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Sensory experience shapes the integration of adult-born
neurons into the olfactory bulb
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Olfaction is an ancient sensory modality which is heavily
involved in viscerally-important tasks like finding food and
identifying mates. Olfactory processing involves interpreting
stimuli from a non-continuous odor space, and translating
them into an organized pattern of neuronal activity in the
olfactory bulb. Additionally, olfactory processing is rapidly
modulated by behavioral states and vice versa. This implies
strong bidirectional neuromodulation between the olfactory
bulb and other brain regions that include the cortex,
hippocampus, and basal forebrain. Intriguingly, the olfactory
bulb is one of the only brain regions where adult-born neurons
are integrated into existing networks throughout life. The
ongoing integration of adult-born neurons is known to be
important for olfactory processing, odor discrimination, and
odor learning. Furthermore, the survival and integration of the
adult-born neurons is regulated by neuromodulatory
signaling, sensory experience, and olfactory learning. Studies
making use of new genetic markers to label and manipulate
immature adult-born neurons reveal an increase in their
population response to odors as they mature. Importantly, this
reflects a period of developmental plasticity where adult-born
neurons are especially sensitive to sensory experience and
olfactory learning. In this review, we discuss the contribution
of adult neurogenesis to olfactory bulb plasticity and
information processing, with a focus on the developmental
plasticity of adult born neurons, and how it is influenced by
sensory experience and olfactory learning. Ultimately, recent
studies raise important questions about behavioral-statedependent effects on adult-born neurons, and the
consequences of neuromodulation on the developmental
plasticity of newborn neurons in the olfactory bulb.

olfactory processing depends on the integration of new GCs into
the OB; reciprocally, olfactory stimulation controls the integration
of granule cells as well [21-24]. Using genetic tools to target
immature adult-born neurons in the OB, recent studies have
begun to examine functional integration of specific populations of
adult-born neurons [25-29]. Findings from these studies raise
essential questions about mechanisms that regulate the integration
of adult-born neurons, and the consequences of their integration
for olfactory processing. In this review, we discuss the
contribution of adult neurogenesis to OB plasticity and olfactory
processing. We highlight a recent study by Quast et al. [25] which
used genetic tools to examine the functional integration of adultborn granule cells (GCs), and describe how their integration is
modified by olfactory learning and experience. Additionally, we
emphasize important questions regarding the mechanisms of
modulation, and the circuit level consequences of dynamically
regulating the integration of adult-born interneurons into the OB.
Olfactory processing and sensory maps
Unlike visual and auditory systems, which sample information
from a continuous frequency spectrum, the olfactory system
responds to a wide variety of discrete, volatile chemicals which
comprise a complex sensory space. During olfaction, odorant
molecules activate olfactory sensory neurons (OSNs), each
uniquely expressing one of about 1000 different olfactory
receptors [30]. OSNs, each expressing a single type of olfactory
receptor, transmit information to the OB by projecting to one or
two spatially distinct glomeruli, depending on the olfactory
receptor expressed [31-35]. At the glomeruli, OSNs synapse onto
apical dendrites of excitatory mitral and tufted cells (M/TCs),
which represent the principal output cells of the OB and function
to relay information to the piriform cortex [36-39]. Thus, in this
early stage of olfactory processing, a multidimensional odor space
is translated into a two-dimensional sensory map of glomerular
and M/TC activation in the OB [1, 2]. These olfactory sensory
maps begin diffuse and overlapping, and are refined during
embryonic and early postnatal development by molecular cues
and sensory independent activity [40-42]. Later in development,
the tuning curves of individual M/TCs (i.e. their preference for a
particular odor) are sharpened and modified by odor experience
[43]. The refinement of sensory maps and the sharpening of relay
cell tuning curves, in turn, are important for odor discrimination
and olfactory processing [44-46].

Adult neurogenesis | olfaction | development |
experience | learning
Introduction
Olfaction is the primary sensory modality used by mice to
understand their environment. Processing olfactory information
has unique requirements, including the need to adapt throughout
life due to experiences, rapidly modulate odor perception based
on behavioral state, and sample a complex odor space [1].
Circuits in the mouse olfactory bulb (OB) satisfy these with
spatially-organized activation of excitatory relay neurons [2]
modulated by a highly-interconnected network of specialized
inhibitory interneurons [3]. Of these, granule cells (GCs)
represent the largest population, and function to provide
feedforward, feedback, and lateral inhibition, control the extent
and timing of excitatory output [4-11], and regulate synchronous
oscillatory activity [12-16]. The functional organization of OB
circuits is initially established during embryonic and early
postnatal development, but is continuously modified throughout
life by sensory experience, activity-dependent synaptic plasticity,
and ongoing neurogenesis of inhibitory interneurons [17-20]. The
continuous integration of adult-born interneurons (primarily GCs,
but also periglomerular interneurons) is an important element of
plasticity in olfactory processing, and it has been shown that
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The activity of M/TCs is controlled, to a large extent, by
GABAergic granule cells (GCs), which comprise the major
inhibitory cell population in the OB [5]. GC dendrites form
reciprocal synapses with lateral dendrites of the M/TCs in the
external plexiform layer (EPL) [47]. At these dendrodendritic
synapses, glutamate release from the M/TCs excites GCs and
causes them to release GABA back onto the M/TCs [48, 49].
Similar to M/TCs, GCs are activated in a spatially-specific
manner in response to odors. Mature GCs, however, tend to have
broader sensory maps than M/TCs [25, 50]. In fact, lateral
inhibition from broad GC sensory maps may directly constrain
M/TC response areas and contribute to the definition of M/TC
sensory maps [8, 45, 50]. GABA release from GCs not only
provides direct feedback inhibition onto active M/TCs, but also
mediates lateral inhibition through connections with more distant
M/TCs [8]. This lateral inhibition, in turn, is critical for odor
discrimination [45, 52]. In addition to controlling the spatial
spread of M/TC activity, GCs regulate the timing of M/TC
activation. GCs contribute to M/TC synchronization [16], and
drive oscillatory activity in M/TC populations [13, 15, 51].
Specifically, GC activation is important for odor evoked M/TC
oscillatory activity in the gamma and beta frequency ranges (40100 Hz and 15-40 Hz respectively) [51]. Beta oscillations reflect
communication between the OB and the olfactory cortex, and
between the OB and the hippocampus [53]. Supporting a
functional role for GC-mediated beta oscillations, the coherence
of beta oscillations between OB and hippocampus is increased
during odor learning [54]. Additionally, gamma oscillations ±
mediated by GCs and originating in the OB ± have been shown to
be important for odor discrimination [55-57]. The extent of GC
sensory maps, therefore, provides an important level of control in
olfactory processing by functionally linking and coordinating the
oscillatory activity of broad populations of M/TCs.

behavioral state-dependent manner. This idea is supported by the
findings that cholinergic neurons project to the OB, and that
cholinergic signaling enhances GC survival [64]. However, the
mechanisms by which neuromodulatory signals directly or
indirectly affect GC integration have not been clearly
demonstrated. Importantly, new genetic and imaging strategies
allow for the selective targeting of adult-born neurons at different
stages of development and integration [25-29]. Using these tools,
it is possible to monitor newborn GCs as they integrate into OB
networks, and examine the consequences of behavioral statedependent neuromodulation.
The development of sensory maps in adult-born GCs
Historically, studies of adult neurogenesis have made use of birth
dating techniques like BrdU, EdU, or retroviral labeling [24, 59,
65]. These techniques have provided a wealth of information
about the survival and integration of adult born neurons, but both
have limitations. With BrdU and EdU-based birth dating
techniques, for example, it is impossible to visualize or
manipulate newborn neurons in living tissue. Retroviral
techniques allow for labeling and manipulating adult-born
neurons in vivo, but sparse expression limits the usefulness of
these techniques for implementing population-wide genetic
manipulations. With the development of specific genetic markers
for immature adult-born neurons, it has become possible to
manipulate a large subpopulations of adult-born neurons in vivo.
To examine population-wide activity of adult-born granule cells
in the OB, Quast et al [25] used dlx5/6-Cre mice infected with a
conditional adeno-associated virus (AAV) encoding either a Credependent fluorescent marker (flex-GFP) or Cre-dependent
calcium indicator (flex-GCaMP6). Dlx5/6 is a transcription factor
active in immature interneurons [66], therefore, only immature
interneurons expressed the conditional reporters two to three
weeks after viral infection. Delivery of the AAV directly into the
adult OB allowed specific targeting of only adult-born OB
interneurons.
Examining the activation of labeled cells in response to odors,
Quast et al. found that sensory maps of adult-born neurons are
narrow in immature GCs, but become much broader in mature
GCs (Figure 1B). Thus, in contrast to the development of M/TC
sensory maps, the sensory maps of adult-born GCs begin narrow,
and expand throughout development. Using electrophysiological
assessment of mEPSCs onto individual GCs, it was determined
that the expanded inhibitory maps reflect increased
interconnectivity between GCs and a broad population of M/TCs
(Figure 1A). It is unlikely that the expansion is caused by the
physical growth of GC dendritic arbors, since mature GC
dendrites extend only about 200 μm laterally. However, the lateral
dendrites of M/TCs may extend over 1 mm [67]. Therefore, the
expansion of GC sensory maps is likely due to synaptogenesis
between GCs and lateral dendrites of distant M/TCs, which are
made in the immediate vicinity of the immature GC. The
increased interconnectivity, in turn, may give more broadly
connected GCs the ability to simultaneously modulate the activity
and synchronization of a larger population of M/TCs. Therefore,
GCs that integrate with broader maps are positioned to exert more
control over the total output of the OB.

Adult neurogenesis and ongoing OB plasticity
A unique feature of GCs is that they are continuously replaced by
adult neurogenesis, enhancing plasticity in the adult OB [58].
Adult-born GCs originate in the subventricular zone (SVZ) and
migrate tangentially via the rostral migratory stream (RMS) to the
core of the OB, then radially to the superficial granule cell layer
(GCL) [59]. The morphological and functional maturation of
adult-born GCs mirrors postnatal development in several key
ways. Firstly, during migration from the SVZ to the OB, newborn
GCs are highly sensitive to tonic GABA signaling [60]. Secondly,
developmental changes in intracellular chloride concentration are
recapitulated in adult-born neurons [61]. High intracellular
chloride concentration in newborn cells causes GABA signaling
to be excitatory, which is necessary for neuronal migration and
early stages of synaptogenesis [62]. Thirdly, adult-born
interneurons express GABA receptors before glutamate receptors,
and receive GABAergic synaptic inputs before glutamatergic
inputs, a pattern which is also observed in embryonically-born
interneurons [59]. Finally, as adult-born GCs integrate into OB
networks, they exhibit a period of excessive synaptogenesis,
followed by activity-dependent synapse refinement [24]. These
similarities indicate that as adult-born interneurons mature and
integrate into OB networks, they go through a bona fide activitydependent critical period.
During this critical period, adult-born GCs are especially
sensitive to GABAergic, glutamatergic, and neuromodulatory
inputs. These signals control migration, drive synaptic integration,
and promote adult-born GC survival [17, 24, 26, 61, 63]. The
effect of neuromodulatory input is particularly relevant in this
context, because it may represent a mechanism by which the
integration of adult-born neurons is dynamically regulated in a
ISSN 2377-2700 | www.jnsci.org/content/422

Learning and sensory experience enhance the developmental
expansion of GC sensory maps
The developmental expansion of GC sensory maps contrasts with
the refinement of excitatory M/TC sensory maps. While M/TCs
and GCs exhibit opposite changes in sensory map area over the
course of development, both expansion and refinement appear to
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Figure 1. The integration of adult born neurons into OB networks is influenced by sensory experience and learning. A. Inhibitory granule cells
(GCs), located in the granule cell layer (GCL) and excitatory mitral cells (orange triangles), located in the mitral cell layer (MCL), make dendrodendritic
reciprocal synapses (orange and green circles) in the external plexiform layer (EPL, grey dashed line). Adult-born GCs (green circles) initially receive few
excitatory inputs from mitral and tufted cells (M/TCs) (left). Over the course of their development and integration into OB networks, they receive
progressively more inputs from M/TCs (right). B. The limited synaptic connectivity between M/TCs and immature adult-born GCs results in a smaller
population of immature GCs activated in response to specific odors (left). This corresponds to a small sensory response area in immature GCs (dashed
outline). As adult-born GCs mature, they respond to a broader array of odors, causing the GC sensory maps for individual odors to expand (right). The
mouse head diagram (inset) shows the OB (green) and the location and orientation of sensory map recordings made through the thinned skull (yellow
box). Importantly, the developmental expansion of GC sensory maps is modulated by sensory experience and olfactory learning. Sensory deprivation
inhibits the expansion of GC sensory maps. Associative odor learning, on the other hand, potentiates the developmental map expansion.

rely on sensory experience. This was determined in adult-born
GCs by examining the development of GC sensory maps in the
context of olfactory deprivation. Using dlx5/6-Cre mice injected
with an AAV-flex-GCaMP6 virus, Quast et al. found that
blocking olfactory input to one bulb by unilateral naris occlusion,
inhibited GC sensory map expansion [25] (Figure 1). The effect
of olfactory deprivation on GC integration into the adult OB
mirrors the effect of deprivation on M/TCs during postnatal
development. In the latter case, when animals were deprived of
olfactory experience during postnatal development, M/TCs
exhibited broader, unrefined sensory maps [68]. The observation
that GC sensory map expansion is dynamically regulated by
experience supports the idea that GC integration is an important
mechanism of behavioral state-dependent neuromodulation in the
adult OB.
Further supporting a role for behavioral state-dependent
neuromodulation in the maturation of adult-born GCs, integration
ISSN 2377-2700 | www.jnsci.org/content/422

and survival of adult-born neurons in the OB is influenced by
active olfactory learning, as well as by experience [69]. It follows
that associative odor learning would influence the developmental
expansion of GC sensory maps as well. Quast et al. demonstrated
this using a Go/No-Go operant conditioning paradigm. During
conditioning, water-deprived dlx5/6-cre mice injected with an
AAV-flex-GCaMP6 virus learned to perform a nose poke in
response to certain odors, eliciting a water reward when
completed correctly. This allowed Quast et al. to examine the size
of GC sensory maps in response to odors that were learned during
the integration of those same GCs. They found that in the
immature GCs, the sensory maps for learned odors were larger
than the maps for unlearned or novel odors. This indicated that
olfactory associative learning triggers early developmental
expansion of the sensory map for that specific odor (Figure 1).
Furthermore, associative learning had no effect on the sensory
map area of GCs that were already mature at the time of learning.
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These results showed that associative olfactory learning controls
the integration of adult-born GCs. At the same time, mature GCs
are resistant to learning-induced map plasticity. Thus, the
developmental plasticity of immature GCs provides a window of
flexibility where learning may potentiate the integration of adultborn GCs into sensory processing circuits, which then become
cemented once the newly-integrated GCs mature.

the activity of large populations of M/TCs. They also regulate the
pattern and timing of M/TC activity, which ultimately controls
OB output to downstream brain regions. The developmental
plasticity and ongoing integration of adult born GCs greatly
enhances the overall flexibility of OB circuitry throughout life.
The recent findings that experience and learning alter the
development of GC sensory maps indicate that the integration of
adult-born
GCs
is
influenced
by
state-dependent
neuromodulation. This idea is supported by the abundance of
neuromodulatory projections to the GCL and EPL, and that
cholinergic signaling promotes the survival of newborn GCs.
Considering this, it will be important to examine how
neuromodulatory inputs like cholinergic projections from the
basal forebrain influence dendrodendritic synapse development,
and the synaptic integration underlying learning-induced GC map
expansion. Ultimately, understanding how behavioral statedependent neuromodulation controls the integration of adult-born
GCs will shed light on mechanisms by which the brain attributes
salience and contextual information to sensory stimuli.

Conclusions
Contrary to popular belief, the human olfactory system is just as
sophisticated as that of other mammals [70] and, in humans, a
strong bidirectional link exists between the sense of smell,
emotion, cognition, and memory. Along these lines, behavioral
states powerfully influence olfactory processing and vice versa.
This relationship, in turn, is critical for responding appropriately
to visceral stimuli like spoiled food or potential mates. Olfaction
is unique among sensory modalities, translating the activation of
over 1000 unique chemoreceptors to a specific topography of
neuronal activation in the OB. Circuits in the OB extensively
process this information, refining the patterns and timing of
neuronal activity, and ultimately tuning OB output. Maps of GC
activation in response to odors are a key component of OB
processing. Through extensive lateral connections, GCs control
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