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Abstract

Cluster analysis of water-maze reference-memory performances of 25–27-month-old (compared to 3–5-month-old) rats distinguished

subpopulations of young adult rats (YOUNG), aged rats with no significant impairment (AU), aged rats with moderate impairment (AMI),

and aged rats with severe impairment (ASI). In the frontoparietal cortex, we subsequently assessed the electrically evoked release of tritium in

slices preloaded with [3H]choline, [3H]noradrenaline (NA), or [3H]serotonin (5-HT) and the effects of an agonist (oxotremorine, UK 14,304,

and CP 93,129) of the respective autoreceptors. Cholinergic and monoaminergic markers were measured in homogenates. Overall, aged rats

exhibited reduced accumulation of [3H]choline (� 25%) and weaker evoked transmitter release (in % of accumulated tritium: � 44%,

� 20%, and � 34%, for [3H]acetylcholine, [3H]NA, and [3H]5-HT, respectively). In all rats, the inhibitory effects of the autoreceptor agonists

on the evoked release of [3H] were comparable. Acetylcholinesterase (AChE), not choline acetyltransferase (ChAT), activity was reduced.

The results suggest age-related modifications in the cholinergic, noradrenergic, and serotonergic innervation of the frontoparietal cortex,

alterations of evoked transmitter release, but no interference with presynaptic autoinhibition of the release. Neither of these alterations seemed

to account for the cognitive impairment assessed.
D 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Over the past three decades, an exponentially growing

number of investigations focused on the cognitive impair-

ments due to aging and on their possible neuropathological

substrates (e.g., Grady and Craik, 2000). Part of this

research concentrated on the relationship between memory

deficits and alterations of basal forebrain cholinergic func-

tions (e.g., Bartus et al., 1982; Bartus, 2000). Aged rodents,

like aged humans, also exhibit memory dysfunctions, as

demonstrated in a variety of learning tasks, particularly in

those placing emphasis on spatial memory (Barnes et al.,

1980; Ingram et al., 1981, 1994; Gage et al., 1984; Rapp

et al., 1987; Gallagher and Pelleymounter, 1988). Two
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major components of the basal forebrain cholinergic system

comprise the septo-hippocampal and basalo-cortical projec-

tion neurons. In the hippocampus of aged rats, there may be

several changes in receptor functions, as substantiated by

studies showing a reduced number or a functional alteration

of binding sites for galanin (Planas et al., 1998), serotonin

(5-HT; Gozlan et al., 1990; Nyakas et al., 1997), acetylchol-

ine (ACh; Sastry et al., 1983; Consolo et al., 1986; Amenta

et al., 1995; Aubert et al., 1995; Narang, 1995), and

noradrenaline (NA; e.g., Kalaria et al., 1989; Burnett et

al., 1990; Huguet and Tarrade, 1992). Such observations

also apply to cortical regions of aged rodents (e.g., Araujo

et al., 1990; Robson et al., 1993; Krzywkowski et al., 1994).

Part of the aforementioned binding sites may contribute to

the local regulation of synaptic and nonsynaptic neuro-

transmitter release in the hippocampus and the cortex, either

as autoreceptors (e.g., 5-HT1B receptors at serotonergic

terminals or M2 receptors at the cholinergic ones; Millan

et al., 2000) or as heteroreceptors (e.g., 5-HT1B receptors at

the cholinergic terminals; Vizi and Kiss, 1998).
ed.
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In a recent study, we investigated the presynaptic status of

cholinergic, noradrenergic, and serotonergic functions in the

hippocampus of aged rats exhibiting various degrees of

spatial reference-memory impairments in a Morris water

maze (Birthelmer et al., in press). The results suggested that

aging induced some modifications in the cholinergic and

serotonergic innervation of the hippocampus, altered the

evoked release of the corresponding transmitters, but did

not seem to interfere with presynaptic mechanisms involved

in the modulation of this release. Furthermore, when signific-

ant, these changes were most often comparable among all

aged rats, regardless of their level of performances in the

memory task (good, average, bad).

In the present study, we focused on the functional status of

the major target of the nucleus basalis magnocellularis,

namely, the frontoparietal cortex. This region was chosen

because (i) it is one of the loci where important age-related

alterations occur in rodents and humans, (ii) under some

circumstances (e.g., nonselective lesions) experimental dam-

age to the nucleus basalis magnocellularis induce cognitive

deficits in rodents (but see Galani et al., 2002 for detailed

discussion), (iii) age-related changes in autoreceptor-medi-

ated mechanisms modulating ACh, NA, and 5-HT release

have not been subject to numerous investigations yet. More-

over, in the few studies in which such mechanisms were

studied (e.g., Araujo et al., 1990; Zsilla et al., 1994; Hersi

et al., 1995), the findings on receptor functions were not

always brought back to the cognitive performances of the rats

and, as was the case for the hippocampus, most often, only

one transmitter system was considered. Therefore, using

essentially the same approach as in our recent study (Birth-

elmer et al., in press), we investigated and compared the

release, and its modulation by autoreceptors, of ACh, NA,

and 5-HT in slices prepared from the frontoparietal cortex of

aged rats (25–27 months). The aged rats were from a larger

population in which good, average, and bad performers could

be distinguished according to their performances in a Morris

water-maze reference-memory task. Rats aged of 3 months

were used as controls. We examined whether age altered (i)

the uptake of [3H]choline, [3H]NA, and [3H]5-HT, (ii) the

electrically evoked release of [3H]ACh, [3H]NA, and [3H]5-

HT, (iii) the modulation of the electrically evoked release of

[3H]ACh by the muscarinic agonist oxotremorine, of [3H]NA

by the a2 receptor agonist UK 14,304, and of [3H]5-HT by

the 5-HT1B agonist CP 93,129, and (iv) other neuronal

markers such as choline acetyltransferase (ChAT) or acetyl-

cholinesterase (AChE) activity, or the concentration of mono-

amines (NA, 5-HT, and dopamine [DA]).
2. Experimental procedures

2.1. Subjects

Eleven young adults (3–5 months) and 39 aged (25–27

months) Long–Evans female rats (R. Janvier, France) were
used (ages at the time of behavioral testing). The aged rats

were purchased when they were 3 months old. They were

housed in the laboratory in Makrolon cages (59� 38� 20

cm) in groups of six until the age of 24 months. Before

water-maze testing was started, they were placed three per

cage (42� 26� 15 cm; one adult rat with two aged rats, or

three aged rats). Food and water were available ad libitum.

The colony and the testing rooms were maintained on a 12-h

light/12-h dark cycle (lights on at 0700 h) under controlled

temperature (22 �C). The young rats arrived at the labor-

atory at the age of 2.5 months. They were housed in groups

of six during 2 weeks until being placed for water-maze

testing as described above. All procedures involving ani-

mals and their care were conducted in conformity with the

institutional guidelines that are in compliance with national

(council directive # 87848, October 19, 1987, Ministère de

l’Agriculture et de la Forêt, Service Vétérinaire de la Santé

et de la Protection Animales; permissions # 6212 to J.-C.C.;

A.L. under the responsibility of the former) and inter-

national (NIH publication no. 80-23, revised 1996) laws

and policies. All efforts were made to reduce the number of

subjects used to a minimum regarding statistical constraints

and to minimize suffering throughout the experiments.

2.2. Morris water-maze test

The water maze consisted of a circular pool (diameter 160

cm; height 60 cm) filled to half its height with water (20 �C)
made opaque by addition of powdered milk. The experi-

mental room contained different extra-maze cues, and the

illumination was provided by a neon light placed 1.80 m

above the center of the pool. Each rat was tested for 5 days

and given four consecutive trials per day. For each trial, the rat

was placed in the pool, facing the wall at a randomly designed

starting point from where it was released. A maximum of 60 s

was given to reach a transparent circular platform (diameter

11 cm) submerged 1 cm underneath the water surface at a

constant position. When the rat had climbed onto the plat-

form, it was left there for 10 s before being removed and

placed on the next starting point. If the rat did not find the

platform on time, it was placed on the platform for 10 s by the

experimenter. Swim paths were recorded using a video

camera connected to a tracking system (Ethovision, Noldus,

The Netherlands). The time needed by the rat to reach the

platform (latency) as well as the distance swum during each

trial were recorded and taken into account for statistical

analysis. Twenty-four hours after the last testing day, the

platformwas removed, and all rats were given a probe trial for

60 s. The time spent in the quadrant where the platform was

located over the acquisition trials was recorded.

2.3. Dissection of the cortex

Two to eight weeks after completion of water-maze

testing, the rats were sacrificed by decapitation, their brains

quickly removed, and two bands of frontoparietal cortex
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were dissected free from the other proximal brain regions

(anterior limits were at about + 2.2 mm, posterior limits at

about � 0.8 mm, and lateral limits at about 6 mm depth;

coordinates from Bregma according to Paxinos and Watson,

1986). A small tissue band (about 0.5 mm thickness in the

antero-posterior plan) was separated on the rostral border of

the cortex pieces and homogenized in 1 ml 0.32 M sucrose

(in 2.5 mM HEPES, pH 7.4) in a Potter Elvehjem glass/

Teflon homogenizer (eight strokes at 500 rpm). Homoge-

nates were also prepared from the dorsal hippocampus and

from the striatum. From these crude homogenates, the

following aliquots were prepared and stored at � 80 �C
until neurochemical determinations (see below): a 20-ml
sample (diluted with 180 ml 0.1N NaOH) for measurement

of protein according to Lowry et al. (1951), two 100-ml
aliquots for determination of ChAT and AChE activity,

respectively, and a mixture of 300 ml crude homogenate with

300 ml 0.2N HClO4 (containing 250 mg Na2SO3 and 200 mg

Na2EDTA per liter) for determination of NA, dihydroxyphe-

nylacetic acid (DOPAC), DA, 5-hydroxyindole acetic acid

(5-HIAA), and 5-HT concentration by HPLC.

2.4. Accumulation of [3H]choline, [3H]noradrenaline, and

[3H]serotonin and evoked release of tritium in cortical

slices

The cortical tissue pieces from each brain side were cut

in 350-mm slices (perpendicular to the medio-lateral axis)

using a McIlwain tissue chopper. The slices were distributed

to three petri dishes containing 2 ml Krebs–Henseleit (KH)

buffer each with either [3H]choline (0.1 mM for ACh release

experiments), [3H]NA (0.1 mM for NA release experiments),

or [3H]5-HT (0.1 mM for 5-HT release experiments) and

incubated for 45 min at 37 �C under carbogen. The KH

solution had the following composition (in mM): NaCl, 118;

KCl, 4.8; CaCl2, 1.3; MgSO4, 1.2; NaHCO3, 25; KH2PO4,

1.2; glucose, 10; ascorbic acid, 0.6; Na2EDTA, 0.03; satu-

rated with carbogen, pH adjusted to 7.4.

After incubation and several washing steps, slices pre-

loaded with [3H]choline, [3H]NA, or [3H]5-HT were trans-

ferred into superfusion chambers (12 chambers per

superfusion apparatus, one slice per chamber) and super-

fused with oxygenated KH buffer (37 �C) at a rate of 1.2 ml/

min. The superfusion medium was supplemented routinely

with hemicholinium-3 (10 mM) for [3H]ACh release experi-

ments, desipramine (1 mM) for [3H]NA release experiments,

and 6-nitroquipazine (1 mM) for [3H]5-HT release experi-

ments. An electrical field stimulation (rectangular, 18 pulses,

3 Hz, 4 V/chamber, 26–30 mA) was applied 15 min after

beginning of the superfusion. Fractions (2 min) to be

measured were collected from 30 min of superfusion

onwards. The release of [3H]ACh, [3H]NA, and [3H]5-HT,

respectively, was induced by three periods of electrical field

stimulations (90 rectangular pulses at 3 Hz, 2 ms, 8 V/

chamber, 52–60 mA) after 34 (S1), 50 (S2), and 66 min (S3)

of superfusion. Drugs to be tested were added to the super-
fusion medium of some chambers from 8 min before the

second and the third stimulation onwards. Oxotremorine (0.1

and 1 mM), UK 14,304 (0.01 and 0.1 mM), or CP 93,129

(0.0316 and 0.316 mM) were applied to slices preloaded with

[3H]choline, [3H]NA, or [3H]5-HT, respectively. At the end

of the experiment (after 74 min of superfusion), the radio-

activity of superfusate samples and slices (dissolved in 250

ml Solvable, Packard, Frankfurt, Germany) was determined

by liquid scintillation counting. The ‘fractional rate of tritium

outflow’ (in percent of tissue tritium per 2 min) was

calculated as: (picomoles tritium outflow per 2 min)� 100/

(picomoles tritium in the slice at the start of the correspond-

ing 2-min period). The ‘baseline tritium outflow’ in the

fraction preceding S1 is given either in absolute terms (nCi

[3H]outflow) or in relative terms (‘fractional rate of tritium

outflow per 2 min’). The ‘stimulation-evoked overflow of

tritium’ was calculated by subtraction of the baseline outflow

and is shown either in absolute terms (nCi [3H]overflow) or

in relative terms (in percent of the tritium content of the slice

at the onset of the respective stimulation period). Effects of

drugs added before S2 and S3 were determined as the ratio of

the overflow evoked by the corresponding stimulation period

(S2/S1 or S3/S1) and compared to the appropriate control ratio

(no drug addition before S2 and S3).

2.5. HPLC determination of the concentration of mono-

amines

Tissue concentrations of DA, DOPAC, 5-HT, 5-HIAA,

and NA were determined by HPLC with electrochemical

detection. Following thawing, the samples (see above) were

centrifuged (10 min at 17,000� g; 4 �C) and the super-

natants filtered using Millex-GV4 (0.22 mm; Millipore,

Eschborn, Germany) filters. Twenty microliters of the fil-

trated supernatants was injected onto a reversed-phase HPLC

column (Luna 5 mm C8; 250� 4.6-mm column; Cat. No.

OOG-4040-EO; Phenomenex, Aschaffenburg, Germany),

and separation was performed at 30 �C at a flow of 1 ml/

min (pump model 480, Gynkotek, München, Germany). The

mobile phase had the following composition (per liter): 3.9 g

sodium acetate, 4.0 g citric acid (monohydrate), 114 mg 1-

octanesulfonic acid (sodium salt), 35.7 mg Na2EDTA, 138.1

ml methanol, and 7.15 ml ethanol (pH adjusted to 4.2 with

acetic acid). The amounts of the monoamines and some of

their metabolites were determined using the electrochemical

detector INTRO (Antec, Leyden, The Netherlands) set at 600

mV (at 30 �C) and a standard calibration curve. The

detection limits were as follows (retention times in par-

enthesis): 1.0 pg for NA (5.4 min), 1.5 pg for DOPAC (8.0

min), 1.3 pg for DA (9.6 min), 1.5 pg for 5-HIAA (12.2 min),

and 1.6 pg for 5-HT (19.2 min).

2.6. Determination of choline acetyltransferase activity

ChAT activity of the crude homogenate samples (see

above) was determined according to Fonnum (1975) with
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modifications. In brief, 100 ml of the crude homogenate

was diluted with 100 ml (hippocampus and cortex) or 600

ml (striatum) of a freshly prepared medium containing 0.32

M sucrose, 129 mM NaCl, 88 mM NaH2PO4, 2.5 mM

HEPES, 0.9 mM EGTA, 0.9 mM Na2EDTA, 179 mM
physostigmine, and 0.45% Triton-X100. Twelve microliters

of this mixture (all samples in triplicates) was added to 6

ml of choline bromide (32 mM). The incubation was

started by the addition of 6 ml of [14C]acetyl-coenzyme

A (50 nCi/assay; 0.227 mM final concentration) and

vigorous mixing. After 20 min at 37 �C, 20 ml of the

mixture was pipetted into a mixture of 5 ml sodium

phosphate buffer (10 mM; pH 7.4) with 2 ml sodium

tetraphenylborate in acetonitrile (5 mg/ml). From this

mixture, the newly formed [14C]ACh was extracted by

careful shaking with 10 ml of toluene scintillator. Follow-

ing separation of the aqueous from the organic phase, the

samples were directly counted by LSC. In order to correct

for nonspecific effects, in each case, two samples were run

at 0 �C.

2.7. Determination of acetylcholinesterase activity

AChE activity of the crude homogenate samples (see

above) was determined by the method of Ellman et al.

(1961) using a 96-well microplate reader modification

described by Ashour et al. (1987). In brief, 6 ml of the

crude homogenate (all determinations in triplicates) per

well was mixed with 290 ml of sodium phosphate buffer

(50 mM; pH 7.4) containing 0.01% 5,50-dithio-bis-(2-nitro-

benzoic acid). The reaction was started by addition of 6 ml
of acetylthiocholine iodide (500 mM, in 50 mM sodium

phosphate buffer pH 7.4). The optical density of the wells

was determined at 0, 10, 20, 30, and 60 min using a Dynex

MRX microplate reader at 405 nm. The enzymatic forma-

tion of the yellow reaction product was always linear, at

least up to 30 min. Moreover, the enzymatic activity of

each sample was also determined in the presence of either

10 mM ethopropazine, 10 mM galanthamine, or 10 mM
physostigmine, in order to differentiate between actylcho-

linesterase and butyrylcholinesterase activities. Cholinester-

ase activities (in nmoles/mg protein/min) were calculated

from the absorption changes per minute according to the

formula given by Ellman et al. (1961) using the molar

absorption coefficient of the yellow reaction product at

412 nm.

2.8. Statistical analysis

Reference-memory performances were compared among

groups of young and aged rats, using a repeated-measures

ANOVA on average distances corrected according to

Lindner (1997). The corresponding effect is termed ‘‘Age

effect’’ hereafter. To further analyze the data, a statistical

distinction between different subpopulations of rats was

made according to the cluster-analysis procedure analogous
to that described by Ghirardi et al. (1992). The corres-

ponding effect is termed the ‘‘Subpopulation effect’’ here-

after. The entire population of rats (young + aged) was

subdivided into three clusters. Cluster 1 included all young

adult rats (YOUNG) and 10 aged rats that showed the best

performances (AU). Two of the aged and three of the

young adult rats, respectively, were discarded on a random

basis in order to reduce the sample sizes to eight. Cluster 2

(n = 13) included aged rats with moderate impairment

(AMI). From this second cluster, five rats were discarded

on a random basis in order to reduce the sample size from

13 to 8. Cluster 3 (n = 16) included aged rats with severe

impairment (ASI); the group size was also reduced to

eight. The discarded rats were not used in the present

series of neuropharmacological experiments. Analysis of

all other data also used ANOVA with consideration of

factors Subpopulation, Drug, and Concentration that were

combined or not according to the analysis required.

Because young rats were also included in the cluster

analysis, it is noteworthy that the aforementioned Subpo-

pulation effect does not only refer to the three subgroups of

aged rats, but to all subgroups, including that of young

rats. Concerning the analysis of the drug effects, it is worth

emphasizing that each stimulation in the presence of a

given drug at a given concentration had its own control

condition. Therefore, to analyze the Drug effects, we used

an Age (YOUNG, Aged) or Subpopulation (YOUNG, AU,

AMI, ASI)�Drug (Control, Active compound)�Con-

centration (e.g., 0.1 mM, 1 mM) design, the concentration

being the independent variable (repeated measure, as the

effects of both concentrations were tested on the same

slice). It is also highlighted that before being analyzed,

data obtained from different slices from the same rat were

averaged to generate a single value per rat. When appro-

priate, 2� 2 comparisons used a Newman–Keuls test.

Where relevant, Spearman correlations or multiple regres-

sion analyses were computed without consideration of the

data from the young rats.

2.9. Chemicals and drugs

Chemicals and drugs were obtained from the following

sources, [1-14C]-acetyl-coenzyme A (52 mCi/mmol) and

[methyl-3H]choline chloride (79 Ci/mmol) were from

Amersham-Pharmacia, Braunschweig, Germany; 5-

[1,2-3H(N)]hydroxytryptamine creatinine sulfate ([3H]5-

HT, 25.5 Ci/mmol) and [3H]norepinephrine (56.4 Ci/

mmol) from NEN Life Sciences, Frankfurt, Germany;

hemicholinium-3 from Chemcon, Freiburg, Germany;

oxotremorine sesquifumarate from Sigma-Aldrich, Stein-

heim, Germany; 3-(1,2,5,6-tetrahydropyrid-4-yl)pyr-

rollo[3,2-b]pyrid-5-one (CP 93,129) from Dr. Pagani,

Pfizer, Groton, USA; 6-nitro-2-(1-piperazinyl)-quinoline

from RBI, Biotrend, Köln, Germany; 5-bromo-6-(2-imi-

dazolin-2-ylamino)-quinoxaline tartrate (UK 14;304) from

Pfizer, Sandwich, Kent, UK.
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3. Results

3.1. Morris water maze

Data are shown in Fig. 1. When all aged rats were con-

sidered a single population, ANOVA of distances swum

showed significant Age [F(1,30) = 11.6, P < .002] and Day

[F(4,120) = 28.7, P < .001] effects, and a significant Age�
Day interaction [F(4,120) = 4.09, P < .01]. The Age effect

was due to distances that were significantly longer in all

aged as compared to the young rats. The Day effect reflected

a decrease of the path length, which was significant from 1

day to the next one (P < .001, for all comparisons). The

interaction was due to the fact that in aged rats, the

improvement of performances over days was progressive,

as opposed to a sharper change in YOUNG rats from day 2

to day 3. ANOVA of the latencies (not illustrated) yielded a

comparable picture, in which the same effects and the same

differences were significant.
Fig. 1. (A) Average distance to the platform (mean + S.E.M.) in daily blocks

of four-trial sessions recorded during the acquisition phase of the water

maze in young adult (YOUNG), aged unimpaired (AU), aged moderately

impaired (AMI), and aged severely impaired (ASI) rats. The interrupted line

shows the average performances of all aged rats. (B) Average time

(mean + S.E.M.) spent in the training quadrant (Q3) during the first 30 s of

the probe trial. Statistics: * significantly different from YOUNG, P < .05

(only shown for the probe-trial performances).
When the analysis considered the young rats and the

three subpopulations of aged rats separately, it showed

significant Subpopulation [F(3,28) = 149.4, P < .001] and

Day [F(4,112) = 33.3, P < .001] effects, as well as a sig-

nificant Subpopulation�Day interaction [F(12,112) = 4.52,

P < .001] on the distances. The Subgroup effect was due to a

significantly longer distance in AMI and ASI rats as com-

pared to YOUNG or AU rats (P < .001 in each case), but

also to a significantly longer distance in ASI rats as

compared to AMI rats (P < .001). The difference between

YOUNG and AU was not significant. The Day effect was

due to overall distances, which decreased significantly from

1 day to the next day (P < .05, at least). Finally, the

interaction can be interpreted as reflecting a between-day

shortening of the path lengths, which was rapid in YOUNG

and AU rats, slower in AMI rats, and almost absent in ASI

rats. ANOVA of the latencies (not illustrated) yielded a

comparable picture in which the same effects and the same

differences were significant.

Finally, ANOVA of the probe trial performances showed

a significant Age effect [F (1,30) = 15.4, P < .001], due to

the fact that aged rats spent less time in the probe quadrant

than their younger counterparts. Consideration of the dif-

ferent subpopulations showed a significant Subpopulation

effect [F(3,28) = 5.5, P < .01], which can be explained as

follows: performances of YOUNG rats were significantly

better than in AU, AMI, and ASI rats (P < .01, at least), but

the difference between AU, AMI, and ASI rats was not

significant. It is, however, noteworthy that when the dis-

tance to reach the virtual platform location for the first

time was considered, we found the following average

values: YOUNG 281.6 ± 52.8, AU 568.1 ± 158.0, AMI

866.2 ± 135.5, and ASI 1070.0 ± 152.3 (all values in centi-

meters). Statistical analysis showed that the difference

between YOUNG and AU rats was significant, that YOUNG

rats performed significantly better than AMI and ASI rats,

and that AU rats were significantly better than ASI rats

(P < .05 in each case).

3.2. Accumulation of [3H]choline, [3H]noradrenaline, and

[3H]serotonin in cortical slices

In order to simplify the presentation of all analyses,

the Age effect will be presented briefly, and the Sub-

population effect will be considered more extensively

hereafter.

Data are shown in Fig. 2. ANOVA of the [3H]choline

accumulation (Fig. 2A) showed a significant Age effect

[F(1,30) = 17.4, P < .001], the accumulation being reduced

by 25% in all aged rats as compared to their young counter-

parts. When analysis considered the four populations, there

was a Subpopulation effect [F(3,28) = 6.2, P < .01] that was

due to a significant reduction of the values found in AU,

AMI, and ASI rats as compared to their younger counterparts

(P < .001). The difference amongst accumulation values

found in AU, AMI, and ASI rats was not significant.



Fig. 2. Accumulation of (A) [3H]choline, (B) [3H]NA, and (C) [3H]5-HT

(average + S.E.M., in pmol/slice) in slices prepared from the frontoparietal

cortex of young adult (YOUNG), aged unimpaired (AU), aged moderately

impaired (AMI), and aged severely impaired (ASI) rats. Statistics:

* significantly different from YOUNG, P < .05. There were eight rats per

group and seven to eight slices per rat.
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ANOVA of the [3H]NA accumulation (Fig. 2B) showed

no significant Age effect [F(1,30) = 2.4]. In addition, there

was no significant Subpopulation effect [F(3,28) = 2.4].

ANOVA of the [3H]5-HT accumulation (Fig. 2C) showed

a tendency towards a significant Age effect [F(1,30) = 3.3,

P < .10], the accumulation being reduced by 16% in the

aged rats. Consideration of the subpopulations showed no

significant Subpopulation effect [F(3,28) = 1.3].

3.3. Baseline outflow of tritium

Data are shown in Table 1. ANOVA of the baseline

outflow of [3H] in cortical slices preincubated with [3H]cho-

line showed a significant Age effect on only the absolute

release [F(1,30) = 6.4, P < .05]. Consideration of the sub-

populations failed to show a significant Subpopulation

effect on both the relative (%) and absolute (nCi) release

[F(3,28) = 1.1 and 2.1, respectively].

ANOVA of the baseline outflow in cortical slices

preincubated with [3H]NA showed no significant Age

effect on the relative [F(1,30) < 1.0] or absolute release

[F(1,30) = 1.8]. There was no significant Subpopulation

effect on either the absolute [F(3,28) < 1.0] or the relative

release [F(3,28) = 1.1].

ANOVA of the baseline outflow in cortical slices pre-

incubated with [3H]5-HT showed a significant Age effect on

the relative release [F(1,30) = 7.1, P < .05], but not on the

absolute release [F(1,30) < 1.0]; the relative release was

increased by 15% in the aged rats. There was a significant

Subpopulation effect on neither the relative nor the absolute

release [F(3,28) = 2.3 and 0.6, respectively].
Table 1

Relative (in percent of [3H] accumulation) and absolute (in nCi) baseline

outflows of tritium in frontoparietal cortical slices preincubated with

[3H]choline, [3H]NA, or [3H]5-HT

Variable Subpopulations

YOUNG (N = 8) AU (N = 8) AMI (N= 8) ASI (N = 8)

[3H] outflow in slices incubated with [3H]ACh

In percent of

accumulated

[3H]choline

1.40 ± 0.09 1.57 ± 0.09 1.47 ± 0.07 1.60 ± 0.09

In nCi 0.78 ± 0.03 0.63 ± 0.05 0.66 ± 0.02 0.65 ± 0.02

[3H] outflow in slices incubated with [3H]NA release

In percent of

accumulated

[3H]NA

0.94 ± 0.05 0.93 ± 0.04 0.90 ± 0.02 0.89 ± 0.03

In nCi 0.79 ± 0.07 0.67 ± 0.05 0.74 ± 0.03 0.73 ± 0.03

[3H] outflow in slices incubated with [3H]5-HT release

In percent of

accumulated

[3H]5-HT

1.77 ± 0.10 2.09 ± 0.15 2.03 ± 0.04 2.08 ± 0.06

In nCi 0.51 ± 0.04 0.47 ± 0.05 0.51 ± 0.04 0.52 ± 0.04

Data from slices of the frontoparietal cortex of young (YOUNG), aged

unimpaired (AU), aged moderately impaired (AMI), and aged severely

impaired (ASI) rats are shown.



Fig. 3. [3H]overflow evoked at S1 by electrical field stimulation in slices

prepared from the frontoparietal cortex and preincubated with (A)

[3H]choline, (B) [3H]NA, and (C) [3H]5-HT. Data are means ( + S.E.M.)

shown as either ‘absolute’ (in nCi; solid bars) or ‘relative’ (in percent of

accumulation; hatched greyish bars) release. Group abbreviations are as in

Fig. 2. Statistics: * significantly different from YOUNG, P < .05. Note that

values are given in nCi (filled bars) and percent of [3H] accumulation

(hatched bar) for each group in each bar graph. There were eight rats per

group and seven to eight slices per rat.
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3.4. Evoked overflow of tritium

Data are shown in Fig. 3. ANOVA of the electrically

evoked overflow of [3H]ACh (Fig. 3A) showed a significant

Age effect [relative release: F(1,30) = 11.4, P < .01; absolute

release: F(1,30) = 85.1, P < .001], the relative release being

reduced by 22% and the absolute one by 44% in the aged rats.

ANOVA of the evoked release of [3H]ACh in the subpopu-

lations also showed a significant Subpopulation effect on

both the relative and absolute release [F(3,28) = 5.3 and 28.5,

respectively, P < .01]. Concerning the relative release, the

effect was due to the fact that values in AMI andASI rats were

significantly lower than in YOUNG rats. Relative values in

AU rats tended to be significantly lower than in YOUNG rats

(P=.08). The differences between AU, AMI, and ASI rats

were not significant. On the absolute release, the effect was

due to significantly lower values in AU, AMI, and ASI rats as

compared to YOUNG rats ( P < .001). The difference

between AU, AMI, and ASI rats failed to be significant.

ANOVA of the electrically evoked overflow of [3H]NA

(Fig. 3B) showed a significant Age effect [relative release:

F(1,30) = 12.0, P < .01; absolute release: F(1,30) = 12.2,

P < .01], the relative release being reduced by 11% and

the absolute one by 20% in the aged rats. ANOVA of the

evoked release of [3H]NA in the subpopulations also

showed a significant Subpopulation effect on both the

relative (%) and absolute (nCi) release [F(3,28) = 3.8 and

4.8, respectively, P < .05]. Concerning the relative release,

this effect was due to significantly lower values in AU,

AMI, and ASI rats as compared to YOUNG rats (P < .05).

The difference between AU, AMI, and ASI rats was not

significant. The effect on the absolute release was due to

values that were significantly lower in AU, AMI, and ASI as

compared to YOUNG rats.

ANOVA of the electrically evoked overflow of [3H]5-HT

(Fig. 3C) showed a significant Age effect [relative release:

F(1,30) = 32.4, P < .001; absolute release: F(1,30) = 14.2,

P < .001], the relative release being reduced by 21% and

the absolute one by 34% in the aged rats. ANOVA of the

evoked release of [3H]5-HT in the subpopulations also

showed a significant Subpopulation effect on both the

relative (%) and absolute (nCi) release [F(3,28) = 11.9 and

4.6, respectively, P < .01]. Concerning the relative release,

this effect was due to significantly lower values in AU,

AMI, and ASI rats as compared to YOUNG rats (P < .001).

The difference between AU, AMI, and ASI rats was not

significant. The effect on the absolute release was due to

values that were significantly lower in AU, AMI, and ASI as

compared to YOUNG rats.

3.5. Effects of oxotremorine on electrically evoked release of

[3H]ACh

Data are shown in Fig. 4. ANOVA showed no significant

Age effect, but there was a significant overall effect of the

Drug [F(1,60) = 592.6, P < .001] and the Concentration
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Fig. 4. Effects of oxotremorine on the evoked [3H] overflow in slices

prepared from the frontoparietal cortex and preincubated with [3H]choline.

The effects of two concentrations of the drug on the evoked overflow of

[3H] are expressed as a percentage of the respective control ratios (no drug).

Group abbreviations are as in Fig. 2. Statistics: + significantly different

from control, P < .05 (no drug). There were eight rats per group and three to

four slices per rat.

Fig. 5. Effects of UK 14,304 on the evoked [3H] overflow in slices prepared

from the frontoparietal cortex and preincubated with [3H]NA. The effects of

two concentrations of the drug on the evoked overflow of [3H] are

expressed as a percentage of the respective control ratios (no drug). Group

abbreviations are as in Fig. 2. Statistics: + significantly different from

control, P < .05 (no drug). There were eight rats per group and three to four

slices per rat.
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[F(1,60) = 551.8, P < .001]. The only significant interaction

was between the Drug and Concentration factors [F(1,60) =

539.7, P < .001]; it reflected the concentration-dependent

decrease of the release induced by oxotremorine as compared

to the control conditions (� 23% and � 74% at 0.1 and 1 mM,

respectively). ANOVA of the electrically evoked overflow of

[3H]ACh under the different drug conditions in the four

subpopulations showed no significant Subpopulation effect

[F(3,56) < 1.0], but there were significant overall effects of

the Drug [F(1,56) = 781.9, P < .001] and of the Concentra-

tion [F(1,56) = 794.7, P < .001] factors, as well as a signific-

ant Drug�Concentration [ F(3,56) = 779.1, P < .001]

interaction. This interaction reflected the concentration-

dependent decrease of the release induced by oxotremorine

as compared to the control conditions.

3.6. Effects of UK 14,304 on electrically evoked release of

[3H]NA

Data are shown in Fig. 5. ANOVA showed no signific-

ant Age effect, but there was a significant effect of the

Drug [F(1,60) = 1174.7, P < .001] and the Concentration

[F(1,60) = 636.3, P < .001]. The only significant interaction

was between the Drug and Concentration factors [F(1,60) =

638.3, P < .001]; it reflected the concentration-dependent

decrease of the release induced by UK 14,304 as compared

to the control conditions (� 30% and � 59% at 0.01 and

0.1 mM, respectively). ANOVA of the electrically evoked

overflow of [3H]NA under the different drug conditions in

the four subpopulations showed no significant Subpopula-
tion effect [F(3,56) < 1.0], but there were significant overall

effects of the Drug [F(1,56) = 1526.3, P < .001] and of the

Concentration [F(1,56) = 858.3, P < .001] factors, as well as

a significant Drug�Concentration interaction [F(1,56) =

862.3, P < .001]. The Drug�Concentration interaction can

be interpreted as just mentioned for analysis of the Age

effect.

3.7. Effects of CP 93,129 on electrically evoked release of

[3H]5-HT

Data are shown in Fig. 6. ANOVA showed no signific-

ant Age effect, but there was a significant effect of the

Drug [F(1,60) = 312.1, P < .001] and the Concentration

[F(1,60) = 102.2, P < .001]. The only significant interaction

was between the Drug and Concentration factors [F(1,60) =

102.4, P < .001]; as for both other drugs, it reflected the

concentration-dependant decrease of the release induced by

CP 93,129 in comparison with the control conditions

(� 28% and � 55% at 0.0316 and 0.316 mM, respectively).

ANOVA of the electrically evoked overflow of [3H]5-HT

under the different drug conditions in the four subpopula-

tions showed no significant Subpopulation effect

[F(3,56) < 1.0], but there were significant overall effects

of the Drug [F(1,56) = 140.1, P < .001] and of the Concen-

tration [F(1,56) = 140.4, P < .001] factors, as well as a

significant Drug�Concentration interaction [F(1,224) =

145.8, P < .001], which can be interpreted as for the analysis

of the Age effect.



Table 2

Activity of ChAT (nmoles/mg protein/min) and of AChE (nmoles/mg

protein/min) under various assay conditions (without additional drugs or in

presence of ethopropazine, galanthamine, or physostigmine) in homoge-

nates prepared from the frontoparietal cortex, the hippocampus, or the

striatum of young (YOUNG), aged unimpaired (AU), aged moderately

impaired (AMI), and aged severely impaired (ASI) rats

Variable Subpopulations

YOUNG (N= 8) AU (N= 8) AMI (N= 8) ASI (N= 8)

ChAT activity

Cortex 0.36 ± 0.02 0.32 ± 0.01 0.33 ± 0.02 0.35 ± 0.03

Hippocampus 0.59 ± 0.02 0.56 ± 0.03 0.61 ± 0.04 0.62 ± 0.05

Striatum 0.31 ± 0.03 0.25 ± 0.02 0.24 ± 0.02 0.24 ± 0.02

AChE activity (no additional drugs)

Cortex 34.7 ± 1.8 28.2 ± 1.6 28.0 ± 1.6 31.8 ± 2.3

Hippocampus 46.1 ± 1.4 42.3 ± 4.4 45.0 ± 2.6 40.7 ± 5.03

Striatum 330.4 ± 24.5 288.1 ± 13.5 265.9 ± 13.0 264.4 ± 17.5

AChE activity ( + 10 �M ethopropazine)

Cortex 31.5 ± 1.8 26.2 ± 1.6 26.5 ± 1.2 29.4 ± 2.3

Hippocampus 44.2 ± 1.1 39.9 ± 3.9 41.2 ± 2.4 37.0 ± 4.6

Striatum 314.7 ± 21.8 260.9 ± 17.0 249.1 ± 13.5 242.3 ± 16.1

AChE activity ( + 10 �M galanthamine)

Cortex 2.9 ± 0.2# 2.3 ± 0.2# 2.1 ± 0.2# 3.3 ± 0.7#

Hippocampus 3.9 ± 0.1# 3.4 ± 0.4# 4.1 ± 0.3# 3.6 ± 0.6#

Striatum 17.6 ± 3.0# 8.7 ± 2.6# 11.7 ± 2.2# 11.0 ± 2.3#

AChE activity ( + 10 �M physostigmine)

Cortex 0.2 ± 0.04# 0.4 ± 0.03# 0.5 ± 0.05# 0.5 ± 0.04#

Hippocampus 0.7 ± 0.03# 0.6 ± 0.1# 0.7 ± 0.04# 0.6 ± 0.1#

Striatum 1.1 ± 0.4# 0.5 ± 0.3# 0.4 ± 0.02# 0.8 ± 0.3#

Statistics: #significantly different from AChE activity found in the same

structure without additional drugs, P < .05.

Fig. 6. Effects of CP 93,129 on the evoked [3H] overflow in slices prepared

from the frontoparietal cortex and preincubated with [3H]5-HT. The effects

of two concentrations of the drug on the evoked overflow of [3H] are

expressed as a percentage of the respective control ratios (no drug). Group

abbreviations are as in Fig. 2. Statistics: + significantly different from

control, P < .05 (no drug). There were eight rats per group and three to four

slices per rat.
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3.8. Choline acetyltransferase and acetylcholinesterase

activity

Data are shown in Table 2. ANOVA of the ChAT

activity in the frontoparietal cortex or in the hippocampus

failed to show a significant Age [� 7%; F(1,30) < 1.0] or

Subpopulation [ + 2.5%; F(3,28) < 1.0] effect. Conversely,

ANOVA of the ChAT activity found in the striatum

showed a significant Age effect [� 23%; F(1,30) = 8.33],

while the Subpopulation effect only tended to be signific-

ant [F(3,28) = 2.7, P=.06], due to values in AU, AMI, and

ASI rats that tended to be significantly lower than in the

YOUNG group (P < .10 for all three comparisons).

ANOVA of the AChE activity in the cortex homogenates,

using an Age (Young, Aged)�Assay condition (control,

ethopropazine, galanthamine, physostigmine) design,

showed significant effects of Age [F(1,30) = 5.0, P < .05]

and Assay condition [F(3,90) = 801.3, P < .001] factors, as

well as a significant interaction between both [F(3,90) = 5.4,

P < .01]. The Age effect was due to a significantly lower

overall AChE activity in aged as compared to the young rats

(� 14%). The Assay condition effect was due to a significant

inhibition of AChE activity by ethopropazine (� 9%,

P < .05), galanthamine (� 91%, P < .001), and physostig-

mine (� 99%, P < .001), as compared to the control con-

dition. The interaction can be interpreted as reflecting the

fact that whereas YOUNG and aged rats differed signific-

antly from each other in the absence of cholinesterase

inhibitors (P < .001) or in the presence of ethopropazine

(P < .01), they did no longer differ in the presence of
galanthamine or physostigmine. When the Subpopulation

factor was substituted for the Age factor (YOUNG, AU,

AMI, ASI), ANOVA showed a marginal Group effect

[F(3,28) = 2.8, P=.059], a significant effect of the Assay

condition [F(3,84) = 976.4, P < .001], and an interaction

between both factors [F(9,84) = 2.4, P < .05]. While the

Assay condition effect can be explained as above, the

interaction was mainly due to the fact that AU, AMI, and

ASI rats showed a significantly lower activity than YOUNG

rats in the absence of cholinesterase inhibitors (P < .05) or in

the presence of ethopropazine (P < .05), while none of these

differences was significant in the presence of galanthamine

or physostigmine.

In the hippocampus, ANOVA only showed a significant

effect of the Assay condition, whether the Age or the

Subpopulation factors were considered [F(1,30) = 1.1 and

F(3,28) = 0.6]. This effect can be interpreted as for the cortex.

Finally, whether the Age or the Subpopulation factor

was considered, ANOVA of the data from the striatum

yielded a picture that, in terms of overall effects and

corresponding 2� 2 comparisons, was similar to that

characterizing the cortex. The age-related reduction of

AChE activity was of about 17% in the absence of

cholinesterase inhibitors.
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Regression analysis showed a significant positive correla-

tion between ChAT activity and AChE activity measured in

the absence of cholinesterase inhibitors and in the presence

of ethopropazine, in the cortex (r=.84 and .8, respectively,

P < .001), the hippocampus (r=.61 and .56, respectively,

P < .001), and the striatum (r=.84 and .9, respectively,

P < .001). None of the variables were significantly correlated

under identical assay conditions across structures.

3.9. Concentrations of monoamines

Data are shown in Table 3. ANOVA of the concentrations

of NA, DA, DOPAC, 5-HT, and 5-HIAA failed to show any

significant Age or Subpopulation effect in the cortex, as

well as in the hippocampus. There were, however, signific-

ant Age and Subpopulation effects on the concentration of

NA [F(3,30) = 13.2, F(3,28) = 5.87, P < .01] and DA in the

striatum [F(3,30) = 16.22, F(3,28) = 5.42, P < .01, P < .01].

In all three populations of aged rats, the striatal concen-

trations of NA and of DA were significantly lower than in

the young rats (P < .01).

3.10. Correlations and multiple regression analyses

The computation of simple correlations (two variables)

between behavioral and neuropharmacological (uptake,
Table 3

Concentration of monoamines (mean ± S.E.M. in ng/mg protein) in homo-

genates prepared from the frontoparietal cortex, the hippocampus, or the

striatum of young (YOUNG), aged unimpaired (AU), aged moderately

impaired (AMI), and aged severely impaired (ASI) rats

Variable Subpopulations

YOUNG (N= 8) AU (N = 8) AMI (N= 8) ASI (N= 8)

NA

Cortex 3.95 ± 0.22 3.95 ± 0.18 3.94 ± 0.21 4.49 ± 0.42

Hippocampus 3.34 ± 0.13 3.26 ± 0.22 3.56 ± 0.19 3.41 ± 0.24

Striatum 0.94 ± 0.09 0.67 ± 0.06 * 0.56 ± 0.05 * 0.74 ± 0.07 *

DOPAC

Cortex 1.26 ± 0.33 1.11 ± 0.36 1.33 ± 0.08 1.33 ± 0.16

Hippocampus 0.51 ± 0.04 0.57 ± 0.07 0.49 ± 0.03 0.54 ± 0.06

Striatum 21.31 ± 1.95 16.73 ± 1.38 15.58 ± 1.04 18.07 ± 1.86

DA

Cortex 1.53 ± 0.13 1.45 ± 0.19 1.70 ± 0.11 1.98 ± 0.27

Hippocampus 0.40 ± 0.08 0.49 ± 0.16 0.37 ± 0.03 0.46 ± 0.06

Striatum 153.9 ± 10.0 122.9 ± 8.3 * 113.7 ± 7.5 * 119.4 ± 4.0 *

5-HIAA

Cortex 2.86 ± 0.18 2.78 ± 0.21 3.00 ± 0.32 3.46 ± 0.19

Hippocampus 4.25 ± 0.22 4.30 ± 0.21 5.12 ± 0.29 5.19 ± 0.41

Striatum 7.19 ± 0.51 7.04 ± 0.43 6.72 ± 0.34 7.74 ± 0.58

5-HT

Cortex 5.25 ± 0.41 4.09 ± 0.31 4.51 ± 0.24 4.98 ± 0.41

Hippocampus 3.59 ± 0.09 3.20 ± 0.19 3.42 ± 0.17 3.57 ± 0.22

Striatum 5.67 ± 0.43 4.86 ± 0.25 4.69 ± 0.23 5.09 ± 0.43

Statistics: * significantly reduced as compared to YOUNG, P < .05.
outflow, and overflow in slices) or neurochemical variables

(concentration of neurotransmitters, metabolites, or enzym-

atic activity) did not show any other significant correlation

than (i) between acquisition performance and AChE activ-

ity in the cortex, but only in the presence of galanthamine

(r=.43, P=.036), (ii) probe trial performance and the rel-

ative basal NA outflow (r=.50, P=.014) or the concentra-

tion of NA in the hippocampus (r =� .44, P=.031).

Multiple regression analysis did not yield any information

suggesting that a combination of various neurobiological

parameters (e.g., evoked overflow of [3H]ACh, [3H]NA,

and [3H]5-HT]) could account for the behavioral outcome

among aged rats.
4. Discussion

As in our previous study (Birthelmer et al., in press),

our data confirm that a population of aged rats can be

subdivided into different subpopulations characterized by

different levels of performances in a Morris water-maze

reference-memory task. The three subpopulations com-

prised normal (young and aged), moderately impaired,

and severely impaired rats. In our previous experiment,

clear-cut age-related neurochemical and neuropharmaco-

logical alterations could be identified in the hippocampus.

However, we were unable to establish any relationship

between the different levels of performances and chol-

inergic, noradrenergic, or serotonergic markers in the

hippocampus, whether from a static (e.g., neurotransmitter

concentrations in homogenates) or a dynamic (e.g., elec-

trically evoked transmitter release in slices) point of view.

These results urged us to focus our attention on other

brain regions, in particular on another major target of the

basal forebrain, namely, the frontoparietal cortex. As

previously found in the hippocampus, age-related deficits

were also evident in this part of the brain. Overall, the

aged rats exhibited a reduced accumulation of [3H]choline

(� 25%), [3H]NA (� 9%), and [3H]5-HT (� 16%). They

also showed a weaker electrically evoked release (abso-

lute values expressed in nCi) of [3H]ACh (� 44%),

[3H]NA (� 20%), and [3H]5-HT (� 34%). The responses

of young and aged rats to drugs acting at muscarinic, a2,

and 5-HT1B autoreceptors were roughly comparable: the

muscarinic agonist oxotremorine weakened the release of

[3H]ACh, the a2 agonist UK 14,304 decreased the release

of [3H]NA, and the 5-HT1B agonist CP 93,129 reduced

that of [3H]5-HT. The ChAT activity was not significantly

reduced in the frontoparietal cortex (or the hippocampus),

but was lower in the striatum. The activity of AChE was

reduced (� 14%; Table 2), but the concentrations of DA,

DOPAC, NA, 5-HT, and 5-HIAA (Table 3) were not

significantly altered in cortical (or hippocampal) homo-

genates of aged rats. In the striatum, the concentrations

of DA and NA were reduced. None of all these age-

related changes, was subpopulation-dependent.
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4.1. Aging and cognitive dysfunctions

Previous findings demonstrated that aging is not neces-

sarily associated with alterations of learning and memory

capabilities in rats (Gallagher and Burwell, 1989; Rapp and

Amaral, 1992). Our present results indicate that part of the

aged rats showed reference-memory performances in a

water-maze task that were close to those found in young

adult rats. However, at the same age, other rats from the

same population, and thus with the same experience, had

difficulties or even failed to learn the location of the

platform. The Morris water maze is considered a task

measuring spatial learning, but to reach the platform, the

rats have to produce a motor response (e.g. swim around

while searching for the platform). As aging may be accom-

panied by motor and sensorimotor perturbations (Ingram et

al., 1994), there is a risk that cognitive measures are

‘‘contaminated’’ by sensorimotor biases. Although such

possible contaminations have been a major issue in a review

by Lindner (1997), there are arguments in the literature

suggesting that motor, sensorimotor, and cognitive dysfunc-

tions may be dissociated, at least in some tasks (e.g., Gage et

al., 1984; Gallagher and Burwell, 1989; Markowska et al.,

1989). Furthermore, we previously reported (Stemmelin et

al., 1999) that these different aspects of behavioral perform-

ances were not correlated with each other in a population of

rats that aged under conditions identical to the present ones.

Finally, only the distance to the platform was considered in

the present study, and this variable is generally regarded as

poorly related to sensorimotor biases. For all these reasons,

one may assume that the individual differences found in our

population of aged rats most probably reflected different

degrees of cognitive dysfunctions. In the recent study by

Birthelmer et al. (in press), the subpopulations were derived

from the average performances displayed by the rats over

the five acquisition days. Interestingly, the differences

between subpopulations were also found in the probe trial.

In our present study, the three subpopulations of aged rats

exhibited probe-trial performances, which did not differ

significantly from each other. As the testing procedure

was exactly the same in both studies, we do not know

how to account for this difference. It is, nevertheless,

noteworthy that when we considered the distance swum

during the probe trial before the virtual location of the

platform was reached for the first time, we again found that

the performances of the YOUNG and AU rats did not differ

significantly from each other, and that those displayed by

ASI rats were the worst. These differences suggest that

noncognitive factors (e.g., greater fatigability in aged rats?)

may have interfered with probe-trial performances calcu-

lated over a duration of 30 s.

The water-maze task requires correct spatial learning

capabilities (e.g., D’Hooge and De Deyn, 2001) and, as the

hippocampus is generally considered to play a crucial role

in processing spatial information (e.g., O’Keefe and Nadel,

1978; Hollup et al., 2001), the fact that we paid attention
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to neuropharmacological characteristics of the frontoparie-

tal cortex may seem peculiar. However, it must be empha-

sized that the reasons of this choice were multiple. First, as

stated above, the study on neuropharmacological functions

in the hippocampus of aged rats (Birthelmer et al., in

press) was completed when the present one was started.

Second, the frontoparietal cortex is a target of nucleus

basalis magnocellularis cholinergic neurons, and lesions of

this nucleus not confining to only its cholinergic compon-

ent (e.g., Galani et al., 2002), and thus damaging other

types of neurons or fibers, were shown to impair rats in a

water-maze task (e.g., Mandel et al., 1989; Mundy et al.,

1990; Dekker et al., 1994). Interestingly, there is evidence

that age-related behavioral deficits are not exclusively

associated to cholinergic dysfunctions in the basal fore-

brain (e.g., Stemmelin et al., 2000). Third, for deriving the

subpopulations, it seemed important to us to use the same

behavioral criterion as the one used in two earlier experi-

ments (Stemmelin et al., 1999, 2000) and our last experi-

ment on neuropharmacological properties of the aged

hippocampus (Birthelmer et al., in press). Finally, water-

maze performances were previously found to correlate also

with non-hippocampal neurochemical markers, in particu-

lar with NA concentration, as well as 5-HIAA/5-HT and

homovanillic acid/DA ratios in the frontoparietal cortex

(Stemmelin et al., 2000).

4.2. Aging and cholinergic/monoaminergic markers in the

frontoparietal cortex

Age-related reductions of ChAT and AChE activity in

cortical regions were reported in a few previous studies

(ChAT: Ishimaru et al., 1991; AChE: Sirviö et al., 1988b,

1989). However, it seems that such alterations are not found

consistently (e.g., Decker, 1987; Sirviö et al., 1988a). In two

of these studies (Sirviö et al., 1988b, 1989), it is even

suggested that ChAT activity may be unaltered, when AChE

activity is reduced by aging. Our present results are in line

with the latter studies. The fact that ChAT activity was not

significantly altered, while AChE activity was weaker, may

be related to the role of these enzymes in cholinergic

function. ChAT is not the rate-limiting factor in acetylchol-

ine synthesis, and there is more ChAT present in cholinergic

neurons than required for normal function. Therefore, the

relationship of ChAT activity with cholinergic functions

may be looser than that of AChE, which is involved in

the inactivation of the neurotransmitter and may therefore be

proportional to the cholinergic activity. We also confirm that

the level of cortical ChAT or AChE activity, and perhaps

more generally that of cholinergic function, does not neces-

sarily correlate with the performances of aged rats assessed

in a water-maze reference-memory task (e.g., Lee et al.,

1994; Stemmelin et al., 2000).

In Alzheimer patients, it has been argued that ACh can

be hydrolyzed by butyrylcholinesterase (Mesulam et al.,

2002), and it was described that the AChE activity may
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decrease while that of butyrylcholinesterase (BChE) may

increase (e.g., Greig et al., 2001). Therefore, we measured

the hydrolysis of acetylthiocholine iodide in the absence

and presence of drugs inhibiting AChE and/or BChE. Our

data indicate that almost all acetylthiocholine iodide was

hydrolyzed by AChE and that the activity of AChE was

comparable in all subgroups of aged rats. However, it is

noteworthy that the hydrolysis of AChE was slightly but

significantly altered by ethopropazine, a selective inhibitor

of BChE. It was also dramatically but not completely

reduced by the more selective AChE inhibitor galanth-

amine and was almost completely blocked by physostig-

mine. In the hippocampus of aged rats, ChAT activity and

AChE activity were not significantly changed, confirming

our previous findings (Birthelmer et al., in press). Finally,

in the striatum of aged rats, the ChAT and AChE activity

was reduced significantly, confirming reduced cholinergic

functions also in the striatum (e.g., Sirviö et al., 1989;

Stemmelin et al., 2000). It is worth mentioning that

AChE can also be found in non-cholinergic neurons

(e.g., Satoh et al., 1983), particularly in dopaminergic

neurons (e.g., Greenfield et al., 1983; Weston and Green-

field, 1986). Thus, part of the age-related changes in

AChE activity might reflect non-cholinergic alterations.

An interesting observation concerned the regression

analysis. The fact that ChAT and AChE activity were

significantly correlated within each structure may sound

trivial. However, that the activity of both enzymes was not

correlated across structures suggests that, while altering

central cholinergic functions, aging does not seem to do it

equally in all three systems assessed in this study, i.e., in the

NBM and hippocampal projection neurons and in the striatal

interneurons.

Concerning the tissue concentrations of monoamines, we

could not find any significant change in the cortex or the

hippocampus of aged rats. The latter finding confirms the

outcome of the recent study in which we focused on aging

and hippocampal functions (Birthelmer et al., in press). For

the cortex, controversial data can be found in the literature.

For instance, on the concentration of serotonin, Gozlan et al.

(1990) reported an age-related reduction, Valjakka et al.

(1990) found no significant alteration, and van Luijtelaar et

al. (1992) or Robson et al. (1993) observed an increase.

Shores et al. (1999) found that an age-related loss of

noradrenergic neurons occurred in the locus coeruleus.

Petkov et al. (1988) and Luine et al. (1990) demonstrated

a decrease of NA concentration in the cortex, but in other

studies, this marker was unchanged (Ishida et al., 2001),

slightly increased (Valjakka et al., 1990), or increased more

markedly (Harik and McCracken, 1986), illustrating once

again how heterogeneous neurochemical findings in aged

rats may be. There is no exception for DA, which, in the

cortex of aged rats, was also found to be decreased (Petkov

et al., 1988; Luine et al., 1990) or increased (Godefroy et al.,

1991). All these results might point towards the fact that in

the present experiment, like in other ones, monoaminergic
hippocampal innervations of the cortex do not seem to

undergo dramatic alterations with aging, and that the cor-

responding neurotransmitter systems (dopaminergic, nora-

drenergic, and serotonergic) are not affected consistently in

aged rats. Conversely, in the striatum of the aged rats of the

present study, both NA and DA concentrations were found

to be reduced, an observation in line with a more consensual

literature about age-related catecholaminergic alterations in

the striatum (Petkov et al., 1988; Gozlan et al., 1990;

Marshall and Rosenstein, 1990; Dawson et al., 1999;

Miguez et al., 1999).

It is also noteworthy that the uptake of [3H]choline was

altered by aging. Although the accumulation of [3H]choline

certainly reflected specific uptake (by axon terminals), as

well as nonspecific binding (e.g., [3H]choline to cell mem-

branes), one may accept that, in a way or another, part of

this accumulation was linked to the density of cholinergic

terminals, to the functional status of the uptake sites, and/or

to the storage capacity of the neurons.

Taken together and compared to the literature, our

present data suggest that there is considerable heterogeneity

in the neurochemical changes related to aging, and that no

serious prediction on the status of cortical cholinergic,

noradrenergic, and serotonergic transmitter systems can be

made in aged animals on the basis of the type of behavioral

performances assessed herein. Factors such as strain, sex,

rearing conditions, and even age (experiments in the literat-

ure being carried out on rats aged of 20 to more than 30

months) might account for both this variability and this poor

reproducibility of neurochemical findings from one labor-

atory to another.

4.3. Aging and neurotransmitter release in the frontopar-

ietal cortex

With the electrical stimulation conditions used herein, the

evoked overflow of tritium by slices preloaded with

[3H]choline, [3H]NA or [3H]5-HT was repeatedly shown

to be Ca2 +-dependent and sensitive to tetrodotoxin. There-

fore, this overflow can be considered as representing action

potential-induced exocytotic release of a neurotransmitter

(e.g., Taube et al., 1977; Göthert and Schlicker, 1991;

Goldbach et al., 1998).

The slices from aged rats preloaded with [3H]choline,

[3H]NA, or [3H]5-HT released less tritium in response to

electrical field stimulation than slices from the young rats.

The reductions were of � 44%, � 20%, and � 34% for

ACh, NA, and 5-HT, respectively, when the absolute

overflow was considered. This reduced overflow might

not be a direct consequence of a lower uptake of [3H]NA

or [3H]5-HT, as this uptake was not altered by aging.

Concerning [3H]choline, this possibility cannot be com-

pletely excluded (but see below) as the accumulation of

this precursor was reduced in aged rats, which might result

from age-related alterations of the uptake carrier or of the

density of cholinergic terminals. To our knowledge, there is
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little information in the literature on the status of this carrier

in the brain of aged rats. Forloni and Angeretti (1992)

reported a decreased binding of hemicholinium to high-

affinity uptake sites in the cortex of aged rats, confirming

earlier data by Sirviö et al. (1988b), but it seems that the

fundamental mechanism of these sites may be preserved

(Wheeler, 1985). Concerning other sites, Druse et al. (1997)

found that in the cortex of aged rats, the 5-HT reuptake sites

were increased. The number of reuptake sites of NA seemed

also increased by age as shown by Harik and McCracken

(1986), but was decreased according to others (Shores et al.,

1999), or even unchanged (McIntosh and Westfall, 1987).

Our data might be indicative for an alteration of the uptake

mechanisms and/or for a reduced number of cholinergic

terminals, and a relative preservation of the noradrenergic

and serotonergic ones.

The reduced overflow of [3H]ACh cannot be ascribed to

a lower uptake of [3H]choline in the slices from aged rats.

Indeed, when the relative values were taken into account

(percent of [3H] accumulation in the slices), a significant

age-related decrease of the release was also observed:

� 22%. This was also true for [3H]NA and [3H]5-HT:

� 21% and � 11%, respectively. Such observations indicate

that mechanisms involved in the exocytosis of neurotrans-

mitters might also be altered by aging (e.g., Meyer et al.,

1986; Giovannelli et al., 1988).

Concerning the evoked release of ACh and 5-HT, the

decreases reported herein are not only quite comparable to

the changes recently found in the hippocampus by Birth-

elmer et al. (in press). Despite some differences in the

stimulation conditions, they are also in line with previous

reports on the evoked release of ACh or 5-HT by cortical

slices (e.g., Pedata et al., 1983; Meyer et al., 1984; Meyer

and Judkins, 1993; Giovannelli et al., 1988; Schlicker et al.,

1989; Araujo et al., 1990; Rylett et al., 1993; Tanaka et al.,

1996). As was the case for the reduced uptake, part of these

results might also reflect a reduced innervation of the cortex

as, for instance, reviewed by Decker (1987) or reported by

Turrini et al. (2001) for cholinergic fibers, by Nishimura et

al. (1998) or van Luijtelaar et al. (1992) for serotonergic

fibers, or by Ishida et al. (2000) for noradrenergic ones.

However, there is at least one report suggesting that in the

cortex, the evoked release of ACh may be unaltered by aging

(Buyukuysal et al., 1998).

Concerning the overflow of NA, our present findings in

the frontoparietal cortex of aged rats are at some variance

with the age-related changes found by Birthelmer et al. (in

press) on the evoked overflow of NA in hippocampal slices.

Indeed, while decreased in the cortex, this overflow was not

significantly altered in the hippocampus, suggesting that the

noradrenergic changes related to aging do not occur uni-

formly through the entire brain or, if considered at the level

of the source, within the locus coeruleus. An alternative

explanation might be that, beside evenly distributed degen-

eration processes, homotypic or heterotypic compensatory

mechanisms (e.g., collateral sprouting from intact fibers) are
more powerful in the hippocampus than in the cortex. For

instance, the sympathetic (and thus, noradrenergic) sprout-

ing, which is elicited by a cholinergic denervation, might

have been more potent in the hippocampus than in the

cortex (Crutcher, 1987), thereby contributing to counterbal-

ance the effects of noradrenergic dysfunctions in the former

structure. Such issues would certainly deserve further

investigations, all the more because some reports suggested

that the presynaptic activity of noradrenergic terminals in

the cortex may be unchanged (release: McIntosh and West-

fall, 1987) or even increased (uptake: Harik and McCracken,

1986).

It is well established that, at the level of axon terminals in

the rodent cortex, the release of ACh is inhibited by, e.g., the

activation of muscarinic autoreceptors, which are presum-

ably of the M2 type (e.g., Douglas et al., 2001), while that of

NA is inhibited by, e.g., the activation of a2 autoreceptors

(e.g., Starke, 2001). Finally, the release of 5-HT is inhibited

by, e.g., the activation of 5-HT1B autoreceptors (e.g., Hjorth

et al., 2000). Our data are in line with these considerations,

although the muscarinic agonist used (oxotremorine) was

not a selective compound for M2 receptors (both other ones,

namely, UK 14,304 and CP 93,129, are considered selective

for their respective receptor subtypes, e.g., Cambridge, 1981

and Macor et al., 1990, respectively). A few previous

studies have shown that aging might, under some circum-

stances, alter the functionality of autoinhibitory mechanisms

in the cortex. As concerns the cholinergic system, Araujo et

al. (1990) reported that the sensitivity of M2 receptors can

be reduced by aging. Earlier reports showed that atropine

facilitated the electrically evoked release of ACh (Pedata et

al., 1983) or had no effect in case of K + -evoked release

(Meyer et al., 1984) and that oxotremorine decreased the

K + -evoked release of ACh (Meyer et al., 1984). However,

when observed, these changes were not different between

young and aged rats. Concerning the release of NA,

Schlicker et al. (1989) reported that the electrically evoked

release of NA was inhibited by application of NA and

facilitated by that of phentolamine. Again, there was no

difference between young and aged rats. Using other stimu-

lation conditions, Gonzales et al. (1991) reported that the

NMDA-evoked release of NA was altered by aging, a

conclusion also supported by findings of Qi and Nomura

(1988), who used potassium to stimulate the release of NA.

Finally, as to 5-HT, Schlicker et al. (1989) showed that the

electrically evoked release of 5-HT was facilitated by

application of methiothepine and inhibited by that of 5-

HT, but young and aged rats presented comparable

responses to the drugs. From the comparison of our present

results with the few experiments that used electrical stimu-

lation to evoke a neurotransmitter release in slices, it seems

that the presynaptic modulation of ACh, NA, and 5-HT

release is not altered by aging in the cortex, an observation

suggesting that the cortical autoreceptor functions associ-

ated with these transmitter systems remain relatively pre-

served over time. For the cholinergic, noradrenergic, and
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serotonergic cortical innervations, this conclusion is valu-

able in the three subpopulations of aged rats.
5. Conclusions

Altogether, our present results suggest that in the fronto-

parietal cortex of rats, aging may affect cholinergic, no-

radrenergic, and serotonergic reuptake and/or release

functions. In addition, the presynaptic autoinhibitory mech-

anisms involving muscarinic, a2, and 5-HT1B autoreceptors

seemed preserved. All these observations do not exclude

that also other modulation mechanisms involving, e.g.,

terminal heteroreceptors of the transmitter systems consid-

ered herein, or autoreceptors of other transmitter systems,

might be affected by the aging process. In addition, it might

be assumed that differential alterations in the functionality

of the reuptake carrier, in the mechanisms underlying the

release, or even in the presynaptic autoreceptors investigated

herein do not seem to account for the marked interindividual

differences found on performances among aged rats in the

water-maze reference-memory task. The lack of differential

alterations between the subgroups of aged rats might also be

explained by the fact that the differences in the perform-

ances of these three groups were not sharp enough. Indeed,

whereas aged rats were impaired more (ASI) or less (AU)

and one subgroup showed intermediate performances (AMI)

during the acquisition phase of the water-maze task, all

showed comparable deficits in the probe trial. However,

noncognitive factors may have contributed to this leveling

of performances in the probe trial. After having explored

age-related presynaptic neuropharmacological changes in

the hippocampus (Birthelmer et al., submitted for publica-

tion) and the frontoparietal cortex (present study) without

being able to relate them to differences in cognitive per-

formances, it seems that other transmitter systems or other

brain structures must be investigated in future studies.

Systems using amino acids as neurotransmitters (GABA,

glutamate), or a structure such as the striatum, might be

potentially interesting topics.
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