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Abstract

The objectives of the present study were to determine (a) if differences exist between the selectively bred alcohol-preferring (P) and -non-

preferring (NP) lines of rats in the acoustic startle response (ASR) and prepulse inhibition (PPI), and (b) the effects of ethanol on these

measures. Alcohol-naõÈve adult female P and NP rats received a single i.p. injection of saline or ethanol (0.25, 0.5, 1.0, or 1.5 g/kg) and were

placed in the startle apparatus 10 min later. After a 5-min acclimation period, rats received five alternating trials of a startle stimulus alone

(SSA) (115-dB white noise) or a PPI trial (90-dB white noise preceding a 115-dB white noise). Analysis of the ASR revealed that P rats

exhibited higher startle amplitudes than did NP rats with saline injections. The 0.5-g/kg ethanol dose reduced the startle amplitude in P, but

not NP, rats. The 1.0- and 1.5-g/kg ethanol doses nearly abolished the ASR in the NP line, whereas only the highest ethanol dose had this

effect in the P line. Vehicle-treated P and NP rats exhibited comparable PPI levels, but only P rats showed a significant disruption (30%) at

the 0.50-g/kg ethanol dose. Neither P nor NP rats were affected by ethanol treatment at the 0.25-g/kg dose. Overall, the results suggest that:

(a) the difference in baseline ASR may indicate line differences in the neurocircuitry mediating this response, possibly reflecting higher

innate levels of emotional reactivity in the P line; (b) the P line may be more sensitive than the NP line to the effects of ethanol in reducing

emotional reactivity; and (c) low-dose ethanol may have a greater disruptive effect on sensorimotor gating mechanisms in the P than NP

rat. D 2000 Elsevier Science Inc. All rights reserved.
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Alcoholism is often observed in the presence of other

psychiatric illnesses, with as many as two-thirds of all

alcoholics meeting the criteria for at least one other mental

disorder [13,16,21,32,38,50]. However, it is unclear whether

psychiatric deficits predate alcohol abuse, or come as a

direct consequence of excessive alcohol consumption. One

hypothesis that has been proposed to explain the high

comorbidity between alcoholism and psychiatric disorders

is a genetic linkage between the proclivity to abuse alcohol

and the expression of certain psychiatric symptoms [44].

Efforts to identify psychopathological traits as potential

vulnerability factors for alcohol abuse have lead researchers

to identify several neuropsychiatric deficits that may be

associated with alcoholism (cf. Ref. [43]). For example,

impairments in attentional processing have been associated

with a familial pattern of alcohol abuse [12,33,36,44]. In

addition, anxiety disorders are among the most common

syndromes found comorbid with alcoholism [21]. For ex-

ample, children of alcoholics often exhibit heightened

emotional reactivity [14], and individuals with a family

history positive for alcoholism are more reactive to both
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aversive and non-aversive stimuli compared to individuals

with a negative family history of alcohol abuse [8,9].

Animals selectively bred for ethanol preference and non-

preference provide a useful model to study behavioral

phenotypes that may be associated with alcohol abuse.

One such model is the alcohol-preferring (P) and -non-

preferring (NP) lines of rats, which were selectively bred for

their respective voluntary preference and non-preference for

10% ethanol [24]. Thus far, only the P line of rats satisfies

the proposed criteria [6] for an animal model of alcoholism

[24,29]. P rats voluntarily consume between 5 and 8 g

ethanol/kg body weight/day, attaining BAC between 50±

200 mg%, whereas the NP line consumes less than 1 g/kg/

day [23,24]. P rats drink ethanol for its reinforcing, phar-

macological properties and not solely for its taste or caloric

properties, as evidenced by studies that demonstrated that

they will self-administer ethanol directly into the stomach

[46] or ventral tegmental area [10]. Additionally, it has been

demonstrated that the P rats will develop both metabolic

[25] and functional tolerance [11] as well as physical

dependence [47] with chronic free-choice drinking. P and

NP line differences in measures of anxiety have been

reported in several tests, suggesting that P rats have higher

levels of anxiety than NP rats [37,39]. In addition, the P line

appeared to be more sensitive than NP rats to the anxiolytic

effects of alcohol [39], although in the anti-conflict test, the

reverse was found [1].

The present study was designed to examine differences

between the P and NP lines in the acoustic startle response

(ASR) and in the reduction of this response with prepulse

inhibition (PPI). The startle reflex response is modulated by

emotional states and has been used to investigate individual

differences in emotional reactivity in both people and ani-

mals [3,34]. PPI of the ASR refers to the ability of a weak

prestimulus to inhibit the response to a startle-eliciting

stimulus. PPI has been described as an experimental measure

of sensorimotor gating, and is believed to be an important

mechanism for screening irrelevant stimuli [4,5]. PPI deficits

are seen in individuals with psychiatric disorders that are

associated with attentional impairments [4,5,33,40], and in

children with a positive family history of alcoholism [14].

The loss of PPI in rats, as a result of lesions or pharmaco-

logical manipulation, has been used as an animal model of

attentional impairment [41]. Several key limbic regions (e.g.,

nucleus accumbens, ventral tegmental area, raphe nuclei,

amygdala, hippocampus, etc.) have been implicated in med-

iating PPI of the ASR [20]. Both dopamine (DA) and

serotonin (5-HT) appear to be involved in modulating the

startle response [7], and both DA and 5-HT neurotransmis-

sion within the mesolimbic system appear to be involved in

modulating PPI [20]. Neurobiological studies indicated dif-

ferences in the DA innervation and dopamine D2 receptor

densities in the nucleus accumbens and ventral tegmental

area, and widespread differences in 5-HT innervation and

receptor densities in the limbic system and other CNS

regions between the P and NP lines [29]. These latter results

suggest that there may be differences between the P and NP

lines in the neurocircuitry mediating the ASR and PPI.

The first hypothesis to be tested in the present study was

that there would be innate differences in the ASR and PPI

between P and NP rats, because of the innate differences in

DA and 5-HT systems and potential differences in levels of

anxiety between the lines. The effects of ethanol on these

measures were studied, as well, because P rats appear to be

more sensitive than NP rats to the anxiolytic effects of

ethanol [39] and these lines exhibit different sensitivities to

low [48] and high [26] ethanol doses in measures of motor

activity. In addition, ethanol has been shown to alter the

ASR in rats [35] and humans [15], alter PPI at a low dose in

humans [17], and reduce stress reactivity and disrupt atten-

tion [2]. The second hypothesis to be tested was that ethanol

would have different effects on the ASR and PPI inhibition

between the P and NP rats.

1. Method

1.1. Animals

Subjects were 109 ethanol-naõÈve, female rats (weight-

matched; 284 � 2 g) from the S 39±40 generations of the P

and NP lines. Animals were pair-housed in 18� 24� 45 cm

plastic tubs with wire grid tops and maintained on a 12/12-

light/dark cycle (lights on at 0700 h) in a temperature-

(21°C) and humidity- (50%) controlled vivarium. Harlan rat

chow (Teklad Diet #7001, Harlan Industries, Indianapolis,

IN) and water were available ad libitum. All experiments

were conducted during the light portion of the light cycle

between 0900 and 1400 h. Animals used in this experiment

were maintained in facilities accredited by the American

Association for the Accreditation of Laboratory Animal

Care (AAALAC). All research protocols were approved

by the institutional animal care and use committee, in

accordance with the guidelines of the Institutional Care

and Use Committee of the National Institute on Drug Abuse,

NIH, and the Guide for the Care and Use of Laboratory

Animals (National Research Council 1996).

Female rats were chosen to be used in the current study

mainly because of availability. Female P and NP rats also

maintain their body weights better than males which mini-

mizes weight-related effects on the startle measurements.

Both male and female rats have been used in ASR studies

with gender differences appearing in one study [22] but not

in the other [19]. Additionally, in the study in which gender

effects were observed in the ASR [22], PPI was comparable

across gender with male and female Wistar rats showing

approximately a 10% difference in the level of PPI. Estrous

cycle effects on PPI have been reported for female Spra-

gue±Dawley rats, with lower values observed during proes-

trous compared to either diestrous or estrous [19]. While not

monitored, however, any fluctuations in behavior due to the

stage of the estrous cycle should be randomized across
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treatment groups. If there are effects of the estrous cycle on

increasing the variance of the PPI data, these effects must be

relatively small because of the low variance in the PPI data

(see Results section).

1.2. Apparatus

Testing was conducted in a commercial startle reflex

system (S-R lab; San Diego Instruments, CA) equipped with

an internal light and sound source. The chamber was sound-

attenuated and ventilated with an exhaust fan, and contained

a stabilimeter comprised of an 8.2-cm diameter Plexiglas

rodent cylinder resting on a Plexiglas platform. Startle

responses were transduced by a piezoelectric accelerometer

located beneath the platform and were converted into

arbitrary units based on calculations from force and latency

of startle. Data were sampled at 1 KHz for 150 ms and

stored as the average of 150 one-millisecond readings,

starting at the onset of each startle stimulus.

1.3. Test procedure

Experimentally naõÈve P and NP rats (N = 9±14/line/

group) first received single, i.p. saline injections for four

consecutive days in order to habituate them to the injection

procedure. On day five, rats were assigned to either saline

or ethanol groups. Ethanol doses were 0.25, 0.5, 1.0, or

1.5 g/kg (i.p.) in a 15% v/v saline solution. The volume

administered to the saline controls matched that of the 1.5-

g/kg ethanol group. Ten minutes following the injection,

rats were placed in the startle chamber. Testing began

following a 5-min acclimation period. During this time,

and throughout the session, a 70-dB background noise was

present. The test session consisted of five alternating trials

of a startle stimulus alone (SSA) and a prepulse (PP) trial.

SSA trials consisted of a 115-dB white noise burst that had

a duration of 750 ms. On PP trials, a 100-ms 90-dB white

noise immediately preceded the 115-dB stimulus. Trials

occurred on a fixed 90-s intertrial interval. Preliminary

studies in our laboratory determined that the 90-dB acous-

tic stimulus had no startle-eliciting properties itself.

1.4. Data analysis

Startle amplitude was calculated by taking the mean of

the five SSA responses for each animal. To assess possible

line differences in baseline startle responding, a Student's

t-test was performed on the startle amplitude of saline

control groups for P and NP rats. Because baseline

differences were seen between the lines, separate ANOVAs

were subsequently performed on the startle amplitudes for

each line as a function of ethanol dose. In the presence of

a significant ANOVA, group differences were determined

with the protected least significant difference test (Fisher

test) [18]. PPI was calculated as [(SSAÿ PP)/SSA]� 100.

PPI in the 1.0- and 1.5-g/kg dose groups was not included

in the analysis, because motor functioning may have been

impaired in the NP line in the 1.0-g/kg group, and in both

lines in the 1.5-g/kg group [48]. PPI data were analyzed

using a two-factor ANOVA and post-hoc Fisher test.

2. Results

Fig. 1 illustrates mean startle amplitudes in female P and

NP rats following vehicle or ethanol administration. Ana-

lysis of the data indicated line differences in baseline startle

responses, with saline-treated P rats exhibiting startle values

Fig. 1. Startle amplitude of female P and NP rats (N = 9± 14/line/treatment) in response to a 115-dB stimulus after treatment with saline or ethanol (0.25, 0.5,

1.0, 1.5 g/kg). Data are mean startle amplitudes of the five trials � SEM. Baseline startle responding differed significantly between P and NP lines of rats, with P

rats displaying 40% higher startle amplitude than NP rats ( + p < 0.02). Startle amplitude in P rats was decreased significantly following 0.5, 1.0, and 1.5 g/kg,

with motor impairing effects seen at the 1.5-g/kg dose only ( * p < 0.05 vs. saline for P line; #p < 0.05 vs. all other doses for P line). In NP rats, startle responding

was significantly impaired following the 1.0- and 1.5-g/kg doses ( * p < 0.05 vs. saline for NP line; #p < 0.05 vs. 0.25 and 0.50 g/kg for NP line).
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40% higher than values for NP rats, t(21) = 2.55, p < 0.02.

One-way ANOVA performed on startle amplitude in P rats

indicated a main effect of dose, F(4,50) = 6.31, p < 0.001.

Follow-up analysis revealed a significant decrease in startle

amplitude following 0.5, 1.0, and 1.5 g/kg ethanol. Addi-

tionally, the 1.5-g/kg dose produced significantly less startle

than the 0.25-, 0.5-, and the 1.0-g/kg doses (all p values

< 0.05) for the P rats.

One-way ANOVA performed on the startle amplitude in

NP rats also indicated a main effect of dose,

F(4,49) = 5.17, p < 0.001. Post-hoc analysis revealed a

significant decrease in startle amplitude in the 1.0- and

1.5-g/kg ethanol dose groups compared to the saline, 0.25-,

and 0.5-g/kg dose groups. Neither the 0.25- nor 0.5-g/kg

ethanol dose altered startle levels in NP rats compared to

their vehicle controls.

The effects of ethanol on PPI are seen in Fig. 2. A two-

factor line� dose ANOVA conducted on PPI indicated a

main effect of line, F(1,61) = 20.68, p < 0.001, and a sig-

nificant line� dose interaction, F(2,61) = 3.22, p < 0.05.

Whereas saline-treated P and NP rats exhibited similar

levels of PPI (68% and 75%, respectively), line differences

emerged following ethanol administration. Although etha-

nol did not affect PPI in NP rats at either ethanol dose, P

rats exhibited a significant disruption in PPI following 0.5

g/kg ethanol.

3. Discussion

Female P and NP rats were tested for differences in

startle reactivity and PPI following saline or ethanol

pretreatment. Under vehicle conditions, P rats exhibited

an increased ASR relative to NP rats, suggesting greater

levels of emotional reactivity [45] in the P line. Our

findings are in agreement with other reports of increased

`̀ anxiety'' in P rats relative to NP rats using other animal

tests of anxiety [39], but such differences were not

observed in all studies [1,31]. Additionally, recent studies

from our laboratory with male P and NP rats, using a fear-

potentiated startle paradigm, support the conclusion of

higher levels of emotional reactivity exhibited by P rats

[30]. In this study, startle responding was consistently

greater in P than NP rats following fear conditioning,

although baseline levels of acoustic startle responding were

similar for P and NP rats in that study. Several methodo-

logical differences may have contributed to the alternative

finding on baseline differences; there were parametric

differences in the startle sessions, and different genders

of animals were used as well.

Following treatment with low to moderate doses of

ethanol, within the range of 0.5±1.0 g/kg, P rats showed

moderate, but significant reductions in startle amplitude.

Only P rats in the 1.5-g/kg dose group showed a marked

decrease in their startle response levels. NP rats, on the other

hand, did not show moderate reductions in startle amplitude

with the 0.5-g/kg dose, but displayed a dramatic decrease in

the ASR following both 1.0 and 1.5 g/kg ethanol. The

marked reduction by the NP line at the two highest doses,

and by the P line at the 1.5-g/kg dose is likely a result of

motor impairment. Previous studies have indicated that, in

this ethanol dose range, NP rats are more sensitive than P rats

to the reduction in locomotor activity [48] and motor

impairment [26] produced by ethanol. The greater sensitivity

Fig. 2. Effect of ethanol on PPI of acoustic startle in female P and NP rats. Both P and NP rats exhibited similar baseline levels of PPI. Ethanol had no effect on

PPI in NP rats; however, PPI was significantly disrupted in P rats following 0.5 g/kg ethanol ( * p < 0.05 vs. saline).
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of the NP line to the 1.0-g/kg dose of ethanol, observed in the

present study, is in agreement with these reports.

The results suggest that P rats may be more sensitive than

NP rats to the anxiolytic effects of ethanol, as indicated by

the reduction in startle amplitude in the P line at the 0.5-g/kg

dose (Fig. 1). These results support previous findings in P

and NP rats that were examined in three different behavioral

tests of anxiety, an approach-avoidance conflict test, the

elevated-plus maze test, and a passive avoidance test [39].

These investigators found higher innate anxiety levels in the

P rats relative to NP rats and that low-dose ethanol (0.5±1.0

g/kg) administration produced anxiolytic-like effects only in

the P line.

The primary pathway that has been proposed to mediate

the ASR includes, for the most part, the auditory nerve, the

ventral cochlear nucleus, the dorsal nucleus of the lateral

lemniscus, the caudal pontine reticular nucleus, spinal inter-

neurons, and spinal motor neurons (see Ref. [19]). Pharma-

cological depletion of 5-HT or electrolytic lesions of the

dorsal and median raphe nuclei results in an increased startle

response (see Ref. [7]). The P line of rats has fewer 5-HT

neurons in the raphe [53] and reduced innervation to several

forebrain regions [51,52] compared to the NP line. Although

hind brain regions have not been studied, these latter findings

suggest that reduced 5-HT innervation of the neurocircuit

mediating the ASR may contribute to the higher response in

the P than NP rat.

PPI was only examined in the 0.25- and 0.5-g/kg dose

groups for both lines, because of the motor impairing effects

of ethanol in the NP rats at doses of 1.0 g/kg and greater.

There were no differences in PPI between the two lines under

vehicle conditions; however, 0.5 g/kg ethanol disrupted PPI

in the P but not the NP line. PPI is a measure of sensorimotor

gating and is believed to be important for attentional pro-

cesses. In animals, PPI is impaired by a variety of com-

pounds such as amphetamine and other dopaminergic-like

agonists [27,42]. In the present study (Fig. 2), a dose of

ethanol that is known to be stimulatory in the P line of rats

[48] disrupted this measure of sensorimotor gating. It is

interesting that only the P line of rats showed evidence of

disruption of PPI at low doses of ethanol, suggesting a

possible genetic link between alcohol preference and ethanol

sensitivity of the acoustic sensorimotor gating mechanisms.

The nucleus accumbens is an important site for the

convergence of mesolimbic neurotransmitter systems regu-

lating PPI (see Ref. [20]). PPI can be disrupted with systemic

or intra-accumbal injections of a DA D2 agonist and that this

effect can be reversed with a D2 antagonist [49] (also see

Ref. [20]). The P line of rat has reduced DA innervation to

the nucleus accumbens [54] and lower densities of D2

receptors [28] than NP rats. However, there is no difference

in PPI between the P and NP lines (Fig. 2). With these

differences in the DA system between the lines, the NP line

might have been expected to demonstrate greater PPI than

the P line. It is possible that the line differences seen in these

DA parameters may be too small to impact on PPI. Because

these DA differences are genetically influenced, it is also

possible the other mechanisms developed to compensate for

the reduction in DA function within the limbic system.

Overall, these results suggest that the female P rats may

be more reactive to startle-evoking stimuli than are female

NP rats, suggesting greater levels of `̀ anxiety'' in these

animals. Moreover, our findings suggest that P and NP lines

show different sensitivity to the anxiolytic effects of low

doses of ethanol, lending support to an association between

the `̀ stress-response dampening'' effects of alcohol and

ethanol preference. Basal levels of PPI were similar between

the P and NP rats; however, following ethanol administra-

tion PPI was disrupted in the P rats, but not the NP animals.

The disruption of the sensorimotor gating mechanisms

observed at the low ethanol dose may be related to the

general motor stimulating properties of ethanol in P rats.
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