and reducing the likelihood of heavy drinking®. GBP may have some therapeutic
potential in the treatment of opioid addiction and cannabis dependence, but there is no significant evidence in
support of its use for cocaine and amphetamine abuse®. One review has noted that GBP has the potential for
misuse when patients consume a larger dose than has been prescribed or they use GBP without prescription®.
Patients have stated that they use GBP to enhance pain relief and also to help with withdrawal symptoms from
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«Figure 5. EA pretreatment prevented increases in dendritic spine density induced by 2 weeks of cocaine
administration. (A) Timeline for the experimental procedure. (B) On Day 15, the mice were sacrificed for
Golgi-Cox staining. Representative laser confocal photomicrographs of dendritic processes were obtained
from the NAc of all mice in each group. The white boxes indicate the areas of interest examined under 100x
and 1000x magnification conditions, respectively. (C, D) Bar graphs showing levels of spine density in the NAc
core and shell. Statistical testing was performed by two-way ANOVA with post-hoc t-testing. All groups were
anesthetized and maintained under 1.5% isoflurane inhalation. All data are expressed as the means +S.E.M.
(n=4 mice per group, 20 fragments each measuring 10 um obtained from 3 to 5 neurons per sample).

***p <0.001 versus Control group, *p <0.05, **p <0.001 versus CO group. Abbreviations: Control = Saline only;
EA =EA and saline treatment; CO = cocaine treatment only; CO + EA =EA treatment followed by i.p. cocaine
(30 mg/kg).

overuse of substances such as cocaine, buprenorphine and oxycodone, citing its advantages as being inexpensive
and “always available”®. Such findings suggest that if GBP is prescribed to treat drug addiction, patients could
misuse the drug in combination with opioids and stimulants and thereby increase the risk of abuse, rather than
enhance the rates of successful rehabilitation. Furthermore, our study suggests that if the patient receives EA for
detoxification from illicit substances or alcohol addiction and is prescribed concomitant GBP, the effects of EA
might be negated by GBP. Further preclinical research is needed to clarify the molecular mechanisms underlying
the effects of GBP in combination with EA, such as whether the inhibition of VDCCs might reverse the effects of
EA when used to treat psychostimulant addiction, and to determine which brain area is affected most in addic-
tion by GBP and its involvement in the addiction cycle.

AFosB is induced in D1-type NAc medium spiny neurons in response to chronic consumption of various
natural rewards, such as high-fat food, sucrose, sex, and wheel running®®. A similar pathological addictive state
is seen with AFosB overexpression in drug addiction®. AFosB overexpression in D1-type medium spiny neurons
in the NAc is essential for many of the neural adaptations and behavioral effects seen in animal models of drug
addiction®.

Cocaine sensitization and chronic stress studies have confirmed correlations in the overexpression of AFosB
and one of its target genes, GluR2!'!. Other researchers have observed an increase in AMPA receptor function
after psychostimulant exposure®®, which is supported by research showing that repeated exposure to cocaine
followed by a period of withdrawal increases levels of synaptic AMPA receptors in the NAc region®. In another
rat study, 7 days of cocaine administration followed by 14 days of withdrawal and then a challenge dose of
cocaine increased the surface expression of AMPA GluR1 and GluR2 in the NAc”’. In our study, cocaine-induced
increases in AMPA GluR2 and AFosB levels were observed after 10 days of withdrawal, while these effects were
reduced by treatment with EA at LI4 and LI11. In the present study, GBP not only reversed the effects of EA on
CPP reinstatement, but also reversed EA-induced reductions in AFosB and GluR2 levels. These results indicate
that AFosB and GluR2 levels may be closely associated with CPP reinstatement. However, detailed interactions
between cocaine, EA and GBP at the protein levels of AFosB and GIluR2 have not been fully explored in the
present study. A 2x2x2 design (3-way ANOVA: drug x pharmacological treatment x EA) may provide full
information and could be warranted for future study.

Chronic administration of cocaine and also methamphetamine increases dendritic branching and density
in the prefrontal cortex and the NAc' In experiments using transgenic mice that overexpress AFosB, chronic
cocaine administration increased the number of AFosB-regulated glutamatergic synapses in the NAc, while other
studies have reported that both cocaine and methylphenidate increase AFosB expression and also dendritic spine
density on medium spiny neurons®”!. Changes in the size and shape of individual dendritic spines correlate with
long-term potentiation and long-term depression’”>. The induction of long-term potentiation is associated with
the formation of new spines’. These alterations might reflect stable changes of neurons that are associated with
the long-term behavioral changes seen with addiction”.

Our study followed a previously used method of repeated cocaine administration in rodents to induce
increases in dendritic spine density on medium spiny neurons in the NAc*. In our study, after 2 weeks of cocaine
administration, dendritic spine density was significantly increased in both the NAc core and shell regions. These
increases were prevented to a significant extent by EA pretreatment at LI4 and LI11, apparently by maintaining
dendritic spine density despite chronic cocaine administration. In conclusion, these findings suggest that EA
at LI4 and LI11 may prevent cocaine-induced reinstatement behavior, by modulating AFosB and GluR2 levels,
as well as reducing dendritic spine density. A schematic diagram (Fig. 6) shows synaptic events that occur after
exposure to cocaine and subsequent events occurring in the NAc.

Golgi staining data have revealed that repeated cocaine injections stimulate spinogenesis of NAc medium
spiny neurons”. We used the same methodology in this study to analyze the effects of cocaine upon dendritic
morphology, as Golgi staining is a commonly used method to visualize changes in neuronal morphology without
requiring specific protein labeling. In consideration of doses and durations of cocaine regimens used in previous
studies*"*, our study administered cocaine 30 mg/kg for 2 weeks to induce increases in dendritic spine density in
both the NAc core and shell. By combining more advanced methods (the DiOlistic technique, immunostaining,
three-dimensional morphometric analysis and time-lapse two-photon microscopy), a recent study demonstrated
that acute exposure to cocaine (10 mg/kg and 20 mg/kg, i.p.) triggered rapid synaptogenesis and a persistent
increase in glutamatergic connectivity in striatal projection neurons from the NAc shell that subsequently altered
behavior in alive mice’®. Based on the findings of a previous study, in which AFosB increased the density of
immature dendritic spines in D1 dopamine receptor-expressing direct pathway medium spiny neurons in both
the NAc shell and core®, we assumed that increased NAc spine density is linked to AFosB expression. However,
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Figure 6. Schematic diagram showing synaptic events that occur after exposure to cocaine and subsequent
events occurring in the NAc. (A) Cocaine upregulates levels of AFosB and GluR2 expression in the NAc.
Chronic cocaine increases dendritic spine density in the NAc. (B) EA at LI4 and L11 reverses cocaine-induced
changes in levels of AFosB and GluR2 expression in the NAc and also reverses the increases in dendritic spine

density.

it is difficult to use an ordinary Golgi staining method to evaluate the precise molecular processes involved in
spinogenesis after lower dose, shorter durations of cocaine regimens, as discussed by other researchers.

Although we now assume that the 4 doses of cocaine used in our CPP paradigm can cause spinogenesis and
are link to the observed changes in behavior and AFosB expression, future work will be needed to demonstrate
evidence in support of this assumption. Such research should employ more advanced techniques such as three-
dimensional morphometric analysis and time-lapse two-photon microscopy to simultaneously quantify any
correlation between cocaine-induced spinogenesis and AFosB overexpression with behavioral alterations, and
to determine whether EA has any effects on such correlations.

Materials and methods

Experimental animals and ethical considerations. Male ICR mice (4-6 weeks, weighing 25-30 g)
were obtained from BioLASCO Taiwan Co., Ltd (Taiwan) and acclimatized to the environment, then maintained
at 25 °C under a 12-h light-dark cycle for at least 1 week before the experiments were performed. They had free
access to pellets and drinking water. Mice were bred in a similar environment to avoid unintended consequences
of environmental enrichment. All experimental procedures were conducted between 08:00 and 18:00 h. On each
day of behavioral testing, the order of testing was by random assignment. The injection procedures were carried
out in the home cage. All experiments in this study were approved by the China Medical University Institutional
Animal Care and Use Committee (approval number: CMUIACUC-2019-077) and were performed in accord-
ance with the Chinese Taipei Society of Laboratory Animal Sciences guidelines and ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines (https://arriveguidelines.org/ arrive-guidelines).

Study drug. Cocaine was acquired from the Factory for Controlled Drugs, Food and Drug Administration,
Ministry of Health and Welfare (Taipei, Taiwan). GBP was purchased from ACROS Organics (Fisher Scientific
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Inc., Pittsburgh, PA, USA) and lidocaine was purchased from Sigma-Aldrich (St Louis, MO, USA). Drugs were
dissolved in sterile saline (distilled 0.9% sodium chloride) then administered by i.p. or local injections.

Conditioned place preference (CPP) model. Before entering the experimental phase, mice were placed
in the animal behavior room for 1 h of acclimation. CPP was conducted using a 2-chambered box (black and
white), with each chamber measuring the same size (15x 15% 15 cm®). As per previous research®*7, the CPP
experiment was designed to mimic 4 testing stages of cocaine seeking in mice (preconditioning [PRE], post-
conditioning [POST], extinction [EXT], and reinstatement [REIN]).

Preconditioning (PRE) testing. The conditioning compartments were separated by a guillotine trap door,
which was open on Day 1. Each mouse was randomly placed into one of the compartments and allowed to
move freely between them for 20 min to determine PRE place preference. Mice were excluded from the study if
they spent more time in the non-preferred (white, cocaine-paired) chamber and if the difference spent in either
chamber was <100 s.

Post-conditioning (POST) testing.  After a single cocaine hydrochloride 20 mg/kg injection in the morn-
ing (from 8:00 AM), the mouse was placed in the non-preferred white (cocaine-paired) chamber for 30 min. For
the 30-min training sessions, the guillotine trap door was closed. After a single saline injection in the afternoon
(from 4:00 PM), the mouse was placed in the preferred black (saline-paired) chamber. This procedure was modi-
fied from a previous study®® and repeated for 3 consecutive days (Days 2, 3 and 4). On Day 5, the mice were
allowed to freely access the two chambers and the time spent in individual chambers was monitored for 20 min.
The CPP score was calculated as the time spent in the cocaine-paired end chamber®*7%,

Extinction of cocaine CPP (EXT) testing. The mice were trained on two days (Days 14 and 15) without
cocaine injections and were randomly placed in either chamber, then tested for preference on Day 16 (EXT test-
ing).

Cocaine-primed reinstatement (REIN) testing. One day after EXT, the mice underwent acute cocaine
challenge with a priming dose of i.p. cocaine (10 mg/kg) followed by immediate REIN testing®®’®.

Electroacupuncture and manual acupuncture. All mice were anesthetized and maintained under
1.5% isoflurane inhalation (Panion & BF Biotech Inc., Taoyuan, Taiwan) for acupuncture treatment. EA treat-
ment was applied to the LI4 (Hegu) and LI11 (Quchi) acupoints, which are positioned near the radial nerve
on the left forefoot. LI4 is located on the first dorsal interossei, medial to the middle of the second metacarpal
bone. The LI11 is located at the depression medial to the extensor carpi radialis, at the lateral end of the cubital
crease’™. Stainless steel acupuncture needles (Shanghai Yanglong Medical Articles Co., Ltd., Shanghai, China)
measuring 0.2 mm in diameter and 2 cm in length were used in the study. Electrical stimulation (150-us pulses
at 2 Hz for 20 min) was applied via two needles inserted to a depth of 2-3 mm (Supplementary Fig. S9) using
an electrical stimulator (Trio 300, Ito, Japan), as per the methodology described in a previous study79. Manual
acupuncture (MA) was applied to the same acupoints (LI4 and LI11) without electrical stimulation.

Drug treatment. The cocaine-induced CPP condition involved daily i.p. cocaine (20 mg/kg/day) injections
for 3 days (Days 2-4) after the mice completed PRE testing. They received a priming dose i.p. cocaine injection
(10 mg/kg) on Day 17 before REIN testing. To examine the effect of radial nerve block on EA treatment, a single
local injection of lidocaine (2%, 10 uL) was administered near the LI11 acupoint (proximal 2.0 mm)® 1 min
prior to EA treatment. To examine the effect of GBP in combination with EA, GBP (1 mg/kg, i.p.) was injected
2 h after EA treatment.

CPP experimental groups. The initial investigation into the effects of EA on cocaine-induced CPP rein-
statement after PRE testing enrolled 28 mice (aged 5-6 weeks) and treated them with cocaine (20 mg/kg, i.p.) for
3 days (Days 2-4) (Fig. 1A). After 2 h of POST testing on Day 5, the mice were randomly assigned to different
experimental conditions: no intervention (CO group); EA treatment (CO + EA group); MA treatment (CO + MA
group); or lidocaine (2%, 10 pL) followed by EA treatment (CO +LIDO + EA group), for 8 days.

Subsequent CPP testing examined the effects of GBP alone and GBP combined with EA on cocaine-induced
CPP reinstatement (Fig. 2A, B). Twenty-nine mice pretreated with cocaine (20 mg/kg, i.p.) were randomly
assigned to 1 of 4 groups after POST testing: no intervention (CO group); EA treatment (CO +EA group); i.p.
GBP (1 mg/kg) injection (CO + GBP group); or EA followed by i.p. GBP (1 mg/kg) injection (CO + EA + GBP
group), for 8 days. During the study treatment period (Days 6-13), all interventions were performed once daily.
The mice were then subjected to extinction training (Days 14 and 15), before EXT testing (Day 16) and REIN
testing (Day 17).

Western blot. Two h after the final CPP testing, the animals were deeply anesthetized before decapitation
and then NAc tissue was quickly collected and frozen at —80 °C. Tissue samples were homogenized in solu-
tion containing lysis buffer, protease inhibitors and phosphatase inhibitors (100:1:1). Each sample of protein
concentration was evaluated using a Pierce BCA Protein Assay Kit. Proteins (30 pg) were resolved using 8-12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions and the gel
was transferred to polyvinylidene difluoride (PVDF) membranes, then blocked in 2% BSA (Sigma-Aldrich). In
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order to simultaneously detect levels of AMPA GluR2 and AFosB expression on a single membrane, we cut each
membrane according to molecular weight prior to hybridization with primary antibodies. The membranes were
incubated overnight at 4 °C with AMPA receptor 2 (GluR2) (1:1,000; #13607S; Cell Signaling), AFosB (1:1,000;
14,695; Cell Signaling), or B-actin antibody (1:10,000; GTX629630; GeneTex). Membranes were incubated with
secondary antibody (1:10,000; anti-rabbit IgG-HRP sc-2004; anti-mouse IgG-HRP sc-2005). All antibodies were
diluted in Tris-buffered saline (TBS) buffer for use. Protein bands were detected and pixel intensity was deter-
mined by UN-SCAN-IT gel 6.1 software (Silk Scientific, Inc., Orem, UT, USA) then normalized to B-actin levels.

Golgi staining and dendritic spine analysis. Sixteen male ICR mice (aged 4 weeks) were randomly
grouped into 4 groups: i.p. injection of saline (Control group); i.p. injection of saline after EA (EA group);
i.p. injection of cocaine (CO group); i.p. injection of cocaine after EA (CO+EA group). The experiment was
designed as a two-stage procedure (see Fig. 5A for the timeline): the first stage involved Days 1-5 and the sec-
ond involved Days 8-12. On each experimental day, mice were anesthetized for 15 min before being subjected
to 20 min of anesthesia with EA or no EA. Two h after treatment, mice received i.p. injections with saline or
cocaine (30 mg/kg)*. The mice received i.p. injections for 14 consecutive days (including Days 6-7 and 13-14),
as per previous research®®. The mice were sacrificed and their brains collected for Golgi-Cox staining on Day 15.
The brains were removed and analyzed by the FD Rapid GolgiStain Kit, as per the manufacturer’s instructions.
125-um-thick sections were cut using a vibratome, as previously described®”. Dendritic images of medium spiny
neurons were acquired at high resolution to ensure sufficient resolution to conduct spine counting. Photomi-
crographs were obtained with a confocal laser scanning microscope (Leica TCS SP8 X) with an oil-immersion
lens. All measurements were made manually and quantified as previously described'**’. Dendritic spines were
counted along dendritic processes extending from the soma of fully impregnated medium spiny neurons in both
the shell and core of the NAg, as in a previous study®. Based on the clarity of the images taken under a total
magnification of 1000x, we counted the number of spines/10 um of 50-pm long dendritic segment (10 in each
cerebral hemisphere). Quantitative analysis included only those spines appearing continuous with their parent
dendrite shaft in maximum-intensity z projection. Mean spine densities were analyzed by pair-wise comparisons
using one-way ANOVA with least significant difference (LSD) testing. These measures were obtained from 3-5
neurons in each cerebral hemisphere.

Statistical analysis. All statistical analyses were performed using SPSS (v20, IBM, Armonk, NY, USA) by
a third party who was blinded to the treatment group allocations. Results are expressed as the mean + standard
error of the mean (S.E.M.). For behavior data, the two-way mixed-model ANOVA tested for possible interaction
or main effects on group and phase factors. In the event of significant interaction effects, subsequent simple main
effects on group and time factors were tested by one-way ANOVA and one-way ANOVA with repeated measure-
ments, respectively. In the event of significant simple main effects, post-hoc analysis was conducted with the LSD
test. For Western blot data, one-way ANOVA was conducted to test for possible main effects on between-group
factors. In the event of a significant main effect, post-hoc analysis was conducted with the LSD test. For dendritic
spine density data, two-way ANOVA tested for possible interactions or main effects after cocaine administration
and EA treatment. The level of significance was set at p <0.05.

Data availability
All the data generated during this study have been statistically analyzed and are illustrated as figures. The dataset
could be available on request from the corresponding author.

Received: 13 August 2020; Accepted: 10 June 2021
Published online: 01 July 2021

References
1. Ersche, K. D. et al. Brain networks underlying vulnerability and resilience to drug addiction. Proc. Natl. Acad. Sci. 117(26),
15253-15261 (2020).
2. Sinha, R. Chronic stress, drug use, and vulnerability to addiction. Ann. N. Y. Acad. Sci. 1141, 105 (2008).
3. Chalana, H. et al. A double-blind, placebo-controlled, randomized study comparing quetiapine with placebo, along with oral
naltrexone, in the treatment of opioid dependent patients. J. Evol. Med. Dent. Sci. 4(53), 9158-9167 (2015).
4. McHugh, M. J. et al. Striatal-insula circuits in cocaine addiction: implications for impulsivity and relapse risk. Am. J. Drug Alcohol
Abuse 39(6), 424-432 (2013).
. Feltenstein, M. W. & See, R. E. The neurocircuitry of addiction: an overview. Br. J. Pharmacol. 154(2), 261-274 (2008).
6. Lerman, J. et al. Journal-related and other special activities at the 2008 American Society of Anesthesiologists Annual Meeting.
Anesthesiology 109(3), 365 (2008).
7. Scofield, M. D. et al. The nucleus accumbens: mechanisms of addiction across drug classes reflect the importance of glutamate
homeostasis. Pharmacol. Rev. 68(3), 816-871 (2016).
. Russo, S. J. & Nestler, E. J. The brain reward circuitry in mood disorders. Nat. Rev. Neurosci. 14(9), 609-625 (2013).
9. Grueter, B. A. et al. A FosB differentially modulates nucleus accumbens direct and indirect pathway function. Proc. Natl. Acad.
Sci. 110(5), 1923-1928 (2013).
10. Nestler, E. J. Review. Transcriptional mechanisms of addiction: role of DeltaFosB. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363(1507),
3245-3255 (2008).
11. Nestler, E. J. FosB: a transcriptional regulator of stress and antidepressant responses. Eur. J. Pharmacol. 753, 66-72 (2015).
12. Robinson, T. E. & Kolb, B. Alterations in the morphology of dendrites and dendritic spines in the nucleus accumbens and prefrontal
cortex following repeated treatment with amphetamine or cocaine. Eur. J. Neurosci. 11(5), 1598-1604 (1999).
13. Robison, A. J. & Nestler, E. J. Transcriptional and epigenetic mechanisms of addiction. Nat. Rev. Neurosci. 12(11), 623-637 (2011).
14. Nestler, E. J. Transcriptional mechanisms of addiction: role of DeltaFosB. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363(1507),
3245-3255 (2008).

wu

e}

Scientific Reports |

(2021) 11:13694 | https://doi.org/10.1038/s41598-021-93014-0 nature portfolio



www.nature.com/scientificreports/

15.
16.
17.

18.
19.

20.

21

22.
23.
24.
25.
26.

27.
28.

29.
. Berger, S. P. et al. A medication screening trial evaluation of reserpine, gabapentin and lamotrigine pharmacotherapy of cocaine

31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.

49.
50.

51.

52.

53.
54.
55.
56.

57.

Maze, I. et al. Essential role of the histone methyltransferase G9a in cocaine-induced plasticity. Science 327(5962), 213-216 (2010).
Nestler, E. ]. Molecular basis of long-term plasticity underlying addiction. Nat. Rev. Neurosci. 2(2), 119-128 (2001).

Lin, J. G., Chan, Y. Y. & Chen, Y. H. Acupuncture for the treatment of opiate addiction. Evid. Based Complement Altern. Med. 2012,
739045 (2012).

Motlagh, E E. et al. Acupuncture therapy for drug addiction. Chin. Med. 11, 16 (2016).

Ge, S. Q. et al. Acupuncture for illicit drug withdrawal syndrome: a systematic review and meta-analysis. Eur. J. Integr. Med. 35,
101096 (2020).

Jin, W. et al. Acupuncture reduces relapse to cocaine-seeking behavior via activation of GABA neurons in the ventral tegmental
area. Addict. Biol. 23(1), 165-181 (2018).

. Li, ], Sun, Y. & Ye, J. H. Electroacupuncture decreases excessive alcohol consumption involving reduction of FosB/DeltaFosB levels

in reward-related brain regions. PLoS ONE 7(7), e40347 (2012).

Mason, B. J. et al. Gabapentin treatment for alcohol dependence: a randomized clinical trial. JAMA Intern. Med. 174(1), 70-77
(2014).

Brower, K. J. et al. A randomized double-blind pilot trial of gabapentin versus placebo to treat alcohol dependence and comorbid
insomnia. Alcohol. Clin. Exp. Res. 32(8), 1429-1438 (2008).

Furieri, E. A. & Nakamura-Palacios, E. M. Gabapentin reduces alcohol consumption and craving: a randomized, double-blind,
placebo-controlled trial. ] Clin. Psychiatry 68(11), 1691-1700 (2007).

Moghadam, M. S. & Alavinia, M. The effects of gabapentin on methadone based addiction treatment: a randomized controlled
trial. Pak. J. Pharm. Sci. 26(5), 985-989 (2013).

Sanders, N. C. et al. Randomized, placebo-controlled pilot trial of gabapentin during an outpatient, buprenorphine-assisted
detoxification procedure. Exp. Clin. Psychopharmacol. 21(4), 294-302 (2013).

Ziaaddini, H. et al. Trial of tramadol plus gabapentin for opioid detoxification. Iran. Red Crescent Med. J. 17(1), 18202 (2015).
Mason, B. J. et al. A proof-of-concept randomized controlled study of gabapentin: effects on cannabis use, withdrawal and execu-
tive function deficits in cannabis-dependent adults. Neuropsychopharmacology 37(7), 1689-1698 (2012).

Haney, M. et al. Smoked cocaine discrimination in humans: effects of gabapentin. Drug Alcohol. Depend. 80(1), 53-61 (2005).

dependence. Addiction 100(Suppl 1), 58-67 (2005).

Bisaga, A. et al. A randomized placebo-controlled trial of gabapentin for cocaine dependence. Drug Alcohol. Depend. 81(3), 267-274
(2006).

Gonzalez, G. et al. Clinical efficacy of gabapentin versus tiagabine for reducing cocaine use among cocaine dependent methadone-
treated patients. Drug Alcohol. Depend. 87(1), 1-9 (2007).

Mancino, M. J. et al. Clinical efficacy of sertraline alone and augmented with gabapentin in recently abstinent cocaine-dependent
patients with depressive symptoms. J. Clin. Psychopharmacol. 34(2), 234-239 (2014).

Hart, C. L. et al. Smoked cocaine self-administration by humans is not reduced by large gabapentin maintenance doses. Drug
Alcohol. Depend. 86(2-3), 274-277 (2007).

Kim, M. J. et al. The efficacy of combination treatment of gabapentin and electro-acupuncture on paclitaxel-induced neuropathic
pain. Korean J. Physiol. Pharmacol. 21(6), 657666 (2017).

Brown, R. M, Short, J. L. & Lawrence, A. J. Identification of brain nuclei implicated in cocaine-primed reinstatement of conditioned
place preference: a behaviour dissociable from sensitization. PLoS ONE 5(12), e15889 (2010).

Eisener-Dorman, A. F,, Grabowski-Boase, L. & Tarantino, L. M. Cocaine locomotor activation, sensitization and place preference
in six inbred strains of mice. Behav. Brain Funct. 7,29 (2011).

Orsini, C. et al. Genetic liability increases propensity to prime-induced reinstatement of conditioned place preference in mice
exposed to low cocaine. Psychopharmacology 198(2), 287-296 (2008).

Tung, L. W. et al. Orexins contribute to restraint stress-induced cocaine relapse by endocannabinoid-mediated disinhibition of
dopaminergic neurons. Nat. Commun. 7, 12199 (2016).

Filip, M. et al. Various GABA-mimetic drugs differently affect cocaine-evoked hyperlocomotion and sensitization. Eur. J. Pharmacol.
541(3), 163-170 (2006).

Lee, K.-W. et al. Cocaine-induced dendritic spine formation in D1 and D2 dopamine receptor-containing medium spiny neurons
in nucleus accumbens. Proc. Natl. Acad. Sci. 103(9), 3399-3404 (2006).

Li, Y., Acerbo, M. J. & Robinson, T. E. The induction of behavioural sensitization is associated with cocaine-induced structural
plasticity in the core (but not shell) of the nucleus accumbens. Eur. J. Neurosci. 20(6), 1647-1654 (2004).

Ceglia, I. et al. WAVEI in neurons expressing the D1 dopamine receptor regulates cellular and behavioral actions of cocaine. Proc.
Natl. Acad. Sci. 114(6), 1395-1400 (2017).

Xiang, A., Zhang, B. & Liu, S. Role of Acupuncture in the Treatment of Drug Addiction. In Complementary Therapies for the Body,
Mind and Soul 195-218 (IntechOpen, 2015).

Feng, Y. & Chen, B. Acupuncture for smoking cessation. In Acupuncture Therapy for Neurological Diseases 426-436 (Springer,
2010).

Chou, P. C. & Chu, H. Y. Clinical efficacy of acupuncture on rheumatoid arthritis and associated mechanisms: a systemic review.
Evid. Based Complement. Altern. Med. 2018, 8596918 (2018).

Li, W. & Ahn, A. Effect of acupuncture manipulations at LI4 or LI11 on blood flow and skin temperature. J. Acupunct. Meridian
Stud. 9(3), 128-133 (2016).

Ho, T. J. et al. Effects of electroacupuncture on methamphetamine-induced behavioral changes in mice. Evid. Based Complement.
Altern. Med. 2017, 5642708 (2017).

Han, J. S. Acupuncture and endorphins. Neurosci. Lett. 361(1-3), 258-261 (2004).

Wang, B. et al. Peripheral electric stimulation inhibits morphine-induced place preference in rats. NeuroReport 11(5), 1017-1020
(2000).

Shi, X. D. et al. Brain opioid-receptors are involved in mediating peripheral electric stimulation-induced inhibition of morphine
conditioned place preference in rats. Brain Res. 981(1-2), 23-29 (2003).

Shi, X. D. et al. Repeated peripheral electrical stimulations suppress both morphine-induced CPP and reinstatement of extinguished
CPP in rats: accelerated expression of PPE and PPD mRNA in NAc implicated. Brain Res. Mol. Brain Res. 130(1-2), 124-133
(2004).

Liang, J. et al. Morphine-induced conditioned place preference in rats is inhibited by electroacupuncture at 2 Hz: role of enkephalin
in the nucleus accumbens. Neuropharmacology 58(1), 233-240 (2010).

Ren, Y. H. et al. Peripheral electric stimulation attenuates the expression of cocaine-induced place preference in rats. Brain Res.
957(1), 129-135 (2002).

Kim, N. J. et al. Acupuncture inhibition of methamphetamine-induced behaviors, dopamine release and hyperthermia in the
nucleus accumbens: mediation of group II mGluR. Addict. Biol. 24(2), 206-217 (2019).

Yoon, S. S. et al. Effects of acupuncture on stress-induced relapse to cocaine-seeking in rats. Psychopharmacology 222(2), 303-311
(2012).

Chang, S. et al. Involvement of the cuneate nucleus in the acupuncture inhibition of drug-seeking behaviors. Front. Neurosci. 13,
928 (2019).

Scientific Reports |

(2021) 11:13694 | https://doi.org/10.1038/s41598-021-93014-0 nature portfolio



www.nature.com/scientificreports/

58. Choi, Y. J. et al. Acupuncture suppresses intravenous methamphetamine self-administration through GABA receptor’s mediation.
Neurosci. Lett. 662, 65-70 (2018).

59. Taylor, C. P. Mechanisms of action of gabapentin. Rev. Neurol. (Paris) 153(Suppl 1), $39-45 (1997).

60. Calandre, E. P, Rico-Villademoros, F. & Slim, M. Alpha2delta ligands, gabapentin, pregabalin and mirogabalin: a review of their
clinical pharmacology and therapeutic use. Expert Rev. Neurother. 16(11), 1263-1277 (2016).

61. Schmidt, P. C. et al. Perioperative gabapentinoids: choice of agent, dose, timing, and effects on chronic postsurgical pain. Anes-
thesiology 119(5), 1215-1221 (2013).

62. Stahl, S. M. et al. The diverse therapeutic actions of pregabalin: is a single mechanism responsible for several pharmacological
activities?. Trends Pharmacol. Sci. 34(6), 332-339 (2013).

63. Ahmed, S. et al. Use of gabapentin in the treatment of substance use and psychiatric disorders: a systematic review. Front. Psychiatry
10, 228 (2019).

64. Smith, R. V., Havens, J. R. & Walsh, S. L. Gabapentin misuse, abuse and diversion: a systematic review. Addiction 111(7), 1160-1174
(2016).

65. Vickers Smith, R. et al. A qualitative analysis of gabapentin misuse and diversion among people who use drugs in Appalachian
Kentucky. Psychol. Addict. Behav. 32(1), 115-121 (2018).

66. Olsen, C. M. Natural rewards, neuroplasticity, and non-drug addictions. Neuropharmacology 61(7), 1109-1122 (2011).

67. Rufile, J. K. Molecular neurobiology of addiction: what’s all the (Delta)FosB about?. Am. J. Drug Alcohol. Abuse 40(6), 428-437
(2014).

68. Bowers, M. S., Chen, B. T. & Bonci, A. AMPA receptor synaptic plasticity induced by psychostimulants: the past, present, and
therapeutic future. Neuron 67(1), 11-24 (2010).

69. Wolf, M. E. & Tseng, K. Y. Calcium-permeable AMPA receptors in the VTA and nucleus accumbens after cocaine exposure: when,
how, and why?. Front. Mol. Neurosci. 5,72 (2012).

70. Lu, H. F. et al. Interactions between N-ethylmaleimide-sensitive factor and GluR2 in the nucleus accumbens contribute to the
expression of locomotor sensitization to cocaine. J. Neurosci. 34(10), 3493-3508 (2014).

71. Kim, Y. et al. Methylphenidate-induced dendritic spine formation and DeltaFosB expression in nucleus accumbens. Proc. Natl.
Acad. Sci. USA 106(8), 2915-2920 (2009).

72. Bourne, J. & Harris, K. M. Do thin spines learn to be mushroom spines that remember?. Curr. Opin. Neurobiol. 17(3), 381-386
(2007).

73. Carlisle, H. J. & Kennedy, M. B. Spine architecture and synaptic plasticity. Trends Neurosci. 28(4), 182-187 (2005).

74. Matsuzaki, M. et al. Structural basis of long-term potentiation in single dendritic spines. Nature 429(6993), 761-766 (2004).

75. Robinson, T. E. & Kolb, B. Structural plasticity associated with exposure to drugs of abuse. Neuropharmacology 47, 33-46 (2004).

76. Dos Santos, M. et al. Rapid synaptogenesis in the nucleus accumbens is induced by a single cocaine administration and stabilized
by mitogen-activated protein kinase interacting kinase-1 activity. Biol. Psychiat. 82(11), 806-818 (2017).

77. Itzhak, Y. & Martin, J. L. Cocaine-induced conditioned place preference in mice: induction, extinction and reinstatement by related
psychostimulants. Neuropsychopharmacology 26(1), 130-134 (2002).

78. Blanco-Gandia, M. C. et al. Reinstatement of drug-seeking in mice using the conditioned place preference paradigm. J. Vis. Exp.
136, 56983 (2018).

79. Lee, Y. C. et al. Manual acupuncture relieves bile acid-induced itch in mice: the role of microglia and TNF-alpha. Int. J. Med. Sci.
15(9), 953-960 (2018).

80. WHO Regional Office for the Western Pacific Region. WHO standard acupuncture point locations in the Western Pacific region.
Manila, Philippines: WHO for the Western Pacific Region, (2008).

81. Chen, Y.-H. et al. Median nerve stimulation induces analgesia via orexin-initiated endocannabinoid disinhibition in the periaq-
ueductal gray. Proc. Natl. Acad. Sci. 115(45), E10720-E10729 (2018).

82. Zaqout, S. & Kaindl, A. M. Golgi-cox staining step by step. Front. Neuroanat. 10, 38 (2016).

83. Norrholm, S. D. et al. Cocaine-induced proliferation of dendritic spines in nucleus accumbens is dependent on the activity of
cyclin-dependent kinase-5. Neuroscience 116(1), 19-22 (2003).

Acknowledgements

This work was supported by a grant from Taiwan’s Ministry of Science and Technology (MOST 108-2320-B-
039-020) and by funding from China Medical University Hospital, Taichung, Taiwan (DMR-HHC-110-9) and
China Medical University (CMU108-MF-16) Taichung, Taiwan. This work was also partially supported by the
Chinese Medicine Research Center of China Medical University, under The Featured Areas Research Center
Program within the framework of the Higher Education Sprout Project, the Ministry of Education, Taiwan. We
thank Ms. Sih-Ting Luo for her assistance in producing the manuscript.

Author contributions

H.Y.L, J.G.L. and Y.H.C. conceived the study design. J.G.L. obtained funding for the study. J.G.L. and Y.H.C.
obtained resources for the study. A. TM.N., T.V.B.Q. and S.Y.C. collected and analyzed the data. The methodology
was performed by A. T.M.N., C.H.T. and Y.H.C. The original draft was prepared by A.T.M.N. and PK.; editing
and review was undertaken by .J.M.,, S.Y.C,, H.Y.L, ].G.L. and Y.H.C.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-93014-0.

Correspondence and requests for materials should be addressed to J.-G.L. or Y.-H.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:13694 | https://doi.org/10.1038/s41598-021-93014-0 nature portfolio


https://doi.org/10.1038/s41598-021-93014-0
https://doi.org/10.1038/s41598-021-93014-0
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |  (2021) 11:13694 | https://doi.org/10.1038/s41598-021-93014-0 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Electroacupuncture prevents cocaine-induced conditioned place preference reinstatement and attenuates ΔFosB and GluR2 expression
	Results
	Only EA at LI4 and LI11 prevents cocaine-induced CPP reinstatement. 
	Gabapentin reversed EA-induced effects in cocaine-induced CPP reinstatement. 
	Effects of EA at LI4 and LI11 on ΔFosB and AMPA GluR2 protein expression in the NAc. 
	EA pretreatment at LI4 and LI11 prevented increases in dendritic spine density induced by 2 weeks of cocaine administration. 

	Discussion
	Materials and methods
	Experimental animals and ethical considerations. 
	Study drug. 
	Conditioned place preference (CPP) model. 
	Preconditioning (PRE) testing. 
	Post-conditioning (POST) testing. 
	Extinction of cocaine CPP (EXT) testing. 
	Cocaine-primed reinstatement (REIN) testing. 
	Electroacupuncture and manual acupuncture. 
	Drug treatment. 
	CPP experimental groups. 
	Western blot. 
	Golgi staining and dendritic spine analysis. 
	Statistical analysis. 

	References
	Acknowledgements


