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ABSTRACT

ARTICLE HISTORY

The adult olfactory bulb (OB) continuously receives new interneurons that integrate into the
functional neuronal network and that play an important role in odor information processing
and olfactory behavior. Adult neuronal progenitors are derived from neural stem cells in the
subventricular zone (SVZ) bordering the lateral ventricle. They migrate long distances along
the rostral migratory stream (RMS) toward the OB where they differentiate into interneurons,
mature, and establish synapses with tufted or mitral cells (MC), the principal neurons in the
OB. The plasticity provided by both adult-born and pre-existing early-born neurons depends
on the formation and pruning of new synaptic contacts that adapt the functioning of the
bulbar network to changing environmental conditions. However, the formation of new
synapses occurs over a long time scale (hours-days), whereas some changes in environmental
conditions can occur more rapidly, requiring a much faster adjustment of neuronal networks.
A new form of structural remodeling of adult-born, but not early-born, neurons was recently
brought to light. This plasticity, which is based on the activity-dependent relocation of mature
spines of GCs toward the dendrites of active principal cells, may allow a more rapid
adjustment of the neuronal network in response to quick and persistent changes in sensory
inputs. In this mini-review we discuss the different forms of structural plasticity displayed by
adult-born and early-born neurons and the possibility that these different forms of structural
remodeling may fulﬁll distinct roles in odor information processing.
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Introduction
The OB is probably one of the most plastic regions in
the rodent brain. Each and every day, approximately
30,000 to 40,000 new neuronal progenitors reach the
OB, and nearly half of them mature and integrate into
the bulbar network (Fig. 1).44,52 Some 95% of these
neuronal progenitors differentiate into granule cells
(GCs) whereas others become periglomerular neurons
(PGCs). It has been estimated that 10–15% of GCs
and 30% of PGCs are renewed during adulthood
(Fig. 1).32,42 Several studies have shown that adultborn cells play a pivotal role in synaptic remodeling
and odor information processing.1,6-8,11,30,46,47 OB
interneurons form reciprocal dendrodendritic synapses with principal cells that synchronize these glutamatergic relay neurons and lead to ﬁne spatiotemporal tuning of their responses to odors.19,21,50
Both early-born and adult-born interneurons have a
high rate of spine turnover that matches the dynamics
of postsynaptic sites in MC dendrites.47 This synaptic
CONTACT Armen Saghatelyan
© 2017 Taylor & Francis

armen.saghatelyan@fmed.ulaval.ca

remodeling constantly sculpts the bulbar network to
optimize sensory information processing.47 In addition, a new form of structural plasticity provided by
adult-born, but not early-born neurons, that has been
recently been brought to light,8 is based on the rapid
activity-dependent relocation of mature functional
spines of adult-born GCs toward active MC dendrites.8 How do these different forms of structural
remodeling “co-operate” to adjust the OB network
and are they triggered in response to different sensory
inputs?
In this mini-review, following a brief description
of the maturational proﬁles of early-born and
adult-born GCs, we discuss the different forms of
structural plasticity displayed by these interneurons.
We propose that these different types of structural
remodeling may provide bulbar networks with distinct temporal levels of adaptability to changing
sensory inputs.
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Figure 1. Schematic representation of the mouse forebrain and of olfactory bulb neurogenesis. Schematic drawing of the adult mouse
forebrain and illustration showing the OB neuronal circuitry and adult neurogenesis. Early-born and adult-born GCs are shown in different colors.

Different forms of structural plasticity of GCs
in the OB

GCs are anaxonic neurons with basal and apical dendrites.51 Apical dendrites can be divided into proximal
and distal domains. The distal domain of apical dendrites forms secondary and tertiary branches in the
external plexiform layer (EPL) where they establish
dendrodendritic reciprocal synapses with principal
neurons.51 Basal and proximal dendrites receive axodendritic synapses formed by the glutamatergic topdown centrifugal projections and collateral axons of
MCs51 as well as local OB interneurons.17,45 The synaptic integration of GCs is different during adulthood
than during the early postnatal stages. GCs born during embryogenesis and early postnatal life ﬁrst receive
glutamatergic inputs on their proximal and distal dendrites and then later on their basal dendrites.28 In contrast, adult-born GCs receive their ﬁrst synaptic
inputs on their proximal and basal dendrites before
forming output dendrodendritic synapses with MCs
on their distal dendrites.28,51 This maturational proﬁle
allows adult-born GCs to “silently” integrate into the
OB network.28 Electrophysiological9 and anatomic14
studies have shown that adult-born GCs receive local
GABAergic inputs on their proximal and basal dendrites before any long-ranging glutamatergic
inputs.14,43,45 These GABAergic inputs are believed to
drive the stages of GC maturation.14,28,43,51 Both earlyborn and adult-born GCs remain structurally plastic
well beyond their synaptic integration period.47 New
spines are constantly forming, retracting, and stabilizing on the dendrites of adult-born and early-born
GCs. A recent in vivo 2-photon imaging study has
shown that approximately 20% of spines are constantly being added to and eliminated from the distal

dendrites of GCs47 (Fig. 2). The continuous turnover
of GC spines matches the dynamics of gephryn-positive postsynaptic puncta in MCs, and it has been proposed that this persistent synaptic structural plasticity
in the adult OB optimizes odor information
processing.47

Figure 2. Two forms of structural plasticity in the adult OB. (A-B)
Spine turnover represented as the formation and elimination of
spines on GC dendrites (green). MC dendrites are shown in red.
(C-D) Activity-dependent spine relocation is shown by the relocation of a spine from one MC dendrite to another. The activitydependent release of glutamate and BDNF is indicated by the
yellow cloud.
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It should be mentioned, however, that synaptogenesis occurs over a long period of time (from hours to
days), whereas changes in environmental conditions
may take place very rapidly. It is thus conceivable that
a faster structural plasticity should occur in the OB to
optimize sensory information processing in a rapidly
changing odor environment. We recently uncovered a
new form of structural plasticity that is based on the
activity-dependent relocation of mature GC spines
toward active MC dendrites8 (Fig. 2). Spine relocation
occurs within a few minutes8 and thus seems to be
perfectly adapted to rapid changes in the odor environment, unlike synaptogenesis, which takes several
hours or even days. Spine relocation is preceded by
the growth of a thin ﬁlopodia-like protrusion from the
spine head (spine head ﬁlopodia; SHF). SHFs are very
motile, and SHF dynamics are controlled by MCderived glutamate and the level of odor-induced activity.8 The directionality of SHF growth is, however,
controlled by MC-derived BDNF. The stimulation of
MCs induces the directional growth of SHFs toward
an activated principal cell dendrite, which is followed
by spine relocation8 (Fig. 2). It is thus possible that
SHFs play the role of “microsensors” and actively
probe the bulbar microenvironment, promoting the
activity-dependent relocation of GC spines from inactive to active MC dendrites. Modeling studies had
shown that spine relocation provides the OB with a
rapid way to change the set of synchronized MCs and,
as such, odor information processing.8 This new form
of structural plasticity was observed with mature
adult-born, but not early-born GCs, suggesting that
adult neurogenesis plays a central role in plasticity
and the rapid adaptation to new sensory inputs. While
the cellular and molecular bases for such distinct
responses are not known, these results are in line with
observations showing that adult-born neurons are
more responsive to incoming odors than their older
counterparts4,37 and that these 2 populations of cells
participate differently in the hedonic aspects of odor
information processing.41
How do these 2 forms of structural plasticity cooperate to optimize the response of the OB network to a
constantly changing odor environment? Since spine
relocation and synaptogenesis occur on different time
scales, it is likely that these 2 forms of plasticity
accommodate rapid and long-lasting changes in the
odor environment, respectively. According to this
model, spine relocation occurs when there is a rapid

e1301850-3

and persistent change in the odor environment. The
new environmental stimuli may require the synchronization of different sub-populations of MCs, redirecting the relocation of GC spines from inactive to active
principal cell dendrites. In contrast, synaptogenesis
requires long-lasting changes in sensory inputs. It
remains to be shown whether different experimental
paradigms based on spontaneous odor exploration or
odor learning will induce predominantly one or the
other form of structural plasticity or whether these 2
forms of plasticity act simultaneously to adjust bulbar
network functioning. Modeling studies suggest that
both forms of structural plasticity optimize odor information processing in the OB at different time
scales.8,47 However, some sensory information processing, such as the retrieval and/or erasure of previously learned odor information, may require
simultaneous rapid and long-lasting changes in the
OB network, inducing spine relocation and spine formation/pruning. It is also not known whether relocated spines are preserved in the OB network for
weeks or months or whether they are “temporal units”
that enable the rapid optimization of the OB network
until new GC spines form and replace the relocated
spines. Our chronic in vivo imaging results have
shown that relocated spines persist for at least 24–48 h
following relocation.8 However, it is not known
whether these spines can persist for weeks or months
in the OB network.
Activity-dependent regulation of different forms
of structural plasticity

Not only both types of structural plasticity in the OB
optimize odor information processing,8,47 but also the
level of sensory input regulates the extent of the structural modiﬁcations. Several studies have shown that
synaptic integration and the maintenance of GCs are
sensory experience dependent.8,30,34,35,44,52 GCs display very high spine dynamics during the critical
period of neuron development (14 to 30-day-old
cells)29,47 when they are particularly sensitive to the
level of odor inputs. Sensory activity during this critical period differentially regulates the synaptogenesis
of distinct GC dendritic compartments.46,29,33 Sensory
deprivation decreases the spine density of the distal
and basal compartments29,46 and increases the spine
density of proximal dendrites.29 Interestingly, sensory
deprivation after the critical periods of early-born46
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and adult-born29 neuron development has no effect on
the spine density of distal and basal dendrites, while it
increases the spine density of proximal dendrites.29 In
addition, although olfactory learning during the critical period of synaptic development increases the
PSD95-expressing spine density of proximal and basal
dendrites, it increases gephyrin-expressing spine density only in the proximal domain.33 These results suggest that GC synaptogenesis is particularly sensitive to
the level of sensory activity during the time window
when these neurons are added into the bulbar network. Since different dendritic GC compartments
receive distinct inputs,33 these results also suggest that
sensory experience-induced structural modiﬁcations
occur in the input-dependent manner.
Odor-induced activity also regulates spine relocation. First, the stimulation of MCs with a pattern of
activity mimicking the responses of these principal
cells to odors induces spine relocation toward an activated dendrite.8 Second, while sensory deprivation
decreases the number of GC spines,8,29,46 the percentage of spines with SHFs increases.8 Third, sensory
deprivation leads to an increase in SHF dynamics and
a shorter lifetime.8 As mentioned above, SHFs play an
important role in spine relocation, and their directional growth toward activated MC dendrites precedes
spine relocation.8 The increased percentage of spines
with SHFs suggests that these spines are selectively
preserved, at the expense of others, following sensory
deprivation. The deletion of BDNF in MCs abolishes
the speciﬁc preservation of spines with SHFs but does
not alter SHF dynamics.8 These observations are compatible with the fact that BDNF is necessary for SHF
directionality but not for SHF dynamics.8 Based on
these results, we hypothesize that sensory deprivation
fosters synaptic competition and that spines with
SHFs are selectively preserved because the increase in
SHF dynamics leads to a higher probability of spines
with SHFs ﬁnding an active MC dendrite. This, in
turn, allows the formation of functional synapses and
thus spine maintenance. This hypothesis is in line
with observations that (i) SHFs constantly scrutinize
the spine microenvironment for factors released in an
activity-dependent manner,8 (ii) sensory deprivation
dampens MC activity, thus reducing the availability of
these factors, and (iii) BDNF mediates competitive
interactions between individual neurons.15 On the
other hand, spines without SHFs are less plastic and
are eliminated. Further studies are required to

elucidate the molecular and cellular mechanisms
underlying the speciﬁc maintenance of spines with
SHFs.
Cellular and molecular mechanisms underlying
different forms of structural plasticity

Although the OB undergoes continuous structural
modiﬁcations, very little is known about the mechanisms underlying spine turnover and relocation. Furthermore, to date, all the studies examining the
structural plasticity of GCs have considered them as a
homogenous population of neurons. Several GC subtypes have been, however, identiﬁed based on immunohistochemical markers. Subpopulations of GCs
express calretinin, glycoprotein 5T4, metabotropic
glutamate receptor 2 (mGluR2), or Ca2C/calmodulindependent protein kinases IIa (CaMKIIa) and IV
(CaMKIV).3,27,53 Do all these GC subtypes display the
2 types of structural plasticity, and is the extent of
structural modiﬁcations similar for different GC
subtypes? While these questions have not been
explored, it is conceivable that different GC subtypes
play a distinct role in OB functioning and odor
behavior. 39,48 Their structural plasticity may be also
driven differently by distinct odor experiences to adequately optimize OB functioning. Interestingly,
although spine relocation is induced by a speciﬁc pattern of activity that mimics MCs responses to odors,8
stimulation patterns consisting of the same number of
spikes but given in the random order do not induce
spine relocation.8 Half of early-born and adult-born
GCs express CaMKIIa;53 our unpublished observations), which has been shown to decode patterns of
neuronal activity.12 This suggests that the propensity
to exhibit spine relocation is determined by speciﬁc
patterns of neuronal activity and may be displayed by
the speciﬁc CaMKIIa-expressing GC subtype, for
example.
Another aspect that remains largely unexplored is
the role of other OB cells in the different forms of
structural plasticity. To date, studies on structural
plasticity in the OB have largely centered on GCs and
MCs, their postsynaptic targets.8,29,30,35,47 The roles of
other cells that actively participate in synaptic maintenance and remodeling, such as astrocytes and microglia, remain elusive. Recently, however, the role of
microglia in the structural remodeling of OB has
begun to emerge.13,20 These cells are sensitive to the
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level of sensory activity and actively participate in the
elimination of adult-born neurons.13 Microglia processes actively survey the OB microenvironment and
play a role in synaptic pruning.13 Activated microglia
may also migrate toward inhibitory synapses and displace presynaptic inhibitory terminals from cortical
neurons,10 a process that may be compatible with the
spine relocation observed in the OB.8 Do microglia in
the OB play a role in spine relocation? If so, what
mechanisms are involved in unwrapping and phagocytosing spines in the case of spine turnover and in
promoting activity-dependent spine relocation?
In terms of the molecular factors involved in spine
turnover and spine relocation, MC-derived factors
such as BDNF and glutamate have been shown to promote these 2 types of structural plasticity. We previously showed that dendritic ﬁlopodia formation/
retraction on the distal dendrites of immature adultborn neurons is dependent on MC-derived glutamate
and the activation of NMDA receptors on GC dendrites.7 This dynamic decreases as adult-born GCs
mature and is accompanied by a progressive hyperpolarization of the membrane potential of these cells and
an increased Mg2C block of NMDA receptors.7 Interestingly, after this critical period of GC development,
MC-derived glutamate promotes spine maintenance
by activating AMPA receptors on GCs,8 which stops
the formation of SHFs and reinforces synaptically
active spines. These results are in line with observations in other brain regions showing that NMDA
receptors trigger the formation of new spines,31,38
whereas AMPA receptors induce synapse stabilization.18 MC-derived BDNF is another factor that is
released in an activity-dependent manner.8 BDNF acts
via TrkB receptors on GC spines5,8 and induces spine
relocation.8 TrkB deletion in adult-born GCs affects
dendritic arborization and spine growth.5 These
effects have been attributed to the PI3K and phospholipase C-g (PLCg) signaling pathways, respectively.5
Further studies will be required to determine which
TrkB-induced signaling pathway promotes spine relocation and how the activation of this trophic factor
receptor “decodes” the spine formation and/or spine
relocation programs.
Although MC activity is a major player in the turnover and relocation of spines, little is known about the
intracellular pathways in GCs that mediate these 2
forms of structural plasticity. The actin cytoskeleton is
intimately involved in the formation, elimination,
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stability, motility, and morphology of dendritic spines
in other brain regions.22,25,40 Small GTPases such as
Rac1, Cdc42, and Rho control actin cytoskeleton polymerization and depolymerization, which leads to spine
turnover and changes in spine morphology.23,36 It has
recently been shown that the optogenetic photoactivation of Rac1 induces the shrinkage of potentiated
spines and the erasure of previously acquired motor
learning.23 SHF, in constrast, are enriched in microtubules.26 It would thus be interesting to explore the role
of the actin cytosceleton, microtubules, and actinbinding proteins in the various forms of structural
plasticity in the OB. Other intracellular signaling pathways, synaptic adhesion molecules, and extracellular
matrix metaloproteinases are also likely to emerge as
important regulators of different forms of structural
plasticity in the OB. It will be important to determine
whether they play a general role in structural modiﬁcations or exquisitely affect one or the other form of
structural plasticity.

Conclusion
Adult-born neurons continuously rewire the bulbar
network and make up a population of cells that enable
the OB to adapt to an ever-changing odor environment. These structural modiﬁcations are manifested at
different levels, starting with the addition and elimination of cells and ending with modiﬁcations to their synaptic contacts. At least 2 different forms of synaptic
modiﬁcations, which act on spine turnover and spine
relocation, have been described. Other forms of structural modiﬁcations such as spine enlargement and
spine neck plasticity2,49 may also occur in the OB. Why
does the OB need such an elaborate repertoire of structural reorganization, which mechanisms underlie the
different forms of structural plasticity, how do all these
forms of plasticity cooperate to optimize odor information processing, and how are odor-related memories
efﬁciently stored and recalled in a neuronal network
that is undergoing constant structural remodeling?
Although these questions remain to be investigated, the
high level of structural plasticity in the OB may be
related to the fact that it is one of the few regions in
the adult brain where the critical period never ends.
Other sensory systems also display high levels of activity-dependent structural reorganization during the critical period of their development.16,24 The OB, with its
constant supply of new neurons, maintains this high
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level of plasticity throughout life. It is thus a particularly interesting system for studying the sensory experience-induced reshaping of neuronal connections and
their contributions to neural processing.
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