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The production of new neurons in the olfactory bulb (OB) through
adulthood is a major mechanism of structural and functional plas-
ticity underlying learning-induced circuit remodeling. The recruit-
ment of adult-born OB neurons depends not only on sensory input
but also on the context in which the olfactory stimulus is received.
Among the multiple steps of adult neurogenesis, the integration
and survival of adult-born neurons are both strongly influenced
by olfactory learning. Conversely, optogenetic stimulation of adult-
born neurons has been shown to specifically improve olfactory
learning and long-term memory. However, the nature of the circuit
and the synaptic mechanisms underlying this reciprocal influence are
not yet known. Here, we showed that olfactory learning increases
the spine density in a region-restricted manner along the dendritic
tree of adult-born granule cells (GCs). Anatomical and electrophys-
iological analysis of adult-born GCs showed that olfactory learning
promotes a remodeling of both excitatory and inhibitory inputs
selectively in the deep dendritic domain. Circuit mapping revealed
that the malleable dendritic portion of adult-born neurons receives
excitatory inputs mostly from the regions of the olfactory cortex that
project back to the OB. Finally, selective optogenetic stimulation
of olfactory cortical projections to the OB showed that learning
strengthens these inputs onto adult-born GCs. We conclude that
learning promotes input-specific synaptic plasticity in adult-born
neurons, which reinforces the top-down influence from the olfactory
cortex to early stages of olfactory information processing.

sensory systems | inhibitory circuits | piriform cortex |
cortico-bulbar projections | glutamate

Within the framework of Hebbian theory, information pro-
cessing, learning, and memory all depend on dramatic
changes in the synaptic weights throughout life. Recent progress
in microscopy has extended this notion to structural synaptic
plasticity, as synaptic networks were reported to be highly dy-
namic because of ongoing mechanisms that encompass synapse
formation, stabilization, and elimination (1). Therefore, when
studying synaptic plasticity today, one has to take into account
both the functional and structural changes that lead to contin-
uous remodeling of a given synaptic network.

Developing cortical networks are molded by experience or
activity patterns during a “sensitive period” in development (2).
Similarly, newly formed neurons in the adult olfactory bulb (OB)
may be subject to plastic changes during a restricted time window
after generation (3). Identifying the neural mechanisms and the
nature of signals that trigger changes in developing and adult
brain circuits during critical periods is a matter of intense debate
(4). To address this fundamental question of circuit plasticity, we
used the adult OB circuit, which receives about 30,000 new neu-
rons per day in rodents, as a model system. As in embryonic cell
development, adult-born neuron integration is under a strong
selection process in which half of the young neuronal population is
eliminated (5). Sensory experience might promote cell survival
during a specific critical window, when new neurons receive syn-
aptic inputs from preexisting circuits (6-9) and exhibit long-term
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potentiation (LTP) (10). During this window, an odor-reward
association task (but not a mere odor exposure) promotes cell
survival (11, 12) and specific activation of adult-born neurons
monitored through immediate early gene labeling (13, 14). As
a result, olfactory memory is impaired when adult neurogenesis is
compromised (13, 15). Conversely, the selective stimulation of
adult-born neurons improves olfactory learning and memory (16),
suggesting that these neurons are part of the olfactory memory
engram (17). Although recent transsynaptic strategies have
revealed the presynaptic connectivity of adult-born neurons (18,
19), little is known about how learning affects their structural and
synaptic plasticity or which circuits and presynaptic cells are
functionally recruited with them during associative learning.
By demonstrating that olfactory learning triggers both selec-
tive structural rearrangements and changes in synaptic trans-
mission onto adult-born neurons, this study represents a first
attempt to link associative learning to functional plasticity of
circuits endowed with adult neurogenesis.

Results

Region-Specific Changes in Spine Density of Adult-Born Neurons After
Learning. Because a sensitive period to olfactory learning was
found in maturing adult-born neurons of the mouse OB (i.e.,
between 18 and 35 d) (12), we examined whether discrimination
learning could affect the structural synaptic plasticity during this
period. Eighteen days following labeling of a cohort of newborn
neurons with a GFP-expressing lentivirus, mice were trained in
an olfactory discrimination learning task (olfactory learning
group or OL, n = 6) (Fig. 1 4 and B). Exposed daily to a pair of
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Fig. 1. Olfactory learning induced compartment-specific
increase in spine density of adult-born GCs. (A) Experi-
mental timeline. (B) Experimental groups. The OL (red)
performed a discrimination learning task in which one odor
of a pair was rewarded with water. The OE (blue) was ex-
posed to the same odor presentation procedure without
any reward contingency and received water at the end of
the session. The AE (gray) was put in the same conditions as
the OE group with the odor replaced by pure filtered air.
(C) Daily odor discrimination performance of OL mice (n =
6). Mice were first trained to discriminate anisole versus
cineole (1% in mineral oil) for the first week and p-ionone
versus linalool (1%) for the second week. (D) GFP* adult-
born neurons at 32 dpi. Most adult-born neurons are GCs
lying in the GCL with dendrites in the EPL. A few peri-
glomerular cells in the GL are also visible. (Scale bar,
100 pm.) (E) Schematic drawing of an adult-born GC and its
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odorants (200 trials per day for 14 d), OL mice gradually reached
and exceeded the performance criterion of 85% of correct re-
sponses (Fig. 1C). As a control, one group of mice was exposed
to the same olfactory stimulation procedure but did not receive
reinforcement (odor-exposure group or OE, n = 6) (Fig. 1B).
Meanwhile, another control group was exposed to purified air in
the same context (air-exposure group or AE, n = 5) (Fig. 1B). By
the end of the 14-d stimulation protocol, all animals were killed
[age of GFP* neurons, 29-35 d postinjection (dpi), hereafter
called adult-born neurons; mean 32.1 + 0.4 dpi, n = 17 mice] and
GFP™ adult-born neurons with mature dendritic branching were
observed preferentially in the granule cell layer (GCL mean cell
density, 97 + 15 cells/mm?) and to a lesser extent in the glomerular
layer (GL; mean cell density, 11 + 2 cells/mm?®) and the external
plexiform layer (EPL; mean cell density, 2 + 1 cell/mm? ) (Fig. 1D)
with only a negligible fraction of GFP* cells expressing the im-
mature marker polysialylated neuronal cell-adhesion molecule
(PSA-NCAM; 6.3 + 3.5%, n = 4 mice).

We first characterized the synaptic structure and organization of
adult-born GCs after olfactory learning, and subsequently in the
two control groups. To quantify the spine density, GC dendritic
trees were subdivided into five compartments: basal, somatic,
proximal, distal, and apical domains (Fig. 1E). The proximal
compartment was defined as the first 30 pm of the main dendrite
starting from the soma, the distal compartment as the adjacent
segment starting 30 pm away but still within the GCL, and the
apical compartment as the dendritic arbor located in the EPL
beginning at the first dendritic branch point (Fig. 1E). Our clas-
sification also relies on functional properties. Whereas the apical
dendritic domain receives synaptic inputs from dendrites, axonal
terminals exclusively contact the basal, somatic, proximal, and
distal domains. We found that spine density was specifically in-
creased after olfactory learning compared with the two control
groups, in the distal [F(treatment),, 3,7 = 11.0, P < 0.0001; OL vs.
AE, +36.3%; OL vs. OE, +22.1%; Bonferroni post hoc test, P <
0.005], proximal (F, 317 = 9.21, P = 0.0001; OL vs. AE, +37.4%;
OL vs. OE, +24.9%; P < 0.005), and basal domains (F, 317 = 7.27,
P =0.0008; OL vs. AE, +26.7%; OL vs. OE, +15.6%; P < 0.01),
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different dendritic domains. (F) Spine-density histograms
for each dendritic domain (n = 95-100 dendritic segments
analyzed from n = 5-6 mice per condition). The somatic
density is per 10 pm?, all other domains are per micrometer.
**Bonferroni post hoc test, P < 0.005. Data are mean +
SEM. (G) Adult-born GC spines in the somatic and proximal
dendritic domains (/) and in the apical dendritic domain (ii),
illustrating filipodia-like spines (arrowhead) and mushroom-
like spines (arrow). (Scale bars, 5 pm.)

but not on the soma (F,, 317 = 1.28, P = 0.277) or in the apical
compartment (F», 317 = 1.1, P = 0.333) (Fig. 1F).

Dendritic spines could be divided into large-head mushroom-like
spines and headless filopodia-like spines (Fig. 1G), the latter often
considered as immature spines (20). The percentage of filopodia-
like spines was variable across the dendritic subcompartments, with
filopodia being significantly less dominant in the apical domain
(33.0 + 1.6%), intermediate in the basal domain (40.0 + 1.7%), and
enriched in the distal (48.5 + 2.0%), proximal (46.1 & 1.9%), and
somatic domains [47.9 + 2.0%; F(domain), 1566 = 28.64, P <
0.0001]. This distribution was not affected by olfactory learning
[F(domain X treatment), , = 0.702, P = 0.69; for each compart-
ment, F(treatment), 317 <2.9, P> 0.05]. These data indicate that
the dendritic regions displaying a higher density of immature
spines were the most responsive to learning.

Both Excitatory and Inhibitory Inputs Increase After Learning. We
next asked whether the observed compartment-specific changes in
spine density were differentially associated with alterations in ex-
citatory and inhibitory synaptic inputs. To selectively quantify
adult-born GC glutamatergic inputs, PSD95, a postsynaptic scaf-
folding protein of glutamatergic synapses, was visualized using
lentiviral expression of PSD95 fused to GFP (7, 8, 20-22). PSD95-
GFP™ puncta were observed mainly in spine heads and, to a lesser
degree, in the dendritic shafts (Fig. 24). As was observed with
GFP* adult-born neurons, learning increased the PSD95-GFP*
spine density selectively in the distal [F(treatment), 119=3.42,P =
0.035; OL vs. AE, +32.4%; Bonferroni post hoc test, P < 0.01],
proximal (F,, 120 = 6,82, P=0.001; OLvs. AE, +34.9%; OLvs. OE,
+33.5%; P < 0.003), and basal compartments (F3, 120 = 5.53, P =
0.005; OL vs. AE, +31.9%; OL vs. OE, +30.4%; P < 0.007) (Fig.
2B). There was no significant effect of olfactory learning in the
somatic (F», 120 = 2.21, P = 0.113) and apical domains (F3, o3 =
1.41, P = 0.248), nor in the dendritic shaft compared with the two
other treatments (F, 129 < 2.7, P > 0.07 for all dendritic domains).

To analyze presumptive inhibitory inputs in GFP* adult-born
GCs, we quantified the presence of gephyrin, a postsynaptic pro-
tein essential for the clustering of GABA,A receptors. Gephyrin
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Fig. 2. Balance between excitatory and inhibitory synaptic inputs in adult-
born GC. (A) PSD95-GFP* adult-born GC, with PSD95-GFP* puncta in green and
dendritic morphology in red (anti-GFP). (Scale bar, 10 pm.) (B) Density of
PSD95-GFP* spines in the different dendritic domains (n = 25-45 dendritic
segments per condition, n = 9 mice). The somatic density is per 10 um?, all
other domains are per micrometer. **Bonferroni post hoc test, P < 0.01. (C)
Gephyrin-positive clusters (red) in GFP* adult-born GC spines. (Scale bar,
5 um.) (Right, Inset) Higher 3D magnification of the boxed region (Scale bar,
1 pm). (D) Density of gephyrin-positive spines in the different dendritic
domains of GFP* cells (n = 45-50 dendritic segments per condition, n = 17
mice). The somatic density is per 10 um? all other domains are per mi-
crometer. **Bonferroni post hoc test, P < 0.016. Data are mean + SEM.

puncta colocalized with GFP were seen mainly in the dendritic
shaft and in spine heads (Fig. 2C) [92.6 = 1.8% of gephyrin-pos-
itive spines are mushroom-like spines, without any significant
difference between groups (F», s47 = 0.308, P = 0.734)]. It is
noteworthy, however, that the gephyrin staining in the apical do-
main might include a minor contribution from false-positives
caused by GABAergic output of GCs onto mitral/tufted (M/T)
cells. Olfactory learning increased the gephyrin-positive spine
density specifically in the proximal domain (£, 156 = 5.1, P = 0.007;
OL vs. AE, +93.1%; Bonferroni post hoc test, P = 0.0019) (Fig.
2D) with no effect in the other domains (F;, 156 < 2.1, P > 0.12).
This increase was also observed for the gephyrin puncta of the
dendritic shaft in the proximal domain (F;, 156 = 3.18, P = 0.044;
OL vs. AE, +34.1%; P = 0.015; others domains, F,, 156 < 0.5, P >
0.6). Collectively, these data showed that olfactory learning during
a sensitive period of synaptic development led to compartment-
defined modifications of the excitatory and inhibitory synapses that
impinge onto adult-born GCs.

Learning Increases Excitatory Inputs from the Olfactory Cortex onto
Newborn Neurons. To identify the origin of the presynaptic inputs
of adult-born GC spines, we selectively labeled the different glu-
tamatergic cell populations that innervate the GCL. Anatomical
and physiological studies have shown that the olfactory cortex
(OC), notably the anterior piriform cortex (APC) and the anterior
olfactory nucleus (AON), send dense projections back to the OB
where they impinge notably onto GCs (18, 19, 23, 24). We injected
an adeno-associated virus (AAV) expressing channelrhodopsin-2
(ChR2) fused to the red fluorescent protein mCherry into the
APC and AON (Fig. 34). One month later, ChR2-mCherry was
present in axonal fibers with most of the labeling in the GCL,
a lesser expression in the internal plexiform layer (IPL) and mitral
cell layer (MCL) (Fig. 3 A and B). Higher magnification confirms
that labeled fibers and axonal boutons in the GCL were gluta-
matergic (Fig. 3C). Injection in the APC and AON did not sig-
nificantly label M/T cells in a retrograde manner (2.2 + 1.5 M/
T-cells per section, n = 6 animals) nor did it significantly label
migrating neuroblasts en route to the OB (0.32 + 0.18 cell/mm? in
GCL, n = 6).

To estimate the ratio between OC (extrinsic) inputs and OB
(intrinsic) inputs to new GCs, we made use of a transgenic mouse
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Fig. 3. Olfactory learning-induced remodeling of excitatory top-down
inputs from the OC to adult-born GCs. (A) Transduction of the APC/AON
with a ChR2-mCherry and the labeling of axonal projections to the OB.
(Scale bar, 0.5 mm.) (B) Higher magnification showing the presence of
cortico-bulbar axonal projections targeting the GCL and to a lesser extent
the IPL and MCL. (Scale bar, 100 pm.) (C) Colocalization of VGlut1* clusters
(cyan) with mCherry* fibers (red) in the GCL. (Scale bar, 1 pm.) (D) Condi-
tional expression of ChR2-EYFP (green) in Cre-expressing M/T cells (Tbet-cre
mice, n = 3 mice), ChrR2-mCherry expression in cortico-bulbar projections
(red), doublecortin® immature adult-born neurons (white). (Scale bar,
100 pm.) (E and F) ChR2-mCherry™ cortico-bulbar projections (magenta) and
GFP* adult-born neurons (green) (Scale bars: 500 pm in E; 100 um in F.) (G)
Electron micrographs showing DAB-labeled (asterisks) mCherry+ cortical
axon terminals in the GCL establishing typical type-1 asymmetric synapses
onto a presumed spine (S). Arrow, postsynaptic density. (Scale bar, 0.5 pm.)
(H) PSD95-GFP* adult-born GC making putative synapses with mCherry™
(magenta) cortical axonal boutons. (Scale bar, 10 pm.) (Right) High 3D
magnification showing a putative synapse between a cortical presynaptic
terminal (magenta) colocalized and wrapped around a postsynaptic PSD95-
GFP* spine. Arrows indicate PSD95-GFP* puncta empty of any labeled
presynaptic boutons. (Scale bars, 2 pm.) (/) Density of PSD95-GFP* cortical
synapses in the different dendritic domains. (n = 25-45 dendritic segments
analyzed per condition, n = 9 mice). The somatic density is per 10 pmz, all
other domains are per micrometer. Bonferroni post hoc test, **P < 0.01;
***P < 0.001. Data are mean + SEM. See also Fig. S1.
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line (Thet-cre) (25) that expresses Cre recombinase selectively in
OB relay neurons. We injected an AAV in the OB to drive a Cre-
dependent expression of ChR2-eYFP in relay neurons while
a second AAV was injected in the OC to express ChR2-mCherry
in cortical top-down fibers in the same hemisphere (Fig. 3D and
Fig. S1). With this dual labeling, we observed a clear segregation
of the excitatory inputs between the OB layers: the GL and EPL
were almost exclusively filled with M/T-cell dendrites, whereas
M/T-cell axon collaterals were found mainly in the IPL and more
rarely in the GCL (Fig. 3D, i). In the ventral region, M/T-cell
axons gathered into bundles of likely myelinated fibers before
leaving to form the lateral olfactory tract. In contrast, cortical
top-down axons were the dominant source of excitatory inputs to
the GCL but not to other layers (Fig. 3D, ii). The IPL was the
only region where both intrinsic and extrinsic fibers could be
seen together (Fig. 3D, iv). We concluded that GC excitatory
inputs within the GCL originated predominantly from extrinsic
sources, mostly from the olfactory cortical areas.

Given that learning-induced synaptic changes were restricted to
the dendritic domains in the GCL, we next sought to evaluate
whether olfactory learning affected synaptic development of ex-
citatory inputs from cortical top-down axons. To do so, we selec-
tively labeled cortical fibers with ChR2-mCherry and newborn
neurons with GFP (Fig. 3 E-G) or PSD95-GFP (Fig. 3H). At 32
dpi, cortical top-down axonal boutons made putative synapses
onto PSDY95-GFP* spines with presynaptic elements wrapping
around the spines (Fig. 3H). Ultrastructual analysis with pre-
embedding immunolabeling for mCherry confirmed that cortical
axons in the GCL contained a large number of round vesicles and
established typical asymmetrical contacts on spine-like structures
with prominent postsynaptic densities, often exhibiting discon-
tinuities (Fig. 3H). We next analyzed the distribution of excitatory
cortical synapses throughout the dendritic tree (Fig. 3H). As
expected, we found that the compartmental distribution of puta-
tive excitatory cortical synapses onto PSD95-GFP* spines fol-
lowed the pattern of cortical top-down innervation, with a higher
density of cortical synapses in the basal, somatic, proximal, and
distal compartments (percent of spines with a labeled presynaptic
site: 24.1 + 1.3%, 22.8 + 1.8%, 23.7 + 0.8%, and 22.6 + 1.3%,
respectively) and a negligible synapse density in the apical com-
partment (2.7 + 0.3%). Olfactory learning led to a specific increase
in cortical synapse density in the proximal (F2, 1290 = 10.22, P <
0.0001; OL vs. OE, +59.8%; OL vs. AE, +53.9%; Bonferroni post
hoc test, P < 0.0002) (Fig. 31), distal (F>, 119 = 4.18, P =0.017; OL
vs. OE, +61.2%, P = 0.006; OL vs. AE, +33.8%, P = 0.055), and
basal domains (F, 120 = 4.99, P = 0.008; OL vs. AE, +54.6%, P =
0.003; OL vs. OE, +36.3%, P = 0.032), but had no effect on other
compartments (for each domain, F, o3-120 < 1.1, P > 0.33).
Moreover, the proportion of excitatory cortical synapses within all
of the PSD95-GFP* spines increased selectively after learning in
the proximal (F5, 120 = 4.83, P = 0.009; OL vs. AE, +20.5%; OL vs.
OE, +27.3%, P < 0.016) and distal domains (F,, 119 = 4.85, P =
0.009; OL vs. OE, +48.3%, P = 0.002), but not other domains
(F2, 93-120 < 1.24, P > 0.29). We conclude that learning induced a
selective increase of excitatory inputs originating from the OC.

Learning Strengthens the Synaptic Transmission from the OC to Newborn
Neurons. To probe the functional correlates of these morphological
changes, we performed whole-cell patch-clamp recordings on 71
GFP* adult-born GCs from the three experimental groups.
Measurements of intrinsic membrane properties did not reveal
differences in cell membrane capacitance, input membrane re-
sistance, or density of voltage-dependent sodium current between
the groups (Fig. S2). To assess the degree of synaptic activity, we
recorded spontaneous inhibitory and excitatory postsynaptic cur-
rents (sIPSCs and sEPSCs, respectively). Amplitude and kinetics
of sIPSCs were similar for all groups, but the frequency was sig-
nificantly higher in the OL group (OL vs. OE: P = 0.018 with
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a Mann-Whitney test) (Fig. 44 and Fig. S2). In contrast, the
amplitude, frequency, and kinetics of SEPSCs did not significantly
differ across the groups (Fig. 4B and Fig. S1). The majority of the
recorded cells exhibited only large and sharp sEPSCs (Fig. 4 and
Fig. S1), indicative of inputs from axon collaterals in the GCL but
not from distant dendritic inputs in the EPL (26). Given that
cortical top-down axons were the dominant source of excitatory
axonal inputs to adult-born neurons in the GCL, we further
characterized excitatory cortical inputs onto GCs using photo-
activation of ChR2" axons originating from AON/APC pyramidal
cells to evoke EPSCs (Fig. 54). By gradually increasing the du-
ration of the light pulses (delivered at 0.2 Hz), we collected min-
imal (30-70% failures) and maximal responses (near 100%
success with no further increase of the mean peak amplitude by
increasing light duration) (Fig. 5B). The ratio between minimal
and maximal responses ranged from 1 to 5.7 (mean: 2.4 + 0.2;n =
30) and was similar for all groups (Fig. 5C). Interestingly, the
amplitude of minimal EPSCs was increased in the OL group (AE
vs. OL: P = 0.022 with Mann-Whitney test) (Fig. 5D), but the
paired-pulse ratio (PPR) measured by delivering two light pulses
(interpulse interval = 50 ms) was unchanged between groups (Fig.
SE), suggesting no modification in the probability of glutamate re-
lease. From these experiments, we conclude that olfactory learning
increases the excitatory drive from the OC onto adult-born GCs.

Discussion

We have shown that olfactory learning enhances the density of
dendritic spines in restricted domains of adult-born GCs, affect-
ing both excitatory and inhibitory inputs. Using genetic labeling,
we found that the most plastic dendritic domains of adult-born
neurons were those that receive dense excitatory inputs from
olfactory cortical regions. Optogenetic stimulation of these axon
terminals revealed that learning strengthens the top-down excit-
atory drive from the OC onto adult-born GCs. Our data dem-
onstrate that olfactory learning, by means of adult neurogenesis,
triggers synapse-specific structural and functional plasticity, which
reinforces synaptic connections between the OC and the OB.

Adult-Born GCs Display Experience-Dependent Structural Plasticity. It
is well established that the GCL receives a mixture of intrinsic
M/T-cell axon collaterals and extrinsic centrifugal axon terminals
originating from cortical and subcortical regions. Using condi-
tional genetic labeling, we demonstrated that intrinsic gluta-
matergic inputs and cortico-bulbar projections from the AON/
APC are spatially segregated. This anatomical feature indicates
that cells and dendrites in the GCL receive extrinsic cortical
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Fig. 4. Spontaneous inhibitory and excitatory synaptic events onto adult-
born GCs. (A, Upper) Traces showing spontaneous IPSCs (V. = 0 mV). (Lower)
sIPSC frequency (Hz, Left) and sIPSC amplitude (pA, Right). (B, Upper) Traces
showing spontaneous EPSCs (V. = —70 mV). (Lower) sEPSC frequency (Hz,
Left) and sEPSC amplitude (pA, Right). *P < 0.05 with Mann-Whitney test.
Data are mean + SEM. See also Fig. S2.
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Fig. 5. Learning-induced enhancement of excitatory cortical top-down

inputs onto adult-born GCs. (A) Evoked EPSC recording configuration during
light stimulation of ChR2-expressing cortical top-down inputs from the APC/
AON. (B) Amplitude of light evoked EPSCs (recorded at V. = —70 mV) with
respect to the light pulse duration (in milliseconds). (Inset) Superimposed
traces in the 0.2-ms minimal stimulation condition (Left) and 2-ms stimula-
tion condition (Right), illustrating the high failure rate and the similar am-
plitude of success responses during minimal stimulation. (C) Ratio between
maximal and minimal evoked EPSCs. (D) Amplitude of minimal evoked EPSCs
(pA). (E, Left) Minimal evoked EPSCs with paired-light stimulation (averaged
from >30 individual EPSC; including failures; light-pulse duration, 0.2 ms;
interspike interval, 50 ms). (Right) PPR (PPR = Amp2/Amp1). *P < 0,05 with
Mann-Whitney test. Data are mean + SEM. See also Fig. S2.

inputs, whereas the IPL and the EPL are targeted by intrinsic M/T-
cell inputs (see also ref. 21). The precise location of extrinsic ex-
citatory inputs near the soma may make the cortico-bulbar inputs
more likely to trigger action potentials (27). This feature is par-
ticularly relevant for adult-born neurons that are more excitable
(6, 10) and preferentially activated by odorant stimuli (13, 14).

In this study, we show that discrimination learning increases
excitatory inputs onto adult-born GCs specifically in the deep
dendritic domains in the GCL but does not affect the apical
domain corresponding to the dendrodendritic reciprocal synapse.
Developmental analysis of apical spine density in adult-born GCs
has shown a progressive increase at 15-30 dpi followed by a slight
decrease and stabilization at 50-90 d (28-30). Olfactory depri-
vation between 15 and 30 dpi strongly reduces apical spine den-
sity (22), whereas passive odorant exposure has no significant
effect on spine density (29) but decreases spine turnover (8). We
also confirmed that neither odor exposure nor odor learning
affects apical spine density and maturation, suggesting that apical
spine turnover, rather than the total number of spines, is im-
pacted by sensory experience. Conversely, we found that olfactory
learning selectively increases spine density in the deep dendritic
domains, where spines first appear before apical development
(28). Spine density in the proximal compartment of adult-born
GCs peaks at 15-30 d before further pruning at 90 dpi (29).
Moreover, impairing NMDA receptors decreases the proximal
spine density but sensory deprivation distinctly alters proximal
and basal domains (22, 31). Collectively, these data indicate that
sensory experience strongly influences the direction and location
of structural synaptic plasticity.

Olfactory Learning Modifies Functional Synaptic Inputs onto Adult-

Born GCs. Our slice recordings revealed a slight but insignificant
increase in sSEPSC frequency with no change in amplitude.

13988 | www.pnas.org/cgi/doi/10.1073/pnas.1404991111

Spontaneous EPSCs consist of a heterogenous population of
synaptic events originating from cortical axons and from M/T-
cell collaterals. Thus, learning-induced changes in cortical axon
sEPSCs are intermingled with M/T-cell inputs, preventing fur-
ther insight into the possible input-specific effects of learning
using sSEPSCs. We therefore developed an optogenetic strategy
to analyze cortical excitatory inputs. Optogenetic stimulation of
cortical axons contacting adult-born GCs revealed that the ampli-
tude of minimal light-evoked responses was higher after learning.
Further studies should investigate whether similar changes also
occur on M/T-cell inputs. Combining this observation with the
unchanged paired-pulse ratio suggests a postsynaptic locus for the
learning-induced plasticity. This strengthening of cortical synapses
might reflect a form of LTP, which might correlate with the in-
crease in mature PSD95-containing spines seen after learning. This
form of structural and synaptic plasticity could result from the ac-
tivation of the glutamatergic signaling pathway (1). Alternatively, it
could come from the action of neuromodulators, such as serotonin,
acetylcholine, or noradrenaline, which may also be released during
learning (32). Further experiments are needed to test whether ol-
factory learning occludes the induction of LTP in maturing GCs
(10, 33) and to characterize the network activity, as well as the
signaling pathway involved in learning-induced LTP.

The increase in minimal evoked EPSC amplitude was associ-
ated with a slight but not significant increase in the maximum/
minimum ratio. This ratio—ranging from 1 to 5.7— does not
correspond with either the density of the AON/APC synapses or
the learning-induced increase. This discrepancy might be caused
by the existence of a large proportion of silent synapses. How-
ever, it might simply reflect the experimental limitation that
prevents us from activating all synapses because of our recording/
stimulation conditions.

In addition to glutamatergic inputs, GCs also receive inhibitory
inputs from local OB interneurons, called deep short-axon cells
(34). These interneurons also receive cortico-bulbar inputs and
thus provide disynaptic feed-forward inhibition onto GCs (23,
24). Adult-born neurons receive increasing numbers of functional
inhibitory inputs during their maturation (29). Here, to our
knowledge, we report for the first time an increase in putative
gephyrin-positive puncta (both on spine and shaft) in the proximal
domain following learning. Moreover, we found that adult-born
GCs in the learning group received more frequent spontaneous
inhibitory inputs—but their amplitudes remained constant—
consistent with the higher number of inhibitory gephyrin-positive
synapses in new GCs. This increase in inhibitory inputs could
arise from different origins: (i) a simultaneous potentiation of
cortical glutamatergic inputs on presynaptic inhibitory interneur-
ons, changing their intrinsic excitability and increasing GABAergic
synaptic transmission, as observed for hippocampal interneurons
(35); and (if) a maintenance of intrinsic excitation/inhibition bal-
ance to compensate for the changes in excitatory inputs, as ob-
served in the cortex (36). Indeed, both excitatory and inhibitory
inputs of the proximal domain increased after learning. However,
this increase was not found in the other dendritic domains, sug-
gesting a potential reorganization of the cell excitation/inhibition
balance after learning. The excitation/inhibition balance is im-
portant for action potential generation, dendritic propagation, and
spike-timing precision, as shown in the adult-born GCs of the
dentate gyrus (37).

Strengthening the Cortical Top-Down Projections into the OB. Ol-
factory learning consistently led to a strong significant increase in
both spine density and synaptic transmission, whereas olfactory
exposure showed a weak and nonsignificant increase compared
with air exposure. These results suggest that olfactory learning
has a significant additive effect compared with passive sensory
exposure, which may represent the activation of circuits linked
with associative and mnemonic processes in the OC (38). Further
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studies are needed to decipher whether this effect concerns the
entire population of GCs or only adult-born GCs during a sen-
sitive period of development. Importantly, the olfactory learning
task engages additional cognitive processes, such as vigilance,
motivation, and anticipation, which may be transmitted to the
OB via cortical top-down or neuromodulatory inputs and may
contribute to the strong effect observed after learning.

What is the nature of the message transmitted by top-down
cortical projections onto GCs? In vivo recordings in freely
behaving animals during a discrimination task revealed that
odor-evoked APC pyramidal cell activity is rather sparse and
phase-locked to the sniff cycle. These cells convey information
both on odor identity and odor value and their activity evolve
after learning (38, 39). This observation suggests that top-down
cortical projections transmit higher-order attributes to the OB
circuit, such as valence and memory-related features. Interestingly,
learning to associate odorant cues with a reward evokes coherent
p-oscillations (15-40 Hz) between the APC and OB (40). This
long-range p-synchronization process is selectively impaired after
lesioning the cortico-bulbar inputs (40), suggesting that GCs
receive synchronous top-down cortical inputs in the f-range during
learning. Synchronized top-down cortical inputs to the OB are
also observed during slow-wave sleep, a physiological state dur-
ing which adult-born cell death has been reported (41). At the
cellular level, cortical excitatory inputs onto GCs exhibit LTP
(10, 33), a feature that can ultimately facilitate GC spiking and
promote feed-forward inhibition onto M/T cells (33). This feed-
forward inhibition may participate in gain control of odor-evoked
responses in M/T cells, as observed when it is mimicked by
optogenetic activation of adult-born GCs, specifically in the
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B-frequency (16). In addition, this top-down feed-forward in-
hibition could help synchronize distant M/T cells, thereby facil-
itating the bottom-up flow of information to the OC pyramidal
cells by increasing input coincidence. Further characterization
of the cortico-bulbar activity during odor learning and direct
testing of how it can affect structural and synaptic plasticity
will be needed to fully understand the circuit basis of the olfac-
tory engram.

Materials and Methods

Stereotaxic Viral Injections. The rAAV-hSyn-ChR2(H134R)-mCherry-WPRE was
injected in the AON/APC and the LV-CMV-GFP-WPRE or LV-EF1a-PSD95-GFP-
WPRE were injected in the RMS.

Behavior. Olfactory stimulation was performed as described in ref. 16.

Electrophysiology. Adult-born cell recordings were performed as described
in ref. 10.

Immunohistochemistry, Electron Microscopy, and Image Analysis. Optimal de-
tection and quantification of postsynaptic markers and pre-embedding elec-
tron micrographs were obtained as described previously (29). See S/ Materials
and Methods for more detailed information.
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