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Research

The basolateral amygdala is necessary for the encoding
and the expression of odor memory

Yannick Sevelinges, Bertrand Desgranges, and Guillaume Ferreira’
Laboratoire de Comportement, Neurobiologie et Adaptation, CNRS UMR6175, INRA UMR8S, Université Tours,

F-37380 Nouczilly, France

Conditioned odor avoidance (COA) results from the association between a novel odor and a delayed visceral illness. The
present experiments investigated the role of the basolateral amygdala (BLA) in acquisition and retrieval of COA
memory. To address this, we used the GABA agonist muscimol to temporarily inactivate the BLA during COA
acquisition or expression. BLA inactivation before odor-malaise pairing greatly impaired COA tested 3 d later. In
contrast, muscimol microinfusion between odor and malaise spared retention. Moreover, inactivation of the BLA before
pre-exposure to the odor prevented latent inhibition of COA. This suggests that neural activity in the BLA is essential for
the formation of odor representation. BLA inactivation before the retrieval test also blocked COA memory expression
when performed either 3 d (recent memory) or 28 d (remote memory) after acquisition. This effect was transitory as
muscimol-treated animals were not different from controls during the subsequent extinction tests. Moreover, muscimol
infusion in the BLA neither affected olfactory perception nor avoidance behavior, and it did not induce a state-
dependent learning. Altogether, these findings suggest that neural activity in the BLA is required for the encoding and

the retrieval of odor memory. Moreover, the BLA seems to play a permanent role in the expression of COA.

Considerable evidence indicates that the amygdala, and more
particularly, the basolateral nucleus of the amygdala (BLA), is
necessary for aversive and emotional memories in rats and humans
(for reviews, see McGaugh 2004; Phelps and LeDoux 2005).
Numerous studies suggest that the BLA is involved in the formation
of affective memory, but whether the amygdala stores such mem-
ory is controversial. Results of studies using fear conditioning
support the view that essential aspects of learning take place in
the BLA, which subserves long-term storage of fear memory (for
review, see Phelps and LeDoux 2005). In particular, lesion studies
showed that the BLA has a permanent role in the expression of
learned fear (Maren et al. 1996; Gale et al. 2004). On the other hand,
it has been suggested for inhibitory avoidance that the BLA is not
the site of memory storage, but rather a region that is only
temporarily required after training (for review, see McGaugh
2004). Consistent with this idea, the BLA is important for recent
(1 d) but not for remote (>10 d) memory retrieval of inhibitory
avoidance (Liang et al. 1982, 1996; Izquierdo et al. 1997).

The importance of BLA has also been investigated in condi-
tioned taste avoidance (CTA) and conditioned odor avoidance
(COA), in which animals learn to avoid a taste or an odor,
respectively (the conditioned stimulus, CS), previously paired
with a visceral malaise (the unconditioned stimulus, US) (for
reviews, see Garcia et al. 1985; Bures 1998; Batsell and Blankenship
2002). Taste was long considered the critical CS for food avoidance
in comparison to odor (Palmerino et al. 1980; Garcia et al. 1985).
However, it has been demonstrated more recently that when odor
is mixed with water (inducing primarily retronasal detection),
instead of being delivered close to the solution (inducing only
orthonasal detection), odor is as effective as taste for illness: It
requires a single trial, resists a CS-US delay of several hours, and
can be recalled several weeks after acquisition (Slotnick et al. 1997;
Chapuis et al. 2007a). Lesion or pharmacological manipulation of
the BLA impaired CTA acquisition and recent memory retrieval
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(Gallo et al. 1992; Yamamoto et al. 1995; Morris et al. 1999;
Yasoshima et al. 2000), however, the exact role of amygdala in
CTA, still remains to be solved (for reviews, see Lamprecht and
Dudai 2000; Reilly and Bornovalova 2005). Concerning COA,
lesion or reversible inactivation of the entire amygdala before COA
impaired acquisition (Bermudez-Rattoni et al. 1983, 1986), while
pharmacological stimulation of the BLA immediately after the CS
presentation enhanced the COA acquisition (Ferry and Di Scala
1997). These results were based on orthonasal perception (odor on
a disc), and it has to be evaluated whether similar findings can be
obtained with COA based on retronasal perception (ingested
odor). Moreover, these studies point to the importance of the BLA
in COA memory formation; however, no evidence to date allows
us to differentiate the role of the BLA in the different mnemonic
phases, i.e., CS processing, US processing, or CS-US association. It
remains to be established whether post-CS inactivation induced
similar COA impairment as pre-CS inactivation and whether BLA
neural activity is also necessary for the encoding of a nonassocia-
tive odor memory. Furthermore, it has to be elucidated whether
the BLA is essential for retrieval of recent and remote COA mem-
ory in order to evaluate whether this area plays a temporary or
permanent role in the expression of COA.

For this purpose, we first evaluated the effect of temporary
inactivation of the BLA on acquisition of COA (based on ingested
odor) by local infusions of the GABA, agonist muscimol (Mus)
either before odor-malaise pairing (pre-CS) or between odor and
malaise (post-CS). To further investigate the role of the BLA in the
encoding of odor memory, the BLA was inactivated before expo-
sure to ingested odor in an incidental learning. Finally, we assessed
the effect of BLA inactivation on the retrieval of recent (3 d) and
remote (28 d) COA memory.

Results

Inactivation of the BLA blocks the acquisition of new

odor memory
We first evaluated in which stage of COA acquisition the BLA is
involved. For this purpose, rats were implanted with bilateral
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cannulae in the BLA. There was no difference between groups
during the days of water baseline (F3 42 = 2.8, P > 0.05; mean
water intake: 13.9 = 0.3 mL). On the day of COA acquisition, all rats
drank at least nine of the 10 mL of almond-scented water proposed
(0.01% benzaldehyde mixed with water; F3 42 < 1). Thirty
minutes later they were injected intraperitoneally with the
malaise-inducing agent lithium chloride (LiCl). Four groups of
rats were tested. They received bilateral BLA injections of saline
(Sal, 0.25 pL/side) or Mus (0.25 ng/0.25 pL/side) either before (pre-
CS groups; Sal, n = 14; Mus, n = 14) or immediately after almond-
scented water presentation (post-CS groups; Sal, n=7; Mus, n=11;
Fig. 1A). During the next 2 d, all groups showed normal water
consumption (data not shown). Figure 1B shows the percentage of
scented water intake during the test day with respect to the
baseline water intake. A two-way ANOVA (treatment X time of
injection) revealed a significant effect of treatment (F 42, = 6.5,
P =0.01), of time of injection (F1,42) = 9.7, P < 0.01), and interac-
tion (F(1,42) = 5.9, P < 0.05). Fisher’s post-hoc tests revealed that
only pre-CS inactivation of the BLA impaired COA acquisition
(P <0.001), whereas post-CS inactivation of the BLA did not have
any effect.

In order to prove that BLA inactivation interferes with the
odor-encoding rather than with odor-malaise association, we
isolate, in time, the exposure to a novel odor from the association
of this odor with a salient external reinforcer using the latent
inhibition (LI) paradigm. LI is the attenuation of learning due to
nonreinforced presentation of the prospective CS before CS-US
pairing (Merhav and Rosenblum 2008). Because no previous data
used odor input as CS in LI paradigm, we first developed LI of
COA. Two groups of intact animals (i.e., not cannulated) were pre-
exposed to zero (COA group, n = 10) or 10 mL of almond scented
water (LI group, n = 8), 2 d before COA acquisition to the same
odor. Moreover, to examine whether BLA activation is neces-
sary for odor memory formation, animals received an intra-BLA
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Figure 1.  Effects of intra-BLA muscimol (Mus) infusion either before the

presentation of the CS (pre-CS) or between CS and US (post-CS) on
conditioned odor avoidance (COA) learning. (A) Schematic representa-
tion of the time of injection, COA acquisition, and memory test. (B)
Behavioral results of pre-CS (left) and post-CS infusion (right) in the BLA.
Note that only pre-CS Mus infusion in the BLA impaired COA learning.
(***) Significantly different from the other groups (P < 0.001).
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infusion 30 min before pre-exposure to 10 mL of the scented
solution (LI-Sal, n = 6; LI-Mus, n = 5; Fig. 2A). We predicted that
BLA inactivation would disrupt LI, and consequently, COA would
not be weakened. There was no difference between groups during
the days of water baseline (F32s) = 2.3, P > 0.05; mean water
intake: 18.4 + 0.4 mL). On the day of pre-exposure, all rats drank
at least nine of the 10 mL of liquid proposed (water or scented
water), and on the day of COA acquisition, all rats drank at least
nine of the 10 mL of scented water proposed (F3,2s) < 1). During
the retention test carried out 3 d later, one-way ANOVA revealed
a significant group effect (F3 »s)= 8.3, P < 0.001). Fisher’s post-hoc
tests revealed that the LI group showed a significantly lower
aversion than the COA group (P < 0.01), thus indicating that
pre-exposure to scented water weakened the COA (Fig. 2B). The LI-
Mus group behaved like COA rats (P = 0.16) and showed a higher
aversion compared with the LI-Sal and LI groups (P < 0.05), which
did not differ from each other (P = 0.24). The strong and similar
aversion of COA and LI-Mus groups indicated that LI-Mus animals
were amnesic to the prior exposure to the odor. Altogether, these
results indicate that BLA activation is necessary for the encoding
of a new odor memory.

To rule out the possibility that the observed deficit was due to
impairment of odor detection, we used an olfactory test based on
the natural tendency of naive rats with normal odor perception to
prefer water over novel scented water (Bailey and Westbrook 2007;
Desgranges et al. 2008; Sevelinges et al. 2009). For this purpose,
naive rats were infused either with Mus or Sal into the BLA 30 min
before a two-choice test between water and almond-scented water
(0.01% benzaldehyde mixed with water; Sal, n = 6; Mus, n = 7).
Each group drank significantly more water than scented water
(paired t-test; fs) = 3.3 and t,) = 7.8 for Sal and Mus groups,
respectively, P < 0.05 for both groups). Intergroup comparisons did
not reveal significant differences for consumption of water (Sal:
14.0 = 1.5 mL; Mus: 12.7 = 0.9 mL; unpaired t-test, ¢, < 1) and
scented water (Sal: 3.9 = 1.6 mL; Mus: 2.7 = 0.6 mL; fq1) < 1).
Therefore, BLA inactivation with Mus did not change naive
preference for water over almond-scented water.

Inactivation of the BLA blocks the expression of recent

and remote COA memory
In order to evaluate whether the BLA is involved in odor memory
retrieval, this structure was inactivated 30 min before either the
recent (3 d; Sal, n=35; Mus, n = 6) or the remote memory test (28 d;
Sal, n = 7; Mus, n = 9; Fig. 3A). There was no difference between
groups during the days of water baseline (F3 23 = 2.1, P > 0.05;
mean water intake: 15.1 = 0.6 mL). On the day of COA acquisi-
tion, all rats drank at least nine of the 10 mL of scented water
proposed (F3 23, < 1). During the retention test of COA, a two-way
ANOVA (treatment X time of test) revealed a significant effect of
treatment (F; 23, = 98.8, P <0.001), no effect of time (F,»3,= 1.0,
P =0.32), and a significant interaction between time and treat-
ment (Fq 23, = 5.6, P <0.05). Fisher’s post-hoc tests revealed that
functional inactivation of the BLA impaired both recent and
remote COA memory expression compared with saline groups
(P<0.001), which were not different from each other (P =0.32; Fig.
3B). Moreover, Mus effect was stronger for remote memory than
for recent memory expression (P < 0.05). To verify that Mus
infusion did not induce a general liquid overconsumption, all
animals received 15 min of plain water immediately after CS
presentation. Mus groups drank significantly less water than Sal
groups, resulting in a similar total consumption in all groups (CS +
water; mean total intake: 17.2 £ 0.5 mL; F3 23, = 2.2, P = 0.13).
Animals of the recent and remote groups received two addi-
tional days of extinction without drug microinfusion into the
BLA to determine whether Mus induced a permanent impairment
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Figure 2. Effects of intra-BLA Mus infusion before pre-exposure to the
CS in a latent inhibition (LI) paradigm. (A) Schematic representation of
the time of injection, pre-exposure to the CS, COA acquisition, and
memory test. (B) Behavioral results of nonoperated animals with no pre-
exposure (COA group) or pre-exposure to the CS (LI group) and operated
animals with intra-BLA infusion of saline (LI-Sal group) or Mus (LI-Mus)
before the pre-exposure to the CS. Note that pre-exposure to the CS
impaired COA learning, whereas Mus inactivation before pre-exposure
prevented this impairment. (*) Significantly different from COA and LI-
Mus groups (P < 0.05).

or a transient retrieval deficit. A repeated measure ANOVA (treat-
ment X three extinction tests) revealed a significant interac-
tion of treatment and extinction tests in both recent (F(21g) =
4.5; P=0.03; Fig. 3C) and remote groups (F,23) = 39.8; P < 0.001;
Fig. 3D). While the Sal groups gradually extinguished (paired
t-test; T1 vs. T2: recent: f4) = —3.3, P = 0.03; remote: t) = 4.6, P <
0.01; T2 vs. T3: recent: t4) = —2.4, P = 0.08; remote: t¢) = 2.6, P <
0.05), the Mus groups had a different pattern: In the second test
there was an increased aversion compared with the first test (T1
vs. T2: recent: ts) = 2.1, P = 0.09; remote: tg, = 6.6, P < 0.001),
followed by a normal extinction on the third retention test (T2 vs.
T3: recent: {5y = —2.4, P = 0.06; remote: tg, = 4.1, P < 0.001).
Importantly, Sal and Mus animals did not differ during the sec-
ond and third retention tests for both recent (unpaired t-test;
t) < 1; Fig. 3C) and remote groups (t14) < 1; Fig. 3D), indicating
that Mus infusion into BLA on the first test induced a transient
retrieval deficit.

To insure that the retrieval deficit after BLA inactivation did
not simply result from an impairment of avoidance behavior, we
examined the innate aversion that rats exhibit toward the in-
herently aversive taste, quinine. Rats were infused into the BLA 30
min before the presentation of a bottle containing 0.1 mM
quinine (Sal, n = 6; Mus, n = 7). There was a strong avoidance of
quinine in both groups (Sal: 1.3 = 0.3 mL; Mus: 0.8 = 0.2 mL;
unpaired f-test, t;1) = 1.2, P = 0.26). When plain water was
presented immediately after quinine, both groups dramatically
increased their consumption (paired t-test; P < 0.001) and con-
sumed the same amount of water (Sal: 16.6 = 0.9 mL; Mus: 14.0 =
1.3 mL; unpaired t-test, t11, = 1.7, P = 0.12). Therefore, muscimol
infusion in BLA did not affect avoidance behavior.

Finally, to evaluate whether the observed memory impair-
ment after Mus infusion might be attributable to state-dependent
learning, rats received intra-BLA infusion before acquisition and
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retrieval of COA (Sal, n = 11; Mus, n = 15; Fig. 4A). There was no
difference between groups during the days of water baseline
(unpaired t-test, 4y = 1; mean water intake: 16.8 = 0.5 mL) and
all rats drank at least nine of the 10 mL of scented water during the
COA acquisition (f24) < 1). During the retention test, animals
infused with Mus exhibited a significant impairment compared
with Sal animals (t,4) = 7.4, P < 0.001; Fig. 4B). Therefore,
muscimol infusion in BLA did not induce a state-dependent
learning.

Discussion

The aim of these experiments was to precisely delineate which
mnemonic phases of COA acquisition are dependent on normal
BLA functioning, and to determine whether the BLA is critical for
the expression of recent and remote COA memory. We first
demonstrated that BLA inactivation before, but not after, the CS
presentation is deleterious for COA learning. Moreover, inactiva-
tion of the BLA before pre-exposure to the odor prevented LI of
COA. Finally, BLA inactivation blocked the retrieval of recent and
remote COA memory.

The BLA is necessary for novel odor encoding

Previous studies have shown COA impairment either after perma-
nent lesion or inactivation of the entire amygdala (Bermudez-
Rattoni et al. 1983, 1986). In our first experiment, we delineated
the specific stage in which the BLA is involved. Pre-CS inactivation
restricted to the BLA altered COA, whereas post-CS inactivation
had no effect (Fig. 1). Because Mus induces a complete inhibition
of neural activity within 20 min after infusion and sustains for at
least 1 h (Martin 1991; Martin and Ghez 1993; Edeline et al. 2002),
pre-CS inactivation affected not only the formation of novel odor
representation, but also the subsequent phases, i.e., the short-term
maintenance of the odor memory trace (until the US takes place),
the gastric malaise processing, and the odor-malaise association.
However, the absence of effect after post-CS Mus infusion indi-
cates that the BLA is more important for the formation of novel
odor representation rather than for the subsequent phases of COA
memory formation. Control experiments ruled out the possibility
that the memory deficit obtained with pre-CS treatment might be
attributable to impaired odor perception or to state-dependent
learning (Fig. 4). Concerning the cellular mechanisms involved,
we have recently reported that activation of the B-adrenergic
receptor in BLA is critical for COA acquisition, whereas protein
synthesis in the amygdala is necessary for COA memory consol-
idation (Miranda et al. 2007; Desgranges et al. 2008). Interestingly,
even if previous studies indicate that the BLA is also required for
CTA (Gallo et al. 1992; Yamamoto et al. 1995; Morris et al. 1999;
Yasoshima et al. 2000), these cellular mechanisms seem not to be
required for CTA. CTA acquisition was not affected by pre-CS
blockade of B-adrenergic receptor in BLA (Miranda et al. 2008),
and the blockade of protein synthesis within the BLA did not
impair CTA memory consolidation (Bahar et al. 2003). The reason
why the BLA seems to play a more critical role in COA than CTA
remains to be clearly established, but it could be related to the
differential involvement of the insular cortex in this conditioning.
Like the BLA, the insular cortex receives gustatory, olfactory, and
visceral inputs (Sewards and Sewards 2001) representing another
likely site for the association of chemosensory information with
toxicosis. However, pharmacological manipulations of the insular
cortex impaired CTA memory without affecting COA (Rosenblum
et al. 1993; Ferreira et al. 2005; Desgranges et al. 2009). Altogether,
these results suggest that even if odor and taste information reach
both the BLA and the insular cortex, they would be differentially
processed by these structures. Consequently, COA would mainly
depend on the BLA (and to a lesser extent on the insular cortex)
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Figure 3.  Effects of intra-BLA Mus infusion either before recent (3 d) or remote (28 d) COAmemory  ments are needed to clarify the exact role
test and dynamic of extinction in a drug-free situation. (A) Schematic representation of the time of of the BLA and the insular cortex in COA

injection, COA acquisition, memory test, and extinction. (B) Behavioral results of intra-BLA infusion
before the first retention test of either recent (/eft) or remote memory (right). Note that intra-BLA Mus

depending upon the route of odor per-

infusion impaired both recent and remote COA memory retrieval. (C,D) Behavioral results for the first ~ ception.

memory test with intra-BLA infusion and two other memory tests in a drug-free situation for recent (C)
and remote memory (D). Note that animals with intra-BLA Mus infusion matched for control animals for

The BLA is necessary for the

drug-free memory tests. (***) Significantly different from saline-treated groups (P < 0.001). (°) expression of recent and remote
Significantly different from Mus-treated group of the recent memory test (P < 0.05). odor memory

(see Chapuis et al. 2007b), whereas CTA would preferentially
involve the insular cortex (and to a lesser extent the BLA).

To isolate in time the acquisition of odor memory from the
association of this odor with the gastric malaise, we also inacti-
vated the BLA before the first presentation of the odor in a LI
paradigm. This inactivation prevented LI, i.e., COA was not
weakened by odor pre-exposure (Fig. 2). Our results clearly
demonstrate that the BLA is involved in both associative and
incidental odor learning, and this further contributes to the idea
that neuronal activity in the BLA is required for odor encoding
(Schoenbaum et al. 1999, 2000; Rosenkranz and Grace 2002).
Moreover, our results add to a growing body of evidence indicating
that BLA activity is not only required for associative/aversive
learning but also for incidental learning, such as taste habituation
(Miranda et al. 2008), object recognition (Maroun and Akirav
2008; Roozendaal et al. 2008), or pre-exposure to a neutral
stimulus in an LI paradigm (Schauz and Koch 2000; Coutureau
et al. 2001; Miranda et al. 2003). In our experiments, the odor was
novel when the BLA was inactivated. In order to evaluate whether
BLA inactivation interferes specifically with the representation of
novel odor, additional experiments would assess the effect of BLA
inactivation on COA with familiar odor.

In the present experiment, post-CS inactivation of the BLA
did not alter COA. Similarly, we recently showed post-CS blockade
of the B-adrenergic receptor or inhibition of protein synthesis in
the BLA did not affect COA (Miranda et al. 2007; Desgranges et al.
2008). Results of the present study suggest that the BLA neural
activity is not involved in the short-term maintenance of the CS
memory trace, the US processing, and the CS-US association.
However, post-CS infusion of the GABA, antagonist bicuculline in
the BLA rendered COA tolerant to an extended CS-US delay,
suggesting the BLA plays an important role in the maintenance of
the CS memory (Ferry and Di Scala 1997). However, COA was

www.learnmem.org

We demonstrated that pre-test inactivation

of the BLA blocked COA expression 3 and
28 d after acquisition (Fig. 3). BLA activity is necessary for the
expression of a previously learned aversion but not for the
expression of an innate aversion (to quinine), indicating that
the deficit of COA expression was not attributable to impaired
avoidance behavior. Moreover, as previously mentioned, the COA
deficit was not the consequence of state-dependent learning (Fig. 4).

A TOdor —LiCl i»todor
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*%k%
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£ 80
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= 60 7
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Figure 4. Effects of intra-BLA infusion before the presentation of the CS
and before the retention test on COA learning. (A) Schematic represen-
tation of the time of injection, COA acquisition, and memory test. (B)
Intra-BLA Mus infusion both before COA learning and memory test
impaired COA learning. This result indicated that memory impairment
was not due to a state-dependent learning. (***) Significantly different
from saline-treated group (P < 0.001).
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The retrieval impairment does not depend on a noradrenergic
system, since we recently demonstrated that BLA infusion of
propranolol, a B-adrenergic antagonist, did not impair expression
of recent COA memory (Miranda et al. 2007). The involvement of
BLA in the expression of recent memory was previously reported
for other aversive tasks, namely, inhibitory avoidance (Liang et al.
1982, 1996; Izquierdo et al. 1997), fear conditioning (Helmstetter
1992; Helmstetter and Bellgowan 1994; Campeau and Davis 1995;
Lee et al. 1996; Maren et al. 1996), and CTA (Gallo et al. 1992;
Yasoshima et al. 2000). The fact that BLA inactivation abolished
COA expression 1 mo after acquisition is also congruent with
results obtained in fear conditioning (Lee et al. 1996; Maren et al.
1996; Gale et al. 2004). However, it contrasts with studies on
inhibitory avoidance where lesion or pharmacological manipula-
tions of the BLA did not affect the expression of memory older
than 10 d (Liang et al. 1982, 1996; Izquierdo et al. 1997). This
indicates that the BLA plays a permanent role in memory
expression of fear conditioning and COA, whereas as the memory
of inhibitory avoidance matures, its retrieval becomes indepen-
dent on BLA, and other regions assume a similar integrative
function. These differences clearly reflect distinctions in the
neural networks sustaining each type of learning and some
amygdala circuits that subserve fear conditioning could be shared
with COA. This also raises the question of whether the BLA is
necessary for remote CTA memory as it is for recent ones (Gallo
et al. 1992; Yasoshima et al. 2000).

It must be underlined that BLA manipulations induced
a more important deficit in remote than in recent COA memory
retrieval. One explanation is that remote memory is weaker than
recent memory, and therefore more sensitive to BLA manipula-
tions. However, this seems unlikely because Sal animals exhibited
similar or even stronger COA during a remote memory test than
during a recent test (for similar findings, see also Chapuis et al.
2007a; Desgranges et al. 2009). Another possibility is that there is
a time-dependent reorganization of the neural network sustaining
the expression of COA memory, which becomes more dependent
on the BLA as the COA memory matures. Similar suggestions have
been made for spatial and contextual memories, which are
thought to become increasingly dependent on some cortical areas
with time (for reviews, see Frankland and Bontempi 2005; Wiltgen
et al. 2004; see also Ding et al. 2008 in CTA).

We also showed that in drug-free situations, animals pre-
viously treated with Mus exhibited a higher aversion, indicating
that inactivation of the BLA did not induce a permanent amnesia,
but only a transient COA retrieval deficit. Moreover, during the
second test, the animals infused with Mus during the first test
exhibited similar aversion as control animals that showed COA
extinction compared with the first test. During the third test, all
groups exhibited an extinction of learning compared with the
second test. These results indicate that inactivation of the BLA
during the first test did not prevent learning of COA extinction, as
revealed during the subsequent tests. Thus, a normal level of
conditioned aversion during the first test is not necessary for
extinction learning. To definitely validate this possibility, one
interesting perspective would be to inactivate the BLA with Mus
before the first and second test, and to evaluate whether extinc-
tion will be complete during the third COA memory test. One
interesting candidate to sustain COA extinction is the ventrome-
dial prefrontal cortex. This hypothesis is consistent with current
models of extinction that involve interactions between several
structures, including the BLA and the ventromedial prefrontal
cortex for fear conditioning (Quirk et al. 2006; Quirk and Mueller
2008) and CTA extinction (Mickley et al. 2005; Akirav et al. 2006).
Further experiments are needed to determine whether the
ventromedial prefrontal cortex is involved in COA extinction
learning.
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In conclusion, combined with recent results indicating that
the BLA is a site where consolidation of the COA learning takes
place (Desgranges et al. 2008), the BLA appears to acquire,
consolidate, and retrieve COA memory. This strongly suggests
that BLA is part of a neural network where COA is permanently
stored.

Materials and Methods

Subjects

Adult male Wistar rats were used (Janvier; 270-320 g at the time of
surgery). They were housed individually in polypropylene cages
(34 X 29 X 17 cm) lined with abundant pine shavings and kept in
a temperature (23°C) and light (0700-1900 h) controlled room. All
behavioral manipulations were carried out during the light phase,
between approximately 1000 and 1200 h. Food and water were
provided ad libitum until the beginning of the behavioral proce-
dures. Experiments were performed in accordance with French
and European regulations concerning animal experimentation,
including authorizations 006352 and A37801 from the French
Ministry of Agriculture to perform experiments, and ECC directive
86/609/EEC.

Drugs

The GABA, agonist muscimol (Mus; Sigma) was dissolved in sterile
saline (0.9% w/v) to obtain a final concentration of 0.25 ng/0.25
pL. Vehicle controls received equivolume sterile 0.9% saline. The
dose and volume of Mus was selected on the basis of previous
studies investigating the effect of Mus infusion in the BLA on fear
memory (Maren et al. 2001; Ponnusamy et al. 2007; Laurent and
Westbrook 2008). This concentration (1 wg/pL) induces a complete
inhibition of neural activity within 20 min after infusion that lasts
for at least 1 h (Martin 1991; Martin and Ghez 1993; Edeline et al.
2002). Based on previous studies, 0.25 ng/0.25 pnL of Mus would
spread within a radius of 0.5-0.7 mm from the infusion needle tip
(Martin 1991; Arikan et al. 2002; Edeline et al. 2002). Thus, the
possibility that Mus spread to adjacent structures, especially the
central amygdala nucleus, cannot be completely ruled out. How-
ever, lesion studies indicated that the integrity of central amygdala
was not essential for COA memory, contrary to that of BLA
(Bermudez-Rattoni et al. 1986), suggesting that the effects
reported here were primarily located in the BLA.

Surgery and infusion procedure

Adult rats (50-55 d old) were anesthetized with ketamine (70 mg/
kg) and xylazine (6 mg/kg) administrated by intraperitoneal
injection. They were then implanted with two 17-mm stainless-
steel guide cannulae (23-gauge, Plastic One) using a standard
stereotaxic frame (Kopf Instruments). Cannulae were bilaterally
implanted into BLA (antero-posterior, —2.8 mm relative to
Bregma; lateral, 5.1 mm from midline; ventral, —5.5 mm from
dura) (Paxinos and Watson 1998). The tips of the cannulae were
aimed 2.0 mm above the intended area. The cannulae were fixed
to the skull with dental acrylic cement and anchored with two
surgical screws placed in the skull. Stylets were inserted into the
guide cannulae to prevent clogging. Then rats were given 1 wk to
recover from surgery.

All animals were handled individually for ~3 min each day
during the last 3 d before infusion for manipulation habituation.
During infusion day, rats were gently restrained by hand, stylets
were removed, and injection needles (30 gauge) were inserted,
extending 2 mm from the tip of the guide cannula. The injection
needles were connected via polyethylene tubing to two 10-pL
Hamilton microsyringes driven by an automated microinfusion
pump (Harvard Apparatus). A total volume of 0.25 pL per hemi-
sphere was delivered over 1 min. After the injections, the needles
were left in position for an additional minute to enable diffusion
of the solution into the tissue and to minimize dragging of the
liquid along the injection track.
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Behavioral procedures

Conditioned odor avoidance

COA consists of the association of an odorized tasteless
solution (conditioned stimulus, CS) with a visceral
malaise (unconditioned stimulus, US). One week after
surgery, rats were acclimated to a deprivation regimen for
5 d and had access to water in a graded bottle (with 0.5
mL accuracy) in their home cage for 15 min each day
between 0900 and 1100 h. Baseline was obtained by
averaging the intake of the three last days. On day 6,
animals had access for 15 min to 10 mL of almond-
scented water composed of 0.01% benzaldehyde (Sigma).
This almond solution was chosen as CS because previous
studies indicated that its processing is mediated by its
odor properties, not by its taste properties (Rusiniak et al.
1979). Indeed, anosmic rats were unable to reliably detect
2% almond-scented water, whereas they performed as
well as control for taste detection (Rusiniak et al. 1979).
This provides evidence that this aqueous odorant did not
confer any behaviorally detected gustatory sensation to
the drinking solution. Therefore, we were confident that
0.01% almond-scented water served only as an odor cue.
A volume of 10 mL was chosen because it allows an
optimal CS-US association (Barker 1976) and reduces the interin-
dividual variability of liquid consumption induced by intracere-
bral infusion. Thirty minutes upon termination of the drinking
session, the rats received an intraperitoneal injection of the
visceral malaise-inducing drug lithium chloride (LiCl, Sigma; 65
mg/kg, 0.15 M, 10 mL/kg). We recently reported that odor-LiCl
pairing in similar conditions induces a strong COA in adult
animals (Chapuis et al. 2007a; Miranda et al. 2007; Desgranges
et al. 2008; Sevelinges et al. 2009). For the next 2 d, rats had access
to water for 15 min each day in order to reestablish baseline water
intake. After these days, odor avoidance was assessed by providing
the scented solution for 15 min, immediately followed by 15 min
of water (to evaluate whether treatment altered water ingestion).
The percentage of scented water consumption during testing with
respect to water baseline consumption was used as a measure of
aversion strength.

In a first experiment, rats received bilateral BLA injections of
Mus or Sal 30 min before or immediately after CS presentation on
the day of COA acquisition and the aversion was tested 3 d later. In
a second experiment, rats received bilateral BLA injections of Mus
or Sal immediately before the test performed either 3 d (recent
memory) or 28 d (remote memory) after COA acquisition. For this
experiment, rats underwent two other days of extinction similar to
the first test, but without BLA infusion, in order to verify whether
animals could express odor avoidance in a drug-free situation.

Latent inhibition of COA

Previous experiments indicate that substantial latent inhibition
can be obtained with only one pre-exposure in CTA (Merhav and
Rosenblum 2008) and inhibitory avoidance (Miranda and Bermudez-
Rattoni 2007). In this incidental learning paradigm, the procedure
was identical to the one described above for COA with the ex-
ception that rats had access to 10 mL of almond solution for 15
min 2 d before the COA training and odor aversion was assessed 3
d later. Under this protocol of latent inhibition, pre-exposure to
scented water attenuates the acquired aversion to that same odor.
Rats were infused with either Mus or Sal into the BLA 30 min
before the pre-exposure to almond-scented water.

Control experiments

In order to evaluate whether BLA inactivation could have altered
odor detection, naive adult rats were water deprived and then
habituated to drink water for 15 min/day for 5 d. The day after,
they were infused with either Mus or Sal into the BLA 30 min
before an olfactory detection test. This test lasted 15 min and
consisted of a simultaneous choice between one bottle containing
plain water and one containing almond solution (0.01%) (Bailey
and Westbrook 2007). Naive rats with normal odor detection
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Figure 5. Photomicrograph of representative cannula and the needle track (arrow)
terminating in the BLA.

preferred water over novel scented water (Bailey and Westbrook
2007; Desgranges et al. 2008; Sevelinges et al. 2009). As previously
mentioned for COA, anosmic rats were unable to reliably detect
2% almond-scented water, indicating that 0.01% almond-scented
water served only as an odor cue (Rusiniak et al. 1979). The left/
right position of scented solution alternated between rats, so that
half of the rats in each group received almond solution on the left
side of the cage and the other half on the right side.

We randomly assigned animals from the previous odor-
detection task to a second experiment 2 d later to insure that
infusions of Mus into the BLA did not affect the abilities to express
aversive behaviors to drinking solution. They were infused with
Mus or Sal into the BLA 30 min before presentation of a bottle
containing 0.1 mM quinine hydrochloride (Sigma) for 15 min. For
rates, this dose of quinine is highly aversive (Yasoshima et al. 2000;
Inui et al. 2007). Thereafter, they received 15 min of water
presentation to evaluate the general liquid consumption.

To rule out the possibility that BLA infusion of Mus might
induce a state-dependent learning, some rats previously used for
post-CS injection and remote memory test were randomly
assigned to a second COA training using banana-scented water
(0.01% isoamyl acetate mixed with water) and received intra-BLA
infusions of either Mus or Sal 30 min before training and before
test. The banana solution was chosen because previous studies
indicated that its processing is mediated by odor, not by any taste
properties (Slotnick et al. 1997). Moreover, previous reports in-
dicate that BLA manipulation impaired COA with banana-scented
water as CS without affecting banana odor perception (Miranda
et al. 2007; Desgranges et al. 2008; Sevelinges et al. 2009).

Histology

After completion of behavioral experiments, animals were over-
dosed with sodium pentobarbital (100 mg/kg i.p.) and perfused
transcardially with 0.9% saline. The brains were removed and
stored at 4°C in a 4% paraformaldehyde solution for 24 h. The
brains were then soaked in a 30% glucose solution and stored at
4°C. Coronal sections (40-pM thick) were stained with cresyl
violet. Sections were examined microscopically to determine
cannula placement. Figure 5 shows a photomicrograph example
of the typical cannula tip placement into the BLA. Data from 27
rats were excluded from the statistical analysis because of mis-
placement of one or both cannulae (n = 22) or because BLA
infusion induced adipsia (n = 5).
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