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Abstract

The present experiments investigated the effects of a specific and potent a -adrenoceptor antagonist, atipamezole, on cognitive2

performance and neurochemistry in aged rats. Aged control Fisher 344 rats, which had lower activities of choline acetyltransferase in the
frontal cortex, were impaired in the acquisition of the linear arm maze task both in terms of repetition errors and their behavioural activity
Ž . Žthe speed of arm visits , and they needed longer time to complete this task as compared to adult control rats. Atipamezole treatment 0.3

.mgrkg facilitated the acquisition of this task in the aged rats as they committed fewer errors and completed the task more quickly than
saline-treated aged control rats. A separate experiment indicated that atipamezole enhanced the turnover of noradrenaline both in the adult
and aged rats, but this effect was more pronounced in the aged rats. Furthermore, atipamezole enhanced significantly the turnover of
serotonin and dopamine only in the aged rats when analysed in the whole brain samples. As a -adrenoceptor antagonists are known to2

alleviate akinesia in the experimental models of Parkinson’s disease, the present results could be especially relevant for the development
of palliative treatment for demented Parkinsonian patients. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Comprehensive data from electrophysiological, be-
havioural and anatomical investigations suggest an impor-
tant role for the central noradrenergic system in the modu-
lation of attention as well as learning and memory pro-

Žcesses Harley, 1987; Aston-Jones et al., 1991; Berridge et
.al., 1993; Sara et al., 1994 . The activity of the noradrener-

gic neurones is regulated by a -adrenergic autoreceptors,2

and the blockade of these receptors increases the firing rate
of the neurones and the release of noradrenaline in the

Žtarget areas Cedarbaum and Aghajanian, 1977; Simson
.and Weiss, 1987 .

It has been postulated that an appropriate level of
stimulation of the central noradrenergic system could im-
prove cognitive functions. Accordingly, it has been re-
ported that idazoxan, an a -adrenoceptor antagonist, im-2

proves selective attention, learning and memory retention
Žin adult rats Sara and Devauges, 1989; Devauges and
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.Sara, 1990; Bunsey and Strupp, 1995 . Atipamezole is a
potent a -adrenoceptor antagonist which has a high a -2 2

ra -adrenoceptor selectivity ratio and does not display1
Ždifferential affinity for a -adrenoceptor subtypes Virtanen2

.et al., 1989; Haapalinna et al., 1997 . Unlike various other
a -adrenoceptor antagonists, it has negligible affinity for2

Žother receptors such as 5-HT receptors Winter and1A

Rabin, 1992; Meana et al., 1996; Newman-Tancredi et al.,
. w 3 x1998 and for non-adrenoceptor H idazoxan binding sites

Ž . Ž .imidazoline I sites Savontaus et al., 1997 . Thus it has2

been considered as an ideal tool to assess the involvement
of a -adrenoceptors in the modulation of higher cerebral2

functions. Previous studies with adult animals have shown
that atipamezole facilitates the excitability of granular cells
in rat hippocampus in vivo and improves retention in a

Ž .radial arm maze task Ylinen et al., 1996 , and it also
improves the performance of rats in an attentional five-
choice serial reaction time task under certain conditions
Ž .Sirvio et al., 1993 . Furthermore, atipamezole enhanced¨
the acquisition of a linear-arm maze test, improved choice
accuracy in a three choice-maze test and facilitated mem-
ory consolidation when injected immediately after teaching

Ž .in a one-trial appetite-maze test Haapalinna et al., 1998 .
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Even though the effects of atipamezole and idazoxan on
cognitive functions in adult animals are in accordance with
the theory on the noradrenergic modulation of learning and
memory, it should be noted that a -adrenoceptors are not2

restricted to the noradrenergic nerves. Those receptors
participate in the regulation of the release of many neuro-

Žtransmitters Gulat-Marney et al., 1989; Raiteri et al.,
.1990; Trendelenburg et al., 1994 . Furthermore, it has been

suggested that the population of a -adrenoceptors found2

on noradrenergic nerves is only a small fraction of the total
Žamount of a -adrenoceptors in the brain Dausse et al.,2
.1982; Dooley et al., 1983; Ordway, 1995 . Thus, the

effects of a -adrenoceptor antagonists seen in vivo may2

not be due exclusively to an increase in the release of
noradrenaline. Accordingly, it has been reported that a -2

adrenoceptor antagonists enhance the release of dopamine
Ž . ŽMatsumoto et al., 1998 and acetylcholine Tellez et al.,

.1997 in the prefrontal cortex of conscious freely moving
rats.

There is some evidence that certain age or disease
associated cognitive disturbances can be accompanied with
the degeneration of central noradrenergic neurones
Ž .Zornetzer, 1985; McEntee and Crook, 1990 . However, it
is clear that other transmitter systems as well are deterio-
rated during ageing. Especially, the dysfunction of the
central cholinergic system may play an important role in
cognitive deterioration associated with ageing and

Ž .Alzheimer’s disease Decker and McGaugh, 1991 . There-
fore, the enhanced release of various neurotransmitters by
a -adrenoceptor antagonists predicts therapeutic potential2

for this type of drugs in the treatment of cognitive prob-
lems in neurological diseases associated with multiple
neural deficits.

However, it has been reported that the a -adrenergic2

system per se is compromised in aged brain as the number
and function of brain a -adrenoceptors may be altered2

Žduring ageing Kalaria and Andorn, 1991; Zsilla et al.,
.1997 . It should be noted that many previous reports on the

positive effects of a -antagonists on higher cerebral func-2

tions provide information about their effects in normally
Žfunctioning brain only Sara and Devauges, 1989; De-

.vauges and Sara, 1990; Haapalinna et al., 1998 . Interest-
ingly, it has also been reported that although idazoxan
improved performance of adult rats in a radial arm maze,
its effect was less pronounced in aged rats, even impairing

Ž .the performance of the rats Dickinson et al., 1989 .
Furthermore, administration on an a -adrenoceptor ago-2

nist has been found to improve working memory in aged
monkeys but not in adult monkeys, and yohimbine, an
nonspecific a -adrenoceptor antagonist, had only a2

Ž .marginal effect in this model Arnsten and Cai, 1993 .
The aim of present experiments was to clarify whether

atipamezole can improve learning and memory process
also in aged subjects. Therefore, we studied the effects of
atipamezole on the performance of aged rats in the linear
arm maze task, since this agent improved the performance

of adult rats in this task. To verify the existence of age
associated dysfunction in the central cholinergic system in

Ž .this model, choline acetyltransferase ChAt activities were
measured in the post-mortem brain samples taken from the
frontal cortex and hippocampus of the rats after the maze
test had been completed. In order to assess possible age
related alterations in the effects of this a -adrenoceptor2

antagonist on brain neurochemistry, we studied the effects
Žof atipamezole on the levels of brain monoamines nor-

Ž ..adrenaline, dopamine, 5-hydroxytryptamine 5-HT and
their metabolites ex vivo.

2. Materials and methods

2.1. Animals

Ž . ŽMale rats of the Fisher 344 F-344 strain Harlan,
.Netherlands were used in all of the tests. In the linear-arm
Žmaze test, 20 approximately 22 months old rats, weighing

. Ž373–524 g at the beginning of the study and 10 ap-
proximately 5 months old rats, weighing 296–360 g at the

.beginning of the study were used. In the neurochemistry
test, eight approximately 24 months old rats, weighing
405–501 g, and 10 approximately 3 months old rats,
weighing 209–276 g, were used. The animals were housed
in the groups of 4–5 in the same cage, under standard

Žconditions 21"18C, light–dark cycle with lights between
.6:00 and 18:00 . Softwood granulated aspen was used as

bedding. The animals had a free access to water and food
until behavioural testing began. All experimentation was
approved by the local laboratory animal care committee.

2.2. Test substances

ŽAtipamezole hydrochloride Orion, Orion Pharma, Fin-
. Žland , is a specific a -adrenoceptor antagonist Virtanen et2

.al., 1989; Haapalinna et al., 1997 , which penetrates rapidly
Ž . Žinto the brain after its subcutaneous s.c. injection Biegon

.et al., 1992 . A dose of 300 mgrkg s.c. was used in the
present experiments, since the dose is known to block
central a -adrenoceptors, to increase central noradrenaline2

release and it was found to be effective in previous maze
Ž .performance study Haapalinna et al., 1997, 1998 . Ati-

pamezole was dissolved in distilled water, which was also
used as control treatment. The route of administration was
s.c. and the injection volume was 1 mlrkg in all the

Ž .experiments. Commercial 45 mg pellets Bio Serve, USA
were used as reward food in the maze tasks.

2.3. BehaÕioural test

2.3.1. The linear-arm maze
ŽThe linear-arm maze has been described including its

. Ž .illustration earlier by Liljequist et al. 1997 . The maze is
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a wooden platform in the shape of two crosses joined by a
Ž .bridge another. The stem starting arm was 90 cm long

Ž .and 20 cm wide. The five other arms goal arms were 50
cm long and 12 cm wide. Four goal arms were situated
perpendicularly to the stem and to the fifth arm, which was
located opposite to the stem. Edges, 2.0 cm high, sur-
rounded all sides of the stem and the arms. At the end of
each goal arm, was a hole 1 cm deep and 3 cm in
diameter, which served as a food container. The starting

Ž .platform 20=20 cm was separated from the stem by a
Ž .guillotine door, 12 cm high and 7 cm wide . The frame

was 20 cm high and 20 cm wide. The holes at the end of
the goal arms were baited with three pellets of reward
food. The maze was elevated 31 cm above the floor in a
test room that contained other objects, as well as the test

Ž .apparatus e.g., table, shelves and door providing extra
maze cues for spatial navigation.

2.3.2. Experimental protocol
In the linear-arm maze test, the habituation of the rats to

Ž .handling twice a day , administration of water, test room
and reward food was started seven days before training.
Two days before training, the animals were placed on a
food deprivation schedule that reduced their body weights
to 90–95% of their initial weights. One day before train-
ing, they were also habituated to the unbaited maze, five
animals from the same cage at the same time for 10 min.
On the next day, the goal arms were baited, and the
teaching trial, with one rat at a time, was carried out. The

Ž .rat received atipamezole 0.3 mgrkg or distilled water
and 60 min later it was placed on the starting platform.
After 10 s, the door was opened and the rat was allowed to
explore the maze until all the baits were found. The time to

Ž .find all baits time , re-entries made into already visited
Ž .arms errors and correct choices made before the first
Ž .error corrects were recorded. To evaluate behavioural

Ž .activation, the total arm entries made per time speed
Ž .were later calculated. At this first time teaching , every rat

was allowed to stay in the maze for at least 5 min. On the
next day, the proper memory and learning testing began
and these continued for 5 days. The rats were given a total
of 10 trials, two trials per day. The inter-trial interval was
50 min. Atipamezole or distilled water was administered
30 min before the first trial of the day. Otherwise, testing
trials were identical to the teaching trial. There were 10

Žrats in all three groups adultrcontrol, agedrcontrol and
.agedratipamezole . The test solutions were kept in coded

bottles, so the investigator was blind to the treatment. The
Ž .sequence of the adult and aged and treatments was

randomised in the teaching trial and maintained thereafter
constant for each individual rat during the experiment.

2.4. Rat brain neurochemistry

2.4.1. ChAt actiÕity
One day after the last trial in the linear arm maze test,

the rats were injected once more with their appropriate

treatment, and the rats were sacrificed by decapitation
three hours later. Then, the brains were removed, frozen
and stored at y708C. One month later the brains were
thawed. The frontal cortex and hippocampus were dis-
sected on ice, and the tissue samples were homogenised in
distilled water. A sample of homogenate was suspended in
5 mM EDTA–NaOH solution, pH 7.4, containing 0.5%
Triton-X 100 buffer. The ChAt activity was measured in

Ž .duplicate according to the method of Fonnum 1975 .
Total protein was measured using the method of Lowry et

Ž .al. 1951 . Bovine serum albumin was used as the stan-
dard.

2.4.2. Effect on monoamines
Five adult rats and four aged rats were injected with

distilled water and five adult and four aged were injected
Ž .with atipamezole 0.3 mgrkg s.c. . The rats were sacri-

ficed by decapitation three hours after the injection. The
Ž .brains cerebrum and cerebellum were removed, frozen

and stored at y708C for one week before analysis. Bio-
genic amines and their metabolites were measured from
the homogenate of brain tissue. Noradrenaline, 5-HT, 5-

Ž .hydroxyindoleacetic acid 5-HIAA , dopamine and ho-
Ž .movanillic acid HVA were determined by electrochemi-

cal detection after separation by HPLC on a reverse phase
C column. The metabolite of noradrenaline, 3-methoxy-18

Ž .4-hydroxyphenylethyleneglycol sulfate MHPG–SO , was4
Ždetermined fluorometrically as described earlier Mac-

.Donald et al., 1988; Haapalinna et al., 1997 . Turnover
rate was calculated as the main metabolitercorresponding
transmitter ratio.

2.5. Statistical analysis

All the results are expressed as means"standard error
Ž .of mean S.E.M. . In the linear-arm maze test, the normal-

ity assumption was not reached, and therefore the rank
Žtransformation of the data was applied Conover and Iman,

.1981 . In the case of ties among the observations, midranks
were applied. After rank transformation, the two-factor

Žanalysis of variance for repeated measurements RM
.ANOVA was used to analyse the ranked data. The com-

parisons were made between adult and aged control groups
Ž .s the effect of ageing and between aged control and

Žaged atipamezole treated animals s the effect of treat-
.ment . As in the previous study with adult animals

Ž .Haapalinna et al., 1998 , there were two separate analy-
Ž .ses: 1 difference between teaching and the first trial

Ž Ž .group age or treatment as factor and teaching time and
. Ž .trial 1 as repetition , 2 the effect of ageing or treatment in

Žrepeated trials trials 1–10; group as factor and trial as
.repetition . Both initial overall analyses were followed by

appropriate post-hoc analysis. The analyses were per-
Ž .formed with SAS statistical software SAS Institute, USA .

The neurochemistry data were analysed by one way analy-
Ž .sis of variance ANOVA followed by a Fisher’s PLSD
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Ž . Žprotected least significant difference test StatView 4.12
.software . The criterion for a statistical significance was

P-0.05.

3. Results

3.1. Effect of atipamezole on linear arm-maze performance
in aged rats

The performance of rats in the linear-arm maze is
Ž .summarised in Fig. 1 A–D . In the analysis of the number

of errors in the teaching trial and trial 1, there was a
Ž .significant overall group effect Fig. 1A , but there was no

clear repetition effect or any interaction between group and
w Ž . Ž .repetition group: F 2,27 s4.5, Ps0.02; trial: F 1,27

Ž . xs0.7, Ps0.41; interaction: F 2,27 s1.6, P)0.2 .
There was a significant overall difference between aged

Ž .and adult controls Ps0.006 . The progression from a

teaching trial to trial 1 was not statistically significant in
Ž .the aged control group P)0.8 or in the adult control

Ž .group P)0.5 , but it approached significance in the
Ž .atipamezole-treated aged group P s 0.07 . The RM

ANOVA analysis revealed that there was a significant
difference between the groups in the number of errors

Ž .during the repeated trials 1–10 , and the number of errors
w Ž .decreased clearly trial by trial in all groups group: F 2,27

Ž .s27.25, Ps0.0001; trial: F 9.243 s8.29, Ps0.0001;
Ž . xinteraction: F 18.243 s1.05, P)0.4 . The group differ-

ence was significant between aged and adult controls
Ž .Ps0.0001 , but also between aged control and atipame-

Ž .zole treated groups Ps0.0014 .
There was also a clear increase in the number of correct

choices from a teaching trial to trial 1 in all the groups
Ž .with no apparent difference between the groups Fig. 1B

w Ž . Ž .group: F 2,27 s2.4, P)0.1; trial: F 1,27 s45.26, P
Ž . xs0.0001; interaction: F 2,27 s1.03, P)0.3 . In the

repeated trials, there was a significant difference between

Ž . Ž . Ž . Ž .Fig. 1. The performance of adult ^ , aged control ` and atipamezole 0.3 mgrkg s.c. treated aged v rats in the linear-arm maze. The results are
Ž . Ž . Ž . Ž . Ž .expressed as mean"S.E.M. A The number of errorsrtrial Errors . B The number of correct choicesrtrial Corrects . C The mean time used to

Ž . Ž . Ž .complete the taskrtrial in seconds Time . D The total number of arms visitedrs in trial Speed . In the teaching trial and trial 1, the RM ANOVA
revealed a significant difference between the adult and the aged control groups in their performance measured by Errors, Time and Speed, and between the
aged control and atipamezole-treated rats in Time and Speed. The RM ANOVA revealed a significant interaction between treatment and repetition in Time
Ž .P-0.002 from the teaching time to the trial 1 and further analyses revealed significantly a more extensive change in aged atipamezole-treated rats than

Ž . Ž .in aged controls P-0.001 . In the repeated trials 1–10 , RM ANOVA revealed a significant group and trial effects without any interaction between
Ž .those effects in the performance all the variables . There was a highly significant difference between adult and aged controls in all the variables as well as

Ž . Ž . Ž .between aged control and aged atipamezole treated in Errors P-0.002 , Time P-0.0001 and Speed P-0.002 . All groups consisted of 10 animals.
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Table 1
Ž .The cholineacetyltransferase ChAt activity in adult and aged control and

atipamezole treated rat brain tested in the linear arm maze test
ANOVA was followed by the Fisher’s PLSD test.
Values are mean"S.E.M., ns10 per group.

Ž .Agertreatment ChAt activity nmolrproteinrmin in

Frontal cortex Hippocampus

Adultrcontrol 1.01"0.11 0.81"0.08
aAgedrcontrol 0.79"0.04 0.99"0.06

Agedratipamezole 0.80"0.06 0.95"0.09

ANOVA
Fs 2.92 1.52
P s 0.07 0.24

aP -0.05, when compared to the adult control group.

the groups in the number of correct choices, and those
were also increased trial by trial in all the groups with no

w Ž .interaction between group and trial effects group: F 2,27
Ž .s6.14, Ps0.006; trial: F 9,243 s10.85, Ps0.0001;

Ž . xinteraction: F 18,243 s1.13, P)0.3 . The difference
Žwas significant between the adult and aged controls Ps

.0.002 , but not between the aged control and atipamezole
Ž .groups Ps0.15 .

Ž .The time needed to complete the task Fig. 1C dimin-
ished from the teaching trial to trial 1 slightly in all the
groups, and there was a significant interaction between the

w Ž .group and repetition effects group: F 2,27 s27.19, Ps
Ž .0.0001; trial: F 2.27 s31.98, Ps0.0001; interaction:

Ž . xF 2,27 s7.82, Ps0.002 . The progression from a teach-
ing trial to trial 1 was significant in the aged control group
Ž . Ž .Ps0.001 and in the atipamezole group Ps0.0001 ,

Ž .but not in the adult control group Ps0.78 . There was a
significant overall difference between adult and aged con-

Ž .trol groups Ps0.0001 as well as between aged control

Ž .and aged atipamezole treated groups Ps0.001 . During
Ž .the repeated trials 1–10 , the aged control animals needed

more time per trial to complete the task than the atipame-
Ž .zole treated aged animals Ps0.0001 or the adult control

Ž .animals Ps0.0001 . The time also decreased from trial
to trial in all the groups, but there was not a statistical

winteraction between the group and trial effects group:
Ž . Ž .F 2,27 s38.65, Ps0.0001; trial: F 9,243 s22.72, P

Ž . xs0.0001; interaction: F 18,243 s0.76, P)0.7 .
Ž .The speed of arm visits Fig. 1D , i.e., the behavioural

activity of rats, increased slightly from the teaching trial to
trial 1 in all the groups showing no interaction between the

w Ž .group and repetition effects group: F 2,27 s15.81, Ps
Ž .0.0001; trial: F 1.27 s 5.79, P s 0.02; interaction:

Ž . xF 2,27 s1.26, P)0.3 . The progression in speed from a
teaching trial to trial 1 was significant between the adult

Ž .and aged controls Ps0.0001 , as well as between the
Ž .aged control and atipamezole groups Ps0.01 . The anal-

ysis of speed in the repeated trials by RM ANOVA
revealed significant overall group and repetition effects

w Ž .and no interaction between them group: F 2,27 s25.66,
Ž .Ps0.0001; trial: F 9,243 s7.35, Ps0.0001; interac-

Ž . xtion: F 18,243 s1.31, Ps0.18 . The difference in speed
was significant between the aged control and aged ati-

Ž .pamezole treated groups Ps0.002 as well as between
Ž .the aged and adult control groups Ps0.0001 .

3.2. Rat brain neurochemistry

The ChAt activities in the frontal cortex and hippocam-
pus of the rats tested in the linear arm maze are presented
in Table 1. The frontocortical ChAt activity was somewhat
lower in the aged rats as compared to the adult rats. The
difference was significant in the control groups, and it

Table 2
Ž . Ž . Ž .The effect of atipamezole 0.3 mgrkg s.c. on the levels, including the main metabolites, nmolrg and the turnover rate of noradrenaline NA ,

Ž . Ž .5-hydroxytryptamine 5-HT and dopamine DA in the brains of adult and aged rats 3 h after treatment
The results are expressed as mean"S.E.M., ns5 in the groups of adult rats and 4 in the groups of aged rats. ANOVA was followed by the Fisher’s
PLSD test.

Ager NA MHPG MHPG 5-HT 5-HIAA 5-HIAAr DA HVA HVAr
treatment –SO –SO rNA 5-HT DA4 4

Adultr 3.48"0.16 0.42"0.02 0.12"0.01 2.59"0.05 1.54"0.02 0.60"0.02 5.69"0.03 0.42"0.02 0.074"0.003
control

a a aAdultr 3.20"0.07 0.53"0.02 0.16"0.01 2.45"0.07 1.63"0.02 0.67"0.02 5.92"0.06 0.46"0.02 0.077"0.005
atipamezole

b b b bAgedr 3.53"0.08 0.44"0.01 0.12"0.01 2.93"0.01 1.77"0.05 0.60"0.02 5.55"0.08 0.32"0.01 0.058"0.002
control

a,c a,c c a a,c c a aAgedr 3.45"0.03 0.72"0.03 0.21"0.01 2.78"0.05 2.18"0.16 0.79"0.06 5.66"0.1 0.40"0.03 0.072"0.005
atipamezole

ANOVA
Fs 2.13 37.64 38.81 15.4 14.17 7.39 5.13 6.93 3.89
P- 0.2 0.0001 0.0001 0.0001 0.001 0.01 0.05 0.01 0.05

a Ž .Refers to significant difference P-0.05 atipamezole group from the corresponding age control group.
b Ž .Refers to significant difference between adult and aged control groups P-0.05 .
c Ž .Refers to significant difference between adult and aged atipamezole treated groups P-0.05 .
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approached significance between the adult control and the
Ž .aged atipamezole treated groups P-0.06 . In the hip-

pocampus, there was no difference in ChAt activities
between the group of rats.

Ž .The effects of atipamezole after an acute 0.3 mgrkg
injection on central monoamine metabolism in adult and
aged rats are shown in Table 2. There were no apparent
age associated differences in the metabolism of noradrena-
line between the control groups. The administration of
atipamezole increased the amount of MHPG–SO in the4

Ž . Ž .brain of adult 26%, P-0.01 and aged 63%, P-0.001
rats. This effect was significantly higher in the aged rats

Ž .than in the adult rats P-0.001 . The 5-HT and 5-HIAA
levels were significantly higher in the aged control rats as
compared to the adult control group, but there was no

Ž .difference in the basal turnover rate 5-HIAAr5-HT ratio
between the control groups. The injection of atipamezole
did not have any effects in the adult group, but caused a

Ž .marked elevation P-0.01 in the 5-HIAAr5-HT ratio in
the aged group. The dopamine level was slightly reduced,

Ž . Ž .and HVA P-0.01 and HVArdopamine ratio P-0.05
were significantly lower in the aged control group as
compared to the adult control group. Atipamezole had a
modest effect on the central dopamine metabolism in the
adult rats, whereas it caused a significant increase in the
levels of dopamine and HVA as well as in HVArdopa-

Ž .mine ratio P-0.05 for all in the aged rats.

4. Discussion

The primary objective of the present study was to
investigate the effects of the specific a -adrenoceptor2

antagonist, atipamezole, on the cognitive performance of
aged rats. Secondly, its influence on the central monoamine
metabolism was also assessed in order to evaluate possible
age related alterations in the effects of atipamezole on
brain neurochemistry.

The performance of the adult control F-344 rats in the
linear-arm maze test in the present study is in general
agreement with the performance of adult Sprague–Dawley

Ž .control rats assessed previously Haapalinna et al., 1998 ,
i.e., there was a slight or no improvement from the teach-
ing trial to trial 1, but there was a consistent improvement
in their performance during the repeated trials. In the
present study, aged F-344 rats showed a clear decline in
their performance in the linear-arm maze task, and this
inferiority to the adult rats was seen already in the teaching
trial, especially in the number of repetition entries and in
the time needed to complete the task. In the repeated trials,
there was a highly significant difference between the adult
and aged rats in all the variables measured. This is in
accordance with other studies, where the cognitive perfor-
mance of F-344 rats at ages of 4–5 months and 22–25
months have been compared in tests such as the radial-arm

Ž . Žmaze Luine et al., 1990 , Morris water maze Yavich et

. Žal., 1996 or inhibitory avoidance task Collier et al.,
.1987 .

In the previous study with adult Sprague–Dawley rats,
where atipamezole improved their performance in a linear-
arm maze test, the most clear-cut effect of atipamezole was
obtained between the teaching trial and the first proper test
trial. In the repeated trials, the improvement by atipame-
zole was less profound, because of the good performance

Ž . Žlevel of the adult control rats ceiling effect Haapalinna
.et al., 1998 . In the present study, the facilitation of

performance induced by atipamezole treatment in the aged
rats was less pronounced during the transition from the
teaching trial to trial 1. However, the reduction in the
number of repetition entries from the teaching trial to trial
1 approached significance only in the atipamezole group.
Importantly enough, atipamezole treatment shortened sig-
nificantly the time needed to complete the task in aged
animals, as compared to the aged control rats, from a
teaching trial to trial 1. In the repeated trials, although the
aged control animals improved their performance, atipame-
zole-treated aged animals maintained at better performance
level both in the terms of the number of errors committed
and the time needed to complete this task. Their be-
havioural activity as expressed in the speed of arm visits
was higher than in the aged control group, even though it
was still lower than that of the adult control group. In the
repeated trials, the number of correct choices was in-
creased in all the groups, but there was no significant
difference between the atipamezole treated and the control
aged rats. The effect of age on this variable, though it was
significant, was not, however, as clear as on the other
variables of maze performance measured.

Interestingly, these results are different from those ob-
Ž .tained with idazoxan 1 mgrkg s.c. in aged rats perform-

Ž .ing a radial arm maze task Dickinson et al., 1989 . Those
authors reported that idazoxan improved the performance

Žof young rats decreasing the number of errors and time
.used , but it failed to show a reduction in the number of

errors committed by aged rats. It was also reported that the
improvement in time needed to complete the task over
repeated trials was due to a significant impairment caused
by idazoxan in the first training trial. It is difficult to make
comparisons between results obtained in different tests
with different rat strains, but one major difference is that
we did not observe any impairment in the performance of
atipamezole treated aged rats in the teaching trial. Differ-
ences in the habituation protocols could be an important
factor between the studies.

Studies on the age related changes in the cholinergic
markers of a rodent brain have resulted in contradictory
results, partly due to differences in brain sampling as well

Ž .as the strain, sex and age of cohorts Decker, 1987 . In the
present study, the aged male F-344 rats studied in the
linear-arm maze test had a lower level of ChAt activity in
the frontal cortex, but not in the hippocampus, as com-
pared to the adult rats. Even though ChAt is not the
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rate-limiting step in the synthesis of acetylcholine, the
decreased activity indicates that the basalo-cortical cholin-
ergic system is affected in this model. This is in accor-
dance with previous studies reporting both neurochemical
and histological evidence for age-related cholinergic dys-

Ž .function in the F-344 rats see Schwartz et al., 1990 . The
causality between the decreased frontocortical ChAt activ-
ity and the performance deficits in the linear-maze task is,
of course, unclear. However, the recent pertinent studies in
rats have revealed that a selective lesion of the nucleus
basalis, which decreased neocortical ChAt activity, failed
to affect performance in various tests of learning and
memory, but it did cause deficits in a 5-choice serial
reaction time task, that measures sustained, selective and

Ž .divided attention Robbins et al., 1997 . One intriguing
interpretation is that the age associated performance deficits
seen in the linear-arm maze task were partially due to the
dysfunction of attention mechanisms such as response
selection, rather than spatial memory deficit per se. Inter-
estingly, the effect of ageing on the number of correct
choices was not as clear as on the other variables of the
maze performance and the effect of atipamezole on it was
not statistically significant. Thus, it is possible that the
number of correct choices is an indicator for spatial learn-
ing that is dependent on normally functioning hippocam-
pus. Atipamezole and other a -adrenoceptor antagonists2

have been found to enhance acetylcholine release in the
Ž .prefrontal cortex of adult rats Tellez et al., 1997 . Thus,

these drugs may be effective to diminish performance
deficits caused by a cortical cholinergic dysfunction. How-
ever, age-related changes in various other neurotransmitter
systems as well have been reported to occur in F-344 rat

Žbrain Buzsaki et al., 1990; Luine et al., 1990; Friedemann´
.and Gerhardt, 1992 .

Interestingly enough, the number and function of brain
a -adrenoceptors may be altered during ageing both in the2

Žcentral nervous system of rodents and primates Qi and
Nomura, 1988; Gelbman and Muller, 1990; Kalaria and¨

.Andorn, 1991; Pascual et al., 1991; Zsilla et al., 1997 . In
a study with isolated hearts from F-344 rats at various
ages, it was found that the activity of extraneuronal uptake
mechanism for noradrenaline increased and a -adrenocep-2

tor-mediated autoregulation of noradrenaline decreased
Ž .with age Daly et al., 1989 . On the other hand, age-related

changes in peripheral noradrenergic system can be differ-
ent from those in the central noradrenergic system. For
example, a decrease in noradrenaline content was found in
the heart of aged rats, and an increase in the levels of

Žhippocampal noradrenaline in those subjects Sirvio et al.,¨
.1994 . However, an a -adrenoceptor antagonist was found2

to stimulate noradrenaline release from hippocampal slices
taken from rats of ages four and 12 months, but not from

Žthe slices taken from rats of 24 months age Zsilla et al.,
.1997 . Here, we studied the possible effects of ageing on

the ability of atipamezole to stimulate central noradrena-
line release in vivo. The effect of an acute atipamezole

injection on brain neurochemistry in the adult F-344 rats is
in a general agreement with the previous results obtained

Ž .with adult Sprague–Dawley Haapalinna et al., 1997 and
Ž .Wistar rats Scheinin et al., 1988 , since there was a

significant increase in MHPG–SO level and noradrena-4

line turnover rate as well as a trend for increased 5-HT and
dopamine turnover rates. There was no difference in the
whole brain levels of noradrenaline and MHPG–SO be-4

tween adult and aged control rats. Interestingly, atipame-
zole increased noradrenaline turnover significantly more in
the aged than in adult rats. Although the activity and
number of noradrenergic neurones in the locus coeruleus
have been reported to decline during ageing in rodents,
there are reports that in the terminal fields, like in the
frontal cortex and hippocampus, there is no change or even

Žan increase in noradrenergic activity see Sirvio et al.,¨
.1994 . There are also contradictory findings with aged

ŽF-344 rats MacIntosh and Westfall, 1987; Luine et al.,
.1990 . Although, the measurement of whole brain trans-

mitter changes is not valid for studying the effect of ageing
on the regional transmitter status or on the role of a -2

adrenoceptors for local transmitter release, the present
study indicated that atipamezole clearly stimulated the
release of central noradrenaline also in the aged rats in
vivo.

Bearing in mind the limitations in measuring whole
brain transmitter levels, it is still interesting to note the
increased 5-HT and 5-HIAA levels in aged control rats,
which were not, however, reflected as a change in 5-HT
turnover. This is in line with the previous studies on the
5-HT and 5-HIAA levels in various brain regions of aged

Ž .rodents Luine et al., 1990; McEntee and Crook, 1991 . As
atipamezole accentuated the age related increase in the
levels of serotonin metabolite, the improvement in cogni-
tive performance by atipamezole may not be due to its
effect of 5-HT system since the enhanced serotonergic
activity may be detrimental to cognitive functions during

Ž .ageing McEntee and Crook, 1991 .
With respect to the dopaminergic system, a decrease in

the whole brain dopamine and HVA levels as well as in
dopamine turnover was observed in aged rats. This sup-
ports the findings of previous reports in various species
showing that the central dopaminergic system is affected

Ž .by ageing see Decker and McGaugh, 1991 , including
ŽF-344 rats Buzsaki et al., 1990; Luine et al., 1990;´

.Friedemann and Gerhardt, 1992 . Atipamezole enhanced
dopamine transmission in aged rats to the level obtained in
adult rats. The same dose increased behavioural activation,

Ž .most clearly seen as slightly increased speed arm visitsrs
in the linear arm maze test. This is in accordance with the
role of dopamine in the modulation of decision making
and locomotor functions.

The present studies do not allow us to specify the cause
for a more potent effect of atipamezole on monoamine
metabolism in aged rats. It is possible that the metabolism
andror distribution volume of atipamezole is altered due
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to ageing, resulting in higher concentrations of atipamezole
in the brains of aged than adult rats. As the effect of
atipamezole on central noradrenaline turnover has been

Žfound to be dose dependent Scheinin et al., 1988; Haa-
.palinna et al., 1997 , age -elated alterations in the pharma-

cokinetics of atipamezole may account for the more pro-
found stimulation of central noradrenaline turnover in aged
rats. However, it is noteworthy that atipamezole caused a
significant increase in the central 5-HT and dopamine
turnover rate only in the aged rats. In previous studies,
atipamezole did not significantly increase 5-HT and

Ž .dopamine turnover even at a high dose 10 mgrkg s.c.
Ž .Haapalinna et al., 1997 or after a continuous infusion
Ž .0.1 mgrkg h for 24 hours or 10 days in adult rats
Ž .Haapalinna et al., 1999 . Therefore, there may also be age
related alterations in the pharmacodynamic effects of ati-
pamezole. The interactions between neurotransmitter sys-
tems should not be underestimated. For example, it has
been reported that the effect of noradrenaline on acetyl-
choline release in the frontal cortex of rat is a net result
from multiple interactions between various neurotrans-

Ž .mitters and their receptors Beani et al., 1986 . Moreover,
a lesion of the serotonergic system is reported to prevent
the stimulatory effect of idazoxan on dopamine release in

Ž .the frontal cortex Matsumoto et al., 1998 . Thus, the
age-related changes in the net effect of atipamezole on the
turnover of the monoamines found in the present study is
not necessarily explained by alterations at the level of
a -adrenoceptors per se.2

The present data may have some potential clinical
relevance. A recent study in patients with the dementia of
frontal lobe type, showed that idazoxan improved their
performance in the tests of planning, sustained attention,
verbal fluency and episodic memory, but impaired perfor-
mance in the test of spatial working memory. Thus, it was
suggested that a -adrenergic drugs may be effective in2

some cognitive deficits that are based on frontal lobe
Ž .dysfunction Coull et al., 1996 . Furthermore, the basalo-

cortical cholinergic system is affected in demented patients
Žwith Parkinson’s disease Sirvio et al., 1989; Jellinger,¨

.1999 . As a -adrenoceptor antagonists, including atipame-2

zole, have also anti-parkinsonian effects in the experimen-
Žtal models of Parkinson’s disease Leino et al., 1997;

.Chopin et al., 1999 , this type of drugs could be beneficial
in the palliative treatment of demented Parkinson’s disease
patients. It is also plausible that an a -adrenoceptor antag-2

onist could improve attentional functions in patients with
Alzheimer’s disease.

Taken as a whole, the present results showed that
atipamezole enhanced central noradrenergic activity both
in adult and aged rats, and it effectively improved perfor-
mance deficits in a relational learning and memory test
among the aged rats which had a cholinergic dysfunction
in the frontal cortex. Moreover, atipamezole enhanced
behavioural activity and dopamine turnover that were de-
creased in aged rats. These results strongly indicate that

some of the behavioural and neurochemical effects of
a -adrenoceptor antagonists can be preserved in the ageing2

brain. They also provides an impetus to test the hypothesis
that a -adrenoceptor antagonists could be used in the2

treatment of the cognitive deficits seen in Parkinson’s
Ž .disease Coull, 1996 .
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