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Abstract

A single undrugged experience of the elevated plus-maze modifies future drug responses in the test. The present study investigated the

effects of maze-experience on the acute behavioral effects of the monoamine oxidase inhibitor phenelzine and the serotonin reuptake inhibitor

fluoxetine. Phenelzine (2.5–12.5 mg/kg) had no clear effect on plus-maze behavior in test-naive Swiss Webster mice, but dose-dependently

increased anxiety-like behavior in maze-experienced subjects. Similarly, fluoxetine (5–20 mg/kg) produced non-significant trends for

increased anxiety-like behavior in maze-naive mice, but significantly and dose-dependently increased anxiety-like behavior and suppressed

locomotor activity in maze-experienced mice. The anxiogenic effects of the benzodiazepine receptor inverse agonist N-methyl-h-carboline-3-
carboxamide (FG 7142) (20 mg/kg) was abolished by prior test experience, suggesting an alteration in g-aminobutyric acid (GABA)/

benzodiazepine receptor function with maze-experience. However, the benzodiazepine receptor antagonist flumazenil (5–20 mg/kg)

produced a silent profile regardless of maze-experience. Present findings provide further evidence demonstrating that prior test history is a

critical consideration in mouse studies of anxiety-related behavior.
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1. Introduction

Transgenic and gene knockout mice are costly to initially

generate, while extensive breeding is required in order to

produce congenic mutant lines for sound behavioral studies.

For these reasons, it has become common practice to

economize the use of subjects by employing behavioral test

batteries in which mice are subject to multiple assays

(Crawley and Paylor, 1997; Rogers et al., 1997; McIlwain

et al., 2001). Furthermore, for experiments involving phar-

macological challenge, gene mutant mice may be subject to

multiple trials on a given test under each treatment con-

dition. In this context, there is a wealth of literature

demonstrating that in models of anxiety-like behavior, test

experience can alter subsequent responses within the same

test. Thus, a single undrugged test exposure markedly alters

the behavioral profile of various drugs on subsequent testing

in the elevated plus-maze (for reviews, see Holmes and

Rodgers, 1999; File, 2001), light X dark exploration

(Holmes and Rodgers, 2001), predator-odor-exposure

(McGregor and Dielenberg, 1999), and four-plate (Hascoet

et al., 1997) tests for anxiety-like behavior.

In the elevated plus-maze, previous research has dem-

onstrated that changes occurring with test-experience

involve rapid, amygdala-mediated learning during the ini-

tial stages of the first plus-maze exposure (Rodgers et al.,

1996; File et al., 1998; Holmes and Rodgers, 1998). The

effects of maze-experience on drug responses are not

explained by a habituation to the anxiety-provoking aspects

of the test, as stress hormone responses to plus-maze

exposure do not decrease with repeated testing (File et

al., 1994; Holmes et al., 1998). Instead, principal compo-

nents factor analysis of behavioral scores from repeated

plus-maze exposures suggests that a qualitative shift in the

nature of the anxiety response underlies changes in phar-

macological responses with retesting (File, 1993; Holmes

and Rodgers, 1998).

Pharmacological characterization of the effects of plus-

maze retesting in mice have largely been restricted to the

effects of prior maze-experience on the anxiolytic efficacy

of benzodiazepines. Studies in both rats and mice have
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shown that prior maze-experience reduces or abolishes the

anxiolytic efficacy of benzodiazepine receptor agonists such

as chlordiazepoxide, midazolam and diazepam (Lister,

1987; File, 1990; File et al., 1990; Rodgers et al., 1992;

File and Zangrossi, 1993; Rodgers and Shepherd, 1993;

Fernandes and File, 1996; Holmes and Rodgers, 1999).

However, relatively little attention has been paid to the

effects of plus-maze experience on other classes of anxio-

lytic. The primary purpose of the present study was to test

whether maze experience alters the behavioral profile of

anxiolytics that target central monoamine systems.

Phenelzine is a monoamine oxidase inhibitor that

causes increases in synaptic levels of serotonin, norepi-

nephrine and dopamine by blocking the activity of the

monoamine degradation enzyme monoamine oxidase.

Phenelzine is clinically effective against depression, as

well as a broad spectrum of anxiety disorders, including

Panic Disorder, Post-traumatic Stress Disorder and Social

Phobia (Liebowitz et al., 1990; Ballenger, 1999). Seroto-

nin reuptake inhibitors are among the most widely used

drugs for mood and anxiety disorders (Stokes and Holtz,

1997; Stein and Berk, 2000). Drugs of this class, such as

fluoxetine, inhibit the action of the serotonin transporter

and, thereby, increase serotonin availability (Blakely et

al., 1991). In the present study, we have examined the

acute effects of phenelzine and fluoxetine in maze-naive

and maze-experienced mice. The therapeutic effects of

phenelzine and fluoxetine have been associated with their

ability to enhance g-aminobutyric acid (GABA) function

in the brain (Paslawski et al., 1996; Uzunova et al., 1998;

Tunnicliff et al., 1999; Belzung et al., 2001; Matsubara et

al., 2000; Tanay et al., 2001; Parent et al., 2002).

Therefore, to further investigate changes in GABA func-

tion following plus-maze experience, and to extend evi-

dence of a loss of benzodiazepine receptor agonist

activity with retesting in the plus-maze, we have also

assessed the influence of maze-experience on the effects

of a benzodiazepine receptor partial inverse agonist (N-

methyl-h-carboline-3-carboxamide; FG 7142) and a ben-

zodiazepine receptor antagonist (flumazenil).

2. Material and methods

2.1. Subjects

Subjects were adult male Swiss-Webster mice (Bantin

and Kingman, Hull, UK), 11–12 weeks old at the time of

testing. They were housed in groups of 10 (cage size:

45� 28� 13 cm), under a 12-h reversed light cycle (lights

off: 07:00 h), in a temperature (21F1 jC) and humidity

(50F 5%) controlled environment. Food and drinking water

were freely available except during brief test periods. All

subjects were experimentally naive at the start of the study,

and had been previously handled only for the purpose of

routine husbandry.

2.2. Drugs

Fluoxetine hydrochloride and phenelzine sulphate were

both obtained from Sigma, UK; flumazenil was obtained

from Hoffman-la-Roche, Basel; N-methyl-h-carboline-3-
carboxamide (FG 7142) was obtained from Research Bio-

chemicals, USA. All drugs were dissolved in physiological

saline (FG 7142 and flumazenil with two drops of Tween

80) and administered intraperitoneally in a volume of 10 ml/

kg body weight 30 min prior to testing.

2.3. Apparatus

The elevated plus-maze (Handley and Mithani, 1984;

Pellow et al., 1985; Holmes, 2001) comprised two open

arms (30� 5� 0.25 cm) and two closed arms (30�
5� 15 cm) that extend from a common central platform

(5� 5 cm) (Lister, 1987). The apparatus was constructed

from Plexiglas (black floor, clear walls), elevated to a

height of 60 cm above floor level and illuminated under

dim red light (4� 100 W, indirect) (Holmes et al.,

1998). A slight raised edge (0.25 cm) around the

perimeter of the open arms prevented mice falling from

the maze.

2.4. General procedure

Subjects were transported to the dimly illuminated labo-

ratory during the dark phase of the light/dark cycle and left

undisturbed for 1 h prior to testing. Subjects were equally

divided into two experimental groups; mice that were test-

naive and mice that had been pre-exposed (undrugged) to

the elevated plus-maze 24 h earlier. Mice were individually

placed in the central square of the elevated plus-maze

(facing an open arm) and allowed to freely explore the

apparatus for 5 min in an order counterbalanced for drug

treatment and test-experience. Between subjects, the appa-

ratus was thoroughly cleaned with wet and dry cloths. A

camera positioned above at an angle of f 50j to the maze

recorded test sessions for later analysis. To avoid distrac-

tions, the experimenter monitored sessions in an adjacent

room via videolink.

2.5. Behavioral measures

Videotapes were scored blind by a highly trained ob-

server (intra-rater reliability z 0.9) using ethological soft-

ware (‘‘Hindsight’’ v.1.4, Scientific Programming Services,

Wokingham, UK). Behavioral parameters comprised both

conventional spatiotemporal and ethological measures

(Rodgers and Cole, 1994; Rodgers et al., 1999; Holmes et

al., 2000). Conventional measures were the total number of

arm entries (arm entry = all four paws into an arm), the

number of closed entries, the percentage of arm entries into

the open arms and the percentage of the session spent in

open arms. Ethological measures comprised frequency
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scores for stretched-attend postures (exploratory posture in

which the body is stretched forward then retracted to the

original position without any forward locomotion) and

head-dipping (exploratory movement of head/shoulders

over the side of the maze).

2.6. Experiment 1: effects of the monoamine oxidase inhibi-

tor, phenelzine

The effects of phenelzine were assessed in 96 mice.

Within maze-naive and maze-experienced groups, mice

were randomly allocated to either vehicle, 0.5, 2.5 or 12.5

mg/kg phenelzine (n = 12). Doses were chosen on the basis

of previous studies on anxiety-like behavior in mice (e.g.,

Griebel et al., 1998; Rupniak et al., 2000).

2.7. Experiment 2: effects of the serotonin reuptake inhibitor,

fluoxetine

The effects of fluoxetine were assessed in 96 mice.

Within maze-naive and maze-experienced groups, mice

were randomly allocated to either vehicle, 5, 10 or 20 mg/

kg fluoxetine (n= 11–13). Doses were chosen on the basis

of previous studies on anxiety-like behavior in mice (e.g.,

Griebel et al., 1997; Belzung et al., 2001).

2.8. Experiment 3: effects of the benzodiazepine partial

inverse agonist, FG 71242

The effects of FG 7142 were assessed in 48 mice. Within

maze-naive and maze-experienced groups, mice were

Fig. 1. The monoamine oxidase A inhibitor, phenelzine, produced anxiogenic-like effects in maze-experienced mice, but no significant effects in maze-naive

mice. In mice exposed to the plus-maze, 24 h prior to testing, phenelzine dose-dependently reduced % open time (A) and % open entries (B), but had no effect on

total entries (C), closed entries (D), stretched-attend postures (E) or head-dips (F). In maze-naive mice, phenelzine produced no significant effect on plus-maze

behavior. Maze-experience per se had minimal effect on baseline plus-maze behavior; head-dips were significantly lower in vehicle-treated, maze-experienced

mice than maze-naive counterparts. **P < 0.01, *P< 0.05 vs. vehicle (0). #P< 0.05 vs. (vehicle) maze-naive (n= 12). Data for all figures are meansF SEM.
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randomly allocated to either vehicle or 20 mg/kg FG 7142 (n = 12).

This dose was chosen on the basis of previous studies in the rat and

mouse plus-maze (e.g., File and Zangrossi, 1993; Rodgers et al.,

1995).

2.9. Experiment 4: effects of the benzodiazepine antagonist,

flumazenil

The effects of flumazenil were assessed in 85 mice.

Within maze-naive and maze-experienced groups, mice

were randomly allocated to vehicle, 5, 10, or 20 mg/kg

flumazenil (n = 10–11). Doses were chosen on the basis of

previous studies in the rat and mouse plus-maze (e.g., File et

al., 1998; Dalvi and Rodgers, 1999).

2.10. Statistical analysis

Maze-experience and drug effects were analyzed using

two-factor between-groups analyses of variance (ANOVA)

(maze-experience� drug) and were followed by Newman–

Keuls post-hoc analysis conducted separately for maze-naive

and maze-experienced groups. P values were accepted as

significant at P < 0.05.

2.11. Ethics

The research described in this paper was licensed by the

Home Office under the Animals (Scientific Procedures) Act

1986.

Fig. 2. The serotonin reuptake inhibitor, fluoxetine, produced anxiogenic-like and locomotor-suppressant effects in maze-experienced mice, but no significant

effects in maze-naive mice. In mice exposed to the plus-maze, 24 h prior to testing, fluoxetine dose-dependently reduced % open time (A), but had no

significant effects on % open entries (B), total entries (C), closed entries (D), stretched-attend postures (E), or head-dips (F). In maze-naive mice, fluoxetine

produced no significant effect on plus-maze behavior. Maze-experience per se had minimal effect on baseline plus-maze behavior. **P < 0.01, *P< 0.05 vs.

vehicle (0). (n= 11–13).
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3. Results

3.1. Experiment 1: effects of phenelzine

ANOVA found significant interactions between maze-

experience and the effects of phenelzine for % open time

(F[3,88] = 2.71, P < 0.05) and % open entries (F[3,88] =

3.85, P < 0.01). There was also a significant main effect of

phenelzine on % open entries (F[3,88] = 3.85, P < 0.01).

Post-hoc analyses showed that, in maze-experienced mice,

2.5 mg/kg phenelzine significantly reduced % open time,

while 12.5 mg/kg phenelzine significantly reduced both %

open time and % open entries (Fig. 1A,B). In maze-naive

mice, phenelzine did not significantly affectmeasures of open

arm exploration at any dose (Fig. 1A,B). There were no

effects of phenelzine on total entries, closed entries,

stretched-attend postures, or head-dips, regardless of maze-

experience (Fig. 1C–F). There was a significant main effect

of maze-experience on stretched-attend postures (F[1,88] =

11.17, P < 0.001) and head-dips (F[1,88] = 26.53, P < 0.001).

Head-dips were significantly lower in vehicle-treated maze-

experienced mice, as compared to vehicle-treated maze-naive

mice (Fig. 1F), while stretched-attend postures were not

significantly different between these two groups.

3.2. Experiment 2: effects of fluoxetine

ANOVA found no significant interactions between maze-

experience and the effects of fluoxetine. There was a

significant main effect of fluoxetine on % open time

(F[3,85] = 3.85, P < 0.01), % open entries (F[3,85] = 5.28,

P < 0.001), total entries (F[3,85] = 11.06, P < 0.001), closed

entries (F[3,85] = 6.11, P < 0.001), stretched-attend postures

(F[3,85] = 11.67, P < 0.001), and head-dips (F[3,85] = 7.03,

P < 0.001). Post-hoc analysis showed that, in maze-expe-

rienced mice, 20 mg/kg fluoxetine significantly reduced

Fig. 3. The benzodiazepine partial inverse agonist, FG 7142, produced anxiogenic-like effects in maze-naive, but not maze-experienced, mice. In maze-naive

mice, FG 7142 produced a significant reduction in % open time (A) and a non-significant trend for reduced % open entries (B), had no effect on total entries

(C), closed entries (D), stretched-attend postures (E) or head-dips (F). In maze-experienced mice, FG 7142 produced no significant effect on plus-maze

behavior. Maze-experience per se had minimal effect on baseline plus-maze behavior; head-dips were significantly lower in vehicle-treated, maze-experienced

mice than maze-naive counterparts. **P< 0.01 vs. vehicle (0). ##P < 0.01 vs. (vehicle) maze-naive. (n= 12).
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% open time, total entries, closed entries, stretched-attend

postures, and head-dips (% open entries approached

significance at P= 0.059), while 10 mg/kg fluoxetine

significantly reduced total entries and head-dips (Fig.

2A–F). In maze-naive mice, fluoxetine was without

significant effect on any measure at any dose (Fig.

2A–F). There was a significant main effect of maze-

experience on head-dips (F[1,83] =14.40, P < 0.001).

Head-dips were significantly lower in vehicle-treated

maze-experienced mice, as compared to vehicle-treated

maze-naive mice (Fig. 2F).

3.3. Experiment 3: effects of FG 71242

ANOVA found no significant interactions between maze-

experience and the effects of FG 7142. There was a

significant main effect of FG 7142 on % open time

(F[1,44] = 4.07, P < 0.05). FG 7142 significantly reduced

% open time in maze-naive, but not maze-experienced, mice

(Fig. 3A). There were no effects of FG 7142 on % open

entries, total entries, closed entries, stretched-attend pos-

tures, or head-dips, irrespective of maze-experience

(F[1,44], all P’s>0.07) (Fig. 3C–F). There was a significant

main effect of maze-experience on head-dips (F[1,44] =

31.02, P < 0.001), with significantly lower head-dips in

vehicle-treated maze-experienced than maze-naive counter-

parts (Fig. 3F).

3.4. Experiment 4: effects of flumazenil

ANOVA found no significant interaction between maze-

experience and the effects of flumazenil (F[3,77], all

P’s>0.23). There were no significant main effects of fluma-

zenil (F[3,77], all P’s>0.34) for any measure (Fig. 4A–F).

Although there was again a significant main effect of maze-

experience on head-dips (F[1,37] = 10.42, P < 0.001), post-

Fig. 4. The benzodiazepine antagonist, flumazenil, produced no effects on plus-maze behavior in either maze-naive or maze-experienced mice. Flumazenil

produced no significant effect on plus-maze behavior, regardless of maze-experience (A–F) (n= 10–11).
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hoc comparison of vehicle control scores just failed to reach

an acceptable level of statistical significance (Fig. 4F).

4. Discussion

The present study investigated the effects of plus-maze

experience on subsequent behavioral responses to two mono-

aminergic anxiolytics. Results showed that plus-maze-expe-

rience significantly altered the plus-maze profiles of the

monoamine oxidase inhibitor phenelzine and the serotonin

reuptake inhibitor fluoxetine. A second aspect of the present

study was to examine whether alterations in GABAA/benzo-

diazepine receptor function may contribute to the altered

behavioral profiles of phenelzine and fluoxetine occurring

with maze-experience. The results of these experiments

demonstrated that maze-experience produces a marked alter-

ation in the anxiety-like effects of the benzodiazepine recep-

tor partial inverse agonist, FG 7142, but did not alter the

profile of the benzodiazepine receptor antagonist, flumazenil.

While there are some reports that phenelzine modifies

anxiety-related behavior in various assays (e.g., Paslawski et

al., 1996; Maki et al., 2000; Rupniak et al., 2000), the

present finding is consistent with previous studies that have

found no clear behavioral effects of acutely administered

phenelzine on anxiety-like behavior in rodents (e.g., John-

ston and File, 1998; Griebel et al., 1998; Beaufour et al.,

1999). Thus, in mice that were naive to the plus-maze, low

doses of phenelzine produced only trends for reduced open

arm exploration. In contrast to the lack of clear effects in

maze-naive mice, phenelzine produced a significant, dose-

dependent increase in anxiety-like behavior in mice that had

received a single prior undrugged exposure to the maze 24 h

earlier. Compared to vehicle control, phenelzine signifi-

cantly reduced the amount of time spent exploring the open

arms of the plus-maze in maze-experienced mice. Phenel-

zine’s effects on open arm avoidance were not associated

with alterations in general locomotor activity, as demon-

strated by the absence of a drug effect on closed arm entries.

Furthermore, measures of exploratory head-dipping and risk

assessment (stretched-attend postures) were not affected by

phenelzine in maze-experienced (or maze-naive) mice.

Effects of maze-experience on baseline anxiety-like

behavior have been observed in some but not all previous

studies (for reviews, see Holmes and Rodgers, 1999; File,

2001). In our phenelzine study, there were very few behav-

ioral differences between maze-naive and maze-experienced

vehicle-control groups. Indeed throughout the present

experiments effects of maze-experience on baseline behav-

ior were largely absent. One interesting exception was a

consistent decrease in head-dipping seen in maze-experi-

enced mice relative to maze-naive controls, which may

reflect an anxiety-related reduction in exploratory behavior

on retesting, as previously reported (e.g., Fernandes and

File, 1996; Rodgers et al., 1997; Holmes and Rodgers,

1998). Notwithstanding this one behavioral change, differ-

ential effects of phenelzine (and other compounds tested in

the present study) seen between maze-experienced versus

maze-naive mice are unlikely to be an artifact of divergent

baseline scores occurring with maze-experience.

The effects of acutely administered fluoxetine in anxiety

tests, including the elevated plus-maze, have proven incon-

sistent with reports of anxiogenic, anxiolytic and negative

effects with this compound (for review, see Griebel, 1995).

In the present study we found that acute fluoxetine had no

clear effects on plus-maze behavior in maze-naive mice.

Fluoxetine, particularly at the highest (20 mg/kg) dose, did

produce reductions in all behavioral measures in maze-naive

subjects that without exception failed to reach statistical

significance. In parallel with the influence of maze-experi-

ence on the effects of phenelzine, prior maze-experience

clearly strengthened the effects of fluoxetine. In contrast to

the weak effects of fluoxetine in maze-naive mice, fluox-

etine produced statistically robust effects on plus-maze

behavior in mice with prior test experience. In maze-

experienced subjects, fluoxetine induced a dose-dependent

decrease in open arm exploration, as well as a decrease in

head-dipping. In addition to changes in indices of anxiety-

like behavior, fluoxetine also reduced closed arm entries and

stretch-attend postures in maze-experienced mice. Reduc-

tions in open arm exploration coupled with fewer entries

into the protected closed arms suggests a non-specific

decrease in locomotor activity in maze-experienced mice

treated with fluoxetine. An alternate explanation is that

fluoxetine produced a strong anxiety-like response in

maze-experienced mice that manifest as an overall suppres-

sion of plus-maze behavior. In support of this interpretation

is the finding that high levels of fear and anxiety-like

behavior can manifest as freezing and a general suppression

of exploratory behavior (Blanchard and Blanchard, 1969;

Blanchard et al., 1993), and the previous observation that

sedative/motoric effects of fluoxetine in mice are generally

seen at higher doses than presently used (e.g., Bourin et al.,

1996; Belzung et al., 2001).

Notwithstanding this issue, the main conclusion of these

experiments is that prior experience of the plus-maze leads

to an increased sensitivity to the acute behavioral effects of

both phenelzine and fluoxetine.

Previous research has suggested that functional changes in

monoamine receptors may underlie experientially induced

alterations in drug response in the elevated plus-maze test.

File et al. have found that, in maze-experienced (but not

maze-naive) rats, microinjection of the 5-HT1A receptor

agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-

DPAT) into the dorsal raphé nucleus produces anxiolytic

effects (File and Gonzalez, 1996), whereas microinjection

into the dorsal hippocampus has the opposite (i.e., anxio-

genic-like) effect (File et al., 1996). These authors suggest

that prior exposure to the maze results in an increased func-

tional sensitivity of 5-HT1A receptors at both presynaptic

(resulting in enhanced negative feedback inhibition of sero-

tonergic neuronal firing) and postsynaptic sites (resulting in

A. Holmes, R.J. Rodgers / European Journal of Pharmacology 459 (2003) 221–230 227



enhanced inter-neuronal serotonergic signaling). In the

context of present findings, acute administration of both

phenelzine and fluoxetine would produce a significant

increase in extracellular levels of serotonin (e.g., Blier

and de Montigny, 1985; Dyck et al., 1988; Kreiss and

Lucki, 1995; but see Artigas, 2001; Artigas et al., 2001)

and a corresponding activation of presynaptic 5-HT1A

autoreceptors (Sharp and Hjorth 1990; Blier et al. 1998).

Hypersensitization of 5-HT1A autoreceptors with maze-

experience would augment these actions, causing an

enhancement of 5-HT1A autoreceptor-mediated inhibition

of serotonergic neuronal firing. This does not rule out the

possibility that maze-experience alters the activity of these

drugs at other sites in the brain (e.g., 5-HT2C receptors)

which could also contribute to their altered behavioral

profiles in maze-experienced mice.

Anxiogenic effects of acute phenelzine and fluoxetine

following maze-experience is consistent with the initial pro-

anxiety effects of monoaminergic anxiolytics in some

patients with mood disorders (e.g., Rickels et al., 1985;

Londborg et al., 2000). Thus, relative to the behavior of

maze-naive subjects, the form of anxiety-like behavior

measured in maze-experienced mice may better model the

short-term adverse effects of monoaminergic anxiolytics. In

view of the evidence that treatment with a 5-HT1A receptor

antagonist can alleviate the short-term side effects of mono-

aminergic anxiolytics (e.g., Artigas et al., 1996), it would

valuable to test whether anxiogenic effects of phenelzine

and fluoxetine in maze-experienced mice can be blocked by

compounds such as pindolol. Supporting the possibility that

the behavioral effects of 5-HT1A receptor antagonists may

be altered by maze-experience, recent research from our

laboratory has shown that microinjection of the 5-HT1A

receptor antagonist N-[2-[4-(2-methoxyphenyl)-1-piperazi-

nyl]ethyl]-N-(2-pyridinyl)cyclohexanecarboxamide dihy-

drochloride (WAY-100635) into the ventral hippocampus

or median raphé nucleus produces anxiolytic effects in

maze-naive mice that are abolished by maze-experience

(Canto de Souza et al., 2002; Nunes de Souza et al., 2002).

Another system that could contribute to the alterations in

the anxiety-related effects of phenelzine and fluoxetine seen

with maze-experience is the GABA/benzodiazepine receptor

complex. Facilitation of GABAergic neurotransmission has

been proposed as a possible mechanism underlying the

anxiolytic effects of both monoamine oxidase inhibitors

(e.g., Paslawski et al., 1996; Tanay et al., 2001; Lai et al.,

1998; Parent et al., 2002) and serotonin reuptake inhibitors

(e.g., Uzunova et al., 1998; Tunnicliff et al., 1999; Belzung et

al., 2001; Matsubara et al., 2000). Moreover, a widely repli-

cated finding in both rats andmice has been that the anxiolytic

effects of benzodiazepine agonists, such as diazepam, mid-

azolam and chlordiazepoxide, are abolished by maze-experi-

ence (for reviews, seeHolmes andRodgers, 1999; File, 2001),

and plus-maze experience in rats has been shown to alter the

cortical release ofGABAfollowing benzodiazepine treatment

(File, 1993). Together these findings suggest that a funda-

mental change in GABAA/benzodiazepine receptor function

may contribute to the altered behavioral effects of monoami-

nergic anxiolytics with retesting.

Some support for this hypothesis is provided by our

finding that the selective anxiogenic effects of a benzodiaze-

pine receptor partial inverse agonist, FG 7142 (e.g., Lister,

1987; File and Zangrossi, 1993; Cole et al., 1995; Dawson et

al., 1995; Rodgers et al., 1995), were abolished in maze-

experienced mice. However, the hypothesis is not supported

by the separate finding that the benzodiazepine receptor

antagonist, flumazenil, was inactive on the plus-maze in both

maze-naive and maze-experienced mice. Thus, a shift in the

functional status of the benzodiazepine receptor occurring

with retesting would be expected to result in an observable

change in the anxiety-related profile of flumazenil in maze-

experienced mice (Nutt et al., 1992; Nutt and Malizia, 2001).

An alternative explanation for this finding, which could also

underlie both the loss of benzodiazepine agonist-induced

anxiolysis and benzodiazepine inverse agonist-induced anx-

iogensis occurring with plus-maze retesting, is that GABA/

benzodiazepine mechanisms are not recruited during plus-

maze exposure in subjects that have been previously tested on

the apparatus.

In summary, present findings show that a single un-

drugged experience of the elevated plus-maze modifies and

strengthens the behavioral actions of two monoaminergic

anxiolytics. Acute treatment with the monoamine oxidase

inhibitor phenelzine produced selective anxiogenic effects in

maze-experiencedmice, whereas the drug had no clear effects

in maze-naive subjects. Acute administration of the serotonin

reuptake inhibitor fluoxetine also produced dose-dependent

effects on indices of anxiety and motor behavior in maze-

experienced mice, but had only partial effects in maze-naive

subjects. It will be of considerable interest to test whether

maze-experience also sensitizes the plus-maze effects of

these compounds when given chronically. One hypothetical

mechanism underlying the heightened sensitivity to phenel-

zine and fluoxetine following maze-experience is an in-

creased functional sensitivity of the 5-HT1A receptor. Clear

alterations in GABAA/benzodiazepine receptor function do

not appear to contribute to the effects of maze-experience. In

the present study we demonstrated that the anxiogenic actions

of the benzodiazepine receptor inverse agonist FG 7142 were

lost in maze-experienced mice, however, the benzodiazepine

receptor antagonist, flumazenil, was silent in both maze-

naive and maze-experienced mice.

A number of important general considerations all stem

from the present study. Clearly, care should be exercised

when testing mice on the elevated plus-maze to ensure that

prior test history is carefully controlled. In pharmacological

studies, inconsistency in the use of maze-naive versus maze-

experienced subjects may contribute to inter-laboratory var-

iability in the anxiety-related effects of monoaminergic drugs

(Griebel, 1995; Hogg, 1996; Rodgers, 1997). This issue is of

particular relevance for research using gene mutant mice to

study molecular mechanisms mediating anxiety, where the
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need to economize on the use of subjects may lead to multiple

test exposures. Apart from the practical caveats of repeated

plus-maze testing, the effects of maze-experience may pro-

vide important insights into the pathophysiology of anxiety

states. Behavior in maze-experienced mice may reflect a

qualitatively distinct form of anxiety from that seen in

maze-naive mice (Holmes and Rodgers, 1998; File, 2001).

The increased sensitivity to acute monoaminergic anxiolytics

and the loss of sensitivity to benzodiazepine receptor anx-

iolytics that occurs with maze-experience parallel the psy-

chopharmacology of certain anxiety disorders. From this

perspective, the behavior of plus-maze behavior in maze-

experienced mice may serve as an independent model to

study the brain mechanisms underlying different anxiety

states and their treatment.
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