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Abstract Ethanol is widely known for its ability to cause

dramatic changes in emotion, social cognition, and

behavior following systemic administration in humans.

Human neuroimaging studies suggest that alcohol depen-

dence and chronic pain may share common mechanisms

through amygdala-medial prefrontal cortex (mPFC) inter-

actions. However, whether acute administration of ethanol

in the mPFC can modulate pain perception is unknown.

Here we showed that bilateral microinjections of ethanol

into the prelimbic and infralimbic areas of the mPFC

lowered the bilateral mechanical pain threshold for 48 h

without influencing thermal pain sensitivity in adult rats.

However, bilateral microinjections of artificial cere-

brospinal fluid into the mPFC or bilateral microinjections

of ethanol into the dorsolateral PFC (also termed as motor

cortex area 1 in Paxinos and Watson’s atlas of The Rat

Brain. Elsevier Academic Press, Amsterdam, 2005) failed

to do so, suggesting regional selectivity of the effects of

ethanol. Moreover, bilateral microinjections of ethanol did

not change the expression of either pro-apoptotic (caspase-

3 and Bax) or anti-apoptotic (Bcl-2) proteins, suggesting

that the dose was safe and validating the method used in the

current study. To determine whether c-aminobutyric acid A

(GABAA) receptors are involved in mediating the ethanol

effects, muscimol, a selective GABAA receptor agonist, or

bicuculline, a selective GABAA receptor antagonist, was

administered alone or co-administered with ethanol

through the same route into the bilateral mPFC. The results

showed that muscimol mimicked the effects of ethanol

while bicuculline completely reversed the effects of etha-

nol and muscimol. In conclusion, ethanol increases

mechanical pain sensitivity through activation of GABAA

receptors in the mPFC of rats.

Keywords Ethanol � mPFC � Pain perception � GABAA

receptor � Empathy

Introduction

Ethanol has long been known to influence the processes of

emotion, social cognition, and somatic sensation through

social drinking and experimental administration [1–3].

Acute alcohol consumption and intranasal oxytocin

administration have been proposed to have a common

effect on emotion, social cognition, and behavior through

acting on limbic and prefrontal cortical structures in

humans, resulting in an enhancement of empathy-based

altruism such as helping motivation, trust, generosity, and

morality [3]. Some human neuroimaging studies have

suggested that alcohol-dependence and chronic pain may

also share mechanisms through amygdala—medial pre-

frontal cortex (mPFC) interactions [2]. The mPFC, a cor-

tical structure that includes the prelimbic (PrLC),
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infralimbic (ILC), and anterior cingulate cortex (ACC)

[4–6], has been demonstrated to be involved in pain pro-

cessing [7–14]. More recently, we also demonstrated that

the mPFC is involved in the mediation of empathy for pain

in rats, a phenomenon in which the mechanical pain sen-

sitivity and spinal nociceptive responses of rats are dra-

matically increased after social interaction with a cagemate

(but not a non-cagemate) in pain [15]. These results imply

that the mPFC is one of the key brain structures involved in

the cognitive and emotional modulation of pain

[11, 15, 16]. As for the action of ethanol in the central

nervous system, some in vitro brain slice studies have

shown that ethanol facilitates the release of neurotrans-

mitters such as c-aminobutyric acid (GABA), dopamine,

serotonin, and opioids, whereas it inhibits glutamate

activity, resulting in alterations in behavior [1]. Ethanol has

been shown to be anxiolytic and sedative-hypnotic, as well

as impairing cognition and motor coordination, through the

enhancement of GABA release [17]. The effects of ethanol

on pain perception, however, are controversial. On one

hand, ethanol has been shown to have an analgesic effect

by systemic (intraperitoneal, i.p.) administration [18–21],

but on the other hand, a hyperalgesic effect can also be

induced by systemic or intracerebroventricular adminis-

tration [22]. Human and animal studies have respectively

demonstrated that cerebral blood flow [23–25] and c-Fos

immunoreactivity [26, 27] in the PFC are significantly

increased after acute alcohol administration. Moreover, the

systemic effects of ethanol on behavior can be significantly

reversed by disrupting the function of the mPFC [28–31].

However, the effects of the direct action of ethanol in the

mPFC remain unclear. Here, we set out to address this

question.

Materials and Methods

Animals

Adult male Sprague-Dawley rats weighing 260–320 g were

obtained from the Laboratory Animal Center of the Fourth

Military Medical University (FMMU), Xi’an, China. The

animals were kept in a temperature-controlled room

(22–26 �C) under a 12-h light/dark cycle with free access

to food and water. Before behavioral tests, the rats were

individually habituated to the test boxes for[30 min each

day for 5 consecutive days. All behavioral assessments

were performed during the light phase of the cycle. The

experimental procedures were approved by the Animal

Care and Use Committee of the FMMU, and followed the

National Institutes of Health Guide for the Care and Use of

Laboratory Animals (NIH Publication No. 80-23, revised

1996). The animals were treated in accordance with the

ethical guidelines established by the International Associ-

ation for the Study of Pain [32]. The number of animals

used and their suffering were minimized.

Surgery

The surgery was carried out as previously described

[33–35]. Rats were anesthetized with sodium pentobarbital

(50 mg/kg, i.p.), and then placed in a stereotaxic instru-

ment (Narishige Scientific Instrument Lab, Tokyo, Japan).

After a midline incision, 2 holes were drilled over the

bilateral target regions to allow cannula implantation.

According to the Paxinos and Watson’s atlas of The Rat

Brain in Stereotaxic Coordinates [36], custom-designed

stainless-steel guide cannulas (diameter 0.48 mm; RWD

Life Science Co., Ltd., Shenzhen, China) were implanted to

target the PrLC (bregma rostrocaudal 3.2 mm, mediolateral

0.7 mm, dorsoventral 3.5 mm), ILC (bregma rostrocaudal

3.2 mm, mediolateral 0.7 mm, dorsoventral 5.0 mm) or

dorsolateral PFC (equivalent to the motor cortex area 1,

MCx) (bregma rostrocaudal 2.5 mm, mediolateral 2.8 mm,

dorsoventral 2.0 mm), which was used as an offsite control

[35]. The cannulae were fixed to the skull with dental

cement. Stylets were inserted into the cannulae between

experiments. Penicillin and streptomycin (each at 300 mg/

kg, i.p.) were administered immediately after surgery to

prevent infection. After surgery, rats were handled for

*4 min each day to minimize the stress reaction during

drug administration and were allowed 7 days for recovery.

Drugs and Microinjections

Ethanol (Sinopharm Chemical Reagent Co., Ltd., Shanghai,

China), the competitive GABAA receptor antagonist bicu-

culline methochloride (Tocris, Ellisville, MO), and the

selective GABAA receptor agonist muscimol hydrobromide

(Sigma, St. Louis, MO) were all dissolved in sterile artificial

cerebrospinal fluid (ACSF) containing (in mmol/L): 125.0

NaCl, 2.6 KCl, 2.5 NaH2PO4, 1.3 CaCl2, 0.9 MgCl2, 21.0

NaHCO3, and 3.5 glucose. All working solutions were

freshly prepared before each experiment and protected from

light during the experimental sessions. ACSF served as the

vehicle control in all experiments. Rats received bilateral

microinjections of ethanol (20 mmol/L, *90 mg/dL,

equivalent to a peak blood concentration of 1.0 g/kg,

defined as moderate consumption), bicuculline (20 lmol/

L), or muscimol (5 mmol/L) in a volume of 0.5 lL over

60 s using a Hamilton syringe attached to polyethylene

tubing as in previous studies [1, 14, 37, 38]. The microin-

jections started 5 min after injector insertion, and the

injectors remained in place for full drug diffusion.
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Bicuculline was co-administered with ethanol or muscimol

into the mPFC 1 h in advance to determine whether a

GABAergic mechanism is involved in the effects of ethanol

on basal pain sensitivity. The dose of ethanol (20 mmol/L)

used in the current study is safe and effective according to

previous reports [1, 37]. In many previous studies, blood

concentrations ranging from 20 to 90 mg/dL (5–20 mmol/

L) have been defined as indicating low to moderate ethanol

consumption [1]. Ethanol at 25–100 mmol/L has also been

demonstrated to washout-reversibly suppress the persistent

activity of PFC neurons in brain slice patch-clamp record-

ings [37]. Systemic administration of 0.375–3.5 g/kg of

ethanol to rats has been shown to result in blood concen-

trations ranging from *50 to 350 mg/dL (10–70 mmol/L)

which also dose-dependently reduces spike activity in PFC

neurons 30 min after treatment [37]. In that study, a dose of

20 mmol/L ethanol (90 mg/dL; equivalent to 1.0 g/kg) was

effective and believed to be moderate in amount [37]. In a

pilot study, we also demonstrated that intra-PFC microin-

jection of 20 mmol/L ethanol induced bicuculline-re-

versible mechanical pain hypersensitivity. Thus, it was safe

and reasonable to select 20 mmol/L as a single dose for

intracerebral microinjection. To determine whether this

dose of ethanol causes loss of neurons, the expression levels

of pro-apoptotic (caspase-3 and Bax) and anti-apoptotic

(Bcl-2) proteins were measured 1, 2, and 48 h after bilateral

microinjection of ethanol or ACSF. The number of neuronal

profiles labeled with Ca2?/calmodulin-dependent protein

kinase II (CaMKII), a biomarker of excitatory neuronal

activity, and the total number of neurons labeled with NeuN

were also counted after immunocytochemical staining.

Experimental Design

Animals were randomly divided into 11 groups (Table 1).

Basal paw withdrawal mechanical threshold (PWMT, g)

and paw withdrawal thermal latency (PWTL, s) were

measured one day before drug administration.

Mechanical Pain Sensitivity

Mechanical pain sensitivity was measured using von Frey

monofilaments as described previously [39, 40]. Rats were

individually adapted in a plastic chamber placed on a metal

mesh floor for 30 min before testing. The monofilaments

were applied with ascending bending forces of 0.8, 2.0, 5.0,

7.0, 10.0, 13.0, 16.0, 20.0, 25.0, 30.0, 45.0, and 60 g. Each

monofilament was applied to the target hind-paw 10 times

(once every several seconds) in order to evoke the paw-

withdrawal reflex. The bending force that caused a 50%

occurrence of the reflex was expressed as the PWMT.

Thermal Pain Sensitivity

Thermal pain sensitivity was measured as the withdrawal

latency of the hind-paws in response to radiant heat stimuli

[39, 40]. Rats were individually acclimated to a plastic

chamber on the surface of a 2-mm thick glass plate for

30 min before testing. Five heat stimuli applied with a TC-1

radiant heat stimulator (new generation RTY-3; Xi’an

Bobang Technologies of Chemical Industry Co. Ltd., Xi’an,

China) to the plantar area of each hind-paw were repeated at

10-min intervals. The latency was calculated as the time

from the beginning of a heat stimulus to the appearance of a

marked paw-withdrawal reflex. Each hind-paw of each rat

was tested 5 times, and the last 4 values were averaged to

give the mean PWTL. The abandon of the first value was

due to larger bias in PWTL than the latter ones in each

animal. A maximal cutoff of 40 s was used to avoid tissue

injury.

Quantification of Persistent Spontaneous

Nociceptive Behavior

Estimation of persistent spontaneous nociception was

based on our previous report [39]. Before intra-plantar

administration of bee venom (BV), the rat received intra-

mPFC microinjection of ACSF, ethanol, or muscimol and

was acclimated in a transparent box which was placed on a

supporting frame 30 cm above the table for 30 min. Then

BV was injected into the center of the plantar surface of

left hind-paw. BV-induced pain-related behavior was

expressed as the number of paw flinches quantified at

5-min intervals for 1 h following injection.

Western Blot

Bilateral mPFC tissues were obtained at 1, 2, and 48 h

after intra-mPFC microinjection of ethanol (20 mmol/L)

and then homogenized in RIPA lysis buffer containing

protease inhibitors (Applygen Technologies Inc., Beijing,

China). The protein concentration in the lysate was

determined using a BCA Protein Assay kit (Thermo Sci-

entific, Rockford, IL). Protein samples were heated at

98 �C for 10 min, and 50 lg of protein was separated on

12% SDS-PAGE gel (Bio-Rad, Berkeley, CA) and then

transferred onto PVDF membranes (Immobilon P, Milli-

pore, Billerica, MA). The membranes were blocked with

5% skim milk for 3 h at room temperature and incubated

with rabbit polyclonal antibody against Bcl-2, caspase-3,

or Bax (1:200 for all three antibodies, Santa Cruz, Dallas,

TX) at 4 �C overnight. Then the membranes were incu-

bated with an HRP-conjugated secondary antibody

(1:2000, Bio-Rad) at room temperature for 2 h. After that,

the membranes were treated with enhanced
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chemiluminescence reagents and images captured with

FluorChem FC2 (Alpha Innotech Corp., San Leandro,

CA). The density of the bands was measured with

AlphaImager software and normalized to b-tubulin. All

western blot analyses were performed at least three times

from 5 rats.

Double Immunofluorescent Labeling

Forty-eight hours after intra-mPFC microinjection of

ethanol or ACSF, rats were deeply anesthetized with

sodium pentobarbital (50 mg/kg, i.p.) and perfused

intracardially with saline followed by 4% paraformalde-

hyde in phosphate-buffered saline (PBS). After perfusion,

the brain was removed and post-fixed overnight, then

cryoprotected in 30% phosphate-buffered sucrose. Trans-

verse frozen sections (40 lm) were cut on a CM1900

freezing microtome (Leica, Wetzlar, Germany) and then

blocked with 1% bovine serum in PBS for 1 h at room

temperature. For double immunofluorescent labeling, sec-

tions were incubated with a mixture of primary antibodies

[mouse anti-CaMKII 1:200 (ab22609, Abcam, Cambridge,

MA) and rabbit anti-NeuN 1:200 (ab177487, Abcam)] at

4 �C overnight, followed by a mixture of secondary anti-

bodies [FITC-conjugated goat anti-mouse IgG, 1:200

(Sigma) and Cy3-conjugated sheep anti-rabbit IgG, 1:200

(Sigma)] for 3 h. Photomicrographs were captured under a

laser scanning confocal fluorescence microscope (FV 1000,

Olympus, Tokyo, Japan) and processed with Image-Pro

Plus digitizing software (Olympus). The numbers of

CaMKII-positive and NeuN-positive neurons were counted

using ImageJ software (NIH, Bethesda, MD).

Histological Localization of Injection Sites

These procedures were as in our previous report [9]. In

brief, after the behavioral tests, rats were fully anesthetized

with sodium pentobarbital (50 mg/kg, i.p.) and perfused

transcardially with sterile saline followed by 4%

paraformaldehyde. The brains were removed, postfixed in

4% paraformaldehyde for 3 h and then stored in 30%

sucrose until they sank to the bottom of the container.

Frozen sections (40 lm) were cut on a freezing microtome

(CM1900, Leica, Wetzlar, Germany) and Nissl stained

Table 1 Experimental design and grouping.

Cannula localization Treatment (total number of

animals)

Quantitative measurements and tests Number

of animals

Intra-PrLC ACSF (40) Basal pain sensitivity to mechanical stimuli (von Frey) 12

Basal pain sensitivity to thermal stimuli (radiant heat) 7

Persistent pain response to intraplantar bee venom 6

Western blot (n = 5 for each time point) 15

Ethanol (42) Basal pain sensitivity to mechanical stimuli (von Frey) 14

Basal pain sensitivity to thermal stimuli (radiant heat) 7

Persistent pain response to intraplantar bee venom 6

Western blot (n = 5 for each time point) 15

Muscimol (27) Basal pain sensitivity to mechanical stimuli (von Frey) 14

Basal pain sensitivity to thermal stimuli (radiant heat) 7

Persistent pain response to intraplantar bee venom 6

Ethanol ? bicuculline (10) Basal pain sensitivity to mechanical stimuli (von Frey) 10

Muscimol ? bicuculline (7) Basal pain sensitivity to mechanical stimuli (von Frey) 7

Bicuculline (7) Basal pain sensitivity to mechanical and thermal stimuli

(von Frey and radiant heat)

7

Intra-ILC ACSF (12) Basal pain sensitivity to mechanical stimuli (von Frey) 6

Basal pain sensitivity to thermal stimuli (radiant heat) 6

Ethanol (12) Basal pain sensitivity to mechanical stimuli (von Frey) 6

Basal pain sensitivity to thermal stimuli (radiant heat) 6

Intra-MCx ACSF (6) Basal pain sensitivity to mechanical and thermal stimuli

(von Frey and radiant heat)

6

Ethanol (7) Basal pain sensitivity to mechanical and thermal stimuli

(von Frey and radiant heat)

7

Free of cannulation Naive (6) Persistent pain response to intraplantar bee venom 6

ACSF, artificial cerebrospinal fluid; ILC, infralimbic cortex; MCx, motor cortex; PrLC, prelimbic cortex.
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with 0.1% cresyl violet. Photomicrographs were captured

on a computer-based microscope CCD camera (DP-70,

Olympus) and processed using Image-Pro-Plus 6.1 soft-

ware (Media Cybernetics, Warrendale, PA).

Statistical Analysis

All data were analyzed using SPSS 19.0 and are presented

as the mean ± SEM. Non-parametric analysis (Mann-

Whitney U test and Kruskal-Wallis H test [Nemenyi test])

and two-way repeated measures ANOVA were used.

P\ 0.05 was considered to be statistically significant.

Results

Based on the histological localization of the injection sites,

103 pairs of microinjections were effectively confined to

the PrLC and 24 pairs to the ILC on both sides (Fig. 1),

while 13 pairs were confined to the bilateral MCx [36]

(Fig. 4A, B).

Bilateral Intra-mPFC Microinjections of Ethanol

Decrease Mechanical Pain Threshold and Increase

Pain Response

Bilateral microinjections of ethanol (20 mmol/L in 0.5 lL)
into the PrLC or the ILC resulted in significant reductions in

the PWMT of both hind-paws in naı̈ve rats relative to ACSF

controls (Fig. 2A, C). The time-course showed that the

ethanol-induced mechanical pain hypersensitivity reached a

peak during 1–2 h after injection, followed by half recovery

at 24 h and complete recovery at 48 h (Fig. 2A, C). How-

ever, rats receiving the same intra-PrLC and intra-ILC

ethanol microinjections did not show any statistically sig-

nificant difference in thermal pain sensitivity relative to the

ACSF controls and baseline (Fig. 2B, D). To explore whe-

ther the same ethanol treatment can enhance pain responses,

bilateral microinjections of ACSF or ethanol were admin-

istered to rats receiving BV injections (n = 6 for each

group). We found that the number of paw flinches was

significantly increased by intra-mPFC ethanol microinjec-

tions relative to the ACSF group (Fig. 3).

Fig. 1 Localization of injection sites. A, C Left panels: images of rat

brains showing the sites of cannula implantation through the surface

of the medial prefrontal cortices (arrows). Right panels: photomicro-

graphs showing the tracks and sites of cannulation within the bilateral

prelimbic cortex (PrLC, arrows) or infralimbic cortex (ILC, arrows)

of the medial forebrain (stained with 0.1% cresyl violet). B,

D Schematic diagrams showing the injection sites confined to the

bilateral PrLC (B, filled circles, n = 103) and ILC (D, filled circles,

n = 24) along the rostrocaudal axis. Bre, bregma; fmi, forceps minor

of the corpus callosum; ILC, infralimbic cortex; MCx, motor cortex;

PrLC, prelimbic cortex.
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To determine whether the intra-mPFC ethanol effect is

region-selective, we chose the MCx as an offsite control.

We found that bilateral intra-MCx microinjections of

ethanol or ACSF had no significant effect on mechanical

(Fig. 4C) or thermal (Fig. 4D) pain sensitivity.

Further, Western blot showed no changes in the level of

pro-apoptotic (caspase-3 and Bax) or anti-apoptotic (Bcl-2)

proteins in the mPFC 1, 2, and 48 h after bilateral intra-

mPFC microinjections of ethanol relative to ACSF (Fig. 5).

Immunocytochemical staining also showed no significant

decreases in the number of neuronal profiles labeled with

CaMKII (a biomarker of active excitatory neurons [41])

and neuronal nuclear profiles labeled with NeuN (a neu-

ronal nuclear biomarker) in the mPFC (Fig. 6).

Fig. 2 Effects of intra-PrLC and intra-ILC cortical microinjections

of ethanol (20 mmol/L in 0.5 lL) on mechanical and thermal pain

sensitivity. A Time courses of PWMT after ethanol or ACSF

administration in the PrLC [n = 6; ***P\ 0.001, ethanol vs ACSF

for both hind-paws at 1 h (F = 46.032, df = 1 for the left paw;

F = 41.504, df = 1 for the right paw), 2 h (F = 49.843, df = 1 for

the left paw; F = 25.410, df = 1 for the right paw), and 24 h

(F = 25.971, df = 1 for the left paw; F = 27.458, df = 1 for the

right paw)]. C Time courses of the PWMT after ethanol or ACSF

administration in the ILC [n = 6; **P\ 0.01, ***P\ 0.001, ethanol

vs ACSF for the left hind-paw at 1 h (F = 21.022, df = 1) and 2 h

(F = 29.739, df = 1); ##P\ 0.01, ethanol vs ACSF for the right

hind-paw at 1 h (F = 16.858, df = 1), 2 h (F = 16.723, df = 1), and

24 h (F = 17.622, df = 1)]. B, D Time courses of the PWTL after

ethanol or ACSF administration in the PrLC (B, n = 7) and the ILC

(D, n = 6). Two-way repeated measures ANOVA; mean ± SEM.

Fig. 3 Effects of intra-mPFC microinjection of ethanol (20 mmol/L

in 0.5 lL) or muscimol (5 mmol/L in 0.5 lL) on the BV-induced

responses. A Mean time courses. B Total numbers of flinches

(*P\ 0.05, ethanol vs ACSF; ###P\ 0.001, muscimol vs ACSF;

Kruskal-Wallis H test; mean ± SEM, n = 6/group).
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Fig. 4 Localization of intra-MCx cannulation and the effects of intra-

MCx microinjection of ethanol (20 mmol/L in 0.5 lL) on mechanical

and thermal pain sensitivity. A Left panel: image of a rat brain with

arrows indicating the sites of cannula implantation through the

surface of the dorsolateral prefrontal cortices (shown as the motor

cortex area 1 in the Paxinos and Watson’s atlas, MCx). Right panel:

photomicrograph showing the histological localization of tracks and

sites of the cannulation within the bilateral MCx (arrows).

B Schematic diagrams showing the injection sites (filled circles,

n = 13) confined to the bilateral MCx areas along the rostrocaudal

axis [diagrams are taken from the rat brain atlas of Paxinos and

Watson (2005)]. C, D PWMT and PWTL values 1 h after microin-

jections (Mann-Whitney U test; n.s., not significant; mean ± SEM).

Bre, bregma; CPu, caudate-putamen; MCx, motor cortex.

Fig. 5 Expression of Bcl-2,

Bax, and caspase-3 was not

significantly changed in the

mPFC 1, 2, and 48 h after

bilateral intra-mPFC

microinjections of ethanol

relative to ACSF. Two-way

repeated measures ANOVA for

B–D. n.s., not significant;
mean ± SEM.
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Ethanol-Induced Mechanical Pain Hypersensitivity

is Mediated by Activation of GABAA Receptors

in the mPFC

To further explore the mechanisms underlying the effects

of intra-mPFC ethanol, we targeted GABAA receptors by

bilateral intra-mPFC microinjections of its agonist musci-

mol and antagonist bicuculline. We found that the bilateral

intra-mPFC administration of muscimol (5 mmol/L in 0.5

lL) mimicked the same treatment with ethanol in terms of

both the magnitude and time-course of mechanical pain

hypersensitivity (Fig. 7A). But no statistically significant

difference in thermal pain sensitivity was found between

intra-mPFC muscimol and ACSF at 1, 4, and 8 h after

administration (Fig. 7B). Intra-mPFC muscimol also sig-

nificantly enhanced the BV-induced pain responses relative

to the ACSF control (Fig. 3). Moreover, bilateral intra-

mPFC co-administration of ethanol or muscimol with

bicuculline (20 lmol/L in 0.5lL) completely reversed the

hyperalgesic effects of ethanol or muscimol alone (Fig. 8).

Fig. 6 Double

immunofluorescent labeling of

CaMKII and NeuN in rats with

intra-mPFC microinjections of

ethanol and ACSF.

A Microphotographs showing

the sites of the implanted

cannula and localization of the

injection site (*) from one side

for ACSF and ethanol. Images

in the lower panel are

magnifications of the insets in

the upper panel. B Ratio of

CaMKII-positive to NeuN-

positive neuronal profiles

(n = 5/group). C Total number

of NeuN-positive neuronal

profiles (n = 5/group); Mann-

Whitney U test for B and C;
mean ± SEM. mi, forceps

minor of the corpus callosum;

n.s., not significant.

Fig. 7 Effects of intra-mPFC microinjection of muscimol (5 mmol/L

in 0.5 lL) on mechanical and thermal pain sensitivity. A Time-

courses of the PWMT after muscimol (n = 8) and ACSF (n = 6)

administration. B PWTL values after muscimol and ACSF adminis-

tration (n = 7/group). Two-way repeated measures ANOVA for

A and B. ***P\ 0.001, muscimol vs ACSF for both hind-paws at 1 h

(F = 155.309, df = 1 for the left paw; F = 150.682, df = 1 for the

right paw), 2 h (F = 118.629, df = 1 for the left paw; F = 173.014,

df = 1 for the right paw), and 4 h (F = 79.761, df = 1 for the left

paw; F = 77.233, df = 1 for the right paw). Mean ± SEM; n.s., not

significant.
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Finally, bilateral intra-mPFC microinjections of bicuculline

alone had no significant effect on basal pain sensitivity to

either mechanical or thermal stimuli (Fig. 9).

Discussion

In the present study, we demonstrated that ethanol facili-

tated spinal nociceptive responses through the direct acti-

vation of GABAA receptors in both the PrLC and ILC of

the rat mPFC, resulting in mechanical pain hypersensitiv-

ity. With regard to the ethanol modulation of pain acting

within the mPFC, there are two major concerns: the

regional specificity, and neurotoxicity that may damage

excitatory neurons. According to the current results, the

intra-mPFC effect of ethanol is most likely to be region-

specific because intra-MCx microinjection of the same

dose of ethanol did not have any significant effects on

mechanical or thermal pain sensitivity (Fig. 4). Although a

recent report showed that inactivation of the PrLC, but not

the ILC, impairs the acquisition and expression of forma-

lin-induced conditioned place avoidance [42], our results

indicate that the PrLC and the ILC play the same roles in

the mediation of ethanol-induced mechanical pain hyper-

sensitivity. The reason for this difference is not known, but

we investigated the effects of ethanol on mechanical and

thermal pain sensitivity, while they examined the roles of

these brain structures in the mediation of formalin-induced

place avoidance, which reflects different components of

pain. Neurotoxic effects of the dose used in the current

study can also be largely excluded because apoptotic pro-

cesses are not likely to be involved given the results that

neither pro-apoptotic nor anti-apoptotic proteins were

changed 2 days after intra-mPFC ethanol microinjection

(Fig. 5). Immunocytochemical staining of CaMKII, a bio-

marker of excitatory neurons, did not show any new loss of

neurons around the tracks of cannulae either, largely

excluding neurotoxic effects of ethanol on excitatory neu-

rons that may cause an imbalance between excitatory and

inhibitory pools (Fig. 6). The reversal effects of bicuculline

on the intra-mPFC ethanol effects also provided strong

evidence supporting the existence of neuronal activity

involving the actions of ethanol and muscimol on GABAA

receptors (Figs. 7, 8). However, blockade of GABAA

receptors within the mPFC in rats without any other

treatment did not change the basal pain sensitivity of either

the mechanical or the thermal modality (Fig. 9). Taken

together, the facilitation of mechanical pain sensitivity by

intra-mPFC ethanol is region-specific and mediated by

GABAA receptors. As social interaction with a cagemate in

pain can also selectively increase mechanical pain sensi-

tivity in the observer rat via the mPFC, a phenomenon

referred to as empathy for pain [15], it is reasonable to

propose that the facilitation of mechanical pain sensitivity

by intra-mPFC ethanol may share the same top-down

pathways as the empathy-associated facilitation of spinal

nociception.

Where and How Ethanol Modulates Pain?

In the literature, the effects of ethanol on pain perception

have been controversial due to contradictory results. Sev-

eral studies have shown that acute alcohol administration

(i.p.) results in a modest lowering of the sensitivity to

noxious stimuli as evaluated by tail-deflection [18], electric

shocks [19], and tail-flick [20, 21]. The antinociception

induced by acute doses of ethanol is fully suppressed by

intrathecal administration of flumazenil, a GABAA recep-

tor antagonist [20], and increased by benzodiazepines

(diazepam and midazolam) [43, 44], implicating the par-

ticipation of the spinal dorsal horn in the ethanol-induced

analgesia.

Fig. 8 Reversal effects of bicuculline (Bic, 20 lmol/L in 0.5 lL) on
the intra-mPFC ethanol- and muscimol-induced mechanical pain

hypersensitivity. The numbers of animals used in the groups of ACSF,

ethanol, muscimol, ethanol ? Bic, and muscimol ? Bic were 12, 14,

14, 10, and 7, respectively (***P\ 0.001, ethanol or muscimol vs

ACSF for both hind-paws; #P\ 0.05, ethanol ? Bic vs ethanol in the

right hind-paw; ##P\ 0.01, ethanol ? Bic vs ethanol in the left hind-

paw and muscimol ? Bic vs muscimol in both hind-paws; Kruskal-

Wallis H test). Mean ± SEM.

Fig. 9 Effects of intra-mPFC microinjection of bicuculline (20 lmol/

L in 0.5 lL) on mechanical (A) and thermal (B) pain sensitivity

(Mann-Whitney U test). Mean ± SEM; n.s., not significant.
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However, it has also been reported that systemic

administration of non-hypnotic doses of ethanol and bar-

biturates to rats results in reduction of tail-flick latency and

this is abolished by non-convulsant doses of the GABAA

receptor channel blocker picrotoxin, indicating involve-

ment of GABAergic mechanisms in the mediation of

ethanol-induced hyperalgesia [22]. Other studies have

demonstrated that intracerebroventricular, but not

intrathecal administration of these drugs induces a similar

hyperalgesic state that is also reversed by a GABAA

receptor blocker [45, 46]. These results suggested that

ethanol and some barbiturates might induce pain hyper-

sensitivity (hyperalgesia) through acting on GABAA

receptors at the supraspinal level, while they induce

antinociception (analgesia) through acting on GABAA

receptors at the spinal level. Here, we provided direct

evidence for an action of ethanol on GABAA receptors in

the mPFC, inducing mechanical pain hypersensitivity in

naı̈ve rats. The reason why thermal pain sensitivity was not

altered by intra-mPFC ethanol is unknown and remains to

be further studied.

Involvement of mPFC in Top-Down Facilitation

of Mechanical Pain Sensitivity

One of the major findings in the current study was that

activation of GABAA receptors in the mPFC by ethanol

facilitated mechanical pain sensitivity. One possible

explanation of this local effect of ethanol is activation of

the descending nociceptive facilitation pathway [47]. It is

interesting to note that neuronal activity in the mPFC,

especially the PrLC and ILC, can be inhibited by a

GABAergic enhancing mechanism under some pathologi-

cal pain conditions in animal models of joint arthritis,

peripheral neuropathy, and visceral pain [14, 48–50].

Moreover, deactivation of excitatory neurons in the PrLC

via Cdk5 (cyclin-dependent kinase 5) promotes pain sen-

sation and anxiety [13]. In contrast, optogenetic activation

of excitatory pyramidal neurons in the PrLC reverses the

GABA-mediated inhibitory state, improving both the sen-

sory and affective aspects of pain [13, 14, 50, 51]. Besides,

pharmacological activation of the ILC output with a

combination of metabotropic glutamate receptor 5

(mGluR5) and cannabinoid receptor type 1 (CB1) activa-

tors inhibits pain-related behavior and restores decision-

making in an arthritis model of pain [52]. These results

clearly demonstrate that the PrLC and ILC play a major

role in the processing of pain information by balancing

excitatory and inhibitory synaptic transmission, which in

turn monitors spinal nociception via top-down pathways.

Although the PrLC and the ACC are subregions of the

mPFC, they may use different neuronal circuits in pro-

cessing pain information. For example, in a more recent

report, it was found that the activation of ACC excitatory

pyramidal neurons results in pain hypersensitivity (hyper-

algesia), however, inhibition of these neurons or activation

of parvalbumin-expressing inhibitory interneurons in the

ACC reverses the pain hypersensitivity induced by Fre-

und’s complete adjuvant [53]. However, in another report

[48], the neuronal activity recorded in the PrLC in response

to bicuculline administered into the PrLC and the ACC was

quite different in each case, i.e., bicuculline induced dis-

inhibition when acting within the PrLC, but resulted in

inhibition when acting within the ACC, strongly supporting

our current finding that GABAA receptor activation in the

PrLC is involved in ethanol-induced mechanical pain

hypersensitivity by enhancing GABAergic transmission.

Does mPFC Mediate Ethanol-Induced Emotional

Empathy?

Empathy, a basic prosocial behavior, reflects the natural

ability to feel, understand, and share the emotional states of

others and is generally divided into emotional (affective)

empathy and cognitive empathy [54–58]. Experimental

human and animal studies have demonstrated that observ-

ing intimates in pain (cagemates for animals) heightens an

individual’s pain perception, referred to as empathy for

pain [15, 54, 59–63]. Human neuroimaging and functional

anatomical studies have revealed that the mPFC (Brod-

mann’s areas 10 and 11) may be associated with cognitive

empathy, while the dorsolateral PFC (Brodmann’s area 44)

may be associated with emotional empathy [55]. In rats,

bilateral lesions of the mPFC have been demonstrated to

eliminate both behaviors associated with empathy for pain

and behaviors associated with social attachment and shar-

ing [15]. Moreover, our unpublished data also show that

bilateral intra-mPFC microinjection of an oxytocin recep-

tor antagonist and bicuculline blocks behavior associated

with empathy for pain in rats. Taken together with our

current results, we propose that the mPFC, especially the

PrLC and ILC subregions, is involved in the mediation of

both ethanol-induced emotional empathy and empathy for

pain through social interaction.

Ethanol, recreationally consumed in social settings, is

widely known for its ability to increase emotional (affec-

tive) empathy, facilitating social attachment and alleviating

anxiety at moderate doses [64–70]. However, so far, the

exact brain regions involved in ethanol-induced empathy

are not known. In the current study, we provide direct

evidence that the mPFC is the brain region where ethanol

acts to induce pain empathy-like behavioral changes

through activating GABAA receptors. The similarity of

GABAA receptor activation between ethanol and oxytocin

in the mPFC suggests that they share a common structure

and neuronal circuits to induce emotional empathy for pain
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and other prosocial and altruistic behaviors that require

further investigation. This proposition is partially sup-

ported by a recent study showing involvement of the mPFC

and striatum in social play behaviors in rats [71].

In conclusion, ethanol can facilitate mechanical noci-

ception and pain responses through activation of GABAA

receptors in the mPFC of rats.
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