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Extraction of relevant information from highly complex environments is a pre-
requisite to survival. Within odour mixtures, such information is contained in
the odours of specific elements or in the mixture configuration perceived as a
whole unique odour. For instance, an AB mixture of the element A (ethyl iso-
butyrate) and the element B (ethyl maltol) generates a configural AB percept in
humans and apparently in another species, the rabbit. Here, we examined
whether the memory of such a configuration is distinct from the memory of
the individual odorants. Taking advantage of the newborn rabbit’s ability to
learn odour mixtures, we combined behavioural and pharmacological tools
to specifically eliminate elemental memory of A and B after conditioning to
the AB mixture and evaluate consequences on configural memory of AB.
The amnesic treatment suppressed responsiveness to A and B but not to
AB. Two other experiments confirmed the specific perception and particular
memory of the AB mixture. These data demonstrate the existence of configur-
ations in certain odour mixtures and their representation as unique objects:
after learning, animals form a configural memory of these mixtures, which
coexists with, but is relatively dissociated from, memory of their elements.
This capability emerges very early in life.

1. Introduction

Animals constantly interact with the environment. Specifically, they must
discriminate the sensory information available in the surroundings and extract
that which is the most relevant for survival and development. Indeed, the
environment is highly complex in terms of the number and diversity of stimuli.
For instance, mammals must process composite visual and auditory stimuli, or
mixtures of chemical cues, to, respectively, recognize the face, the voice or the
odour of conspecifics [1-4]. However, this processing raises a question cur-
rently debated in the scientific literature, namely do the face, the voice and
the odour each constitute for the receiver a sum of elements or individual
unique cues? Here, we consider this problem within olfaction.

In some cases, mixtures of odorants are perceived as a collection of indepen-
dent, identifiable elements; the perception is then elemental (e.g. [5-7]). However,
some mixtures induce a configural processing, meaning that the mixture gives rise
either to a unique and novel perceptual odour quality, different from the odour
qualities of the elements, or to a novel quality perceived in addition to the qual-
ities of the odorants [8]. Configural odour processing has been described in a
variety of species (e.g. bee, catfish, human, spiny lobster, moth and rat), with
different approaches (e.g. [9-16]). For instance, data in human adults revealed
that a mixture of two odorants (AB), one smelling like strawberry (A: ethyl isobu-
tyrate) and the other like caramel (B: ethyl maltol), generates the configural
perception of a pineapple odour at a specific ratio of A/B [17,18].
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Interestingly, recent results in a young mammal, the
newborn rabbit, showed similar configural processing abilities
with the same AB mixture. After the learning of one element
(A or B), rabbit pups do not respond to the AB mixture
(while they respond very well to an AC mixture; odorant C:
guaiacol), suggesting that they perceive in AB something
more than the odours of A and B, i.e. an AB configuration.
Conversely, after the learning of the AB mixture, they respond
both to A, B and to AB, suggesting that they acquire both the
elements and the configuration during the conditioning
[19-21]. Therefore, newborn rabbits are strongly suspected to
perceive the AB mixture in a weak configural way, i.e. to per-
ceive three distinct odours in the mixture: the odour of the
AB configuration in addition to the odours of the elements A
and B. When the ratio of A/B is modified, the pups strongly
respond to this A’B’ mixture after the learning of one element
(A or B), suggesting a shift from the configural representation
to the elemental one [22]. However, a clear demonstration that
configural representation is distinct from representation of each
element was still lacking in the literature for either young or
adult organisms. Here, we combined a behavioural approach
with pharmacological tools to assess the perception and reten-
tion of complex odour stimuli (mixtures) in the form of entities
(configurations) or through their constituting elements.

After learning, memories become stabilized within hours
following a consolidation phase involving protein synthesis
[23,24]. The use of protein synthesis inhibitors, such as aniso-
mycin (AN), during this time-limited period disrupts memory
consolidation and consequently erases memory. Retrieval
can return memories to a labile, protein synthesis-dependent
state, a process referred to as memory reconsolidation [25,26].
Again, disruption of memory reconsolidation, by the use of
protein synthesis inhibitors, erases the reactivated memory.
This process of reconsolidation has been demonstrated across
species, memory paradigms and, in particular, in rabbit pups
after odour conditioning [27]. Moreover, this process is selective
to the reactivated memory. For instance, in newborn rabbits
initially conditioned to two odorants, injection of AN after reac-
tivating only one of the elements abolishes the response to this
odorant without interfering with the response to the other
non-reactivated odorant [28,29].

Here, in three successive experiments, we systematically
used a similar three step procedure including (a) a conditioning
phase inducing olfactory learning of a mixture (AB or A’'B),
(b) a reactivation phase to reactivate some (A and B) or all (A, B
and AB) of the previously conditioned information in order
to induce amnesia of the reactivated information using pharma-
cological treatment [28,29] and (c) a testing phase to assess
behavioural responsiveness towards the mixture and its
elements. First, in rabbit neonates previously conditioned to
the configural AB mixture, we injected AN after separate reacti-
vation of its elements (odorants A and B) in order to specifically
erase the memory of A and the memory of B; then, we evaluated
the consequences on the response to the AB mixture (Exper-
iment 1). An absence of response to AB will indicate that
responsiveness to the mixture critically depends on the rep-
resentation of the elements. Conversely, response to AB after
amnesia of A and B will indicate that the configural memory
of the mixture is clearly dissociated from the memories of its
elements. As a second step, we made a control experiment
with the A'B’ mixture (Experiment 2). As this mixture is per-
ceived in an elemental way by rabbit pups, ie. without
a configural odour but as the sum of the element odours,

pharmacological disruption of A and B memories after reactiva-
tion should be followed by amnesia of A’B’. Finally, after
neonatal conditioning to the configural AB mixture, we deter-
mined the effect of preventing AB memory reconsolidation on
the memory of the AB mixture and of its components. Based
on previous work, rabbit pups were strongly suspected to per-
ceive both the elements (A and B) and the AB configuration
during exposure to the AB mixture. As a consequence, the reac-
tivation of the whole mixture should reactivate the memory of
its three representations (A, B and AB) and amnesic treatment
should induce forgetting of all these memories (Experiment 3).
Taken together, these experiments aimed to uncover chemosen-
sory perceptual and memory mechanisms available to promote
initial decisions and actions critical for social relationships and
feeding behaviour in mammals.

2. Material and methods
(a) Animals and housing conditions

Male and female New-Zealand rabbits, Oryctolagus cuniculus
(Charles River strain, L’Arbresle, France), from the Centre de
Zootechnie (University of Burgundy, Dijon) were kept in individ-
ual cages. A nest-box (0.39 x 0.25 x 0.32 m) was added on the
outside of the pregnant females’ cages 2 days before delivery
(day of delivery was day 0: d0). To equalize pups’ nursing experi-
ence, all females had access to their nest between 11.30 and 11.45.
This procedure allowed females to follow the brief (3—4 min) daily
nursing of the species [30]. Animals were kept under a constant
12 L:12 D cycle (light on at 7.00) with ambient air temperature
maintained at 21-22°C. Water and pelleted food (Lapin Elevage
110, Safe, France) were provided ad libitum. In the study,
68 newborns (from 18 1) were used.

(b) Odorants

The odorants consisted of 2-methylbut-2-enal (the mammary
pheromone, MP, CAS 497-03-0) [27,31], ethyl isobutyrate (odorant
A, CAS# 97-62-1), ethyl maltol (odorant B, CAS 4940-11-8) for
pure components and of AB and A'B’ mixtures. The AB mixture
included 0.3 x 107° and 0.7 x 107> gml ™' of components A/B;
this 30/70 v/v ratio elicits configural perception of a pineapple
odour in human adults due to blending properties [17,32] and
seems to induce weak configural perception in newborn rabbits
(i.e. perception of three distinct odours in the mixture, the odours
of A, B and AB) [19-22]. The A’B’ mixture included 1.5 x 107>
and 0.7 x 107° g ml ! of components A/B; this 68/32 v /v ratio eli-
cits elemental perception of the mixture in newborn rabbits (i.e.
perception of two odours only, those of the element A and the
element B) [22]. In contrast with MP, none of the A, B, AB and
A'B’ stimuli triggered spontaneous sucking behaviour of rabbit
pups; they were therefore considered as initially neutral [19-22].

The MP allowed us to induce the learning of the AB or A’B’ mix-
tures through associative conditioning (see section (c)). MP served
as the unconditioned stimulus and was used at 10> g ml ™, a con-
centration known to be highly efficient in promoting conditioning
[31], whereas the AB or A’B’ mixtures served as the conditioned
stimuli. Thus, the AB-MP and A’B'—~MP blends included 1 x
10 °gml "' of MP and, respectively, 0.3 and 0.7 x 107> gml ™},
or1.5and 0.7 x 107> gml ™' of A and B.

Single odorants A and B (107> g ml '), or the AB mixture were
also used in the reactivation procedure, and the same stimuli plus
the A’B’ mixture were used during behavioural testing.

All the odorants were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France) and all the final solutions were
prepared in a solvent composed of 0.1% of ethanol (anhydrous,
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Carlo Erba, Val de Reuil, France) and 99.9% of MilliQ water
(Millipore, Molsheim, France).

(c) Phase 1: odour conditioning

Conditioning sessions were run on day 1 in an experimental room
close to the breeding room. The pups were transferred by groups of
4 (2 per litter) into a box lined with nest materials and maintained
at room temperature. The MP-induced conditioning was run fol-
lowing a procedure previously described, which consisted in a
single, brief and simultaneous exposure to both the unconditioned
MP and the conditioned stimulus. Thus, for the conditioning
session, 4 ml of the MP-AB mixture (Experiments 1 and 3) or
MP-A'B’ mixture (Experiment 2) were pipetted on to a pad
(19 x 14 cm, 100% cotton) then held 2 cm above the pups for
5 min. This exposure is known to induce very rapid learning of
the stimulus paired with MP, here an odour mixture (e.g.
[19,27,28,31]). The conditioning session occurred 1 h before the
daily nursing (10.30), to equalize the pups’ motivational state
and limit the impact of satiation on responses [33]. Two minutes
after the end of the conditioning, the pups were individually
marked with weakly odorous ink and returned to their nest. The
box containing the pups was rinsed with alcohol and distilled
water after each conditioning session.

(d) Phase 2: reactivation and pharmacological

treatment
On day 2, 24 h after the conditioning, the memory of pups was
reactivated in Experiment 1 and 2 by successive exposure to
each element A and B (the order of presentation of A and B
was counterbalanced between pups from a same group). The
exposure consisted in stimulation with each odorant A and B
during 2.5 min (inter-stimulation delay: 1 min) following the
same procedure as for conditioning (odorized cotton pad held
above the litter). In Experiment 3, the AB mixture itself was
used during a 5 min long reactivating exposure.

In each experiment, immediately after reactivation, AN
(Aldrich) was injected to half of the pups (42mgkg ', ip.)
after dilution in 0.9% NaCl solution and adjustment of pH 7.2
with 1N HCI [27,28]. Control for the effect of AN injection
was realized with the other half of animals receiving saline
0.9%. As in other studies with other newborn or adult mammals
(e.g. [23,34-36]), we considered that AN in newborn rabbits may
induce a real amnesia and not a perturbation in responsiveness
due to an aversive effect [27,28]. Pups were returned to the
nest immediately after AN or saline injection.

(e) Phase 3: behavioural assay

The behavioural assay occurred on day 3 (i.e. 24 h after Phase 2
of reactivation) in the experimental room previously used for
conditioning and reactivation. It also happened 1h before the
daily nursing to limit the impact of satiation on motivation and
behavioural responsiveness [33]. The assay consisted of an oral
activation test during which a pup was immobilized in one
gloved hand of the experimenter, its head being left free. Each
odour stimulus (odorant A, odorant B and the AB or A’'B’ mix-
ture) was presented for 10 s with a glass rod 0.5 cm in front of
the nares (e.g. [19,27,28,31]). A test was positive when the con-
ditioned stimulus elicited (on/off response) head-searching
movements (vigorous, low-amplitude horizontal and vertical
scanning movements displayed after stretching towards the
rod) usually followed by grasping movements (labial seizing of
the rod extremity). Non-responding pups displayed no response
except sniffing. Pups were tested in groups of 4 or 6, mixing AN-
and saline-treated newborns. The experimenters did not know
whether the currently tested pups belonged to one or the other

treatment group. Each pup participated in only one experiment
but was successively tested with three stimuli, i.e. odorant A, odor-
ant B and the AB mixture in Experiments 1 and 3, and odorant A,
odorant B and the A’B’ mixture in Experiment 2. Successive testing
involved the presentation of a first stimulus to a pup, then a second
stimulus to another pup, and so on with an inter-trial interval of
60 s. The order of stimulus presentation was systematically counter-
balanced from one pup to another. If a pup responded to a stimulus,
its nose was softly dried before the next stimulation. The pups were
immediately reintroduced into their nest after testing.

(f) Statistics

Owing to the death of four pups (two AN, two saline), the ana-
lyses focused on 64 newborns. The frequencies of responding
pups were compared using Pearson’s x* test when the groups
were independent (i.e. distinct groups tested for their response
to a same stimulus) or Cochran’s Q test when the groups were
dependent (i.e. pups from a same group tested for their response
to three stimuli). When Cochran’s Q test was significant, propor-
tions of responding pups were compared 2 x 2 by McNemar’s x*
test. Degrees of freedom are indicated when more than 1. Data
were considered as significant when the two-tailed test ended
with p < 0.05.

3. Results

(a) Learning of the AB configural mixture, amnesia

of A and B and resulting memory of AB

The AB mixture is hypothesized to be weakly configurally per-
ceived by rabbit neonates, meaning that pups should perceive
the odour of AB in addition to the odours of the element A
and the element B in the mixture. If this is true, after conditioning
to the whole mixture, the memory of the AB configural odour
might be distinct from the memory of the element odours. To
assess whether conditioning to the AB mixture induced separate
memories of the suspected AB configural odour compared with
the odours of the A and B elements, 24 rabbit pups were con-
ditioned to AB by pairing with MP on day 1, reactivated by
successive exposure to the A and B elements on day 2 (without
MP) then immediately injected with saline (n= 10, control
group) or AN (1 = 14, experimental group) and tested for their
behavioural responsiveness to A, B and AB on day 3. The AN
treatment should induce amnesia of the element odours, but
not necessarily of the AB configuration. In the control group,
which did not receive AN treatment, the pups should respond
strongly and equally to the odours of A, B and AB.

One AN-treated pup died between days 2 and 3; the results
therefore concerned 10 versus 13 neonates. On day 3, the saline-
treated pups responded highly both to the AB mixture and to
the components (more than 80%, Q =2, ddl=2, p > 0.38).
Conversely, AN-treated pups displayed distinct responsive-
ness to the stimuli (Q = 12.3, ddl = 2, p = 0.006); they did not
respond to the odorants presented separately (less than 8%),
but were still robustly responsive to the AB mixture (more
than 60%, AB versus A or B: x* > 5.6, p < 0.018). While AN-
treated pups responded clearly less to the A and B odorants
than saline-treated neonates ( X2 > 9.5, p < 0.01 for each odor-
ant), they maintained a similar level of responsiveness to AB
(* =112, p = 0.29) (figure 1).

Thus, after conditioning to the AB mixture and separated
reactivation of odorants A and B, AN-injection was followed
by retrograde amnesia of the odours of the two components.
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Figure 1. Proportions of 3-day-old rabbit pups responding in an oral activation
test to odorant A (ethyl isobutyrate), odorant B (ethyl maltol) and the AB mix-
ture (30/70 ratio of A/B), after conditioning to AB on day 1 by pairing with MP,
and reactivation on day 2 by successive exposure to A and to B followed by
immediate injection of AN or NaCl (saline). *p << 0.05.

This amnesia was, however, not sufficient to prevent respon-
siveness to the whole mixture; the memory of the mixture,
and only of the mixture, remained intact.

(b) Learning of the A’B’ elemental mixture, amnesia
of A and B and resulting memory of A’B’

Previous evidence suggests that, in contrast to the AB
mixture, the A’B’ mixture is olfactorily perceived by rabbit
pups as the sum of its elements but not as a configuration,
i.e. that pups perceived the odours of A and of B but not of
an A’B’ configuration in the A’B’ mixture [22]. Therefore,
we hypothesized that, after conditioning to A’B/, reactivation
and amnesia of the elements A and B should dramatically
impair responsiveness to the A'B’ mixture, in contrast to
what we observed in Experiment 1 with the AB mixture. To
run this control experiment, 24 new rabbit pups were con-
ditioned to A'B’ by association with MP on day 1, exposed
successively to A and to B and immediately injected with
saline (n =12, control group) or AN (n =12, experimental
group) on day 2 and tested for their behavioural responsive-
ness to A, Band A’B’ on day 3. Pups from the AN group were
hypothesized to neither respond to A or to B nor to A’B/,
whereas saline-injected control pups should respond both
to the elements and to the mixture.

Three pups died between days 2 and 3 (respectively,
saline, n =2 and AN, n=1); thus analysis concerned 10
versus 11 pups. On day 3, the saline-treated pups fully
responded to A, B and AB (100%). Comparatively, AN-
treated neonates responded extremely weakly to the stimuli,
not only to the odorants but also to the A’B’ mixture (less
than 10%). For each stimulus, the responsiveness was there-
fore higher in saline- than in AN-treated pups (x> > 13.9,
p < 0.001 in all 2 x 2 comparisons) (figure 2).

Thus, in rabbit pups initially conditioned to the A’B’ mix-
ture, reactivation with odorants A and B followed by

dl d2 d3
conditioning reactivation test
A'B'+MP —— A/lB —— A,BA'B
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(e
I
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Figure 2. Proportions of 3-day-old rabbit pups responding in an oral acti-
vation test to odorant A (ethyl isobutyrate), odorant B (ethyl maltol) and
the A’B’ mixture (68/32 ratio of A/B), after conditioning to A’B’ on day 1
by pairing with MP, and reactivation on day 2 by successive exposure to A
and to B followed by immediate injection of AN or NaCl (saline).

blockade of reconsolidation impaired the memory both of
the elements and of the A’B’ mixture. Responsiveness to the
components seemed essential for response to their mixture
at this ratio.

(c) Learning then amnesia of the AB configural mixture
and resulting memory of AB, A and B

Results of Experiment 1 showed that after MP-induced con-
ditioning to the AB mixture, rabbit pups responded to the
mixture even after forgetting its elements A and B. This
suggested distinct memory of the AB configural odour
versus memory of the A and B element odours and accounted
for the weak configural perception of the AB mixture, i.e. the
perception during conditioning of a specific AB odour in
addition to the odour of each element. To finally confirm
the weak configural perception of the AB mixture, we
induced its conditioning, reactivated the memory of the
whole mixture (not of its elements only as in Experiment 1)
before inducing amnesia and tested the responsiveness of
the pups to AB, A and B. In this particular situation, if AB
was perceived as the sum of two elements plus one configur-
ation, the presentation of AB during the reactivation phase
should reactivate the memory both of the configuration and
of the elements which then should both be erased by the
pharmacological treatment. This should consequently
impede the pups’ responsiveness to each of the three odours
perceived in the mixture, A, B and AB. Thus, 20 pups were con-
ditioned to AB by association with MP on day 1, reactivated
with AB before injection of saline (1 = 10, control group) or
AN (n =10, experimental group) on day 2 and tested for
their responsiveness to A, B and AB on day 3. Pups from the
AN group should not respond to any of the stimuli, while
those from the saline group should respond to all.

All saline-treated pups responded to the odorants A and
B, and to the AB mixture. Conversely, AN-treated pups
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Figure 3. Proportions of 3-day-old rabbit pups responding in an oral acti-
vation test to odorant A (ethyl isobutyrate), odorant B (ethyl maltol) and
the AB mixture (30/70 ratio of A/B), after conditioning to AB on day 1 by
pairing with MP, and reactivation on day 2 by exposure to AB followed by
immediate injection of AN or NaCl (saline).

displayed no or extremely weak responsiveness to any of the
stimuli (less than 10%; Q = 2, ddl = 2, p = 0.38). As in Exper-
iment 1, saline-treated pups responded therefore more to the
odorants than AN-treated neonates (y* = 12.9, p < 0.001 for
each odorant). However, here, injection of AN was followed
by a major drop in responsiveness to AB compared with
injection of saline (y* = 16.2, p < 0.001) (figure 3).

Thus, after AB conditioning, when reactivation concerned
the whole AB mixture, amnesia of AB appeared suppressive
of any response either to the mixture or to its elements.

4. Discussion

Natural odours are constituted by mixtures of distinct mol-
ecules which carry by themselves particular odours. In that
context, it is often considered that configural processing, i.e.
perception of some mixtures as odour objects, is an efficient
way to reduce the complexity of the chemical surroundings
and optimize the detection, identification and discrimination
between stimuli carrying biological significance [4,37-39].
However, a clear demonstration of brain and cognitive pro-
cesses that could selectively differentiate a complex odour
as a whole—unique representation—from its odorant parts
has been lacking. Here, we combined behavioural and
pharmacological approaches to evaluate whether the rep-
resentation of AB, an apparent configural mixture for rabbit
pups at a specific ratio (30/70) [19-22], is relatively distinct
from the representation of each individual odorant.

As main results, we provide evidence that after neonatal
learning of the AB mixture, amnesia of A and B did not pro-
pagate to AB: pups that did not respond either to A or to B
still responded to AB (Experiment 1). Thus, a particular
memory of AB was created during conditioning to the mix-
ture, in parallel to the memories of odorant A and odorant

B, and all these memories created together become rapidly “

dissociated. However, after conditioning to the AB mixture,
re-exposure to the whole mixture (Experiment 3) reactivated
not only the AB configuration but also the elements A and
B, which were all sensitive to the post-reactivation pharmaco-
logical treatment: the pups became amnesic to AB but also to
A and to B. In terms of perception, this demonstrates some-
thing only previously suggested: the AB mixture evokes a
configural odour perceived by newborn rabbits in addition
to (not to the detriment of) the specific odours of A and B.
In other words, the perception of the AB mixture by rabbit
pups is weak configural and not robust configural (for
previous suggestions of partial configural perception of AB,
see [19-22]). The configural AB odour can be processed on its
own and is sufficient to trigger the behavioural response to
the AB mixture. Thus, in the context of neonatal odour percep-
tion, the results indicate that a complex stimulus can induce
different percepts which are simultaneously memorized but
form rapidly, relatively separated memory traces. The memories
of the mixture and its components are not entirely independent,
however. That is, while disruption of the component memory
did not affect the configural AB memory, disruption of the
configural AB memory did impair the memory of the elements.
This asymmetrical relationship suggests complex interactions
between these different, relatively distinct representations. As
further evidence of interactions between the representations of
A, B and AB, we have recently demonstrated competition
between the elemental and configural long-term (several days)
memories [40].

The memory treatment observed here could be also at play
later in life, because in human adults the same AB mixture is
known to evoke an odour (pineapple) different from those of
its A and B elements (strawberry and caramel, respectively)
[17,18]. Comparatively, when rabbit pups were conditioned
to the elements A and B in a mixture, but at a ratio known to
trigger the elemental perception of the mixture (A'B/, ratio
68/32) [22], amnesia of A and of B abolished the response to
AB'. This demonstrates that responsiveness to the A’B’ mixture
is based exclusively on perception of elements A and B and that
no mixture-specific memory is created at this ratio (see [41],
for similar results with an elementally processed compound
composed of a tone and a light).

The present findings, when combined with previous work
[19,20,29], demonstrate that memory for odour mixtures may
be encoded in a variety of ways, depending on the nature of
the stimuli and post-training events. The evidence that mem-
ories of certain odour mixtures (as the AB mixture here) can
be simultaneously, and relatively separately, configural and
elemental suggests that even mixtures perceived configurally
have traces of their components somewhere in the brain. Analy-
sis of configural processing and the formation of odour objects
suggest a strong role for the olfactory (piriform) cortex and plas-
ticity of intracortical association fibre synapses which can link
distributed, co-active cortical neurons [38]. Thus, while spatial
coding of mixture-evoked activity within the olfactory bulb
did not discriminate configural mixtures from their components
[42—44], piriform cortical neural ensembles have been demon-
strated to rapidly process co-occurring odorants into distinct
representations, different from the representations of their com-
ponent parts [45]. This cortical representation of configural
odour objects is experience-dependent, promotes odour discri-
mination, and can be impaired by disrupting normal synaptic
plasticity selectively within the piriform cortex [46—-48].
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It is unclear whether the simultaneous elemental represen-
tation of the components apparent here is also dependent on
the piriform cortex. Processing of odours occurs in a variety
of regions beyond the canonical olfactory pathway, includ-
ing hippocampal formation, frontal areas and other limbic
structures [49-51], even during early development [52]. In
humans, it has been demonstrated that the brain can distinguish
between single odorants and binary mixtures [53]. Moreover,
combining odours that differ in hedonic quality (e.g. pleasant
and unpleasant) can create a configurally pleasant odour per-
cept [54]. However, when assessed with neural imaging,
circuits normally selectively activated in response to the unplea-
sant component are still activated, even though the configural
perception does not reflect this underlying component [54].
The present results suggest a similar distributed network pro-
cess may occur in newborn rabbits, with memory for
individual components occurring distinctively (at least in
part) from the configural memory. Further work will be
required to identify neural mechanisms and locations of
elemental versus configural processing, including the roles of
the olfactory bulb [7], olfactory cortex and elsewhere.

Finally and regarding adaptation, odour mixture perception
has a major impact on animal behaviour, in both aquatic and ter-
restrial species, and contributes to decision-making related to
food-searching, mate choice and spatial orientation and to inter-
species interactions such as predator avoidance and plant
pollination (e.g. [11,12,55-58]). However, knowledge about
the way odour mixtures are precisely processed, retained and
connected to behaviour remains scarce. Here, the findings
demonstrate the existence of configurations in certain odour
mixtures, depending on odorants’ ratio, and their representation
as unique objects. To date, these possibilities were only

suggested at a perceptual level (in young as in adults). Here,
they are evidenced even in an incompletely mature, neonatal
organism and strengthened by straightforward results related
to a more integrative level, memory; clearly, a specific
memory of configural odour mixtures exists, and appears
involved in rapid processing and responsiveness to behaviour-
ally significant chemically complex stimuli. In newborn
rabbits, odour learning occurs during the daily interaction
with the mother devoted to nursing [30,59-62]. Memory of
single odorants but also of configural information is certainly
at work during this vital period of interaction. It could allow
for neonates to acquire, represent and successfully retain com-
plex odour information carried by the maternal body, which
may help improve the relationships with the mother (attraction,
sucking and recognition), as indirect information linked to the
social, physical and feeding environment useful later in life.
More generally, the reactivity to configural information con-
tained in some complex sensory stimuli certainly allows an
animal to categorize efficiently the diversity of stimuli which
constitute its own world and to find familiarity in the most con-
stant and crucial representations of this changing environment.

The study was carried out under the local, institutional and national
rules (French Ministries of Agriculture, and of Research & Technol-
ogy) regarding the care and experimental use of the animals. All
experiments were conducted in accordance with ethical rules
enforced by French law and were approved by the Ethical Committee
for Animal Experimentation (Dijon, France; no. 2406).
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