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Abstract Clinical and animal studies have indicated that

propofol has potential for abuse, but the specific neurobi-

ological mechanism underlying propofol reward is not

fully understood. The purpose of this study was to inves-

tigate the role of extracellular signal-regulated kinase

(ERK) signal transduction pathways in the nucleus

accumbens (NAc) in propofol self-administration. We

tested the expression of p-ERK in the NAc following the

maintenance of propofol self-administration in rats. We

also assessed the effect of administration of SCH23390, an

antagonist of the D1 dopamine receptor, on the expression

of p-ERK in the NAc in propofol self-administering rats,

and examined the effects of intra-NAc injection of U0126,

an MEK inhibitor, on propofol reinforcement in rats. The

results showed that the expression of p-ERK in the NAc

increased significantly in rats maintained on propofol, and

pre-treatment with SCH23390 inhibited the propofol self-

administration and diminished the expression of p-ERK in

the NAc. Moreover, intra-NAc injection of U0126 (4 lg/
side) attenuated the propofol self-administration. The data

suggest that ERK signal transduction pathways coupled

with D1 dopamine receptors in the NAc may be involved in

the maintenance of propofol self-administration and its

rewarding effects.
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Introduction

Propofol is a short-acting intravenous anesthetic, widely

used for anesthesia and sedation. Apart from its medical

uses, propofol also has potential for dependence and abuse

and has been reported to be abused for entertainment [1, 2].

The evidence shows that propofol induces feelings of well-

being, relaxation, sexual hallucinations, and euphoria. An

anesthesiologist became psychologically dependent on

propofol because he initially self-administered it to relieve

stress [3, 4]. Furthermore, animal studies suggest that

propofol has abuse potential, as assessed using the condi-

tioned place preference test [5, 6] and an intravenous self-

administration model [7, 8]. Our previous studies have

shown that dopamine (DA) receptors and c-aminobutyric

acid receptors are involved in intravenous propofol self-

administration in rats [7]. Though the clinical and pre-

clinical data indicate that propofol has psychic dependence

and abuse potential, the specific neurobiological mecha-

nism underlying propofol reward is not fully understood.

Extracellular signal-regulated kinase (ERK) has

been widely implicated as the central mediator of signal

transduction in neuroadaptation, morphological plasticity,

behavioral performance [9], and even in mood modulation

[10]. ERK is expressed in the brain [11], and is especially

abundant in the mesocorticolimbic DA system. Recently,

accumulating evidence has indicated that ERK signal
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transduction pathways in mesocorticolimbic areas are

involved in drug dependence and addiction [12, 13]. Acute

or repeated administration of cocaine, nicotine, and mor-

phine enhances ERK phosphorylation in the nucleus

accumbens (NAc), which is a major terminal area of the

mesolimbic DA projection systems and a crucial compo-

nent of the neuronal circuitry mediating reward-related

behaviors. In addition, microinjections of the MEK inhi-

bitors PD98059 or U0126 into the NAc impair the acqui-

sition of morphine or tetrahydrocannabinol (THC)

conditioned place preference in mice [14, 15]. Moreover,

activation of ERK signal transduction pathways in the

mesocorticolimbic area also mediates the rewarding effect

of cocaine and cocaine-induced locomotor sensitization

[16, 17]. Thus, here we hypothesized that ERK signal

transduction pathways in the NAc may be involved in

propofol self-administration.

To test this hypothesis, we assessed the expression of

p-ERK in the NAc of rats with maintained propofol self-

administration, and investigated whether administration of

SCH23390, an antagonist of the D1 DA receptor, affected

p-ERK expression in the NAc of these rats. Specifically,

we also investigated the effects of micro-injection of

U0126, an MEK inhibitor, into the NAc in such rats.

Materials and Methods

Animals

Forty-two adult male Sprague–Dawley rats (280–300 g, from

the Experimental Animal Center of Zhejiang Province,

Hangzhou, China) were housed individually in home cages in

a temperature-controlled ventilated colony room with a

reversed 12-h light/dark cycle (lights on at 19:00). All animals

were weighed each day. Ad libitum food and water were

provided in the home cage. All procedures were in strict

accordance with the NIH Guide for the Care and Use of

Laboratory Animals and were approved by the Animal Care

and Use Committee of Zhejiang Province and the Ningbo

Addiction Research and Treatment Center. After completion

of experiments, some rats were sacrificed immediately after

pentobarbital anesthesia and their brains removed for analysis

of cannula placement and Western blotting.

Reagents

Propofol (10 mg/mL; Diprivan) was from AstraZeneca

(Wuxi, China). A dose of 1.7 mg/kg per infusion was

chosen for the intravenous propofol self-administration

based on a previous study [7]. R-(?)-7-chloro-8-hydroxy-

3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine

hydrochloride (SCH23390), a D1 DA receptor antagonist

from Sigma Chemical Co. (St. Louis, MO), was dissolved

in sterile saline and adjusted to pH 4.5 with 0.1 mol/L

NaOH. An injection volume of 1 mL was then delivered to

each rat.

1,4-Diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto)

butadiene (U0126), an ERK1/2-selective inhibitor, was from

Sigma Chemical Co. and dissolved in 20% dimethyl sulfox-

ide. The volume of intracerebral infusion was *0.5 lL/side.

Surgical Procedures

Rats were surgically implanted with chronic indwelling

intravenous catheters or/and a guide cannula into the NAc

as described previously [7, 18]. The catheters were flushed

daily with 0.3 mL saline–heparin (25 U/mL heparin). The

rats were allowed to recover for at least 7 days and treated

with penicillin B to prevent infection. In some experiments,

guide cannulae (20-gauge, Small Parts Inc., Roanoke, VA)

were implanted bilaterally into the NAc (AP: 1.5 mm, ML:

2.0 mm, and DV: –6.7 mm) based on a previous study

[18], and the cannulae were attached to the skull with

dental acrylic.

Microinjection Procedure

On day 15, well-trained rats received microinjections via a

microinjection pump (MD-1001, Bioanalytical System

Inc., West Lafayette, IN). All injections into the NAc were

delivered through infusion cannulae in a volume of 0.5 lL
per site as described previously [7].

Propofol Self-Administration Training

Rats were trained to self-administer propofol in an Operant

Behavioral Apparatus (Ningbo Addiction Research and

Treatment Center, Ningbo, China) for 14 daily 3-h training

sessions. Prior to each training session, the rats were

moved to the operant chamber and attached to the infusion

lines through connectors. The training session was as

described previously [7, 18]. Briefly, rats received an

infusion of propofol (1.7 mg/kg per infusion) under a fixed

ratio of 1 by triggering the active nose-poke hole when a

green light inside was switched on. Each infusion was

paired with a 5-s illumination of the room lights. This was

followed by a 30-s time-out, during which a response had

no consequences but was still recorded. Illumination of the

green light in the active nose-poke hole signaled the end of

the 30-s time-out period. No programmed infusions were

given when rats touched the inactive nose-poke hole. The

sessions were ended after 3 h or 50 propofol infusions. The

rats were returned to their individual home cages shortly

after each session.
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Animal Treatments

A schematic representation of the time-line of experiments

is shown in Fig. 1.

Experiment 1: Effect of systemic administration of

SCH23390 on the maintenance of propofol self-

administration.

Rats completed propofol self-administration in daily 3-h

sessions for a total of 14 days. Twenty-four rats (6/group)

were tested for the effects of SCH23390, an antagonist of

the D1 DA receptor given systemically before propofol

rewarding. Ten minutes prior to the session on day 15, the

well-trained rats received an intraperitoneal injection of

SCH23390 at 0, 10, or 30 lg/kg. And 6 naı̈ve rats were

chosen as the control group.

Experiment 2: Effect of intra-NAc injection of U0126

on the maintenance of propofol self-administration.

Eighteen rats with guide cannulae implanted bilaterally

were trained to self-administer propofol for 14 days. On

day 15, 18 well-trained rats (6/group) had the MEK inhi-

bitor U0126 microinjected into the NAc at 0, 2, or 4

lg/side. Ten minutes later, the rats were moved into the

operant chambers and allowed to self-administer propofol.

Western Blot Analysis

After the final test session in Experiment 1, the rats were

anesthetized with pentobarbital (80 mg/kg) and decapi-

tated. The brain was rapidly isolated and the entire NAc

was dissected on ice from a 2-mm coronal slice using a

brain matrix. Briefly, the NAc tissue samples were

homogenized in cold lysis buffer (Beyotime, Nantong,

China) plus 1:100 phenylmethylsulfonyl fluoride and

phosphatase inhibitors. The proteins in the samples were

extracted by centrifugation at 12,000 rpm for 30 min in

4 �C to remove debris. The protein level was measured

with a BCA kit (Beyotime), and samples were loaded onto

10% sodium dodecyl sulfate (SDS) polyacrylamide gel and

subjected to electrophoresis in a Bio-Rad Mini Western

blotting apparatus (Pleasanton, CA) with Tris/glycine/SDS

buffer at 150 V for 1.5 h. Following SDS-electrophoresis,

protein was transferred from the gels onto a nitrocellulose

membrane (Bio-Rad) at 300 mA for 1 h. The membrane

was blocked in 5% nonfat milk in TBST for 1 h at room

temperature with shaking. After blocking, the membranes

were incubated with anti p-ERK1/2 antibodies (1:1000,

Santa Cruz Biotechnology Inc., Santa Cruz, CA) and

glyceraldehyde-3-phosphate dehydrogenase as a loading

control (1:2000) in 5% milk-TBST overnight at 4 �C. Blots
were washed 3 times in TBST for 30 min. Then blots were

left to incubate for 2 h at room temperature in 5% dried

nonfat milk in TBST and the horseradish peroxidase-con-

jugated secondary antibody (1:5000). The protein of interest

was detected using an ECL chemiluminescence kit (Sangon

Biotech, Shanghai, China) after 3 washes in TBST. The blots

were then stripped and re-probed for total ERK (1:1000,

Santa Cruz Biotechnology Inc.). The immunoblotting bands

were analyzed by integrative densitometry using GeneSnap

and GeneTools (Chemigenius Gel Documentation System,

Syngene, Cambridge, UK) [19].

Histological Analysis

After the end of testing, anesthetized rats were perfused

with 0.01 mol/L PBS followed by 4% paraformaldehyde.

Coronal sections were cut in the coronal plane at 50 lm on

a cryostat microtome (Leica CM1850; Leica, Wetzlar,

Germany). The placement of each cannula tip was verified

by light microscopy and mapped onto a schematic diagram

of the rat brain [7].

Statistical Analysis

The numbers of active and inactive responses and infusions

during self-administration were analyzed using one-way

ANOVA or two-way ANOVA with repeated measures.

A Newman-Keuls multiple comparison with an alpha level

of 0.05 was used for post hoc comparisons.

Results

Maintained Propofol Self-Administration in Rats

Rats developed reliable self-administration of propofol

after 14 days of training under a fixed ratio of 1 (Fig. 2).

Repeated measures showed an increase in the number of

active responses for propofol (F(1,34) = 2509.32,

P\ 0.01), while it did not alter the number of inactive

responses. The number of propofol infusions increased

significantly after 2–3 days of training (Fig. 2B). These

Fig. 1 Schematic of the time

line of all experiments. FR1,

fixed ratio = 1.
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results showed that rats acquired and maintained the

propofol self-administration.

D1 Receptor Antagonist SCH23390 Reduces ERK

Expression in the NAc

On day 15 of propofol self-administration, rats were pre-

treated with either saline (control) or SCH23390 at 10 or

30 lg/kg, 10 min prior to propofol self-administration. The

results showed that SCH23390 dose-dependently inhibited

the active responses (Fig. 3A; F(2,17) = 65.21, P\ 0.01)

and the self-administered infusions of propofol (Fig. 3A;

F(2,17) = 43.16, P\ 0.01) compared to the vehicle group.

Similarly, p-ERK/ERK was higher in the propofol self-

administering rats than in naı̈ve rats (Fig. 3B,

F(3,11) = 1350.21, P\ 0.001). Compared to the vehicle

group, the p-ERK/ERK levels in the NAc were lower in

rats pretreated with either 10 or 30 lg/kg SCH23390

(Fig. 3B; both P\ 0.05). Clearly, pretreatment with

SCH23390 dose-dependently decreased the expression of

p-ERK in the NAc, which correlated with its inhibitory

action on the maintained propofol self-administration.

These results indicated that blockade of the D1 DA

receptor inhibits propofol self-administration via reducing

p-ERK expression in the NAc.

MEK Inhibitor U0126 Attenuates Propofol Self-

Administration

ANOVA revealed that pre-microinjection of U0126 into

the NAc attenuated the active responses (F(2,17) =

315.38, P\ 0.01) and infusions (F(2,17) = 71.87,

P\ 0.01), but failed to affect the inactive responses

(F(2,17) = 0.65, P = 0.54) (Fig. 4). Multiple comparisons

showed that pretreatment with U0126 at 2 or 4 lg/side
decreased the active responses during propofol self-

administration. In contrast, only 4 lg/side of U0126

reduced the infusions of propofol during self-administra-

tion (P\ 0.05).

Discussion

The chronic administration of addictive drugs such as

cocaine, amphetamine, THC, nicotine, morphine, and

alcohol induces a specific ERK activity pattern in meso-

corticolimbic regions [20–27]. Several studies have indi-

cated that NAc may be an important locus for propofol

self-administration. For example, in vivo infusion showed

that sub-anesthetic and anesthetic doses of propofol

increases extracellular DA levels in the NAc [28]. In the

present study, we found that propofol, as a positive rein-

forcer, maintained the intravenous self-administration, and

increased the expression of p-ERK in the NAc. These

results are consistent with several previous studies showing

increased p-ERK expression in the NAc following cocaine

and ethanol self-administration [16, 20, 29]. Thus, the data

indicated that activation of ERK transduction pathways in

the NAc is involved in propofol self-administration.

A previous study demonstrated that D1, but not D2, DA

receptors in the NAc mediate the maintenance of propofol

self-administration. In the present study, pretreatment with

SCH23390 not only inhibited the propofol self-adminis-

tration, but also decreased the expression of p-ERK in the

NAc in propofol-maintained rats. This scenario is sup-

ported by the report that progressive activation of ERK in

the dorsal striatum and NAc of rats induced by acute

administration of THC is blocked by the D1 receptor

antagonist SCH23390 [30]. In addition, pretreatment with

SCH23390 completely reverses the activation of ERK

pathways induced by acute treatment with cocaine [16]. D1

DA receptors activate the ERK pathway via activation of

the small Ras-related G protein Rap1 [31–33] and calcyon

[34]. These results suggest that activation of the D1 DA

Fig. 2 Training rats for

propofol self-administration.

A Number of active (nose-

pokes) and inactive responses

during training (mean ± SEM;

*P\ 0.05 active versus inactive

responses at the same time

points). B Number of infusions

of propofol (mean ± SEM;

*P\ 0.05 versus beginning of

training).
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receptor and its coupled ERK signal transduction pathway

following DA release induced by propofol may contribute

to the propofol self-administration and rewarding effect.

In the present study, we demonstrated an effect of intra-

NAc injection of the MEK inhibitor U0126 on propofol

self-administration. The results showed that pretreatment

with U0126 attenuated the propofol-maintained self-

administration, consistent with several other studies. For

example, inhibition of ERK activity by intracerebroven-

tricular pre-treatment with either PD98059 or U0126

decreases morphine-induced place preference [14]; ERK

inhibition blocks THC-induced reward properties in the

place-preference paradigm [15]; Amphetamine increases

the levels of ERK, and NAc injections of the ERK inhibitor

PD98059 dose-dependently impair amphetamine-induced

place-preference [35]; and overexpressing ERK2 by virus-

mediated gene transfer increases the preference for envi-

ronments previously paired with low doses of cocaine,

whereas blocking ERK2 activity inhibits this cocaine-in-

duced place conditioning [36]. Therefore, ERK signaling is

critical for the downstream regulation of DA signal trans-

mission in the NAc mediating the propofol self-adminis-

tration and rewarding effects. Given the inhibition of both

active responses and infusions by U0126 or SCH23390 at

the highest dose in the present study, further studies are

warranted to address how MEK inhibitors modify ERK

expression and the functional responses to propofol in

the NAc.

In conclusion, the present results demonstrated that

expression of p-ERK in the NAc increased following

propofol self-administration, and both blockade of D1 DA

Fig. 4 Effects of intra-NAc injection of U0126 on the maintenance

of propofol self-administration. A Histological reconstruction show-

ing injection sites in the NAc. B The numbers of active responses and

infusions decreased after intra-NAc injection of U0126 (mean ±

SEM. *P\ 0.05 versus vehicle).

Fig. 3 Systemic administration of SCH23390 inhibited propofol self-

administration and reduced ERK expression in the NAc. A Numbers

of active and inactive responses, and the number of infusions

(*P\ 0.05 versus vehicle). B Compared to normal controls (C),

p-ERK in the NAc was increased in propofol-maintained rats, while it

was decreased in rats pretreated with SCH23390 (mean ± SEM;

*P\ 0.05 versus controls; #P\ 0.05 versus vehicle).
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receptors and inhibition of the ERK signal pathway atten-

uated the self-administration. The results suggested that the

ERK signal transduction pathways coupled with D1

receptors in the NAc are involved in the maintenance of

propofol self-administration and its rewarding effects.
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