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Historically, a major focus of behavioral neuroscience has
been to understand learning and memory at systems, cellu-
lar, and molecular levels. Specifically, how does experience
shape the nervous system such that subsequent behavioral
responses reflect those past experiences? A critical tool in
the search for neural mechanisms of learning and memory is
an appropriate, effective behavioral model. One behavioral
model that has proven useful for identifying circuit, cellular,
and now molecular mechanisms of learning is early olfac-
tory associative learning, a form of mammalian olfactory
imprinting. In this issue of Learning & Memory, Yuan et al.
(2003) make use of the many advantages of the early olfac-
tory learning paradigm to shed light on the underlying mo-
lecular events that occur within the olfactory bulb and sup-
port this type of associative learning.

Early olfactory associative learning is a form of rapid
classical conditioning in neonatal rats, wherein an odorant
conditioned stimulus is temporally paired with one of a
myriad of potential unconditioned stimuli (UCS) (e.g., milk,
tactile stimulation, electric-shock, electrical or chemical
stimulation of defined brain regions) to produce condi-
tioned responses to the odorant. Learned behaviors include
conditioned behavioral activation and approach responses
to the conditioned stimulus (CS) odor. The conditioned be-
havioral activation can be readily assessed during training to
quantify acquisition, and the learned approach responses,
which can be recalled several days after training, can be
assessed and quantified in Y-maze or two odor choice tests.
Early olfactory learning is generally robust and given the
classical conditioning nature of the paradigm, appropriate
controls can be easily included to determine the role of
simple odorant exposure, random CS–UCS pairings, etc. Im-
portantly, the learning induced by this paradigm models
events that occur within the nest situation as a pup learns
the maternal odors necessary for nipple attachment and
approach to the mother. Thus, early olfactory learning must
occur for the pup to survive to weaning, and consequently,
dissecting its neural mechanisms provides a window into
processes under strong evolutionary control. Therefore, de-
spite expressing several characteristics unique to the devel-
oping animal (Sullivan 2001), understanding the neurobiol-
ogy of early olfactory learning could provide important in-

sight into mechanisms of learning and memory conserved
throughout the lifespan, as well as across species.

A particular strength of the early olfactory learning
paradigm, and one taken full advantage of by Yuan et al.
(2003) in their work presented here, is its dependence on a
relatively reduced neural circuitry. While olfactory memory
in adults is associated with changes in the hippocampus
(Staubli et al. 1986; Alvarez et al. 2002), amygdala (Rosen-
kranz and Grace 2002; Tronel and Sara, 2002), piriform
cortex (Roman et al. 1987; Litaudon et al. 1997; Zinyuk et al.
2001; Saar et al. 2002), perirhinal cortex (Herzog and Otto
1998), and orbitofrontal cortex (Ramus and Eichenbaum,
2000; Rolls 2001) among elsewhere, many of these struc-
tures are not anatomically mature or effectively activated by
odors during the first postnatal week in the rat. Early olfac-
tory learning (during the first postnatal week) is dependent
on changes that occur within the olfactory bulb itself, and
those changes in turn require noradrenergic (NE) input
from the locus coeruleus for their acquisition (Sullivan et al.
1989; 2000), but not expression (Sullivan and Wilson
1991b).

Previous work on early olfactory learning has demon-
strated that several changes occur in the neonatal olfactory
bulb (Wilson and Sullivan 1994). For example, pairing an
odor with a UCS reduces habituation of mitral-cell odor
responses during training (Wilson and Sullivan 1992), and
produces an odor-specific, long-term change in spatio-tem-
poral output patterns of mitral cells, primarily expressed as
enhanced probability of inhibitory responses to the learned
odor (Wilson and Leon 1988). These effects are strongly
correlated with learned behavioral performance, including
a necessary and sufficient role of NE for induction (Sullivan
et al. 1989), and reversal with extinction training (Sullivan
and Wilson 1991a). We have proposed that this change in
olfactory bulb output is because of a change in the mitral-
cell–granule-cell dendrodendritic reciprocal synapse, either
on the mitral-cell or granule-cell side of the synapse, pro-
ducing odor-specific, localized changes in lateral and feed-
back inhibition of mitral cells (Wilson and Sullivan 1994).
Decoding of this learned change for behavioral expression
then presumably occurs in olfactory bulb target structures
such as the anterior olfactory nucleus and/or piriform cor-
tex. Learning-associated changes also occur in the glomeru-
lar layer (Leon 1987), and could reflect changes in intraglo-
merular synaptic strength and/or anatomical reorganization
(Woo and Leon 1991; Johnson et al. 1995). The learned
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changes in mitral-cell output patterns and the modified bal-
ance of excitatory and inhibitory synaptic activity within
the olfactory bulb are similar to learned changes in the
accessory olfactory bulb and main olfactory bulb during

learning of mate or offspring odors in ma-
ture mice and sheep, respectively (Brennan
and Keverne 1997).

The molecular mechanisms involved in
producing these changes in olfactory circuit
function have only recently begun to be ad-
dressed (e.g., McLean et al. 1999; Zhang et
al. in press), but a significant step forward in
this regard is taken with the work of Yuan
et al. (2003).

A critical clue as to the underlying mo-
lecular events of learned olfactory bulb
changes came from previous work by the
Harley and McLean group, which showed
that, in addition to the basic locus coer-
uleus-olfactory bulb circuit, an important in-
teraction occurs between norepinephrine
and serotonin within the olfactory bulb dur-
ing early learning (Langdon et al. 1997). It is
this interaction that is the focus of the work
described in this issue. Activation of olfac-
tory bulb NE �-receptors with isoproterenol
paired with odor stimulation produces a
learned-approach response in rat pups
(Sullivan and Wilson 1994; Sullivan et al.
2000b). The isoproterenol effect displays an
inverted-U shaped dose-response curve (Sul-
livan et al. 1989, 1991). Harley and McLean
have previously demonstrated that the iso-
proterenol dose-response curve can be
shifted with manipulations of olfactory bulb
5-HT activity. Lesions of 5-HT fibers within
the olfactory bulb shifts the isoproterenol
curve to the right (higher isoproterenol
doses are required to support learning;
Langdon et al. 1997), while 5-HT2a/2c recep-
tor agonists can shift the isoproterenol
curve to the left (lower isoproterenol doses
support learning), although 5-HT is not suf-
ficient to support learning itself (Price et al.
1998).

The 5-HT/NE interaction led Yuan et al.
(2003) to the hypothesis that cAMP levels in
mitral cells are elevated by convergence of
glutamatergic olfactory nerve input to mi-
tral cells signaling the odor CS and NE/5-HT
input to mitral cells signaling the UCS. They
further hypothesize that the elevated cAMP
levels increase cAMP response element
binding (protein) (CREB) phosphorylation

and lead to changes in protein synthesis that allow a long-
term trace of the CS–UCS association to form in mitral cells,
ultimately expressed as the learned changes in mitral-cell
odor response patterns described above.

Figure 1 Schematic representation of molecular biology of early olfactory learning
based on the data by Yuan et al. (2003) and previous work. Olfactory nerve input
carrying CS information activates NMDA and AMPA receptors on the apical dendritic
tuft, depolarizing the mitral cell and allowing Ca++ influx in the apical dendrite and
soma, as well as in the lateral dendrites via back propagation (Lowe 2001; Margrie et al.
2001). If the odor is paired with an unconditioned stimuli (UCS), activation of NE
�-receptors and 5-HT2 receptors increases cAMP levels, which combined with the high
levels of Ca++, activates a cascade resulting in pCREB-mediated changes in gene tran-
scription. Based on work in other systems (Kandel 2001) and on known learned changes
in mitral-cell odor response patterns (Wilson and Sullivan 1994), the long-term down-
stream consequences could include (1) changes in receptor affinity or number at olfac-
tory nerve synapses and/or granule-cell reciprocal synapses; (2) changes in ion-channel
conductances; (3) changes in presynaptic transmitter release at dendrodendritic syn-
apses affecting lateral/feedback inhibition and/or lateral/feedback excitation (Isaacson
1999; Didier et al. 2001). These changes in release could also extend to axo-dendritic
synapses in mitral-cell target structures. Finally, (4) changes in cell structure including
changes in apical or lateral dendritic anatomy could occur. Any or a combination of
these changes could result in odor-specific changes in mitral-cell odor coding that
would reflect the learned significance of the odor to the animal.
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To test this hypothesis, Yuan et al. (2003) utilized a
three-prong approach. First, using immunofluorescent
double-labeling techniques, Yuan et al. confirmed that mi-
tral and tufted cells in neonatal and older animals express
both �1-adrenoceptors and 5-HT2A receptors, thus provid-
ing a site of convergence between NE and 5-HT on mitral
cells. Second, using a cAMP assay, they confirmed that
UCS’s effective at producing behavioral learning (tactile
stimulation or moderate levels of isoproterenol) elevated
olfactory-bulb cAMP levels, while ineffective UCS’s (too low
or too high levels of isoproterenol, or 5-HT lesions) do not
elevate cAMP levels. The stimuli ineffective at elevating
cAMP are perhaps the more interesting, as they not only
correlate cAMP levels well with behavior, but also suggest a
possible mechanism for the inverted-U shaped dose-re-
sponse curve. Inverted-U shaped dose-response curves are
ubiquitous in the pharmacology of memory literature, yet
few convincing data exist to suggest a cellular mechanism.
Yuan et al.’s findings suggest that there is a limited window
of �1-adrenoceptor and/or 5-HT2A receptor activation that
will elevate cAMP levels in mitral cells; receptor activation
above or below that level fails to raise cAMP. Finally, Yuan
et al. directly quantified cAMP levels in the mitral-cell layer
using optical densitometry of cAMP immunocytochemical
staining. They find that isoproterenol paired with odor
stimulation significantly increases cAMP staining in the mi-
tral-cell layer compared to pups not injected with isopro-
terenol and that this elevation can be prevented by lesions
of olfactory bulb 5-HT fibers.

Together, these findings suggest a critical role for mi-
tral-cell cAMP elevation in early olfactory learning. Elevation
in cAMP can contribute to enhanced phosphorylation of
CREB, also known to occur in early olfactory learning
(McLean et al. 1999), and thus to a variety of reported
changes in mitral-cell and olfactory-bulb circuit physiology
(Fig. 1). These could include changes at either the olfactory
nerve-mitral cell synapse (perhaps enhancing excitation of a
small number of localized mitral cells and producing a cor-
responding increase in inhibitory surround) or in the mitral-
cell–granule-cell reciprocal synapse (directly producing
changes in lateral and/or feedback inhibition). The under-
lying synaptic changes could include either changes in neu-
rotransmitter receptor expression or sensitivity, changes in
mitral-cell transmitter release at axonal or dendritic presyn-
aptic terminals, or even dendritic structural changes (Kan-
del 2001).

As noted by Yuan et al. (2003), the molecular mecha-
nisms emerging for early olfactory learning and the list of
potential resulting cellular changes are reminiscent of find-
ings in several other systems ranging from the Aplysia ab-
dominal ganglion to the mammalian hippocampus, where
direct or indirect sensory input combined with appropriate
levels of monoaminergic input (5-HT in Aplysia, perhaps
DA or NE in hippocampus) initiate a cAMP cascade that

ultimately contributes to long-term changes in cell function
(for review, see Kandel 2001). Thus, while the circuits and
stimuli involved in olfactory memory may change over on-
togeny (Sullivan 2001; Sullivan et al. 2000a), the intracellu-
lar mechanisms may not. This suggests that the molecular
biology underlying storage of critical memories in the cen-
tral nervous system is highly conserved across both devel-
opment and species.
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