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Abstract

Although it has been shown with other drugs of abuse, behavioral sensitization has not been shown with ethanol in rats. One possible

reason for the negative previous findings may be due to the doses of ethanol employed in the different phases of sensitization. In the current

experiment, outbred Sprague±Dawley rats were divided into either high or low responders to novelty. They were pretreated for 15 days with

intraperitoneal injections of either saline or 1.0 g/kg ethanol, and then given a challenge dose of 0.25 g/kg ethanol after a 3-week period.

During the first 10 min after the challenge dose, rats high in response to novelty pretreated with ethanol displayed higher locomotor activity

scores relative to the other three groups. These data demonstrated evidence for behavioral sensitization with ethanol in outbred rats. D 2001

Elsevier Science Inc. All rights reserved.
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1. Introduction

Behavioral sensitization is defined as an increase in the

locomotor-stimulating effect of a drug after repeated admin-

istration (Robinson and Becker, 1986). When amphetamine

is repeatedly injected into rats, the locomotor-stimulating

effect is enhanced (for review, see Kalivas and Stewart,

1991). Sensitization also has been shown with cocaine,

morphine, and nicotine, and is proposed to be a key

component in drug addiction (Hunt and Lands, 1992;

Robinson and Berridge, 1993).

Repeated activation of the mesolimbic dopamine system

is believed to be key to the development of behavioral

sensitization. Multiple infusions of amphetamine into the

ventral tegmental area (VTA) leads to sensitization when

followed by a systemic challenge dose of amphetamine

(Vezina, 1993) or morphine (Vezina and Stewart, 1990).

Furthermore, the induction of sensitization can be blocked

by infusions of the dopamine antagonist Sch-23390 into the

VTA (Stewart and Vezina, 1989). Other evidence for the

role of dopamine in sensitization comes from the finding

that repeated injections of bromocriptine, a D2 agonist, leads

to sensitization of subsequent injections (Hoffman and

Wise, 1992). There is also evidence that cross-sensitization

occurs between morphine and amphetamine (Vezina and

Stewart, 1990), cocaine and amphetamine (Bonata et al.,

1997; Pierce and Kalivas, 1995), and ethanol and morphine

(Netsby et al., 1997). Behavioral sensitization is not limited

to drugs of abuse. Repeated administration of stressors, such

as foot shock, can also lead to an augmentation of the

locomotor-stimulating effects of amphetamine (Herman et

al., 1984).

Ethanol-induced sensitization has been shown in certain

strains of mice (Masur et al., 1986; Phillips, 1997). How-

ever, to date, there is only one study that has reported

ethanol-induced sensitization in the rat (Goldstein et al.,

1992). One of the reasons for the failure to observe ethanol-

induced sensitization may be the lack of a strong stimulatory

effect of ethanol with outbred rat strains as compared to

many mouse strains. Though certain mouse strains show a

pronounced increase in locomotor activity with a wide range

of doses, a dose of 0.75 g/kg and above usually produces

only depressant effects in rats. The stimulatory effects of

ethanol in rats is only found with low doses (0.10±0.50 g/

kg), and only in subgroups of randomly bred rats (Gingras

and Cools, 1996; Moore et al., 1993; Pohorecky, 1977;

Read et al., 1966).
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The failure to observe ethanol-induced sensitization may

also be due to differences in the processes involved with the

induction and expression phases of sensitization. During the

induction phase, the drug is repeatedly administered over a

7±15-day period (Netsby et al., 1997; Stewart and Vezina,

1989). The expression phase, which occurs after this initial

phase, is when the `challenge dose' of the drug is adminis-

tered, resulting in increased locomotor activity (for review,

see Kalivas and Stewart, 1991). The two phases may be

separate processes in that they may involve different brain

areas. It has been shown that activation of the VTA is

necessary for the induction of sensitization, since ampheta-

mine infused into the VTA, but not the nucleus accumbens,

sensitizes rats to systemic amphetamine (Peruguini and

Vezina, 1994) and morphine (Vezina and Stewart, 1990).

Also, the dopamine antagonist Sch-23390 infused in the

VTA blocks the development of sensitization to ampheta-

mine (Stewart and Vezina, 1989). As a result of this line of

research, it has been suggested that the `neurobiological

substrates' for the two phases may be completely indepen-

dent (Cadoe et al., 1995).

In previous attempts to show ethanol-induced sensitiza-

tion in rats (Masur et al., 1986; Netsby et al., 1997), the

dose of ethanol used for the induction and expression

phase were the same. However, it is possible that the

low doses that are needed to show the increase in loco-

motor activity during the expression phase (0.10±0.50 g/

kg, Gingras and Cools, 1996; Moore et al., 1993; Pohor-

ecky, 1977; Read et al., 1966) are not enough to cause the

neuroadaptive changes necessary to produce sensitization

during the induction phase. Likewise, the higher doses,

which may be needed for the induction phase, are too high

to show the increase in locomotor activity during the

expression phase. If the same dose is used for both phases,

then either the expression or induction phase would not

take place.

Evidence that the difference in required dose between

induction and expression may be a factor in the observance

of sensitization with ethanol comes from the finding that rats

given 1.0 g/kg of ethanol for 15 days show cross-sensitiza-

tion to 5.0 mg/kg of morphine (Netsby et al., 1997).

However, the investigators did not show sensitization to

ethanol. Here, the dose of ethanol used to induce sensitiza-

tion (1.0 g/kg) was apparently sufficient to produce cross-

sensitization with morphine, but was too high to observe

sensitization to ethanol. In the rat, 1.0 g/kg of ethanol has

only depressant effects on locomotor activity (Lewis and

June, 1990; Pohorecky, 1977).

The concept of response to novelty is an important factor

in ethanol and drug abuse, and may play a role in

sensitization to ethanol. It has been shown that when rats

are divided into either high or low responders to novelty

based on their locomotor activity during their first 2-h

presentation to a circular corridor, the high responders will

acquire amphetamine self-administration, while the low

responders will not (Piazza et al., 1989). In this same study,

there was also a significant positive correlation between

response to novelty and increase in locomotor activity from

an injection of amphetamine. Research from this laboratory

has shown that rats classified as high responders to novelty

consume more ethanol in the first 2 weeks of home cage

limited access as compared to low responders to novelty

(Hoshaw et al., 1999, 2000). Moreover, we also found a

significant positive correlation between response to novelty

and ethanol consumption during this 2-week period (Hos-

haw et al., 1999). These findings are similar to those of

other labs, which reported that rats classified as high

responders to novelty initially self-administered more

amphetamine as compared to low responders (Pierre and

Vezina, 1997). These authors found that this difference

disappeared after 7±10 days of exposure (when the rats

were not pretreated with amphetamine).

The present experiment examined the differences in

ethanol-induced sensitization between high and low

responders to novelty by using a higher induction dose

than that used to express sensitization. The data presented

here shows evidence of ethanol-induced sensitization in

outbred rats.

2. Methods

2.1. Subjects

The subjects for the experiment were 40 male Sprague±

Dawley rats (Charles River, Wilmington, MA) approxi-

mately 225±250 g at the beginning of the experiment. They

were maintained on a reverse light/dark cycle, with lights

off at 0700 h and on at 1900 h. The rats were given ad

libitum access to food and water throughout the experiment,

and were housed in single wire mesh hanging cages. After

the rats arrived, they were given a week of quarantine. They

were then handled and weighed for 1 week before the

experiment began.

2.2. Apparatus and equipment

Locomotor activity was defined as distance traveled (in

centimeters) and measured by video path analyzers (Coul-

bourn Instruments, Allentown, PA). The chambers were 50

cm2, and black paper was placed on the floor of each

chamber prior to each session. Locomotor testing was

performed during the rat's dark cycle (between 0900 and

1500 h), and only red lights were on in the room during the

testing. Between each session, the cages were wiped down

with a nonacidic cleaner and the paper was replaced.

Isotonic saline was prepared with 0.9% (w/v) NaCl (Sigma,

St. Louis, MO) in tap water, and ethanol solutions were

prepared by mixing 100% EtOH (Pharmco, Brookfield, CT)

with tap water. Each day, a 15% (v/v) solution of ethanol

was prepared for the injections, which were given on a gram/

kilogram basis. All injections were given intraperitoneally.
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2.3. Procedure

2.3.1. Classification

First, the rats were placed in the locomotor chambers

for 1 h, and the locomotor activity scores were recorded.

The rats were then divided into either high responders to

novelty (HR) or low responders to novelty (LR), depend-

ing on whether their locomotor scores fell above or below

the median of scores. Next, half of each group was

randomly placed into either an EtOH (E) group or a saline

group (S). Therefore, the four groups are HR-E, HR-S, LR-

E, and LR-S.

2.3.2. Induction phase

For the next 15 days, each group was given an injection

of either 1.0 g/kg EtOH or the equivalent volume of saline.

The injections were administered at approximately 1330 h

each day. After these injections, the animals remained in

their home cages for 21 days before the challenge dose of

ethanol was administered. Studies investigating sensitization

with other drugs such as cocaine have shown that a nondrug

period (between 7 and 21 days) is often necessary before

testing for the expression of sensitization (Kalivas and

Duffy, 1993).

2.3.3. Expression phase (challenge dose)

At the end of the 3 weeks, the rats were given a challenge

dose of ethanol to test for any differences in locomotor

activity between the groups. First, the rats were placed in the

locomotor chambers for an hour in order to become accli-

mated to the testing environment. Next, the rats were taken

from the chambers, given an injection of saline and placed

back in the locomotor chambers for a half hour. This was

done to acclimate the rats to being lifted out of the chamber

and injected. Finally, the rats were taken from the locomotor

chambers, given a 0.25 g/kg-injection of EtOH, and placed

back in the chambers for another half hour.

2.4. Data analysis

Locomotor activity scores for each part of the expression

phase (acclimation, saline injection and ethanol injection)

were compared between the four groups. All tests were

performed on data from the challenge day (expression

phase). For the acclimation data, the overall activity was

compared by two-factor ANOVA, with response to novelty

group and drug pretreatment condition as the two factors.

For the saline and ethanol injections, the locomotor activity

scores during the first 10 min of each phase were compared

by two-factor ANOVAs, with response to novelty group and

drug pretreatment condition as the two factors. Only the first

10 min was examined because this is when the stimulatory

effect of ethanol occurs. Significant differences were further

analyzed by tests of simple main effects.

3. Results

The mean locomotor activity scores during the acclima-

tion phase are shown in Fig. 1. Two-factor ANOVA

revealed that, although there was not a significant effect

for drug pretreatment condition, F(1,36) = 0.017, P > .05,

there was a significant effect for response to novelty group,

F(1,36) = 11.41, P < .003, with the high responders to

novelty having higher locomotor activity scores as com-

pared to the low responders to novelty. These data show

that, even though this was the second exposure to the

Fig. 1. Shows the mean distance traveled (in centimeters) for the four

groups during the 60-min acclimation phase. High (H) and low (L)

responders to novelty were pretreated with either ethanol (E) or saline (S)

for 15 days prior to the challenge phase. * P < .05, represents significant

difference between high responders to novelty and low responders to

novelty (irregardless of pretreatment condition).

Fig. 2. After 1-h acclimation, the four groups were given an injection of

saline, and their locomotor activity scores were monitored. This figure

shows the mean distance traveled (in centimeters) for the first 10 min after

the saline injection. There were no significant differences between the four

groups. (HRE = high responders to novelty pretreated with ethanol,

LRE = low responders to novelty pretreated with ethanol, HRS = high

responders to novelty pretreated with saline, LRS = low responders to

novelty pretreated with saline).
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chamber, there was still a significant difference between the

two response to novelty groups in their reaction to the

chamber. This difference was not affected by drug pretreat-

ment condition, since there was no interaction between

response to novelty group and drug pretreatment condition,

F(1,36) = 1.02, P >.05.

The locomotor activity scores for the first 10 min of the

saline phase are shown in Fig. 2. Two-factor ANOVA

revealed that there was not a significant effect for response

to novelty group, F(1,36) = 1.10, P>.05, drug pretreatment

condi t ion , F (1 ,36) = 1.1 , P>.05 or in te rac t ion,

F(1,36) = 3.01, P >.05. Fig. 3 shows the mean locomotor

activity during the first 10 min of the ethanol phase. Two-

factor ANOVA revealed that, although there was not a

significant effect for response to novelty group,

F(1,36) = 3.34, P >.05, or drug pretreatment condition,

F(1,36) = 2.01, P >.05, there was a significant interaction

effect, F(1,36) = 4.01, P < .05. Tests of simple main effects

for drug pretreatment group revealed that, although there

was not a significant difference between low responders to

novelty pretreated with either saline or ethanol,

F(1,36) = 0.197, P >.05, there was a significant difference

between the high responders to novelty. That is, the ethanol

pretreated group had higher locomotor activity scores after

the challenge dose of ethanol as compared to the saline

pretreated group, F(1,36) = 6.608, P < .02. Although the

locomotor activity scores overall were higher during the

saline phase than for the ethanol phase, this was due to the

animals not being fully acclimated to the locomotor cham-

bers when the saline challenge was administered.

4. Discussion

The results of this experiment show that behavioral

sensitization occurs with ethanol in rats. Rats selected as

high responders to novelty pretreated with ethanol displayed

significantly higher locomotor activity scores during the

first 10 min after a challenge dose of ethanol as compared to

the other three groups. Since there were no differences

between the four groups after the saline challenge injection,

it can be concluded that the increase in locomotor activity

after the challenge dose is an evidence of sensitization.

Although clearly apparent, the behavioral sensitization

found here was not as pronounced as the sensitization

observed with other drugs of abuse, such as the psychomo-

tor stimulants, nicotine or morphine. There are two possible

explanations for these findings. First, as previously dis-

cussed, the stimulatory effects of ethanol are not as easily

observed, nor as particularly robust, as they are with other

drugs of abuse. Therefore, it is not surprising that the

sensitization resulting from repeated doses of ethanol is

also not as robust. [Although there is evidence that the

stimulatory effect of a drug is not necessary for the initiation

phase of sensitization (Vezina, 1993), and that the genetic

markers for the stimulatory effect of ethanol and ethanol

sensitization are not correlated in mice (Phillips et al.,

1995), the stimulatory effect is still necessary for the

expression phase of sensitization. That is, the dose of the

ethanol used for the expression phase must be within the

range of doses where stimulation occurs in order for the

expression of sensitization to take place.]

Secondly, it has been shown that environmental cues

play a significant role in the stimulatory effects of drugs. For

example, when a saline injection is given in the same

environment as previous drug injections, there is a condi-

tioned increase in activity. This effect has been shown for

amphetamine (Beninger and Hahn, 1983) and morphine

(Walter and Kuschinsky, 1989). Rats will also show a

conditioned increase in locomotor activity when placed in

an environment that has been paired with cocaine infusions

into the nucleus accumbens (Hemby et al., 1992).

Environmental cues also play a role in behavioral sensi-

tization. When the challenge dose of a drug, such as

amphetamine or cocaine, is given in the same environment

as the induction phase, there is a larger increase in activity

as compared to when the challenge dose is given in a novel

environment (Badiani et al., 1995). Certain drugs, such as

the D2 agonist bromocriptine, will only show behavioral

sensitization when the challenge dose is given in the same

environment as the injections from the induction phase

(Hoffman and Wise, 1992). However, in the current experi-

ment, the induction phase of the experiment took place in

the home cages, while the expression phase took place in the

locomotor chambers. This aspect of the experiment, com-

bined with the fact that the dose of ethanol used for the

induction phase (1.0 g/kg) has only sedative effects (Pohor-

ecky, 1977), may explain why the behavioral sensitization

Fig. 3. After the saline injection, the four groups were given a challenge

dose of ethanol (0.25 g/kg), and their locomotor activity scores were

monitored. This figure shows the mean distance traveled (in centimeters)

for the first 10 min after the ethanol injection. Test of simple main effects

revealed that the high responders to novelty pretreated with ethanol had

significantly higher locomotor activity scores compared to the other three

groups. * P < .02, represents significant difference between high responders

to novelty that were pretreated with ethanol (HRE) and the other three

groups. (HRE = high responders to novelty pretreated with ethanol,

LRE = low responders to novelty pretreated with ethanol, HRS = high

responders to novelty pretreated with saline, LRS = low responders to

novelty pretreated with saline).
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seen in the current experiment was not as strong as seen

with other drugs.

One question that arises whenever chronic administration

of any drug is used deals with the role of tolerance. Is the

increase in activity seen after the challenge dose a result of

sensitization to the stimulatory effect or tolerance to the

sedative effect? If the two aspects can be dissociated, then

the case for sensitization to the stimulatory effect would

have more support. To date, there are only a few experi-

ments that attempted to dissociate the stimulatory and

depressant phases of ethanol (Mason et al., 1970; Shippen-

berg and Altshuler, 1985). Due to the time course of the

effect, we feel that the current data presents evidence for

sensitization to the stimulatory effect. The motor impairing

effects of ethanol in rats generally appear 30±40 min after

ethanol administration, during the descending limb of the

blood ethanol curve (Lewis and June, 1990; Moore et al.,

1993; Pohorecky, 1977). In the current experiment, the

difference between the groups appears during the first 10

min after the ethanol injection during the ascending limb of

the blood ethanol curve. Furthermore, the dose of ethanol

used in the current experiment (0.25 g/kg) is typically too

low to see motor impairing effects. However, since the

evidence for sensitization presented here is a result of

between group differences during the ethanol phase and

not within subject differences as compared to the saline

phase, it is difficult to rule out tolerance to the motor

impairing effects. In addition, there is recent evidence that

sensitization and tolerance may be two limbs of a unified

process (Reed and Phillips, 2000). In their experiment, there

was a high correlation between tolerance to the motor

impairing effect and sensitization to the stimulatory effect

of ethanol in mice, suggesting that the two cannot be

dissociated. Therefore, more research needs to be done

comparing sensitization and tolerance to see if the two

effects are indeed a part of the same process.

The results found in the present experiment argue for

further examination of response to novelty in drug abuse

research. This parameter may be of value in predicting

vulnerability to the reinforcing effects of drugs. Individual

differences in motivational behaviors, such as saccharin

intake (Gosnell and Krahn, 1992; Kampov-Polevoy et al.,

1990) and impulsivity (Poulos et al., 1995), have been

shown to predict ethanol self-administration. It has been

proposed that response to novelty may also be a factor

predicting drug self-administration, in that rats classified as

high responders to novelty self-administer amphetamine,

whereas low responders to novelty do not (Piazza et al.,

1989). However, this experiment only observed ampheta-

mine self-administration over 4 days. When another study

examined high and low responders self-administering over

7 days, it was reported that high responders initially self-

administered amphetamine, but only the high responders

that were pretreated with amphetamine continued to self-

administer (Pierre and Vezina, 1997). Therefore, even

though higher levels of response to novelty predicted early

self-administration, it also reflected the animals' ability to

become sensitized. Since sensitization has been proposed

to play a key role in addiction (Hunt and Lands, 1992;

Robinson and Berridge, 1993), it should follow that

pretreatment with amphetamine, which has been shown

to lead to sensitization, would influence subsequent self-

administration. It has been proposed that the response to

novelty distinction is related to an animal's `propensity' to

become sensitized (Pierre and Vezina, 1997). Though it

has been shown to predict self-administration for amphe-

tamine and ethanol, the real value of the response to

novelty distinction may be with its role in sensitization.

The results of the current experiment are in agreement

with the view that response to novelty is related to

sensitization, in that rats classified as high responders to

novelty became sensitized to a challenge dose of ethanol

after repeated exposure.

Although the increase in activity following repeated

injections of ethanol was not as substantial as that produced

by other drugs of abuse, the evidence for behavioral

sensitization with ethanol is an important finding suggesting

that, as with other drugs of abuse, ethanol sensitization may

play a key role in reinforcement and self-administration.
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