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Abstract

Background—Withdrawal from chronic ethanol enhances ventral tegmental area (VTA) GABA
neuron excitability and reduces mesolimbic dopamine (DA) neurotransmission, which is
suppressed by acupuncture at Shenmen (HT7) points (Zhao et al., 2006). The aim of this study
was to evaluate the effects of HT7 acupuncture on VTA GABA neuron excitability, ethanol
inhibition of VTA GABA neuron firing rate, and ethanol self-administration. A role for opioid
receptors (ORs) in ethanol and acupuncture effects is also explored.

Methods—Using electrophysiological methods in mature rats, we evaluated the effects of HT7
stimulation and opioid antagonists on VTA GABA neuron firing rate. Using behavioral paradigms
in rats, we evaluated the effects of HT7 stimulation and opioid antagonists on ethanol self-
administration using a modification of the sucrose fading procedure.

Results—HT?7 stimulation produced a biphasic modulation of VTA GABA neuron firing rate
characterized by transient enhancement followed by inhibition and subsequent recovery in 5 min.
HT?7 inhibition of VTA GABA neuron firing rate was blocked by systemic administration of the
non-selective p-opioid receptor (MOR) antagonist naloxone. HT7 stimulation significantly
reduced ethanol suppression of VTA GABA neuron firing rate, which was also blocked by
naloxone. HT7 acupuncture reduced ethanol self-administration without affecting sucrose
consumption. Systemic administration of the d-opioid receptor (DOR) antagonist naltrindole
blocked ethanol suppression of VTA GABA neuron firing rate and significantly reduced ethanol
self-administration without affecting sucrose consumption.

Conclusions—These findings suggest that DOR-mediated opioid modulation of VTA GABA
neurons may mediate acupuncture’s role in modulating mesolimbic DA release and suppressing
the reinforcing effects of ethanol.
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INTRODUCTION

Acupuncture has proven to be an effective treatment for reducing nausea, pain (for review
see (Jindal et al., 2008)), and drug abuse (Kim et al., 2005). Electroacupuncture activates
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enkephalinergic and B-endorphinergic neurons in the arcuate nucleus of the hypothalamus
(Wang et al., 1990a; Wang et al., 1990b), and endorphinergic fibers projecting from the
arcuate nucleus can in turn activate opioid receptors (ORs) on GABA neurons in the ventral
tegmental area (VTA) and nucleus accumbens (NAcc) (Mansour et al., 1988), structures
implicated in natural and drug reward. The involvement of VTA ORs in drug reward is
supported by studies showing that animals will self-administer opioids (Bozarth and Wise,
1981) and p-opioid receptor (MOR) agonists (Bals-Kubik et al., 1993; Olmstead and
Franklin, 1997; Terashvili et al., 2004; Zangen et al., 2002) directly into the VTA.

Endogenous opioid systems have been linked to the positive reinforcing properties of
ethanol (for review see (Herz, 1998)). Pharmacological studies have shown that selective
(e.g., d and p) and non-selective (e.g., naloxone, naltrexone, etc...) opioid antagonists can
decrease ethanol self-administration, indicating that endogenous opioid systems contribute
to ethanol reward (for review see (June et al., 2004; June et al., 2003)). Thus, it is not
unexpected that non-selective opioid antagonists attenuate alcohol drinking and relapse in
alcoholics (Mason et al., 1999; O'Malley et al., 2002). Indeed, it has been proposed that
endogenous opioid release in the VTA is sufficient to modulate ethanol reinforcement
(Bechtholt and Cunningham, 2005).

We have previously demonstrated that acupuncture suppresses the enhancement in NAcc
DA release induced by an ethanol challenge as well as the reduction of extracellular
dopamine (DA) levels in the NAcc during ethanol withdrawal (Zhao et al., 2006). Although
mesencephalic DA neurons are excited by ethanol, it has been suggested that their excitation
may be attributed to disinhibition produced by a primary inhibitory effect on GABA-
containing neurons of the midbrain (Mereu and Gessa, 1985). Accordingly, we have
demonstrated that acute ethanol reduces VTA GABA neuron firing rate (Gallegos et al.,
1999), with an ICsq of 1.0 g/kg (100 mg % blood alcohol level), a moderately intoxicating
dose, at a substantial fraction of the ECs for ethanol excitation of DA neurons in vitro
(Brodie et al., 1999). Moreover, VTA GABA neurons become hyperexcitable during ethanol
withdrawal and evince tolerance to ethanol inhibition of firing rate during chronic ethanol
(Gallegos et al., 1999), suggesting that GABA neurons in the VTA constitute a critical
substrate for the acute and chronic effects of ethanol on mesocorticolimbic DA release
(Diana et al., 2003). Theoretically, inhibition of VTA GABA neurons by acute ethanol
would result in enhanced DA neuron activity and DA release in the NAcc, while chronic
ethanol would result in hyperexcitability of GABA neurons, reduced DA neuron activity and
DA release in the NAcc. As VTA GABA neurons express MORs (Steffensen et al., 2006)
and accumbal GABA input to VTA GABA neurons is modulated by DORs (Margolis et al.,
2008), we hypothesized that acupuncture would alter the activity of VTA GABA neurons,
their response to ethanol, and ethanol self-administration, presumably through activation of
endorphinergic input to the VTA and NAcc from the arcuate nucleus.

Animal Subjects

Male Wistar rats were used in both electrophysiological and behavioral experiments. For
electrophysiological studies, rats (270 g) were obtained from Charles River Laboratory
(Hollister, CA). For ethanol self-administration studies, rats (270 g) were obtained from
Daehan Animal (Seoul, Korea). Rats were kept on ad libitum food and water and maintained
on a 12 hr light-dark cycle except during the sucrose training period. Animal care,
maintenance and experimental procedures were in accordance with the Brigham Young
University and Daegu Haany University Animal Research Committees and met or exceeded
National Institutes of Health guidelines for the care and use of laboratory animals.
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Surgical Procedure and Single Cell Electrophysiology

For acute electrophysiological recordings of VTA GABA neurons, rats were anesthetized
using Isoflurane and placed in a stereotaxic apparatus. Anesthesia level was maintained at
1% throughout the experiments. Body temperature was maintained at 37.4 £ 0.4° C by a
feedback regulated heating pad. With the skull exposed, holes were drilled for placement of
stimulating and recording electrodes. Extracellular potentials were recorded by 3.0 M KCI-
filled micropipettes (2-4 MQ; 1 um inside diameter). Potentials were amplified with an
AXxon Instruments Multiclamp 700A amplifier (Union City, CA). Microelectrodes were
oriented, via stereotaxic coordinates, into the VTA (from bregma: 5.6 — 6.5 posterior (P), 0.5
- 1.0 lateral (L), 6.5 — 7.8 ventral (V)) with a piezoelectric microdrive (EXFO Burleigh 8200
controller and Inchworm, Victor, NY). Single cell activity was filtered at 0.3-10 kHz
(—3dB) with the Multiclamp 700A amplifier and displayed on Tektronix (Beaverton, OR)
digital oscilloscopes. Potentials were sampled at 20 kHz (12 bit resolution) with National
Instruments data acquisition boards in Macintosh computers (Apple Computer, Cupertino,
CA). Extracellularly-recorded action potentials were discriminated with a World Precision
Instruments WP-121 Spike Discriminator (Sarasota, FI) and converted to computer-level
pulses. Single-unit potentials, discriminated spikes and stimulation events were captured by
National Instruments NB-MIO-16 digital 1/O and counter/timer data acquisition boards
(Austin, TX) in Macintosh computers.

Characterization of VTA GABA Neurons in vivo

VTA GABA neurons were identified by previously-established stereotaxic coordinates and
by spontaneous and stimulus-evoked electrophysiological criteria (Steffensen et al., 1998).
They included: Relatively fast firing rate (>10Hz); ON-OFF phasic non-bursting activity;
spike duration less than 200 psec; and multiple post-stimulus spike discharges (PSDs)
produced by stimulation of the internal capsule (I1C; coordinates: —1.0-1.3 P, 2.3-3.0 L, 5.0-
6.0 V). Activation of the IC was accomplished by stimulating with insulated, bipolar
stainless-steel electrodes with square-wave constant current stimulus pulses (500-1000 pA,;
0.15 ms duration; average frequency, 0.1 Hz) that was generated by an AMPI IsoFlex
isolation unit controlled by an AMPI MASTER-8 Pulse Generator (Jerusalem, Israel). We
evaluated only those spikes that had greater than 5:1 signal-to-noise ratio and were driven by
IC stimulation.

Ethanol Self-administration Procedures

Ethanol self-administration took place in operant chambers (MED Associates Inc., Georgia,
VT), equipped with two response levers and with a house light that was illuminated during
each self-administration session. Ethanol self-administration was performed in daily 30 min
session for five days a week (Monday to Friday) during the dark cycle. Responses on the
active lever produced a 0.1 mL drop of 10% (v/v) ethanol solution to one of two drinking
cups which was placed in the center panel of the operant chamber, whereas responses on the
inactive lever were recorded, but had no consequence. Rats were trained to orally self-
administer ethanol using the modification of sucrose fading method, as previously described
(Samson, 1986). Rats were initially trained to self-administer a sucrose solution (20% w/v)
to facilitate lever pressing. Access to water was restricted, but food remained available in
their home cage during the course of sucrose training period. When animals were pressing
the lever reliably on a continuous schedule of reinforcement (FR1) for 20% sucrose solution,
10% sucrose solution was used as the reinforcer for lever pressing. At this time water was
available. After stable baseline responding was established, the sucrose concentrations were
gradually decreased to 0%, and ethanol concentrations were increased to 10%. The detailed
procedure was as follows: 3 to 4 sessions with 10% sucrose, 3 sessions with 2% ethanol in
10 % sucrose, 3 sessions with 5% ethanol in 10% sucrose, 4 sessions with 10% ethanol in
5% sucrose. Finally, 10% ethanol alone was presented as the reinforcer. All ethanol
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solutions were volume/volume. After rats showed stable responding for 10% ethanol and
met an established criterion for ethanol baseline responding, behavioral testing was initiated.
Baseline responding was defined as the average value in three consecutive responses with
less than 20% variation. Typically, this required approximately 6-8 weeks following
initiation of sucrose training. Acupuncture was given to rats whose baseline responding had
been determined prior to the test session. The effect of acupuncture on ethanol self-
administration was evaluated in a between-session and within-subjects Latin square design.
Additionally, the effects of naltrindole (15 mg/kg, i.p.) on ethanol self-administration were
investigated in different groups of rats using the same sucrose fading procedures.

Sucrose self-administration

For sucrose reinforcement, rats were initially food restricted to maintain 85% of initial body
weight and trained to lever-press for 45 mg sucrose pellets on a FR1 schedule for at least 3
consecutive days. After rats demonstrated stable responding, they self-administered a
maximum of 50 sucrose pellets per session on a FR1 schedule of reinforcement with a 15
sec time-out period. Following acquisition of FR1, the reinforcement schedule was increased
to FR5. During the time-out period, house light and cue light were turned off, and responses
on the active lever were recorded, but not reinforced. Following the establishment of the
stable responses (<10% latency to consume 50 sucrose pellets for three consecutive days),
rats received acupuncture at bilateral HT7 points immediately before the testing. To evaluate
the effect of naltrindole on sucrose reinforcement, rats were given naltrindole (15 mg/kg)
intraperitoneally 30 min before the start of sucrose self-administration.

Acupuncture Treatments

The anatomical location of acupuncture points stimulated in rats corresponded to the
acupoints in man as described previously (Stux et al., 2003) and in animal acupuncture atlas
(Schoen, 2001). HT7 is located on the transverse crease of the wrist of the forepaw, radial to
the tendon of the m. flexor carpi ulnaris. Neiguan (PC6) is located between the tendons of
the m. palmaris longus and flexor carpi radialis, 4 mm proximal to the transverse crease of
the wrist of the forepaw. For single-unit studies, acupuncture was accomplished with finely-
controlled electrical stimulation. Insulated tungsten sharp microelectrodes (1-5 MQ;
ET-10-5, A-M Systems, Everette, WA) were inserted orthogonally into HT7 around 3 mm
from skin surface. For tail stimulation, electrodes were inserted bilaterally at the base of the
tail at a 30 degree angle to a depth of 2-3 mm. Activation of acupuncture points and non-
acupuncture points was accomplished by stimulating with square-wave constant current
stimulus pulses (1.0 msec duration; frequency, 2 Hz) that were generated by an AMPI
IsoFlex isolation unit that were controlled by an AMPI MASTER-8 Pulse Generator. The
stimulation current was adjusted until muscle twitch was visually detected (300-800 pA)
either at the digits for HT7 stimulation or at the tail muscles for Tail stimulation. For
acupuncture treatment in freely-behaving rats, acupuncture was accomplished with
mechanical stimulation. We have used the same acupuncture paradigm as described by our
previous study (Zhao et al., 2006). Stainless-steel needles (0.18 mm diameter and 20 mm
length) were inserted vertically to a depth of 3 mm into acupuncture points of rats lightly
restrained by hands for 1-min under unanesthetized condition. Since our previous work
showed that brief manual acupuncture (1 min) was effective in reducing ethanol-induced
dopamine overflow in the nucleus accumbens (Yoon et al., 2004) and electroacupuncture
and manual acupuncture may recruit the identical peripheral afferent mechanisms involved
in acupuncture analgesia (Zhao, 2008), rats were subjected to manual acupuncture at
bilateral HT7 for 1 min. The acupuncture stimulation was manually delivered by twisting
acupuncture needles at a frequency of twice per sec for a total of two sec of stimulation
while needles were inserted and withdrawn from acupoints. Also, acupuncture was applied
at non-acupoints one-fifth of tail length from the proximal region of the tail to avoid the two
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tail acupoints. In one group of rats the tail was used as a stimulation control site to determine
the effect of mechanical stimulation at non-acupoints. In another group of rats, Neiguan
(PC6) was used as nonspecific control points. In the control group, rats were lightly
restrained by hands as identical method of each acupuncture treatment group but
acupuncture was not applied. The rats were pre-handled for 2 min/day for 5 consecutive
days before exposure to acupuncture for the reduction of stress.

Drug Preparation and Administration

For single-unit studies, systemic administration of 1.0 g/kg ethanol (16% w/v ethanol in
saline) was accomplished by intraperitoneal injections. Naloxone hydrochloride and
naltrindole hydrochloride were dissolved in saline at 1.0 mg/mL and 15 mg/mL,
respectively, and administered intravenously at a volume corresponding to each rat’s weight
in uL/gm. An equal volume of saline was administered intravenously to a paired rat for
comparisons of ethanol effects on VTA GABA neuron firing rate.

Analysis of Responses and Statistics

RESULTS

For analysis of single-unit data, discriminated spikes and stimulation events were processed
with National Instruments LabVIEW and IGOR Pro software (Wavemetrics, Lake Oswego,
OR). Extracellularly recorded single-unit action potentials were discriminated by a peak
detector digital processing LabVIEW algorithm. The effects of HT7 stimulation on VTA
GABA neuron activity were determined by rectangular activation of ratemeter records over
5 min of stimulation with IGOR PRO software. To determine changes in VTA GABA
neuron firing rate produced by ethanol administration, firing rate was determined by
averaging 5 min epochs of activity before and 5 min epochs at 10 min after ethanol
injection, by rectangular integration of ratemeter records with IGOR PRO software. The
results for control and drug treatment groups were derived from calculations performed on
ratemeter records and expressed as means + S.E.M. A paired two sample for means t test
was performed to determine statistical significance for within-subject drug vs saline
comparisons with Microsoft Excel Statistical Analysis Toolpak and Igor Pro (Wavemetrics,
Oswego, OR) Stat Pak with alpha=0.05 and level of confidence of 95%. A simple one-way
ANOVA was used to compare the effects of drugs vs. saline for between-subjects firing rate.
Figures were compiled by using IGOR Pro Software. For analysis of behavioral testing,
statistical analysis of data was performed using the SPSS 11.0 software program. One-way
ANOVA and post-hoc Tukey tests were carried out to compare the control group and each
acupuncture treatment group. For comparison of sucrose self-administration, a paired t test
was performed. Baseline responding was calculated as the mean absolute ethanol-paired
lever responding from three consecutive responses exhibiting less than 20%.

Effects of HT7 stimulation on VTA GABA Neuron Firing Rate

We compared the effects of HT7 and tail electrical stimulation on the firing rate of VTA
GABA neurons, which were characterized by previously-established criteria including
spontaneous activity, waveform properties, and response to IC stimulation (Steffensen et al.,
1998). Both tail and HT7 electrical stimulation (2 Hz at threshold current for muscle twitch)
produced transient increases in VTA GABA neuron firing rate, typically at the onset of
stimulation (Fig. 1A,B). Of the 55 neurons tested for effects of HT7 stimulation on VTA
GABA neuron activity, 24 (44%) showed an initial (EARLY) increase in firing rate (47.3 +
9.6%) followed by a more sustained (LATE) decrease (52.5 + 7.3%) in firing rate with
recovery in 5 min (Fig. 1C; baseline firing rate for HT7 stimulation was 34.9 + 2.5 Hz). Of
the 15 neurons tested for effects of tail stimulation on VTA GABA neuron activity, 14
(93%) showed an EARLY increase (64.2 + 23%) in firing rate, similar to HT7 stimulation.

Alcohol Clin Exp Res. Author manuscript; available in PMC 2011 December 1.
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However, none showed a LATE inhibition (0.7 + 4.2%) that was characteristic of HT7
stimulation (Fig. 1C; baseline firing rate for tail stimulation was 35.9 + 4.2 Hz). While there
was no significant difference in EARLY excitation between HT7 and tail stimulation (p >
0.05), there was a significant difference in LATE inhibition between HT7 and tail
stimulation (p = 7.1E-06, F(1 30) = 29.8).

Effects of Naloxone on HT7 Inhibition of VTA GABA neuron firing rate

Since HT7 stimulation inhibited VTA GABA neuron firing rate similar to what we have
demonstrated previously with opiates (Steffensen et al., 2006), we tested the effects of the
non-selective OR antagonist naloxone on HT7 modulation of VTA GABA neuron firing
rate. Compared to saline, intravenous administration of 1.0 mg/kg naloxone slightly, but not
significantly, increased VTA GABA neuron firing rate (14.5 £ 10.2%; p = 0.5; n = 18).
Naloxone blocked the LATE inhibition produced by HT7 stimulation, but did not affect the
EARLY enhancement of VTA GABA neuron firing rate (Fig. 2A). Intravenous
administration of saline (isovolumic with naloxone injection) had no effect on ability of HT7
modulation to reduce VTA GABA neuron firing rate (Fig. 2B). There was a significant
difference between naloxone and saline on the LATE inhibition of VTA GABA neuron
firing rate produced by HT7 stimulation (p = 0.006, F(; 11) = 12.1; n = 6,7, respectively).

Effects of HT7 stimulation on Ethanol inhibition of VTA GABA Neuron Firing Rate

We then evaluated the effects of continuous HT7 and tail stimulation on ethanol inhibition
of firing rate of VTA GABA neurons. We have previously reported that acute intoxicating
doses of ethanol inhibit VTA GABA neuron firing rate with an ICgq of 1.0 g/kg (Gallegos et
al., 1999; Ludlow et al., 2009; Steffensen et al., 2009; Stobbs et al., 2004). Thus, we
evaluated the effects of HT7 stimulation at the 1C5q dose for ethanol. Ten minutes after HT7
or tail stimulation a dose of 1.0 g/kg ethanol was administered intraperitoneally. Only
neurons that were inhibited by HT7 stimulation were studied, only one neuron was studied
in each rat and HT7 or tail stimulation was administered continuously throughout each
experiment. Figure 3 shows the effects of continuous HT7 (Fig. 3A) or tail (Fig. 3B)
stimulation on acute ethanol effects on VTA GABA neuron firing rate. While this dose of
ethanol markedly decreased VTA GABA neuron firing rate in rats receiving tail stimulation
(61.8 £ 13.6%), there was an increase in firing rate in those receiving HT7 stimulation (48.8
+ 25.6%; Fig. 3C). There was a significant difference in ethanol effects between HT7-
stimulated and tail-stimulated rats (Fig. 3C; p = 0.002, F(; 14) = 15.7; n = 7,8, respectively).
Since naloxone abolished the inhibition produced by HT7 stimulation, we evaluated its
effects on HT7 block of ethanol inhibition of VTA GABA neuron firing rate. Compared to
saline, intravenous administration of naloxone (1.0 mg/kg) restored ethanol’s ability to
suppress the firing rate of VTA GABA neurons (Fig. 3D; saline vs naloxone: p = 0.001,
Fa,17) = 17.1;n=11,7, respectively).

Role for Delta Opioid Receptors in Ethanol Inhibition of VTA GABA Neuron Activity

We compared the effects of the non-selective OR antagonist naloxone and the DOR
antagonist naltrindole on VTA GABA neuron firing rate and ethanol inhibition of their
firing rate. Compared to saline, intravenous administration of 15 mg/kg naltrindole slightly,
but not significantly, decreased VTA GABA neuron firing rate (11.5 £ 13.1%; p=0.5; n =
13). Also, there was no difference between naloxone and naltrindole on baseline firing rate
(naloxone vs naltrindole: p = 0.12, F(1 30) = 2.5; n = 13,18, respectively). Naloxone
administered 15 min prior to an intraperitoneal injection of 1.0 g/kg ethanol slightly, but not
significantly, enhanced ethanol’s inhibition of VTA GABA neuron firing rate (Fig. 4A),
Naltrindole (15 mg/kg) administered 15 min prior to an intraperitoneal injection of 1.0 g/kg
ethanol abolished ethanol’s inhibition of VTA GABA neuron firing rate (Fig. 4B). There
was a significant difference between naloxone and naltrindole for ethanol effects on VTA
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GABA neuron firing rate (Fig. 4C; naloxone vs naltrindole: p = 0.001, F(; 26 = 13.7; n = 12,
15, respectively).

Effects of Acupuncture at HT7 on Ethanol-reinforced Responding

We evaluated the effects of HT7, Tail and PC6 acupuncture on ethanol-reinforced
responding. The ethanol responding and the amount of ethanol consumption across the last 3
sessions (baseline) before acupuncture did not vary significantly by group (p > 0.05; control:
27.1 + 3.0 responses, 0.44 + 0.05 g/kg, n = 8; HT7: 29.1 + 2.9 responses, 0.47 + 0.05 g/kg, n
= 8; Tail: 23.8 + 1.9 responses, 0.50 £+ 0.05 g/kg, n = 9; and PC6: 30.6 £ 3.1 responses, 0.42
+ 0.03 g/kg; n = 7). However, one-way ANOVA analysis revealed a significant main effect
of acupuncture treatment (F 3 2g) = 10.554, p < 0.001). Post hoc Tukey tests showed that
there was a significant reduction in the amount of ethanol consumption in the HT7 group
compared to the control group (p < 0.01; control = 0.50 + 0.05 g/kg vs HT7 = 0.23 £ 0.02 g/
kg; Fig. 5A). This effect of HT7 did not seem to be a long-term effect as the baseline
responding for ethanol returned the following day. Additionally, Post hoc Tukey tests also
showed that HT7 acupuncture produced the significant decreased in ethanol-reinforced
responding compared to acupuncture at PC6 (p < 0.05; PC6 = 0.45 + 0.06 g/kg; Fig. 5A).
The HT7 group demonstrated initial suppression of ethanol responding and highly
significant decreases in cumulative responses starting at 5 min and continuing to the end of
the test session at 30 min compared with the control group (Fig. 5B; n = 8). To control for
the possibility that acupuncture causes generalized suppression of operant responding,
sucrose self-administration was performed using ethanol-naive rats. Before HT7
acupuncture treatment, the baseline values for each treatment group were 20.9 + 1.13 min
for control and 19.5 + 0.71 min for HT7. Acupuncture at HT7 did not alter the response rate
of sucrose self-administration compared to control group (Fig. 5C; t5=0.426, p = 0.208; n =
6). These results suggest that reduction in ethanol-reinforced responding by HT7
acupuncture can not be attributed to motor impairment.

Effects of Naltrindole on Ethanol-reinforced Responding

To determine the effects of the DOR antagonist naltrindole on ethanol consumption, rats
were given saline or naltrindole (15 mg/kg) 30 min before the start of ethanol self-
administration. There was no significant difference in baseline ethanol consumption between
groups (p = 0.213; saline group: 0.61 + 0.07 g/kg, n = 6; naltrindole group; 0.54 + 0.08 g/kg,
n = 6). Administration of naltrindole markedly reduced ethanol self-administration (ts =
4.163, p < 0.01; n = 6) without affecting the latency to self-administer 50 sucrose pellets
compared to saline group (t4 = 0.1367, p = 0.8978; n = 5), suggesting that naltrindole does
not produce generalized effects on response rates.

DISCUSSION

VTA GABA neuron activity was affected by HT7 electrical stimulation, which consistently
produced a biphasic modulation of firing rate characterized by a transient enhancement
followed by a more prolonged inhibition with recovery in 5 min. Tail stimulation produced
only a transient enhancement of firing rate, which we have reported previously occurs in
association with generalized sensory stimulation (Ludlow et al., 2009). Most importantly,
HT7 inhibition of VTA GABA neuron firing rate was blocked by naloxone, suggesting that
stimulation of this acupuncture point activates opioidergic inputs to VTA GABA neurons,
perhaps from the acupuncture-sensitive arcuate nucleus (Wang et al., 1990a; Wang et al.,
1990b).

The typical inhibition produced by an intoxicating dose of ethanol (Gallegos et al., 1999;
Ludlow et al., 2009; Steffensen et al., 2009; Stobbs et al., 2004) was unaffected by
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continuous tail stimulation, while the same dose level of ethanol excited VTA GABA
neurons during continuous HT7 stimulation, suggesting that HT7 acupuncture reverses
ethanol’s inhibitory effects on VTA GABA neurons directly, or indirectly through
interaction with synaptic inputs to these neurons. Since VTA GABA neurons express
MORs, and are inhibited by opioids (Steffensen et al., 2006), and acupuncture enhances
opioid-mediated transmission in the arcuate nucleus, which projects to the VTA, we
speculated that OR modulation by HT7 electroacupuncture might be contributing to its
ability to reduce ethanol inhibition of VTA GABA neurons. Accordingly, systemic
administration of naloxone not only blocked HT7 inhibition, but also HT7 block of ethanol
inhibition of VTA GABA neuron activity. At first glance this might seem counterintuitive,
since HT7 and ethanol both inhibit VTA GABA neuron activity. However, while ethanol
inhibition is prolonged, HT7 OR-sensitive inhibition is transient, suggesting desensitization
of MORs or parallel involvement of DORs on accumbal GABA terminals to VTA GABA
neurons. Acupuncture may play a functional role as an OR agonist as well as a partial DOR
agonist. Although naloxone blocked the effects of HT7 acupuncture, as well as its effects on
ethanol inhibition of VTA GABA neuron firing rate, its mechanism of action is uncertain
given that it is a non-selective OR antagonist. Although MORs are sensitive to naloxone, it
likely also blocks k- and DORs at the high doses used to block HT7 inhibition of VTA
GABA neuron firing rate. A role for ORs other than MORs cannot be ruled out. Mainly, its
effects could result from a combination of actions on MORs and/or DORs in the VTA,
NAcc, or accumbal GABA inputs to the VTA. Accumbal GABAergic inhibitory input to
VTA GABA neurons is formidable, and a combined effect on MORs and DORs is likely
occurring, as a recent report has implicated DORs on accumbal GABA terminals on VTA
GABA neurons in ethanol consumption (Margolis et al., 2008). Interestingly, it is somewhat
paradoxical that naloxone had no effect or slightly enhanced ethanol inhibition of VTA
GABA neuron firing rate. Thus, in order to clarify the role of DORs in ethanol effects on
VTA GABA neuron activity, we compared the effects of naloxone vs the DOR antagonist
naltrindole. Unlike naloxone, naltrindole abolished the inhibitory effect of ethanol on VTA
GABA neuron firing rate, suggesting the involvement of DORs for ethanol effects in the
VTA. However, future studies are necessary to determine if the effect is on DORs on
accumbal GABAergic terminals on VTA GABA neurons (Margolis et al., 2008) or on NAcc
DORs (Lu et al., 1998; Mansour et al., 1995; Weiner et al., 1991).

Acupuncture at HT7, but not at PC6 or tail, significantly decreased ethanol-reinforced
behavior, suggesting that this effect is specific to HT7 acupoints. Since insertion of needles
into acupoints on the forepaw could give rise to motor impairment, we attempted to control
for the possibility of generalized effects of acupuncture on response rates by monitoring
sucrose-reinforced responding. Importantly, results showed that acupuncture did not alter
the responding for sucrose pellets suggesting that acupuncture may exert an inhibitory effect
on ethanol self-administration by reducing motivational, rather than performance-related
influences. As suggested by many studies, ethanol enhancement of DA neurotransmission in
the mesolimbic system has long been associated with positive reinforcement contributing to
ethanol-seeking and-taking behaviors (Czachowski et al., 2001; Melendez et al., 2002; Rodd
et al., 2004; Walker and Ettenberg, 2007; Weiss et al., 1993). In a previous study, we
demonstrated that acupuncture at HT7 significantly inhibited ethanol-induced DA release in
the NAcc through the GABAg receptor (Yoon et al., 2004). Based on these observations,
our results indicate that the reduced ethanol-maintenance response produced by acupuncture
at HT7 is most likely mediated via a suppression of DAergic activity in the NAcc.

Results obtained in genetic models of high preference for ethanol support the view that its
intake depends on the activity of the endogenous opioid reward system, and that ethanol
consumption may serve to compensate for inherent deficits in this system (Herz, 1997). This
hypothetical model proposes that reward, including ethanol reward, results from activation
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of MORs and DORs in the VTA and/or DORSs in the NAcc. How might ethanol and opioids
interact in the VTA? First, they have similar effects on VTA GABA neurons. We and others
have shown that ethanol and MOR agonists inhibit VTA GABA neuron firing rate (Gallegos
et al., 1999; Johnson and North, 1992; Ludlow et al., 2009; Margolis et al., 2006; Stobbs et
al., 2004; Xiao and Ye, 2008; Xiao et al., 2007), suppress GABA inhibition of VTA DA
neurons (Xiao and Ye, 2008; Xiao et al., 2007), and excite VTA DA neurons (Gessa et al.,
1985; Johnson and North, 1992; Margolis et al., 2003; Xiao et al., 2007), likely via
disinhibition (Johnson and North, 1992; Xiao and Ye, 2008; Xiao et al., 2007). Second,
ethanol potentiates GABA IPSCs in VTA DA neurons in the presence of saturating
concentrations of MOR agonists (Xiao et al., 2007). Contrary to the typical potentiating
effects of ethanol on GABA transmission in other brain areas (Siggins et al., 2005; Weiner
and Valenzuela, 2006), ethanol inhibits GABA neurons in the VTA and consequently
inhibits GABA IPSCs in VTA DA neurons (Xiao et al., 2007). Since VTA GABA neurons
are the primary source of inhibitory input to VTA DA neurons, ethanol inhibition of GABA
IPSCs appears to dominate over the potentiating effect of ethanol on other GABAergic or
opioidergic inputs to VTA neurons. Third, ethanol enhances the release of p-endorphin
(Herz, 1997; Marinelli et al., 2004; Stein, 1993), which might activate MORs on VTA
GABA neurons. Thus, acupuncture effects on VTA GABA neurons might result from
combined effects on opiodergic actions on VTA GABA neurons via MORs or on accumbal
GABA input to VTA GABA neurons via DORs. In support of the latter, a recent study has
shown that activation of DORs in the VTA decreases ethanol intake in rats (Margolis et al.,
2008). This study implicates presynaptic modulation of GABA release in the VTA by DOR
since the DOR agonist DPDPE inhibits evoked, spontaneous and mini GABA IPSCs.
Accordingly, ethanol consumption up-regulates DORs, but down-regulates MORs in the
VTA (Mendez et al., 2001). Thus, although many studies have reported a role for both MOR
and DOR receptors in regulating ethanol intake, the evidence for the involvement of ORs in
the VTA remains complex and controversial. Our findings provide some insight into the role
of MOR and DOR involvement in ethanol effects and acupuncture modulation of ethanol
effects. We show that both acupuncture and naltrindole reverse ethanol inhibition of VTA
GABA neurons and reduce ethanol self-administration without affecting performance. We
can only speculate that ethanol and acupuncture influence opioidergic mechanisms in both
the VTA and NAcc, but that the effect of ethanol on VTA GABA neurons is predominantly
mediated via DORs and not MORs.

We have recently proposed a hypothetical model that might explain how HT7 acupuncture
might inhibit VTA GABA neuron activity (Yang et al., 2008). In brief, acupuncture or
electroacupuncture may activate the ulnar nerve, which lies adjacent to HT7 points (Peuker
and Cummings, 2003). Subsequently, sensory stimulation activates enkephalinergic and f3-
endorphinergic neurons in the arcuate nucleus of the hypothalamus (Wang et al., 1990a;
Wang et al., 1990b), and endorphinergic fibers projecting from the arcuate nucleus can in
turn activate MORs on VTA GABA neurons (Mansour et al., 1988). The inhibition of VTA
GABA neuron firing rate by HT7 stimulation recovered in approximately 5 min, suggesting
that opioidergic processes are being recruited to counteract the direct effects of opioid
inhibition on VTA GABA neurons. Indeed, our previous studies have indicated that opioid
modulation of VTA GABA neurons is complex, involving direct and indirect effects. For
example, opioid inhibition of VTA GABA neurons involves not only direct effects on
GABA neuron MORs (via in situ MOR agonist activation), but also latent indirect effects on
accumbal GABAergic inhibition of VTA GABA neurons (Steffensen et al., 2006), and
perhaps influenced by DOR modulation of accumbal GABAergic inhibition on VTA GABA
neurons (Margolis et al., 2008). Notwithstanding the complexities of opioid effects on VTA
GABA neurons, HT7 inhibition of their firing rate by MOR activation might lead to short-
term enhancement of mesolimbic DA release via disinhibition of VTA DA neurons. Taken
together, these findings support the hypothesis that opioid-mediated ethanol inhibition of
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GABAergic synaptic transmission to VTA DA neurons may have a critical role in ethanol
reward. Moreover, they support the emerging view in the alcohol literature of an interaction
between endogenous opioids and ethanol in the mesolimbic system (Herz, 1997), and the
current clinical use of opioid antagonists to prevent relapse in alcoholics (Oswald and Wand,
2004). Finally, acupuncture may be an effective adjunct therapy for the treatment of
alcoholism with OR antagonists.
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Figure 1. Modulation of VTA GABA neuron firing rate by HT7 vs. tail electrical stimulation
(A) This ratemeter record shows a representative VTA GABA neuron with a baseline firing
rate of approximately 50 Hz. HT7 electrical (2 Hz at threshold current for muscle twitch)
stimulation produced an initial (EARLY) enhancement of VTA GABA neuron firing rate
followed by a more prolonged (LATE) inhibition, with subsequent recovery in 5 min. (B)
This ratemeter record shows a ratemeter record from the same neuron during tail
stimulation. Tail electrical stimulation produces only an EARLY increase in firing rate. (C)
Summary of HT7 and tail stimulation on VTA GABA neuron firing rate. HT7 stimulation
produced a significant EARLY excitation (n = 24) followed by a significant LATE
inhibition of VTA GABA neuron firing rate (n = 18). Tail stimulation produced only a
significant EARLY excitation (n = 14). There was a significant difference between HT7 and
tail LATE effects on VTA GABA neuron firing rate. Asterisks * represent p < 0.05
compared to baseline and # represents p = 7.2E-06 between HT7 vs. tail LATE responses.
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Figure 2. Naloxone blocks the inhibition of VTA GABA neuron firing rate by HT7 electrical
stimulation

(A) This ratemeter record shows a representative VTA GABA neuron with a baseline firing
rate of approximately 65 Hz. Intravenous administration of the p-OR antagonist naloxone
blocked the LATE inhibition, but not the EARLY activation produced by HT7 electrical
stimulation. (B) This ratemeter record shows a VTA GABA neuron in a separate experiment
with a baseline firing rate of approximately 30 Hz. Intravenous administration of saline
(isovolumic to naloxone injection) did not affect either the EARLY or LATE phases of HT7
stimulation. (C) There was a significant difference between saline (n = 7) and naloxone (n =
6) on the LATE inhibition of VTA GABA neuron firing rate. Most importantly, there was a
significant difference between naloxone and saline HT7 stimulation LATE effects on VTA
GABA neuron firing rate. Asterisks * represent p < 0.05 compared to baseline and #
represents p = 7.2E-06 between HT7 vs. tail LATE responses.
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Figure 3. Comparison between continuous HT7 and Tail electrical stimulation on acute ethanol
inhibition of VTA GABA neuron firing rate

(A) This ratemeter record shows a representative VTA GABA neuron with a baseline firing
rate of approximately 19 Hz during continuous HT7 electrical stimulation. Intraperitoneal
administration of 1.0 g/kg ethanol produced a prolonged enhancement of this neuron’s
activity during HT7 stimulation. (B) This ratemeter shows the firing rate of a VTA GABA
neuron in a separate experiment with a baseline firing rate of 60 Hz during continuous tail
stimulation. Intraperitoneal administration of 1.0 g/kg ethanol produced its typical inhibition
of firing rate (Gallegos et al., 1999; Ludlow et al., 2009; Steffensen et al., 2009; Stobbs et
al., 2004). (C) This graph summarizes the effects of HT7 vs. tail stimulation on ethanol
effects on VTA GABA neuron firing rate. There was an increase in firing rate produced by
ethanol during continuous HT7 stimulation (n = 7). Ethanol produced its typical inhibition
during continous tail stimulation (n = 8). There was a significant difference in ethanol
effects between HT7 vs. tail electroacupuncture (p = 0.002). (D) There was a significant
difference between naloxone vs. saline on HT7 block of ethanol inhibition of VTA GABA
neuron firing rate (p = 0.001). # represents p = 0.0008 between naloxone vs. saline effects.
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Figure 4. Naltrindole, but not naloxone, blocks ethanol inhibition of VTA GABA neuron firing
rate

(A) This ratemeter record shows a representative VTA GABA neuron with a baseline firing
rate of approximately 37 Hz in the presence of 1.0 g/kg naloxone. Intraperitoneal
administration of 1.0 g/kg ethanol produced its typical inhibition of VTA GABA neuron
firing rate when naloxone is present. (B) This ratemeter shows the firing rate of a VTA
GABA neuron in a separate experiment with a baseline firing rate of 39 Hz in the presence
of 15 mg/kg naltrindole, which blocked the inhibition of VTA GABA neuron firing rate by
1.0 g/kg ethanol. (C) This graph summarizes the effects of naloxone and naltrindole on
ethanol inhibition of VTA GABA neuron firing rate. Naltrindole significantly reduced
ethanol inhibition of VTA GABA neuron firing rate. * represents p = 0.001 between
naloxone vs. naltrindole effects.
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Figure 5. Acupuncture at HT7 reduces ethanol, but not sucrose, reinforced behavior

(A) Rats manually received the stimulation of bilateral HT7 (Shenmen, n = 8) points for 1
min immediately before testing session. Acupuncture points corresponding to bilateral tail
(Tail, n =9) and PC6 (Neiguan, n = 7) points were used as control points. Results are
expressed as the mean + S.E.M. for the amount of ethanol consumption (in g/kg) during the
30 min self-administration session. HT7, but not tail or PC6, stimulation significantly
reduced ethanol intake (*p < 0.01, control group vs. HT7 group; #p < 0.05, HT7 group vs.
PC6 group. (B) Cumulative responses for ethanol during the entire 30 min session time after
HT7 stimulation (n = 8). HT7 acupuncture significantly reduces ethanol self-administration
during the entire session time except 5 min after the starting of session compared to control
(n = 8). Asterisks *, ** represent p < 0.01 and p < 0.001 between control group vs. HT7
group, respectively. (C) To control for the possibility that acupuncture affects generalized
suppression of operant responding, sucrose pellet self-administration was performed using
ethanol-naive rats (n = 6). HT7 acupuncture did not alter the time to self-administer 50
sucrose pellets.
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