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Studies have recently suggested that blockade of 5-HT6 receptors (5-HT6R) improves memory processes. As episodic memory

alteration is one of the first deficits observed during normal aging and in neurological and neuropsychiatric disorders (Alzheimer’s disease,

schizophrenia), the present study sought to characterize the effects of 5-HT6R blockade on spatial recognition memory, which can be

considered as ‘episodic-like’ memory, in rodents. We quantified the effects of the selective 5-HT6R antagonist SB-271046 (10 mg/kg, i.p.),

using the two-trial place recognition task in the Y-maze, on acquisition, consolidation, and retrieval of spatial recognition memory in

young adult mice (6-week-old; intertrial intervals (ITIs) 30, 60, 120, 240, and 360 min) and on the consolidation of spatial recognition

memory in aged mice (3-, 12-, 18-, and 21–month-old; ITI 60 and 240 min). SB-271046-treated young adult mice explored the new arm

more after a 240-min (pre-acquisition) and 360-min (post-acquisition) ITI, whereas vehicle-treated animals failed to discriminate the new

arm when the ITI exceeded 120 min (pre-acquisition) or 240 min (post-acquisition). Aged mice, which expressed spatial memory deficits,

explored the new arm more after a 60-min ITI (21–month-old) and a 240-min ITI (18- and 21–month-old) when treated with

SB-271046. Consequently, 5-HT6R blockade improves spatial recognition memory in adult mice and reverses age-related consolidation

deficits of episodic-like memory. This study provides further support for the use of 5-HT6R antagonists in the treatment of episodic

memory disorders related to aging as well as neurological disorders such as Alzheimer’s disease and schizophrenia.
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INTRODUCTION

Extensive evidence suggests that 5-hydroxytryptamine (5-
HT) plays an important modulatory role in learning and
memory through action on multiple receptor subtypes (see
for review, Hoyer et al, 2002) and interaction with multiple
neurotransmitter systems (Buhot et al, 2000).

Among 5-HT receptors, 5-HT6 receptors (5-HT6R) are
predominantly expressed in the rat and mouse central
nervous systems, notably in the cerebral cortex, striatum,
hippocampus, nucleus accumbens, and olfactory tubercles
(Bibancos et al, 2007; Gérard et al, 1997; Monsma et al,
1993; Ruat et al, 1993; Svenningsson et al, 2007; Ward and
Dorsa, 1996). Because of their distribution in limbic areas
and the cerebral cortex, 5-HT6R are proposed to be

involved in cognitive processes, novelty-seeking behavior
as well as mood regulation (Ballaz et al, 2007; Barnes and
Sharp, 1999; Svenningson et al, 2007; Wesolowska and
Nikiforuk, 2007). Functional studies indicated that 5-HT6R
exert an inhibitory effect on central cholinergic and
glutamatergic neurotransmission and could be valuable
targets in the treatment of cognitive disorders in which
these neurotransmission systems are altered. Such a
hypothesis is further supported by experimental studies
showing that 5-HT6R antagonism promotes cognitive
processes in the rat. In the Morris water maze paradigm,
the selective 5-HT6R antagonists Ro 04-6790, SB-271046,
SB-357134, and SB-399885 improved spatial reference
memory retrieval in adult rats (Rogers and Hagan, 2001;
Stean et al, 2002; Woolley et al, 2001) as well as the
acquisition and retrieval of spatial reference memory in
aged rats (Foley et al, 2004; Hirst et al, 2006). In the object
discrimination task, Ro 04-6790 and SB-271046 increased
the acquisition and consolidation of recognition memory in
adult rats (Hirst et al, 2006; King et al, 2004), whereas
BGC20-761, another 5-HT6R antagonist improved the
consolidation of recognition memory in mature rats
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(Mitchell et al, 2006). Furthermore, Ro 04-6790, SB-271046,
Ro4368554, and SB-399885 were all found to reverse the
scopolamine-induced deficits in both the long-term mem-
ory passive avoidance task (Foley et al, 2004), the novel
object discrimination task (recognition memory) (Lieben
et al, 2005; Woolley et al, 2003) and the autoshaping
learning task (Perez-Garcia and Meneses, 2005) in adult
rats. Moreover, reversal of the delay-dependent deficits
exerted by Ro 04-6790 and SB-271046 in the rat novel object
discrimination task has been shown to be blocked by the
NMDA receptor antagonist MK-801 (King et al, 2004).
In vivo and in vitro microdialysis studies in the rat
showed that 5-HT6R blockade elevates both extracellular
acetylcholine and glutamate in the hippocampus and
frontal cortex (Dawson et al, 2000, 2001; Marcos et al,
2006; Riemer et al, 2003; Shirazi-Southall et al, 2002; Sleight
et al, 1998).

In the present study we investigated the effect of 5-HT6R
blockade on spatial recognition memory in the mouseFthe
first study of its kind to our knowledge. The rationale for
this study is threefold: (1) spatial recognition memory in the
rodent can be likened to human episodic memory, which
refers to the recollection of a unique past experience in
terms of what happened, and where and when it happened
(Tulving, 2001), and alteration of episodic memory is one of
the first deficits observed in humans during normal aging
and in neurological disorders such as Alzheimer’s disease
(Backman et al, 2001; Daselaar et al, 2003); (2) though the
significance of 5-HT6R in the mouse is debated (Hirst et al,
2003), these receptors have been recently found in this
species at high densities within various brain areas,
including the cerebral cortex and hippocampus (Bibancos
et al, 2007, Svenningsson et al, 2007) that are known to be
pivotal in spatial recognition memory (Kesner et al, 1993;
McDonald and White, 1993; Thinus-Blanc et al, 1996); and
(3) pharmacological modulation of 5-HT6R in the mouse
has been recently demonstrated to modify psychopharma-
cological performance (Svenningsson et al, 2007; Wesolowska
and Nikiforuk, 2007). Thus, we first evaluated in young
adult mice the effects of selective blockade of 5-HT6R by
SB-271046 (Bromidge et al, 1999; Routledge et al, 2000) on
acquisition, consolidation, and retrieval of spatial recogni-
tion memory in the two-trial place recognition task in the
Y-maze (Dellu et al, 1992, 2000). Because (1) aging is
associated with spatial learning impairment attributed to
deficiency of information consolidation in the hippocampus
(Barnes, 1979; Friedman et al, 2007; Gallagher et al, 1993),
(2) memory consolidation has been associated with changes
in 5-HT6R levels (Meneses et al, 2007), and (3) very few
studies have evaluated the role of 5-HT6R in spatial
memory in aged rodents (Foley et al, 2004; Hirst et al,
2006), we also investigated, in a second set of experiments,
the effects of blockade of 5-HT6R on consolidation of
spatial recognition memory in adult and aged mice.

MATERIALS AND METHODS

Animals

Animals were maintained in a controlled environment
(22±21C; 55±10% humidity) under a 12:12 h light/dark
cycle (light on between 2000 and 0800 hours) with food and

water available ad libitum. All experiments complied with
European Directives and French law on animal experimen-
tation (personal authorizations no. 14-05 for FD, no. 14-17
for MB, and no. 14–62 for PD).

Experiments were performed either on male NMRI mice
(6-week old; 28.2±0.2 g) (experiment 1; n¼ 390) from a
local breeding facility (F1 from Centre d’Elevage René
Janvier, Le Genest, France) or on 3-, 12-, 18-, and 21-month-
old (sample sizes 68, 62, 49, and 42, respectively) female
NMRI mice (experiment 2), purchased at the age of 3 weeks
from the same supplier. Mice were housed in standard
polycarbonate cages (42� 29� 15 cm) containing 15 (young
adults) or 10 (aged) animals. In the aging studies, female
mice were used because of their less-aggressive behavior
toward other mice and the need to house several animals
together for periods of up to 21 months. Moreover,
Lamberty and Gower (1988) demonstrated that spatial
learning performances between young adult male and
female NMRI mice are similar. One week before Y-maze
testing, mice were handled daily in their home cage by the
experimenter. Aged animals with obvious health problems
(tumors, cataracts) were excluded prior to starting the
experiments.

Drug Administration

Mice received SB-271046 (5-chloro-N-(4-methoxy-3-piper-
azin-1-yl-phenyl)-3-methyl-2-benzothiophene sulfonamide
hydrochloride), synthesized by Professor F Fabis and
Dr M Paillet-Loilier (CERMN, Caen), at a dose of 10 mg/
kg based on previous in vitro and in vivo studies in mice
and rats (Foley et al, 2004; Hirst et al, 2003; Lindner et al,
2003; Rogers and Hagan, 2001; Svenningsson et al, 2007;
Wesolowska and Nikiforuk, 2007; Woolley et al, 2001). The
drug was dissolved in 9% NaCl as the vehicle and
administered i.p. in a volume of 10 ml/kg. Vehicle-treated
animals were used for comparison.

General Testing Procedure

Behavioral tests were conducted during the dark phase of
the cycle from 0900 to 1800 hours. Thirty minutes before the
beginning of the experiments, mice were placed in the
experimentation room. The experimental protocol used to
evaluate spatial recognition memory was based on Dellu
et al (1992, 2000). In short, the Y-maze is made of Plexiglas
with three arms, each measuring 34 cm long, 9 cm wide, and
13 cm high. The task consisted of two trials separated by
different intertrial intervals (ITIs). During the first trial
(training session; 5 min), the animal was placed in the
starting arm, one of the two other arms being closed in a
random choice. During the second trial (retrieval session;
2 min), animals had free access to the three arms and were
allowed to explore the maze. During the two sessions, the
time spent in the distal third of each arm was collected.

Experiment 1: Effects of 5-HT6R Blockade on Spatial
Recognition Memory Performance in Young Adult Mice

To evaluate the effects of blockade of 5-HT6R on the three
phases of the mnesic process, SB-271046 was administered
60 min before the training session (acquisition), immediately
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after the training session (consolidation) or 60 min before
the retrieval session (retention). The 60-min delay was
chosen based on the hypothesis that following i.p. admin-
istration, the peak concentration of SB-271046 in the blood
would be obtained for a much shorter time, and clearance of
the antagonist would be more rapid, than after p.o.
administration (peak value at 180 min; Routledge et al,
2000). Under this scenario, administration of SB-271046
60 min before the first trial (acquisition) should have a
maximal effect on the acquisition process while preserving
the consolidation phase. Five ITIs (30, 60, 120, 240, and
360 min) were studied for the acquisition and consolidation
phases, whereas only three ITIs (120, 240, and 360 min)
could be studied for the retrieval phase because of the
pharmacokinetic considerations previously described. For
each phase studied and for each ITI, SB-271046-treated
mice (n¼ 14–15) were compared to saline-injected animals
(n¼ 14–15).

Experiment 2: Effects of 5-HT6R Blockade on Age-
Related Spatial Recognition Memory Deficits in Aged
Mice

Effects of the blockade of 5-HT6R on deficits in spatial
recognition memory of aged mice were measured using the
place recognition test. To take into account age-related
locomotor, exploratory, visual, and motivational differ-
ences, irrespective of the pharmacological treatment, mice
were tested within 4 weeks following their completion of the
place recognition test for: (1) spontaneous locomotor
activity (second week), (2) exploratory behavior (hole-
board test; third week), and (3) visuospatial performance
(cued learning test in the Morris water maze; fourth week).
These delays were planned to rule out any interference
with cognitive performance and any pharmacological
influence.

Two-trial place recognition test in the Y-maze. On the
basis of the results of experiment 1, the effects of blockade
of the 5-HT6R on the consolidation phase of spatial
recognition memory were evaluated at only two ITIs (60
and 240 min). The 5-HT6R antagonist was administered
immediately after the training session. For each age (3, 12,
18, and 21 months) and for each ITI, SB-271046-treated

animals (n¼ 10–17) were compared to saline-treated mice
(n¼ 10–16).

Spontaneous locomotor activity test. Mice were tested
using a photoelectronic actimeter (APELAB) (Boissier and
Simon, 1965) that allowed us to automatically count the
number of times the animals interrupt perpendicular light
beams crossing the center of an individual box. Animals
were tested for a total period of 30 min and the number of
light-beam interruptions was collected every 5 min.

Hole-board test. Mice were tested in a hole-board test
(APELEX) (Boissier and Simon, 1962; Makanjuola et al,
1977) that allowed us to automatically count the number of
dips in holes made by the animal during exploration of the
hole-board plate. Mice were tested for a total period of
5 min and the number of head dips was collected every
1 min.

Cued learning test in the Morris water maze. The
apparatus was similar with the one described by Lelong
et al (2001), and the procedure was based on Lamberty and
Gower (1990, 1992). Each mouse from each age group
performed three trials per day spaced by a 30 s ITI for 2
consecutive days. Escape latency to locate the platform (s),
distance traveled (cm), and swim speed (cm/s) were
monitored and recorded by means of a video computer-
based storage system.

Statistical Analysis

Only those animals that clearly showed an exploratory
behavior, ie that did not spend all their time in the start
arm, were included in these analyses.

Repeated-measures analyses of variance (ANOVAs) were
used for the comparison of the percentage of time spent in
each arm (experiment 1: ‘ITI’ and ‘arm’ factors; experiment
2: ‘age’ and ‘arm’ factors) and for the discrimination index
(New arm time�(starting arm time + open arm time)/2)
(Mitchell et al, 2006) (experiment 1: ‘ITI’ and ‘treatment’
factors; experiment 2: ‘age’ and ‘treatment’ factors). For
experiment 2, animals presenting stereotyped behaviors
were excluded from the analysis (12 months, n¼ 4; 18

Table 1 Influence of Age on Locomotor Activity of 3-, 12-, 18- and 21-Month-Old Mice in the Spontaneous Locomotor Activity Test

3 months (n¼68) 12 months (n¼ 58) 18 months (n¼ 45) 21 months (n¼41)

Locomotor activity (number of crossed beams)

0–5 min 204±8 187±8 167±9* 147±9**ww

5–10 min 118±7 130±7 87±6**ww 90±7**ww

10–15 min 98±6 112±7 67±5**ww 71±7**ww

15–20 min 78±5 103±6** 60±7ww 73±9ww

20–25 min 60±5 92±6** 38±8*ww 60±7ww1

25–30 min 41±10 72±6** 39±5ww 35±6ww

0–30 min 600±28 698±35* 457±23**ww 476±34**ww

Data represent the number of crossed beams (mean±SEM) for each 5-min period for 3-, 12-, 18-, and 21-month-old mice; the last row indicates the total number of
crossed beams for the 30-min period. ANOVA+Newman–Keuls post hoc analysis: *po0.05, **po0.01 (vs 3-month-old mice); wwpo0.01, wwwpo0.001 (vs 12-month-
old mice); 1po0.05 (vs 18-month-old mice).
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months, n¼ 2) (Table 1). In both experiments, when
significant principal effects and interactions between factors
were detected, a Student–Newman–Keuls (NK) multiple
range test post hoc analysis was performed. When ANOVA
detected differences among ITI, for the sake of clarity, only
the differences in the percent time in the new arm between
the longest ITI tested (360 min) and any other ITI were
displayed. Student’s t-test was used to compare the percent
time in the new arm and the discrimination index to a
random choice level of exploration (33.33% and 0 value,
respectively) when appropriate.

In the spontaneous locomotor activity and hole-board
tests, a repeated-measures ANOVA was used to evaluate the
effect of age on the number of beam interruptions
(locomotor activity) or head dips in holes (exploratory
behavior). For cued learning in the Morris water maze test,
a repeated-measures ANOVA was used to evaluate the effect
of age on swim distances, escape latencies, and swim speeds.
For these three tests also, a post hoc analysis was performed
(NK multiple range test) in case of significant principal
effects and interactions between factors.

RESULTS

Experiment 1: Effect of 5-HT6R Blockade on Spatial
Recognition Memory Performance in Young Adult Mice

Effect of 5-HT6R blockade on acquisition
1. Percent time in arm exploration: Saline-treated mice.

Analysis of the percent time spent in the three arms for
saline-treated mice revealed a significant decrease in the
time spent in the new arm as a function of ITI duration
(‘ITI effect’ F4, 68 ¼ 2.73; po0.05/‘arm effect’ F2, 138¼ 24.2;
po0.001/‘interaction ITIFarm’ F8, 136 ¼ 5.24; po0.001)
(Figure 1a). Post hoc analysis confirmed this result and
revealed significant differences between the 30- and 60-min
ITIs when compared to 360-min ITI (po0.01; NK). The
percent time spent in the new arm differed from the percent
time spent in the two other arms for the 30- and the 60-min
ITIs (po0.01; NK) and only differed from the percent time
spent in the familiar arm for the 120-min ITI (po0.05; NK).
This result was confirmed by a percent time spent in the
new arm above the random choice level (33.33%) for these
ITI (po0.05; t-test). For the 240- and 360-min ITIs, the mice
had lost their discrimination capabilities (Figure 1a).

SB-271046-treated mice. In contrast, analysis of the
percent time spent in the three arms for SB-271046-treated
mice revealed a significant effect of arm exploration but not
of ITI (‘arm effect’ F2, 138 ¼ 35.9; po0.001/‘interaction
ITIFarm’ F8, 138 ¼ 3.58; po0.001) (Figure 1b). The percent
time spent in the new arm differed from the percent time
spent in both other arms for the 30-, 60-, and the 120-min

Figure 1 Influence of SB-271046 (10 mg/kg, i.p.) on acquisition of spatial
recognition memory in the place recognition test in young adult mice. Data
represent the mean (±SEM) percent time spent in the three arms during
the retrieval session for saline-treated groups (n¼ 14–15 per intertrial
interval (ITI)) (a) and for SB-271046-treated groups (n¼ 14–15 per ITI) (b).
Following the training session, recall performances of mice were tested
during the retrieval session after 30, 60, 120, 240, or 360 min. Mice were
injected 60 min before the training session. Data represent the mean
(±SEM) discrimination index for saline- and SB-271046-treated aged mice
(c). *po0.05, ***po0.001 (360-min ITI vs other ITI); wpo0.05, wwpo0.01,
wwwpo0.001 (new arm vs start or familiar arm) two-way analysis of variance
(ANOVA) followed by Newman–Keuls multiple range test. #po0.05,
##po0.01, ###po0.001, Student’s t-test vs random choice level of
exploration (33.33% value for percent time and 0 value for discrimination
index).
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ITIs (po0.05; NK), and only differed from the percent time
spent in the familiar arm for the 240-min ITI (po0.05; NK).
For the 360-min ITI, the mice did not explore preferentially
any arm (Figure 1b). The percent time spent in the new arm
was above the random choice level for the 30-, 60-, 120-, and
240-min ITIs (po0.05; t-test) but not for the 360-min ITI
(Figure 1b).

2. Discrimination index: Analysis of the discrimination
index for the saline- and SB-271046-treated animals
revealed a significant effect of ITI but not of treatment
(‘ITI effect’ F4, 112 ¼ 2.84; po0.001) (Figure 1c). The
discrimination indices for the SB-271046-treated mice
differed from ‘absence of discrimination’ for longer ITI
than for the saline-treated mice, up to 240 min for the
former (po0.05) compared with 60 min for the latter
(po0.01) (Figure 1c).

Effect of 5-HT6R blockade on consolidation
1. Percent time in arm exploration: Saline-treated mice.

Analysis of the percent time spent in the three arms for
saline-treated mice revealed a difference in exploration
among the three arms whatever the ITI duration (‘Arm
effect’ F2, 136 ¼ 30.3; po0.001). Nevertheless, the ‘ITI effect’
and the interaction between the two parameters were almost
significant (F4, 68 ¼ 2.04; p¼ 0.09/F8, 136 ¼ 30.3; p¼ 0.08;
respectively), as shown in Figure 2a; the figure also revealed
a tendency to a decrease in the time spent in the new arm as
a function of the duration of the ITI. The percent time spent
in the new arm differed from the random choice level for all
but the 360 min ITI (po0.05; t-test) (Figure 2a).

SB-271046-treated mice. Analysis of the percent time
spent in the three arms for SB-271046-treated mice revealed
that animals discriminate the new arm at all the ITI tested
(‘arm effect’ F2, 136 ¼ 28.4; po0.001) (Figure 2b). The
percent time spent in the new arm was clearly above the
random choice level for all the ITI (po0.05; t-test).

2. Discrimination index: Analysis of the discrimination
index for saline- and SB-271046-treated animals revealed a
significant effect of ITI but not of treatment (ITI effect’
F4, 104 ¼ 2.58; po0.05) (Figure 2c). Saline-treated mice
discriminated for ITI shorter than 360 min (po0.05; t-test)
though mice only tend to discriminate for the 120-min ITI
(p¼ 0.17; t-test), (Figure 2c). In contrast, the discrimination
indices of SB-271046-treated mice differed from the
‘absence of discrimination’ for all ITIs tested (po0.05;
t-test) (Figure 2c).

Effect of 5-HT6R blockade on retrieval
1. Percent time in arm exploration: Saline-treated mice.

Analysis of the percent time spent in the three arms for
saline-treated mice revealed a significant effect of arm
exploration but not of ITI (‘arm effect’ F2, 80¼ 18.6;
po0.001/‘interaction effectFarm’ F4, 80 ¼ 4.85; po0.01)
(Figure 3a). The percent time spent in the new arm differed

Figure 2 Influence of SB-271046 (10 mg/kg, i.p.) on consolidation of
spatial recognition memory in the place recognition test in young adult
mice. Data represent the mean (±SEM) percent time spent in the three
arms during the retrieval session for saline-treated groups (n¼ 14–15 per
intertrial interval (ITI)) (a) and for SB-271046-treated groups (n¼ 14–15
per ITI) (b). Following the training session, mice were injected immediately
and their recall performances were tested during the retrieval session after
30, 60, 120, 240, or 360 min. Data represent the mean (±SEM)
discrimination index for saline- and SB-271046-treated aged mice (c).
#po0.05, ##po0.01, ###po0.0001, Student’s t-test vs random choice
level of exploration (33.33% value for percent time and 0 value for
discrimination index).
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from the time spent in the two other arms for both the 120-
and the 240-min ITIs (po0.01; NK), and only differed from
the percent time spent in the start arm for the 360-min ITI
(po0.05; NK). The percent time spent in the new arm is
higher than the random choice level for the 120- and 240-
min ITIs only (po0.01; t-test) (Figure 3a).

SB271046-treated mice. Similar results were observed for
SB-271046-treated mice. (‘arm effect’ F2, 82 ¼ 13.2; po0.001/

‘interaction effectFarm’ F4, 82¼ 2.52; po0.05) (Figure 3b).
The percent time spent in the new arm differed from the
percent time spent in the two other arms for both the 120-
and the 240-min ITIs (po0.01; NK) but not for the 360-min
ITI. The percent time spent in the new arm differed from
the random choice level only for the 120- and 240-min ITIs
(po0.01; t-test) (Figure 3b).

2. Discrimination index: Analysis of the discrimination
index for saline- and SB-271046-treated animals revealed a
significant effect of ITI but not of treatment (‘ITI effect’
F2, 50¼ 4.45; po0.05) (Figure 3c). The discrimination
indices of both saline-treated and SB-271046-treated mice
differed from the ‘absence of discrimination’ for the 120-
and 240-min ITIs only (po0.01; t-test) (Figure 3c).

Experiment 2: Effect of 5-HT6R Blockade on Age-
Related Spatial Recognition Memory Deficits in Aged
Mice

Two-trial place recognition test in the Y-maze. On the
basis of the results of experiment 1, the effects of blockade
of the 5-HT6R on the consolidation phase of spatial
recognition memory were evaluated using 60-min and
240-min ITIs, intertrial intervals for which saline-treated
young adult mice were able to discriminate the new arm and
for which we could expect older animals to express memory
deficits, especially for long ITI such as 240 min.

1. Percent time in arm explorationF60 min ITI: Saline-
treated mice. Analysis of the percent time spent in the three
arms for saline-treated mice for the 60-min ITI revealed
a significant effect of arm exploration but not of age
(‘arm effect’ F2, 88 ¼ 9.76; po0.01/‘interaction ageFarm’
F6, 88¼ 2.62; po0.05) (Figure 4a). However, the percent time
spent in the new arm differed from the time spent in the two
other arms for the 3- and 18-month-old mice (po0.05; NK).
The percent time spent in the new arm differed from the
random choice level for the 3- and 18-month-old mice
(po0.05; t-test) but not for the two other ages (Figure 4a).
The 12-month-old mice did not show a preference for the
new arm, probably due to an unusually long time spent in
the start arm. In contrast to the 12 month-old, 21-month-
old mice spent the same amount of time in the start arm as
the 3- and 18-month-old mice but did not discriminate the
new arm, more likely reflecting an age-related memory
deficit (Figure 4a).

Figure 3 Influence of SB-271046 (10 mg/kg, i.p.) on retrieval of spatial
recognition memory in the place recognition test in young adult mice. Data
represent the mean(±SEM) percent time spent in the three arms during
the retrieval session for saline-treated groups (n¼ 15 per intertrial interval
(ITI)) (a) and for SB-271046-treated groups (n¼ 15 per ITI) (b). Following
the training session, recall performances of mice were tested during the
retrieval session after 120, 240, and 360 min. Mice were injected 60 min
before the retrieval session. Data represent the mean (±SEM) discrimina-
tion index for saline- and SB-271046-treated aged mice (c). wpo0.05,
wwpo0.01, wwwpo0.001 (new arm vs start or familiar arm) two-way analysis
of variance (ANOVA) followed by Newman–Keuls multiple range test.
##

po0.01, ###po0.0001, Student’s t-test vs random choice level of
exploration (33.33% value for percent time and 0 value for discrimination
index).
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SB-271046-treated mice. For SB-271046-treated animals,
analysis of the percent time spent in the three arms for the
60-min ITI revealed a significant effect of arm exploration,
but found no age-related differences (‘arm effect’
F2, 92 ¼ 22.3; po0.001) (Figure 4b). In contrast to the

saline-treated mice, the percent time spent in the new arm
was above the random choice level for all tested ages
(po0.05; t-test) (Figure 4b).

2. Discrimination indexF60 min ITI: These results
were confirmed by the statistical analysis performed on the
discrimination index for saline- and SB-271046-treated
animals (‘age effect’ F3, 51 ¼ 2.84; po0.05/‘treatment effect’
F1, 17 ¼ 4.16; p¼ 0.06) (Figure 4c). In contrast to the SB-
271046-treated mice that discriminate at all ages, saline-
treated animals discriminate only for the 3- and 18-month-
old ages (po0.05; t-test) (Figure 4c).

3. Percent time in arm explorationF240 min ITI:
Saline-treated mice. Analysis of the percent time spent in
the three arms for saline-treated mice for the 240-min ITI
revealed a significant effect of arm exploration but not of
age (‘arm effect’ F2, 96¼ 4.40; po0.05/‘interaction age-
Farm’ F6, 96 ¼ 3.84; po0.01) (Figure 5a). Post hoc analysis
revealed that only for the 3-month-old mice the percent
time spent in the new arm was different from the percent
time spent in any of the two other arms (po0.01; NK) and
above the random choice level (po0.001; t-test). For the
240 min ITI, 12-month-old and older saline-treated mice did
not spend more time in the new arm compared to the other
arms, although we cannot rule out the possibility that the
12-month-old mice were able to discriminate the new arm
but did not appear to do so because they had spent an
unusually long time in the start arm (Figure 5a).

SB-271046-treated mice. Analysis of the percent time
spent in the three arms for this duration of ITI for the SB-
271046-treated animals revealed a significant effect of arm
exploration but found no age-related differences (‘arm
effect’ F2, 96 ¼ 49.8; po0.001) (Figure 5b). In contrast to
saline-treated mice, the percent time spent in the new arm
for SB-271046-treated animals differed from the random
choice level for all tested ages (po0.01; t-test) (Figure 5b).

4. Discrimination indexF240 min ITI: Statistical ana-
lysis of the discrimination index for the saline- and SB-
271046-treated animals confirmed these results, showing
significant effects of treatment and age (‘treatment effect’
F1, 19 ¼ 7.71; po0.05/‘age effect’ F3, 57¼ 3.70; p¼ 0.05)
(Figure 5c). Post hoc analysis showed significant differences
between the saline- and SB-271046-treated groups for the
12- and 21-month-old mice (po0.05; NK), whereas such
differences failed to reach statistical significance for the 3-

Figure 4 Effect of SB-271046 (10 mg/kg, i.p.) on consolidation of spatial
recognition memory in the place recognition test in aged mice. Data
represent the mean (±SEM) percent time spent in the three arms during
the retrieval session for 3- (n¼ 16), 12- (n¼ 12), 18- (n¼ 10), and 21-
(n¼ 10) month-old mice treated by saline (a) and for 3- (n¼ 14), 12-
(n¼ 14), 18- (n¼ 12), and 21- (n¼ 10) month-old mice treated with SB-
271046 (b). Following the training session, mice were injected immediately
and their recall performances were tested in the retrieval session after a
60 min ITI. Data represent the mean (±SEM) discrimination index for
saline- and SB-271046-treated aged mice (c). wpo0.05, wwpo0.01, (new
arm vs start or familiar arm) two-way analysis of variance (ANOVA)
followed by Newman–Keuls multiple range test. #po0.05, ##po0.01,
###po0.0001, Student’s t-test vs chance level of exploration (33.33% value
for percent time and 0 value for discrimination index).
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and 18-month-old mice. When compared with SB-271046-
treated animals, the discrimination index for the saline-
treated animals differed from the ‘absence of discrimina-
tion’ only for the 3-month-old mice (po0.01; t-test)
(Figure 5c).

Spontaneous locomotor activity test. Analysis of the
locomotor activity of animals measured for 30 min revealed
a difference between the various age groups (F3, 208 ¼ 12.64;
po0.001), a result confirmed by a post hoc analysis (see
Table 1 for details). When locomotor activity was measured
for six consecutive 5-min periods, analysis of the number of
beam interruptions revealed a difference in locomotor
activity between the different age groups as well as a
decrease in locomotor activity as a function of the duration
of the test (‘age effect’ F3, 208 ¼ 12.6; po0.001/‘time effect’
F5, 1040¼ 266; po0.001/‘interaction ageFtime’ F15, 1040¼ 3.80;
po0.001) (Table 1). Post hoc analysis indeed revealed
differences between the various age groups for each 5-min
interval of the test (pp0.01 for all 5-min periods).

Hole-board test. Analysis of the number of dips in holes for
a total period of 5 min revealed a significant difference
between the different age groups (F3, 207 ¼ 7.57; po0.001).
Post hoc analysis confirmed this and indicated that if there
was basically no difference in activity between age groups
for the three last 1-min periods, older mice dipped less their
head in the holes during the first two 1-min periods (see
Table 2 for details).

Cued learning test in the Morris water maze. Analysis
showed a reduction in the swim distance between the 2 days
of testing without age-related differences (‘day of testing
effect’ F1, 204 ¼ 162; po0.001) and significant age- and
day-related differences in escape latency (‘age effect’
F3, 204 ¼ 9.98; po0.001/‘day of testing effect’ F1, 204 ¼ 176;
po0.001) (Table 3). Analysis of swim speed revealed only
an effect of age (‘age effect’ F3, 204 ¼ 13.4; po0.001/‘interac-
tion ageFday of testing’ F3, 204¼ 3.45; po0.05) (Table 3).
Post hoc analysis revealed that the swim speeds of the 12-,
18-, and 21-month-old mice were significantly lower than
the swim speed of the 3-month-old animals (see Table 3 for
details).

DISCUSSION

In the present work, we demonstrate, for the first time to
our knowledge, that the selective blockade of 5-HT6R, as
obtained through the use of SB-271046, improves the
acquisition and consolidation of spatial recognition mem-
ory in young adult mice and counteracts age-related deficits
in consolidation of spatial recognition memory.

Figure 5 Effect of SB-271046 (10 mg/kg, i.p.) on consolidation of spatial
recognition memory in the place recognition test in aged mice. Data
represent the mean (±SEM) percent time spent in the three arms during
the retrieval session for 3- (n¼ 17), 12- (n¼ 15), 18- (n¼ 10), and 21-
(n¼ 10) month-old mice treated with saline (a) and for 3- (n¼ 15), 12-
(n¼ 14), 18- (n¼ 12), and 21- (n¼ 11) month-old mice treated with SB-
271046 (b). Following the training session, mice were injected immediately
and their recall performance was tested in the retrieval session after
240 min. Data represent the mean (±SEM) discrimination index for saline-
and SB-271046-treated aged mice (c). *po0.05 (saline- vs SB-271046-
treated mice), wwpo0.01, wwwpo0.001 (new arm vs start or familiar arm)
two-way analysis of variance (ANOVA) followed by Newman–Keuls
multiple range test. ##po0.01, ###po0.0001, Student’s t-test vs chance
level of exploration (33.33% value for percent time and 0 value for
discrimination index).

5-HT6R blockade improves memory
V Da Silva Costa et al

495

Neuropsychopharmacology



Discrimination performance toward the new arm by
young adult mice decreased as a function of the increase in
ITIs between the training and retrieval sessions in the two-
trial place recognition task. Indeed, vehicle-treated mice
failed to discriminate the new arm when the ITI exceeded
120 or 240 min for animals treated in the pre- or post-
acquisition period, respectively. In contrast, SB-271046-
treated mice explored the new arm more than the two other
arms for ITIs 240 and 360 min long (pre- and post-
acquisition treatments, respectively), a result in favor of
an increase in the mnesic trace of spatial information. As
SB-271046 failed to modify the retrieval performance when
administered prior to the retrieval session, such an effect is
specific to acquisition and consolidation. On the basis of
pharmacokinetic considerations (Routledge et al, 2000), we
speculate that SB-271046 administered 60 min before the
first trial (acquisition) should interfere to a lesser extent
with the consolidation processes than when injected just
after the first session, and should thus mainly affect the
acquisition phase. This hypothesis seems to be supported
by the fact that the beneficial effect of 5-HT6R blockade
seems more robust on consolidation (Figure 2b) than on
acquisition because this latter effect shows a tendency to
decrease with time (Figure 1b). Therefore, we suggest that 5-
HT6R antagonists modulate the post-acquisition stage
rather than the acquisition stage of learning and memory
processes. Given the robust and long-lasting positive effect
of blockade of 5-HT6R on the consolidation phase, it would
be worthwhile to evaluate if this beneficial effect is still

present for ITI longer than 360 min. Our results are
consistent with previous studies performed in the rat
demonstrating that 5-HT6R blockade has positive effects
on acquisition and consolidation, but not on retrieval, of
nonspatial mnesic information (King et al, 2004). The
effects of 5-HT6R blockade on acquisition, consolidation,
and retrieval seem however to depend on the type of
memory under study (ie reference and recognition mem-
ory). Indeed, 5-HT6R blockade was without effect on the
acquisition of spatial reference memory (Hirst et al, 2006;
Lindner et al, 2003; Rogers and Hagan, 2001; Stean et al,
2002, Woolley et al, 2001), whereas it increases acquisition
of nonspatial (object recognition test; King et al, 2004) and
spatial (place recognition test; present work) recognition
memory. 5-HT6R blockade improves memory consolidation
in a nonspatial recognition task (King et al, 2004) and an
autoshaping Pavlovian/instrumental learning task (Men-
eses, 2001; Perez-Garcia and Meneses, 2005). 5-HT6R
blockade had no effect on the retrieval of nonspatial (object
recognition test, King et al, 2004) and spatial (place
recognition test, present work) recognition memory,
whereas retrieval of spatial reference memory has been
found to be either unchanged (Lindner et al, 2003) or
improved in similar conditions (Rogers and Hagan, 2001;
Woolley et al, 2001).

Considering the beneficial effect of blockade of 5-HT6R
on the consolidation process of new information in spatial
recognition memory and the fact that such a process is
impaired during aging (Barnes, 1979; Gallagher et al, 1993;

Table 2 Influence of Age on Exploratory Behavior of 3-, 12-, 18-, and 21-Month-old Mice in the Hole-Board Test

3 months (n¼68) 12 months (n¼58) 18 months (n¼44) 21 months (n¼41)

Hole-board test (Number of head dips in hole)

0–1 min 9.8±0.5 7.0±0.3** 6.7±0.5** 5.4±0.6**w

1–2 min 6.1±0.5 5.1±0.3 5.2±0.4 4.8±0.4*

2–3 min 5.6±0.4 5.4±1.0 3.7±0.4 3.6±0.4

3–4 min 4.8±0.4 4.0±0.3 3.7±0.3 3.4±0.4*

4–5 min 4.5±0.4 3.8±0.3 3.5±0.3 3.7±0.4

0–5 min 30.8±1.7 24.9±1.5* 22.9±1.3** 21.0±1.4**

Data represent the number of head dips in the hole (mean±SEM) for each 1-min period for 3-, 12-, 18-, and 21-month-old mice; the last row indicates the total
number of head dips in the hole for the 5-min period. ANOVA+Newman–Keuls post hoc analysis: *po0.05, **po0.01 (vs 3-month-old mice); wwpo0.01, wwwpo0.001
(vs 12-month-old mice).

Table 3 Influence of Age on Distance Traveled, Escape Latency, and Swim Speed of 3-, 12-, 18-, and 21-Month-Old Mice in the Morris
Water Maze Task

Day 1 Day 2

3 months
(n¼ 68)

12 months
(n¼ 58)

18 months
(n¼44)

21 months
(n¼ 40)

3 months
(n¼ 68)

12 months
(n¼58)

18 months
(n¼44)

21 months
(n¼ 40)

Distance traveled (cm) 1062±88 1131±84 1209±110 1160±109 627±72 554±61 756±106 794±100

Escape latency (s) 42.8±3.7 53.6±4.1 57.9±4.8 56.9±5.3 22.5±2.9 27.2±3.0 35.6±4.6 40.6±5.0

Swim speed (cm/s) 25.8±0.6 21.8±0.6** 21.9±0.7** 20.8±0.6** 32.5±2.9 21.0±0.6** 23.4±1.0** 21.0±0.9**

Data represent the distance traveled (cm), escape latency (s), and swim speed (cm/s) (mean±SEM) for the 2 days of cued learning for 3-, 12-, 18-, and 21-month-old
mice. ANOVA+Newman–Keuls post hoc analysis: **po0.01 (vs 3-month-old mice).
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Wilson et al, 2005), we have also investigated the influence
of 5-HT6R antagonism on the consolidation of spatial
recognition memory in young adult, adult, and aged mice.
Overall, our results strongly suggest that 5-HT6R blockade
reverses age-related deficits in the consolidation of spatial
recognition memory, which began at 21 months of age for
the 60-min ITI and at 18 months for the 240-min ITI
(Figures 4 and 5). As the antagonist was administered
during the consolidation period, we conclude that 5-HT6R
blockade improves and normalizes the consolidation
process of spatial information in aged mice. On the basis
of the discrimination indices (Figures 4c and 5c), there was
a substantial effect of SB-271046 on the 12-month-old mice,
apparently by countering the absence of discrimination that
was observed in 12-month-old control (saline-treated) mice
(see below). However, by comparing directly the percent
time spent in the new arm with reference to a random
exploration (random choice level of 33.33%) for the 60-min
ITI (Figures 4a and b), one can conclude there is a rather
small effect of SB-271046 on both 12- and 18-month-old
mice. Though no other work has evaluated the effect of 5-
HT6R blockade on the consolidation of spatial recognition
memory in aged animals, our results are consistent with
previous studies in the rat that demonstrate an improve-
ment of task acquisition and recall in a spatial learning
paradigm in 20- and 22-month-old rats following acute or
chronic 5-HT6R antagonism (Foley et al, 2004; Hirst et al,
2006). These age-related deficits, consistent with previous
studies on spatial memory (Bach et al, 1999; Barnes, 1979;
Gallagher and Pelleymounter, 1988, Gower and Lamberty,
1993; Granger et al, 1996), are attributable to dysfunctions
in memory processes on the basis that impaired locomotor
activity in the two-trial place recognition test in the Y-maze
could not be mistaken for a memory deficit because the test
is based on the choice between a novel place and familiar
places (Dellu et al, 1992, 2000) and the percentage of time
spent in exploration is used as the measure. Indeed, in our
hands, exploratory behavior was found to be only slightly
reduced in the hole-board test (Table 2), and such an effect
can probably be linked to the decrease in spontaneous
locomotor activity (Table 1). Moreover, analyses of swim
speed, escape latency, and distance traveled observed in the
cued learning Morris water maze test are consistent with an
absence of visual and motivational deficits (Table 3). As
already shown (Ammassari-Teule et al, 1994; Dellu et al,
1992; Lamirault et al, 2003), the total exploration time
during the second trial of the recognition memory test was
found to be similar for the 3-, 12-, 18-, and 21-month-old
mice, suggesting that exploratory behavior in aged mice did
not decrease with age (online Supplementary Figure S1).
Consequently, the slight age-related decrease in sponta-
neous activity observed in our control tests as well as by
others (Lamberty et al, 1989, 1990; Francia et al, 2006) is
assumed to have little or no consequence in the evaluation
of memory performance as it is not linked to a reduction in
exploratory activity during the memory test itself. Control
tests were also important for the interpretation of the
unexpected lack of preference for the new arm exhibited by
12-month-old, saline-treated, mice (Figures 4 and 5). This
result, probably due to the unusually long time mice spent
in the start arm, could be linked to either an increased
anxiety or a reduced motivation to explore the maze as well

as to the implication of intra- or extra-maze cues. None of
these hypotheses could however find support as (1) the
motivational indices of the cued learning test (Table 3) as
well as the times spent in the start and open familiar arms
during the first session were similar in all animal groups
(online Supplementary Figure 2), (2) olfactory traces were
reduced and homogenized between each passage in the Y-
maze as recommended (Dellu et al, 1992), and (3) parallel
experiments revealed that the random allocation of the start
arm did not modify this specific behavior of the animals
(data not shown). Moreover, the absence of preference for
the new arm is not linked to a difference in locomotor
activity because 12-month-old mice showed no significant
difference in performance compared to younger animals (0–
5 min interval, a time equivalent to the 2 min duration of the
second trial in the Y-maze; Table 1).

Spatial memory formation involves several brain areas,
including the hippocampus, rhinal cortices, and neocortical
regions such as the parietal cortex (Holscher, 2003; Thinus-
Blanc et al, 1998). Indeed, studies suggest that the
hippocampus (1) is dedicated to the creation and use of
spatial or cognitive maps and is therefore critical for the
encoding and expression of relationships between items of
memory (Eichenbaum, 1999; Kesner et al, 1991) and (2) is
important for short-term consolidation of spatial informa-
tion and supervises consolidation of spatial memory in the
entorhinal cortex before some transfer occurs to the
neocortex for permanent storage (Cho and Kesner, 1996;
Steckler et al, 1998). The hippocampus, as well as brain
regions of the medial temporal lobe, is essential for
declarative memory and notably episodic memory (Squire
and Zola, 1996). Human episodic memory refers to the
recollection of a unique past experience in terms of what
happened, and where and when it happened (Tulving,
2001). Interestingly, recent studies suggest that nonhuman
mammals have the ability to build higher-order memory for
unique events that incorporate information about what,
where, and when, lending strong support to the idea that
animals are endowed with episodic-like memory (Dere et al,
2005a, 2005b). In the place recognition task used in the
present study, spatial recognition information could be
considered as episodic-like information. Young adult mice
remembered the arms visited during the training session
(what and where) after a delay of 240 min (when), and
consequently preferentially explored the new arm during
the retrieval session. On the basis of the high density of
5-HT6R in the brain regions implicated in spatial memory
processes (Bibancos et al, 2007, Gérard et al, 1997; Ruat
et al, 1993; Ward and Dorsa, 1996) and the results
previously discussed that strongly suggest that the blockade
of 5-HT6R improves the acquisition and consolidation of
episodic-like memory in young-adult mice and counteracts
age-related deficits in such a memory process, 5-HT6R
antagonists are proposed as a therapeutic alternative for the
treatment of episodic memory deficits which are among the
first signs of cognitive decline related to aging and
neurological disorders such as Alzheimer’s disease (Fried-
man et al, 2007; Small et al, 2003). The mechanisms by
which 5-HT6R antagonists can counteract age-related
deficits in memory processes are yet unknown. One can
however hypothesize a withdrawal of the inhibition exerted
by serotonin onto the cholinergic system, notably in the
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hippocampus (Foley et al, 2004; Lieben et al, 2005; Perez-
Garcia and Meneses, 2005; Riemer et al, 2003; Shirazi-
Southall et al, 2002)Fthis latter being largely altered during
aging (Buhot et al, 2000; Decker and McGaugh, 1991;
McEntee and Crook, 1992)Fand/or an interaction with the
hippocampal glutamatergic system, leading to an increase
in synaptic plasticity (eg long-term potentiation; Bliss and
Collingridge, 1993; Dawson et al, 2000, 2001; Foster, 1999;
Lynch et al, 2006; Morris, 2006), which is altered during
aging (see for review Lynch et al, 2006). Other concepts
have been recently proposed (see Perez-Garcia and
Meneses, 2008).

In summary, we have demonstrated that 5-HT6R block-
ade improves spatial recognition memory in young adult
mice and reverses age-dependent deficits in a place
recognition task. Our results suggest that 5-HT6R could
be important in the consolidation of the episodic-like
information of episodic-like memory. Thus, 5-HT6R
antagonists could be of great therapeutic value in the
treatment of cognitive disorders where deficits in episodic
memory are a major feature, including aging, Alzheimer’s
disease, and schizophrenia. Interestingly, 5-HT6R antago-
nists such as LY-483518, SB-742457, and PRX-07034 have
already entered clinical trials for the treatment of cognitive
impairment associated with Alzheimer’s disease and schizo-
phrenia, and other antagonists are under active develop-
ment (Holenz et al, 2006; www.epixmed.com).
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