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The present study examined the influence of pharmacological modulations of the locus coeruleus noradrenergic
system on odor recognition in the mouse. Mice exposed to a nonrewarded olfactory stimulation (training) were able
to memorize this odor and to discriminate it from a new odor in a recall test performed 15 min later. At longer
delays (30 or 60 min), the familiar odor was no longer retained, and both stimuli were perceived as new ones.
Following a post-training injection of the �2-adrenoceptor antagonist dexefaroxan, the familiar odor was still
remembered 30 min after training. In contrast, both the �2-adrenoceptor agonist UK 14304 and the noradrenergic
neurotoxin DSP-4 prevented the recognition of the familiar odor 15 min after the first exposure. Noradrenaline
release in the olfactory bulb, assessed by measurement of the extracellular noradrenaline metabolite
normetanephrine, was increased by 62% following dexefaroxan injection, and was decreased by 38%–44% after
treatment with UK 14304 and DSP-4. Performance of mice in the recall test was reduced by a post-training injection
of the �-adrenoceptor antagonist propranolol or the �1-antagonist prazosin, thus implicating a role for �- and
�1-adrenoceptors in the facilitating effects of noradrenaline on short-term olfactory recognition in this model.

The ascending noradrenergic (NA) system that originates in the
locus coeruleus (LC) innervates all cortical forebrain areas and
has been shown to participate in behavioral flexibility, attention,
and the facilitation of processing of novel or significant sensory
stimuli (Aston-Jones et al. 2000; Berridge and Waterhouse 2003;
Bouret and Sara 2004). LC-NA afferents innervate several olfac-
tory cortical areas and appear to play crucial functions in the
processing of relevant olfactory information and in several types
of olfactory learning tasks in various species. In the newborn rat,
olfactory learning associated with early imprinting requires an
intact LC-NA system (Moriceau and Sullivan 2004), and injec-
tions of �-adrenoceptor agonists into the olfactory bulb (OB) can
mimic the reinforcing properties of a reward associated with an
olfactory stimulus (Sullivan et al. 2000; Bordner and Spear 2006).
In the adult brain, the LC-NA system has been implicated in
some specific forms of olfactory memory (Gervais et al. 1988;
Brennan and Keverne 1997), such as learning of the male odor by
the female mouse during mating (Rosser and Keverne 1985) or
learning of odor preference by sheep for recognition of lambs
(Levy et al. 1990). Evidence has also been shown for a participa-
tion of the LC-NA system in more classical olfactory condition-
ing procedures in the rabbit (Gray et al. 1986) and in the mouse
(Brennan et al. 1998).

Increases of NA release in the cortices innervated by the
LC-NA system have been correlated with associative olfactory
conditioning in the mouse OB (Brennan et al. 1998) and post-
training consolidation memory following associative condition-
ing procedures in the prefrontal cortex (Tronel et al. 2004). �2-
Adrenoceptor antagonists, such as dexefaroxan, are able to in-
crease NA release in target areas by blockade of pre-synaptic

inhibitory autoreceptors on LC-NA afferents (Mayer et al. 2001;
Veyrac et al. 2005). When given immediately after training, dex-
efaroxan improves the memory performance of adult rats or mice
in passive avoidance conditioning, water maze tasks, and object
recognition tests (Chopin et al. 2002).

The present study examined a possible involvement of NA
in the retention of olfactory memory in a simple nonrewarded
odor recognition task in the mouse. We found that dexefaroxan
given immediately after stimulation with a test odor improved
the retention of this odor. In contrast, the decrease of NA release
resulting from pharmacological treatments with the �2-
adrenoceptor agonist UK 14304 or the selective noradrenergic
neurotoxin DSP-4 was associated with a reduced retention of ol-
factory memory. Post-synaptic adrenoceptors of the �1- and �-
subtypes were most likely involved in the facilitating effects of
NA, since the �1-antagonist prazosin and the �-antagonist pro-
pranolol were able to reduce the retention of olfactory memory
in the same odor-recognition task.

Results

Odor recognition test in control mice: Influence
of the delay between acquisition and recall
In a preliminary experiment, we verified that carvone and limo-
nene, presented simultaneously in two different holes of the
hole-board apparatus (Fig. 1A), were equally explored by mice
that had never been previously exposed to these compounds
(data not shown). This observation established that mice do not
show a preference for either of these two odors at the concentra-
tions used in this study.

During the acquisition test, one of these two odors (carvone
or limonene) was present simultaneously in both holes of the
hole-board, and the exploration time of mice at each hole was
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measured (Fig. 1B). As expected, the animals spent the same
amount of time exploring each of the two odorized holes (Fig. 2).
The recall test consisted of a single trial in which one of the two
holes contained the odor presented during the acquisition test,
while the other hole contained the new odor to which the ani-
mal had never before been exposed. When the delay between the
acquisition and the recall tests was 15 min, the exploration time
of the hole containing the new odor was significantly longer
than the time spent in exploring the hole odorized with the
familiar odor (one-sample t-test; p < 0.005) (Fig. 2), indicating
that the animals remembered the familiar odor and could dis-
criminate the other odor as a new one. At the delays of 30 or 60
min, the animals spent the same time exploring either hole (one-
sample t-test; p > 0.05) (Fig. 2), indicating that they no longer
remembered the odor presented during the acquisition test, both
odors being considered as unfamiliar at these later times. From
these data, it can be inferred that olfactory information relative
to a stimulus given in a simple nonrewarded stimulation proto-
col in normal mice could be retrieved 15 min after training but
was lost at the delays of 30 or 60 min post-training.

Improvement of odor recognition by a post-training
injection of dexefaroxan
In contrast to saline-injected control animals that equally ex-
plored both holes in the recall test after a 30-min delay, mice that
received a single i.p. injection of dexefaroxan (0.63 mg/kg) im-
mediately at the end of the acquisition session showed a signifi-
cantly increased exploration of the hole odorized with the new
odor (one-sample t-test; p < 0.005) (Fig. 3A). This overexploration
of the new odor by dexefaroxan-injected animals indicates that
they remembered the odor presented in the acquisition test,
whereas saline-injected animals had forgotten this test odor after
the same 30-min delay. Following a delay of 60 min after acqui-
sition, dexefaroxan-injected animals equally explored the two

odorized holes, indicating that they could no longer remember
the test odor, as was also the case for the saline-injected control
animals at this same time (one-sample t-test; p > 0.05).

General locomotor activity and exploratory behavior were
not affected by dexefaroxan since neither the total number of
nose pokes into the holes of the hole-board (ANOVA,
F(3,46) = 0.230, p = 0.875) (Fig. 3B), nor the mean investigation
time of holes (ANOVA, F(3,45) = 0.774, p = 0.515) (data not
shown) were different in the saline- and dexefaroxan-injected
groups.

The level of the extracellular noradrenaline metabolite nor-
metanephrine (NMN) in the OB obtained from a separate group
of mice euthanized by high-power head-focused microwave irra-
diation was used as an index to evaluate the effect of dexefaroxan
in modifying NA release in vivo (Wood et al. 1987). As shown in
Figure 3C, a single i.p. injection of dexefaroxan resulted in a
significant increase in NMN levels in the OB at 30 min (+62%;
student’s t-test, p = 0.0076) and 60 min post-treatment (+52%;
student’s t-test, p = 0.0025), in comparison to the levels measured
in saline-injected control mice. The dexefaroxan-induced in-
crease in NMN levels was significantly greater at the 30-min post-
injection time point (student’s t-test, p = 0.026), consistent with
the rapid onset and decay of the drug’s effect in blocking central
�2-adrenoceptors in vivo following administration by the i.p.
route (Mayer et al. 2001).

Impairment of short-term olfactory recognition
by inhibitors of NA release
When the recall test was performed 15 min after the acquisition
test, saline-injected animals recognized the familiar odor and ex-
plored more actively the new one (one-sample t-test; p < 0.005)
(Fig. 4A). After the same delay, mice that received a single i.p.
injection of the �2-adrenoceptor agonist UK 14304 (0.16 mg/kg)
immediately after the acquisition session, equally explored the
two odorized holes (one-sample t-test; p > 0.05), indicating that
UK 14304 had interfered with the retention of the odor perceived
during the acquisition test. A similar failure of test odor retention

Figure 2. Odor recognition test in control mice. Mice were submitted
to the acquisition test (2 min) with either carvone or limonene present in
both holes of the hole-board. The percent investigation times (vertical
axis) of the two holes were similar (open bars: “Acquisition,” Hole 1 and
Hole 2). Immediately following the acquisition test, all the animals re-
ceived an i.p. injection of vehicle (physiological saline) and were submit-
ted to the recall test after a delay of 15, 30, or 60 min. The solid bars
(“Recall - novel odor”) represent the mean exploration time of the hole
containing the new odor, expressed as a percentage of the total explo-
ration time of the two holes. At the shortest delay (15 min), the animals
spent a significantly greater percentage of time exploring the hole con-
taining the unfamiliar odor than that containing the familiar one (one-
sample t-test; [***] p < 0.005). At longer delays (30 and 60 min), the two
holes were equally explored, indicating that mice could no longer re-
member the familiar odor (one-sample t-test; p > 0.05).

Figure 1. Experimental setup. (A) View of the hole-board for mice spe-
cifically designed for olfactory learning tests described in the present
study. An odorized piece of polypropylene was placed under shavings at
the bottom of each hole. The number of entries of the mouse’s nose into
each hole and the duration of time of each nose poke were automatically
detected with capacitive sensors and recorded through custom-made
computer software. (B) In a first 2-min-long acquisition test, both holes
were odorized with the same compound and were equally explored by
the animals. In a recall test occurring after a delay of 15, 30, or 60 min,
one hole was odorized with the odor previously presented in the acqui-
sition test, while the other hole contained a new odorant compound. The
placements of the familiar and new odors were randomized in order to
avoid place preference bias.
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was observed in animals that had received a single i.p. injection
of the noradrenergic neurotoxin DSP-4 24 h before the acquisi-
tion test (one-sample t-test; p > 0.05). A post-training injection of
DSP4-treated animals with dexefaroxan was unable to restore the
retrieval of the test odor (one-sample t-test; p > 0.05).

The pharmacologically induced deficits in recall could not
be attributed to potential drug effects on locomotor activity or
exploratory activity, since neither the mean number of nose
pokes in the holes of the board (ANOVA, F(3,50) = 1.531,
p = 0.218) (Fig. 4B), nor the mean investigation time of holes
(ANOVA, F(3,50) = 2.084, p = 0.114) (data not shown) were differ-
ent between drug-treated groups and saline-injected control ani-
mals.

In a separate study, the treatments with UK 14304 and
DSP-4 were found to produce significant reductions of 38% and
44%, respectively, in NMN levels in the OB at 15-min post-
injection (ANOVA, F(3,22) = 7.807, p = 0.001; Tukey post hoc,
p = 0.006, p = 0. 009, and p = 0.001, respectively) (Fig. 4C).

Impairment of short-term olfactory recognition
by propranolol (�-adrenoceptor antagonist)
and prazosin (�1-adrenoceptor antagonist)
Three experimental groups of mice received a post-acquisition
injection of either the �1-adrenoceptor antagonist prazosin (1 or
1.5 mg/kg i.p.), or the �-adrenoceptor antagonist propranolol (10
mg/kg i.p.), while a control group received a saline injection. At
the delay of 15 min following the acquisition session, saline- and
prazosin-injected animals at the lower dose (1 mg/kg) displayed
a similar overexploration of the new odor in the recall test (one-
sample t-test, p < 0.005 and p < 0.05, respectively) (Fig. 5A). In
contrast, prazosin- (1.5 mg/kg) and propranolol-injected animals
explored equally the two holes (one-sample t-test, p > 0.05) (Fig.
5A), indicating that both drugs interfered with the retention of
the familiar odor.

As previously observed in the other drug-injected groups,
neither propranolol nor prazosin at the doses used here signifi-
cantly influenced the number of nose pokes in the holes
(ANOVA, F(3,50) = 0.573, p = 0.635) (Fig. 5B) or the mean investi-
gation time of holes (ANOVA, F(3,35) = 0. 376, p = 0.696) (data not
shown), indicating that locomotor activity and exploratory be-
havior of the animals were not affected by the drugs.

Discussion
In the present study, we found that NA release by the LC-NA
system was associated with promoting the recognition of a fa-
miliar odor, and that this effect was most likely mediated by �1-
and �-adrenoceptors. In the protocol used in this study, an odor
previously provided within a unique acquisition trial is expected
to be less explored than a new one in a second recall trial where
the familiar and the new odors are simultaneously accessible to
the animals. The involvement of NA in the modulation of olfac-
tory recognition in such tasks has previously been suggested by
the observation that dishabituation to urine odor in the rat is
altered by a previous injection with the catecholaminergic neu-
rotoxin 6-OHDA (Guan et al. 1993a). Furthermore, the increased
level of NA in the adult rat OB that follows a local injection of
oxytocin is associated with an improvement in the social olfac-
tory recognition of a familiar juvenile male versus a nonfamiliar
one (Dluzen et al. 2000). Since we selected pure odorant com-
pounds devoid of any biological significance as olfactory stimuli,
our data establish that NA is necessary for the consolidation of
short-term olfactory memory in olfactory recognition tasks even
outside the specific context of social recognition. Since dexefar-
oxan was injected immediately after the learning session, its
promnesic effect occurred by facilitating the memory consolida-

Figure 3. Effects of post-training injection of dexefaroxan on odor recog-
nition and NMN levels in the OB. (A) Mice received an i.p. injection of
dexefaroxan (0.63 mg/kg) or vehicle (physiological saline) immediately after
the acquisition test with either carvone or limonene exposure. (A) The in-
vestigation time of the hole containing the new odorant, expressed as a
percentage of the total investigation time of both odorized holes, during a
recall test performed 30 or 60 min after the acquisition test. At the delay of
30 min, dexefaroxan-injected mice spent a longer time investigating the
new odorant (one-sample t-test; [***] p < 0.005), indicating that they re-
membered the familiar one. At the same time, the vehicle (saline) injected
animals explored both holes equally, indicating that they no longer remem-
bered the familiar odor. At the longer delay of 60 min, saline- and dexefar-
oxan-injected animals spent the same time exploring the holes containing
the familiar and unfamiliar odors, indicating that they no longer remem-
bered the familiar odor (one-sample t-test; p > 0.05). (B) Total number of
nose entries into the holes of the hole-board. The general locomotor activity
and exploratory behavior were not affected by dexefaroxan (ANOVA
F(3,46) = 0.230, p = 0.875). (C) HPLC measurements of normetanephrine
(NMN), the extracellular metabolite of NA, in the OB of saline vehicle and
dexefaroxan-injected mice, 30 or 60 min after i.p. injection. At the 30-min
and 60-min delays, the levels of NMN were significantly higher in the dex-
efaroxan-treated groups versus saline-injected mice, indicating that the drug
had increased NA release in the OB (student’s t-test, p = 0.0076 and
p = 0.0025, respectively). However, the level of NMN was significantly lower
at 60 min than at 30 min after injection of dexefaroxan (student’s t-test,
p = 0.026), indicating that the drug effect was probably decreasing with
post-injection time, which would be consistent with the rapid onset and
decay of the drug’s effect in blocking central �2 adrenoceptors in vivo fol-
lowing administration by the i.p. route (Mayer et al. 2001).
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tion/retention process, and not the acquisition. This is entirely
consistent with the effect of dexefaroxan to improve object rec-
ognition performance in the mouse in a very similar protocol
(Chopin et al. 2002). Thus, for odor as for object recognition,

dexefaroxan appears to significantly facilitate the memory con-
solidation and/or retention process(es). The different ranges of
retention times observed for odors (15–30 min in the present
study) versus objects (1–4 h in the study by Chopin et al. 2002)
are possibly related to differences in modalities of detection, ob-
jects being detected through visual and somato-sensory input
and perhaps memorized more easily than simple pure odorants
having no biological salience to the animals. In both cases, dex-
efaroxan most likely improves the retention of sensory informa-
tion by its action as a highly selective �2-adrenoceptor antagonist
and its effect to increase the NA release in vivo by blockade of
inhibitory �2-autoreceptors. In the present experiments, dexefar-
oxan-injected animals were able to recognize a previously pre-
sented odor at 30 min but not at 60 min after drug injection,
although the level of NMN in the OB was significantly elevated
compared to saline controls at both time points. However, the
drug-induced increase in NMN levels at 60 min was significantly
lower than at 30 min, suggesting that the maintenance of odor
recognition by dexefaroxan in this test is dependent on a critical
threshold level of NA release that can be attained or surpassed
only within a relatively short time (<60 min) after drug admin-
istration.

Consistent with the promnesic and NA-releasing effects of
the �2-adrenoceptor antagonist dexefaroxan in the present

Figure 4. Impairment of short-term (15 min) odor recognition follow-
ing inhibition of NA release. (A) Histograms represent the mean investi-
gation time of the new odor during a recall test performed 15 min after
the acquisition test. As previously shown in Figure 2, saline-injected mice
remembered the familiar odor and spent a significantly longer time in
exploring the new odor than the familiar one (one-sample t-test; [***]
p < 0.005). Following a post-training injection of the �2-adrenoreceptor
agonist UK 14304, mice spent an equal amount of time exploring the two
holes, indicating that they did not remember the familiar odor (one-
sample t-test; p > 0.05). A similar result was obtained with animals that
had received a DSP-4 pre-treatment 24 h before, with a subsequent
treatment with dexefaroxan or saline vehicle immediately after the ac-
quisition test (one-sample t-test; p > 0.05). (B) Total number of nose
entries into the holes of the hole-board. The general locomotor activity
and exploratory behavior were not affected by UK 14304 or DSP-4 in-
jections (ANOVA F(3,50) = 1.531, p = 0.218). (C) HPLC measurement of
normetanephrine in the OB of mice receiving the same drug treatments
as described in panel A. When compared with saline-injected animals, all
of the drug-injected animals had a significantly lower level of NMN in the
OB (ANOVA F(3,22) = 7.807, p = 0.001, Tukey post hoc, [**] p = 0.006;
[**] p = 0.009, and [***] p = 0.001 compared to saline-injected mice,
respectively), indicative of a reduced release of NA in this structure. NMN
levels in DSP-4 pre-treated mice were not altered 15 min after the acute
treatment with dexefaroxan or vehicle. Note the correlation between (C)
the decrease of NMN levels in the OB and (A) the failure of short-term
odor recognition in the recall test.

Figure 5. Effects of post-training injections of propranolol or prazosin
on short-term (15 min) odor recognition. (A) Histograms represent the
mean investigation times of the new odor in a recall test performed 15
min after the acquisition test. As described in Figure 2, mice that received
a saline injection immediately following the acquisition test spent a sig-
nificantly longer time investigating the hole containing the new odor
(one-sample t-test; [***] p < 0.005), indicating a recognition of the famil-
iar one. In contrast, mice injected with prazosin (1.5 mg/kg) or with the
�-adrenoreceptor antagonist propranolol (10 mg/kg) immediately after
acquisition equally explored both holes (one-sample t-test; p > 0.05),
indicating that they no longer recognized the familiar odor. (B) Total
number of nose entries into the holes of the hole-board. Neither pro-
pranolol nor prazosin at the doses used here (1.5 and 10 mg/kg, respec-
tively) significantly influenced the locomotor activity and exploratory be-
havior of mice (ANOVA, F(3,50) = 0.573, p = 0.635).
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study, we have also demonstrated that the �2-adrenoceptor ago-
nist UK 14304 was able to reduce NA release in the OB and to
simultaneously interfere with the retention of olfactory memory.
These observations are reminiscent of the alterations of olfactory
recognition abilities that followed the inactivation of the NA
system with 6-OHDA (Guan et al. 1993a) or MPTP (Dluzen and
Kreutzberg 1993) in habituation/dishabituation tasks involving
social olfactory cues from animals of the same species. Our data
also demonstrate that lesions of the LC-NA system can alter the
consolidation of olfactory memory even for some olfactory
stimuli that have no biological significance for the animal. When
dexefaroxan was administered to animals that had their LC-NA
system previously lesioned with DSP-4 (resulting in a 44% reduc-
tion in levels of NMN in the OB), neither recall performance nor
NMN levels in the OB were enhanced. These observations indi-
cate that the promnesic effects of dexefaroxan were dependent
on an intact LC-NA system (i.e., dexefaroxan was unable to re-
store a normal level of NA release to balance the amnesic effects
of DSP-4) and were thus most likely due to a pre-synaptic NA-
releasing action (through blockade of inhibitory autoreceptors)
rather than to a blockade of �2-adrenoceptors postsynaptic to NA
afferent inputs.

The influence of NA on cortical neurons is mediated by the
postsynaptic �1- and �-adrenoceptors that have been clearly im-
plicated in memory consolidation processes (Sirvio and MacDon-
ald 1999; Gibbs and Summers 2002). Adrenoceptors of the �1-
and �-subtypes are very abundant in the olfactory bulb (McCune
et al. 1993; Woo and Leon 1995; Domyancic and Morilak 1997),
where they seem able to mediate NA-induced modulations of
neuronal activity in the newborn rat (Harley et al. 2006). Previ-
ous studies have established a role of �-adrenoreceptors in me-
diating learning of odor preference in the rat pup (Wilson et al.
1994), learning of the odor of newborn lambs by parturient ewes
(Levy et al. 1990), and the transient changes in EEG patterns
associated with olfactory conditioning in the rabbit (Gray et al.
1986). The results obtained in the present study provide evidence
for the involvement of both �1- and �-adrenoceptors in the syn-
aptic mechanisms by which NA influences the short-term con-
solidation of nonassociative olfactory memory in the adult
mouse. Consistently with this hypothesis, the �-adrenoreceptor
antagonist propranolol has been shown to drastically reduce the
expression of c-fos that is induced in granule cells of the rat OB
during familiarization to a novel olfactory stimulus (Sallaz and
Jourdan 1996; Montag-Sallaz and Buonviso 2002). Post-synaptic
�1-adrenoceptors have also been implicated in learning-related
effects of NA release in the olfactory system (Kaba and Keverne
1988; Dluzen et al. 2000), and they have been shown to mediate
in the adult OB the NA-induced increase of mitral cells’ response
to weak olfactory stimuli (Mouly et al. 1995; Ciombor et al.
1999). Finally, a recent study proposed a synaptic model account-
ing for the complex direct or indirect influences of adrenoceptors
on mitral and granule cells activities in the OB (Harley et al.
2006). Our current data are consistent with this model and sup-
port complementary involvements of �1- and �-adrenoceptors in
the formation of olfactory memory in the adult OB. In addition,
we cannot rule out a possible interaction between �1- and �-
adrenoceptors, as demonstrated in the basolateral amygdala,
where �1-adrenoceptors affect memory storage by modulating
the �-adrenoceptors’ activation (Ferry et al. 1999). However, this
hypothesis deserves further investigations in the olfactory sys-
tem.

Since an efficient detection of olfactory stimuli is a prereq-
uisite for olfactory recognition, it could be argued that potential
drug-induced alterations in odor detection performance might
have influenced the learning abilities of mice. This hypothesis is
unlikely since several studies have shown that NA depletion with

6-OHDA has no effect on the detection of odorant compounds,
at least in rats (Doty et al. 1988; Guan et al. 1993a). Furthermore,
propranolol administration into the OB does not impair the abil-
ity of rabbits to detect a new odor (Gray et al. 1986). Since the
recognition task used in this study involved a discrimination
between the familiar and the new odor in the recall session, we
have also to consider the hypothesis that the reduced release of
NA (by UK 14304), or its depletion (by DSP-4), or the blockade of
post-synaptic receptors (with prazosin or propranolol) might
somehow have interfered with the olfactory discrimination abili-
ties in the recall test and could have thus indirectly influenced
the memory performances. However, a recent study (Doucette et
al. 2007) has demonstrated that the blockade of both �- and
�-adrenergic receptors did not impair the discrimination of two
odorant compounds differing substantially by their chemical and
perceptual properties. Since the odorants selected in our study
(carvone and limonene) can be easily discriminated according to
the very distinct patterns of spatial glomerular activation that
they induce in the OB (Linster et al. 2001), we can assume that
the drugs used in our study were not capable of significantly
affecting their discrimination. Furthermore, the improvement of
olfactory memory retention induced by dexefaroxan treatment
cannot be explained by a better discrimination of the odorant
compounds since this discrimination was already easily attained
by the animals under standard conditions. Thus, we are left to
assume that the opposite effects of dexefaroxan (facilitation) and
UK 14304 or DSP-4 (attenuation) on recognition performances in
the recall test were most likely due to a direct influence of NA
release on synaptic events participating in the consolidation of
the olfactory memory that occurred in olfactory cortices, includ-
ing the OB.

The olfactory cortices, and specially the olfactory bulb, are
densely innervated by other neuromodulatory systems including
the basal forebrain cholinergic system (Macrides et al. 1981; Le
Jeune et al. 1995), and the serotonergic system originating in the
nucleus raphe dorsalis (McLean and Shipley 1987). These afferent
systems could both interact with the LC-NA system and influ-
ence olfactory learning. For example, dexefaroxan is able to in-
crease acetylcholine outflow in the frontal cortex of the rat
(Tellez et al. 1999), an effect that is dependent on the state of
integrity of the LC-NA system. The colocalization of 5HT2A re-
ceptors and �-adrenoceptors in mitral cells has been shown to
support a coregulation of cAMP level and to allow a synergistic
involvement of these receptors in odor preference learning in the
rat pup (Yuan et al. 2003). Thus, interactions occurring at the
cellular level could influence the role of the NA system in the
processing of olfactory information. However, contributions of
the cholinergic and/or serotonergic systems to the noradrenergic
modulation of nonassociative olfactory memory retention seem
relatively unimportant since combined lesions of the cholinergic
and serotonergic systems did not alter the recognition of a test
odor 30 min after the first presentation in a habituation/
dishabituation task (Wirth et al. 2000).

Previous studies have demonstrated that dexefaroxan exerts
neuroprotective effects against degenerative structural changes
in the brain (Debeir et al. 2002; Veyrac et al. 2005) and reduces
the memory deficits resulting from excitotoxic and devascular-
ization-induced brain lesions (Chopin et al. 2002, 2004). Thus,
the present findings establish that in addition to its previously
demonstrated role in different stages of memory consolida-
tion (Tronel et al. 2004), or in the long-term functional mainte-
nance of behaviors that depend on the integrity of certain neu-
ronal networks (Chopin et al. 2004), NA is necessary for the
short-term retention of olfactory memory in nonassociative odor
recognition tasks in the adult mouse. These findings provide an
additional illustration of the multiple and complex roles by
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which the LC-NA system influences memory in the mammalian
brain.

Materials and Methods

Animals
For all procedures, animals were handled and cared for in accor-
dance with the Guide for the Care and Use of Laboratory Animals
(National Research Council 1996) and the European Directive
86/609. The experimental protocols were carried out in compli-
ance with local ethical committee guidelines for animal research.
Male C57BL/6J mice (Charles River Laboratories, Domaine des
Oncins, France) (n = 200 for behavior experiments, and n = 47 for
HPLC measurements) 8–10 wk of age were housed in groups of
five and had free access to water and food at 20°C–24°C under a
12-h light/dark cycle (lights on at 7:00 am).

Experimental setup and olfactory
recognition task
For the present study, an odorized hole-board for mice was spe-
cifically designed and constructed, as shown in Figure 1A and
previously described (Mandairon et al. 2006). For the experi-
ments described herein, two holes (3-cm diameter and 4.5-cm
deep) were used. A polypropylene swab embedded in a fine plas-
tic mesh and containing 20 µL of the diluted odors (1:10) was
placed at the bottom of the holes and covered with wood shav-
ings. The acquisition test (one session) consisted of one odor
[(+)limonene or (�)carvone] (Sigma-Aldrich) being presented in
both holes for a 2-min period. In a preliminary experiment,
where the same pair of odors was presented simultaneously (one
odor in each hole) in a one-trial test, mice spent the same
amount of time exploring either hole, indicating that there was
no preference for one of the two odors (data not shown). The
recall test consisted of a second 2-min session in which one hole
was odorized with the previously presented odor and the other
hole with a new odor (Fig. 1B). The delay between acquisition
and recall tests was 15, 30, or 60 min. Each test (acquisition or
recall) lasted 2 min during which time the number of entries of
the mouse’s nose into the holes and the exploration time of each
nose poke were automatically detected by capacitive sensors and
acquired with custom-made computer software. In the recall test,
the cumulated exploration time of each hole was converted as a
percentage of the total exploration time of the two holes. Ani-
mals were considered to have remembered the familiar odor
when they spent less time exploring the hole containing it, rela-
tive to the time spent exploring the hole containing the new
odor. Equal exploration times of both holes during the recall test
were considered to indicate that mice did not remember the fa-
miliar odor. The two odors were used alternatively during acqui-
sition or recall and presented randomly in each of the two holes
to avoid place preference bias (Fig. 1B).

Drugs
Dexefaroxan (2-[2-ethyl-2,3-dihydrobenzofuranyl]-2 imidazo-
line) hydrochloride and UK 14304 [5-bromo-N-(4,5-dihydro-1-H-
imidazol-2-yl)-6-quinoxalinamine] tartrate were synthesized and
provided by the Center de Recherche Pierre Fabre, Castres,
France. The dose and route of administration (0.63 mg/kg i.p.)
used here for dexefaroxan, a selective antagonist of �2-
adrenoceptors, has previously been shown to increase the release
of NA in the cortex and the OB of the adult mouse in vivo (Mayer
et al. 2001, 2003; Veyrac et al. 2005). The dose and route of
administration used here for UK 14304 (0.16 mg/kg i.p.), a selec-
tive �2-adrenoceptor agonist with high intrinsic activity (Pauwels
et al. 2001), has been previously shown to reduce cortical NA
release in vivo (van Veldhuizen et al. 1993). Prazosin hydrochlo-
ride and propranolol hydrochloride were obtained from Sigma-
Aldrich (Saint Quentin, France) and used at doses (prazosin 1.5
mg/kg and propranolol 10 mg/kg) that were found effective after
acute i.p. injection in the mouse (Sallaz and Jourdan 1996;
Knauber and Muller 2000). All drugs were dissolved in 0.9% ster-

ile saline (vehicle) and injected i.p. immediately after the acqui-
sition session. Control mice received a single i.p. injection of the
vehicle at the same time. DSP-4 (N-[2-chloroethyl]-N-ethyl-
bromo-benzylamine; Sigma-Aldrich), a selective noradrenergic
neurotoxin that produces a long-term depletion of NA in mouse
cortical structures (Guan et al. 1993b; Cosi and Marien 1998),
was injected i.p. at the dose of 50 mg/kg, 24 h before the acqui-
sition session. This dose and post-treatment delay has been
found in a separate series of experiments (not presented) to result
in a 68% reduction of tissue levels of NA in the OB.

Experimental groups
The experimental groups used in this study are summarized in
Table 1. Animals (n = 20 per group) were first submitted to the
acquisition (training) trial, then received a saline or drug injec-
tion immediately thereafter, and were next submitted to the re-
call test after a delay of 15, 30, or 60 min. Two groups of animals
that received a pre-treatment with DSP-4 24 h beforehand were
tested in the recall session 15 min after a post-training injection
of either dexefaroxan or saline vehicle.

Measurement of normetanephrine (NMN)
The measurement of the extracellular NA metabolite normeta-
nephrine (NMN) in brain tissue of animals euthanized by high-
power head-focused microwave irradiation has been validated as
a reliable quantitative index of NA release in vivo (Wood et al.
1987). The microwaving procedure provides a rapid, noninva-
sive, and complete fixation (heat-inactivation of enzymes) of the
brain in situ, so that accurate determinations of bioanalytes (in-
cluding NMN) that are susceptible to major post-mortem
changes can be performed (Wood et al. 1987). To evaluate drug
effects on NMN levels in the OB, eight groups of naive mice (five
to seven mice per group) received a single i.p. injection of UK
14304 (0.16 mg/kg), dexefaroxan (0.63 mg/kg), or saline vehicle
(control) and were sacrificed 15, 30, or 60 min later by high-
power head-focused microwave irradiation (3.8 kW, 2450 MHz,
0.9 sec; Sacron Model 8000; SAIREM). Two groups of mice pre-
treated 24 h in advance with a single injection of DSP-4 (50
mg/kg i.p.) were injected with saline vehicle or dexefaroxan (0.63
mg/kg i.p.) and were killed by the microwaving procedure 15 min
later. The OB were dissected from the microwave-fixed brain, and
the levels of NMN in perchloric acid extracts of tissue samples
were quantified using HPLC with electrochemical detection, as
previously described (Cosi and Marien 1998).

Statistical analysis
In the odor recognition test, the time spent by each animal ex-
ploring each hole was expressed as a percentage of the total ex-
ploration time in each test (acquisition and recall). Individual
values were averaged within each experimental group, and one-
sample t-tests were used to test the 50% hypothesis (random
exploration). Data are expressed as mean � SEM.

In order to evaluate the level of general exploratory behavior

Table 1. Experimental groups for behavior experiments

Post-training
delay

Pre-training
treatment Post-training treatment

15 min Vehicle
30 min Vehicle
60 min Vehicle
30 min Dexefaroxan (0.63 mg/kg)
60 min Dexefaroxan (0.63 mg/kg)
15 min UK 14304 (0.16 mg/kg)
15 min DSP4 (50 mg/kg) Vehicle
15 min DSP4 (50 mg/kg) Dexefaroxan (0.63 mg/kg)
15 min Prazosin (1.5 mg/kg)
15 min Propranolol (10 mg/kg)

Drug or vehicle (physiological saline) treatments were administered by
i.p. injection in a volume of 10 mL/kg body weight.
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of mice after drug treatments, the total number of nose-poke
entries in the two holes during the recall test was measured
(mean � SEM). Data were compared using one-way analysis of
variance, with the drug treatment as the factor, followed by a
Tuckey post hoc test for comparisons between treated mice and
saline-injected mice.

For the NMN measurements, data are expressed as nano-
gram per gram of tissue weight (mean � SEM). Differences be-
tween treatment groups were analyzed using either a student’s
t-test or one-way analysis of variance followed by a Tukey post
hoc test for comparisons between treated mice and saline-
injected mice. A P-value of 0.05 was used as the level for statis-
tical significance.
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