Neuron, Vol. 46, 103-116, April 7, 2005, Copyright ©2005 by Elsevier Inc.

DOI 10.1016/j.neuron.2005.02.016

Activity-Dependent Adjustments
of the Inhibitory Network in the Olfactory Bulb
following Early Postnatal Deprivation

Armen Saghatelyan,’ Pascal Roux,?

Michele Migliore,®® Christelle Rochefort,!¢

David Desmaisons,! Pierre Charneau,*

Gordon M. Shepherd,® and Pierre-Marie Lledo'*

TLaboratory of Perception and Memory

Pasteur Institute

Centre National de la Recherche
Scientifique (URA 2182)

75015 Paris Cedex

France

2Platform of Dynamic Imaging

Pasteur Institute

25 rue du Dr. Roux

75015 Paris Cedex

France

3Department of Neurobiology

Yale Medical School

333 Cedar Street

New Haven, Connecticut 06510

4Laboratory of Molecular Virology and Vectorology

Pasteur Institute

28 rue du Dr. Roux

75724 Paris

France

Summary

The first-order sensory relay for olfactory processing,
the main olfactory bulb (MOB), retains the ability to
acquire new interneurons throughout life. It is there-
fore a particularly appropriate region for studying the
role of experience in sculpting neuronal networks. We
found that nostril closure decreased the number of
newborn granule cells in the MOB, the complexity of
their dendritic arborization, and their spine density,
without affecting the preexisting population of gran-
ule cells. Accordingly, the frequency of miniature syn-
aptic inhibitory events received by mitral cells was
reduced. However, due to a compensatory increase
in newborn granule cell excitability, action potential-
dependent GABA release was dramatically enhanced,
thus counteracting the reduction in spine density and
leading to an unaltered synchronization of mitral cell
firing activity. Together, this study reveals a unique
form of adaptive response brought about exclusively
by the cohort of newborn cells and used to maintain
normal functioning of the MOB.

Introduction

The functional properties of networks in the brain can
be adjusted to constantly changing developmental and
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environmental conditions. The continuous postnatal sup-
ply of newborn inhibitory interneurons to the main olfac-
tory bulb (MOB) offers an ideal system to study neu-
ronal adjustment regulated by sensory experiences.
Progenitor cells originating from the subventricular zone
(SVZ) of the lateral ventricle first migrate tangentially to
the MOB, by way of the rostral migratory stream (RMS),
and then migrate radially within MOB before they dif-
ferentiate into local interneurons (Luskin, 1993; Lois and
Alvarez-Buylla, 1994). It has been hypothesized that post-
natal neurogenesis is controlled by levels of sensory
activity (Frazier-Cierpial and Brunjes, 1989; Corotto et
al., 1994; Kirschenbaum et al., 1999; Saghatelyan et al.,
2003; Lledo et al., 2004). Hence, although proliferation
and tangential migration of neuroblasts are not affected
by bulbar removal (Kirschenbaum et al., 1999) or nostril
occlusion (Frazier-Cierpial and Brunjes, 1989; but see
also Corotto et al., 1994), decreased radial migration
(Saghatelyan et al., 2004) and increased neuronal death
(Frazier-Cierpial and Brunjes, 1989; Najbauer and Leon,
1995; Fiske and Brunjes, 2001) have been both re-
ported in deprived bulbs. In contrast, odor enrichment
increases the number of newborn granule cells and im-
proves olfactory memory (Rochefort et al., 2002). It is
noteworthy that granule cells provide inhibition onto
output bulbar neurons (i.e., mitral/tufted cells) that is
responsible for their oscillatory synchronization (Fried-
man and Strowbridge, 2003; Lagier et al., 2004), and
thus for information processing (Laurent et al., 2001;
Lledo and Gheusi, 2003). Yet, it is unknown whether the
newborn interneurons actively participate in the oscilla-
tory synchronization of principal cells, or what their
functional implications are for overall bulbar activity. In
principle, any variation in the number and/or the mor-
phology of newborn neurons might disrupt the activity
of bulbar output neurons and thus information process-
ing. A small number of studies have attempted to ad-
dress these issues with unexpected results. For in-
stance, measurements of the paired-pulse inhibition of
evoked potentials following stimulation of lateral olfac-
tory tract in control and odor-deprived bulbs demon-
strated that a reduced number of newborn interneurons
surprisingly increased the level of inhibition received by
mitral cells (Wilson et al., 1990; Wilson and Wood, 1992;
Wilson, 1995).

Here, using unilateral odor deprivation in combina-
tion with quantitative immunohistological, biphoton,
and electrophysiological analyses, we explore the func-
tional consequences of reduced neurogenesis on the
activity of the bulbar network. We show that sensory
deprivation specifically reduces the dendritic length,
spine density, and total number of newborn but not of
preexisting granule cells. As a consequence, action po-
tential- and glutamate-independent GABA release is
impaired. Interestingly, however, sensory deprivation
also strengthens action potential-dependent GABA re-
lease, since newborn granule cells were more excit-
able. Such a compensatory effect preserves the overall
inhibition and thus the spatiotemporal synchronization
of output neurons. Together, this study demonstrates
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that the cohort of newborn granule cells brings to the
MOB unique adaptive properties and thus upholds the
function of the neuronal network in response to the ever-
changing olfactory world.

Results

Odor Deprivation Reduces the Number

of Newborn Granule Cells

To investigate whether sensory activity regulates the
number of newborn interneurons, we quantified their
abundance in the MOB following unilateral odor depri-
vation using 5-bromo-2’'-deoxyuridine (BrdU) as a cell
division marker. In agreement with previous results
(Brunjes, 1994), 30-40 days of odor deprivation starting
at postnatal days 4-5 (P4-P5) reduces MOB size (Fig-
ure 1A). It also decreases the number of newborn cells
labeled at P16 and counted 21 days later in the granule
cell layer (GCL) (1370 = 216 and 1053 + 157 for control
and odor-deprived bulbs, respectively; n = 6; p < 0.01,
paired Student’s t test; Figures 1B and 1C). The re-
duced number of newborn cells was not due to a de-
crease in proliferation rate, since quantification of
BrdU* profiles in the SVZ-RMS area, 4 hr after BrdU
injections, did not reveal any significant difference be-
tween control and occluded bulbs (respectively, 450 +
25 and 433 = 18 cells; n = 4; p > 0.05, paired Student’s
t test). The reduction in newborn cell number was spe-
cific to the GCL, as no change was found in the glomer-
ular layer in terms of number (controls, 68.1 + 15; oc-
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Figure 1. Unilateral Olfactory Deprivation Re-
duces the Number of BrdU-Positive Cells in
the MOB

(A) Photomicrographs of coronal sections
g displaying the different layers of the MOB.
. Note the size difference between the control
(Open) and the occluded (Occl.) bulb sec-
tions of the same animal taken at the same
rostrocaudal position. (B) BrdU-positive cells
in the granule cell layer of the control (Open)
and odor-deprived (Occl.) bulbs. (C and D)
Decrease in the number of newly born neu-
rons (C) and GCL area (D) following odor de-
privation. (E) Density of BrdU-labeled cells in
the control and odor-deprived bulbs. BrdU
counting was performed 21 days following
BrdU injections and 33 days following uni-
lateral nostril occlusion. *p < 0.05 with a Stu-
dent’s t test. (F) Confocal 3D reconstruction
of BrdU* cells (red) in control (left panel) and
odor-deprived (right panel) bulbs stained for
the neuronal marker NeuN (green). Recon-
structed orthogonal projections are pre-
sented as viewed in the x-z (top) and y-z
(right) planes. (G) Percentage of BrdU* cells
double labeled for NeuN in control (Open)
and odor-deprived (Occl.) bulbs. Scale bars,
300 pm in (A), 10 um in (B) and (F). GL, glo-
merular layer; EPL, external plexiform layer;
MCL, mitral cell layer; GCL, granule cell
layer.

Open Occl.

Open Occl.

cluded, 59.1 = 13; n = 4; p > 0.05, paired Student’s t
test) and density (controls, 95.5 = 26.7 cells/mm? and
occluded, 98 + 20.8 cells/mm?2; n = 4; p > 0.05, paired
Student’s t test) of newborn periglomerular neurons.
The area of GCL was also reduced by odor deprivation
(1.17 = 0.11 mm? in occluded and 1.48 = 0.15 mm? in
control bulbs; n = 6; p < 0.01, paired Student’s t test;
Figure 1D). This meant that, despite the decrease in cell
number, occlusion produced no change in the density
of newborn granule cells (controls, 984 = 155 cells/
mm?; deprived bulbs, 952 + 156 cells/mm?; n = 6; p >
0.05, paired Student’s t test; Figure 1E). To determine
whether sensory deprivation also alters cell fate, we es-
timated the proportion of cells double labeled for BrdU
and the neuronal marker NeuN (Figure 1F). Orthogonal
projections through 3D reconstructed BrdU* cells re-
vealed that in both conditions about 85% of newborn
cells were neurons (n = 400 and 380 BrdU* cells for
control and odor-deprived bulbs, respectively, from four
animals; p > 0.05, paired Student’s t test; Figure 1G).

It has been demonstrated that a reduced number of
newborn cells following sensory deprivation is mainly
due to their decreased survival rate after they have
reached and positioned themselves in the GCL (Pet-
reanu and Alvarez-Buylla, 2002), processes that take
about 2 weeks in both newborn and adult rats (Luskin,
1993; Winner et al., 2002). Thus, it is likely that the re-
duction in number of newborn granule cells observed
in our experiments takes place during the last 7-10
days of the BrdU postinjection period. Bearing in mind
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this critical time period required for the survival of new-
born granule cells, and also observations demonstrat-
ing high local production of granule cells in the MOB
during the first postnatal week (Hinds, 1968), we inves-
tigated whether sensory deprivation also affects the
preexisting population of granule cells. When the resi-
dent population of granule cells produced locally in the
MOB was labeled by a single BrdU injection in P2 pups,
sensory deprivation performed at P4 failed to reduce
their number 7 days later (390.9 + 43.4 and 397.3 + 46.6
for control and odor-deprived bulbs, respectively; n = 3;
p > 0.05, paired Student’s t test). Together, these results
demonstrate that odor deprivation specifically reduced
the number of newborn neurons located in the GCL,
but not those positioned in the glomerular layer, without
changing the proliferation rate or the GCL cell density.

Odor Deprivation Affects the Maturation

of Newborn Granule Cells

Although the density of newborn granule cells remains
unchanged in deprived bulbs, it is plausible that sen-
sory deprivation alters their morphology and/or their
spine density. To explore this, neuronal precursors were
labeled in the SVZ using a GFP-expressing lentiviral
vector, and newborn neurons were morphologically an-
alyzed in the GCL, 25 days after the vector injection
and following 45 days of odor deprivation. Interestingly,
newborn granule cells displayed a less complex mor-
phology in occluded bulbs as compared to controls
(Figure 2A). Odor deprivation drastically reduced the
length of the apical dendrite from the soma to the first
point of ramification (e.g., the primary dendrite) (con-
trols, 168.1 £ 10.1 um; occluded bulbs, 101.2 = 7.9 um;
n = 40 cells per condition from three animals; p < 0.01,
unpaired Student’s t test; Figure 2B). The total length
of the dendritic tree was also significantly reduced
(controls, 332.6 = 24.9 pum; occluded bulbs, 245.4 +
24.5 pm; n = 40 cells per condition from three animals;
p < 0.05, unpaired Student’s t test; Figure 2B). Since
odor deprivation decreases the overall size of the MOB,
the reduced length of the dendritic arborization might
simply arise from general shrinkage of the GCL and the
external plexiform layer (EPL). To explore this possi-
bility, we normalized the length of the primary dendrite
as well as the entire dendritic tree of newborn granule
cells with respect to the 25% reduction in the size of
the GCL and the EPL measured in the same slices. In-
terestingly, whereas the length of the primary dendrite
was still significantly smaller in deprived bulbs (con-
trols, 168.1 = 10.1 um; occluded bulbs, 126.5 + 9.9 um;
n = 40 cells per condition from three animals; p < 0.05,
unpaired Student’s t test), no difference in the length of
the dendritic tree was observed (controls, 332.6 + 24.9
wm; occluded bulbs, 306.7 + 30.6 wm; n = 40 cells per
condition from three animals; p > 0.05, unpaired Stu-
dent’s t test). This finding indicates that the reduction
in the length of dendritic arborizations of newborn
granule cells cannot be solely explained by overall
shrinkage of MOB. When we performed a similar analy-
sis on mitral cells labeled with protein gene product
9.5 (PGP 9.5) antibody (Nakajima et al., 1998), a 30%
reduction in the length of mitral cells’ primary dendrite
in the deprived bulb (controls, 323.8 + 15.8 pm; oc-

cluded bulbs, 261.5 + 21.1 um; n = 15 cells per condi-
tion from two animals; p < 0.05, unpaired Student’s
t test) was accompanied by a 30% reduction in the
size of EPL (controls, 2.75 + 0.01 uwm; occluded bulbs,
2.11 = 0.01 wm; n = 15 cells per condition from two
animals; p < 0.05, unpaired Student’s t test). Interest-
ingly, newborn granule cells in the odor-deprived bulb
also demonstrate a 2-fold reduction in spine density
(from 0.20 = 0.01 spine/pm in controls to 0.11 = 0.007
spines/pm in occluded bulbs, respectively; n = 40 cells
from three animals; p < 0.01, unpaired Student’s t test;
Figures 2C and 2D). These results demonstrate that
sensory activity is essential for the normal growth of
newborn granule cell dendrites, and for normal new-
born cell spine density.

To explore whether sensory deprivation also affects
the dendritic architecture and spine density of the pre-
existing population of granule cells, we injected Dil di-
rectly to the P3 MOB and analyzed cell morphology 10
days later. This time was chosen because the effect of
sensory deprivation on newborn granule cell architec-
ture and spine density is likely taking place during the
last 7-10 days of GFP vector postinjection, when la-
beled precursors finish their migration and positioning
in the GCL. Additionally, it is conceivable that granule
cell progenitors born in the SVZ and RMS after sensory
deprivation performed at P4 are not yet incorporated
into the MOB network, thus providing a more or less
homogenous population of resident granule cells at this
time point. The length of the primary dendrite as well
as the entire dendritic tree was very similar for this pre-
existing granule cell population in control and occluded
bulbs (controls, 128.5 + 19 pm and 129.4 + 24.3 um;
occluded bulbs, 126.5 + 7.4 pum and 114.6 = 9.7 pm;
n = 12 cells per condition from two animals; p > 0.05,
unpaired Student’s t test; Figures 2E and 2F). Similarly,
no difference in the spine/filopodia density of Dil-
labeled granule cells was observed following sensory
deprivation (0.14 = 0.01 spine/pm and 0.13 = 0.01
spines/pm in the control and occluded bulbs, respec-
tively; n = 30-40 cells from two animals; p > 0.05, un-
paired Student’s t test; Figures 2G and 2H). These re-
sults strongly suggest that sensory deprivation
specifically affects the morphology and spine density
of the newborn, but not the preexisting, granule cell
population.

Consequences of Odor Deprivation on Spontaneous
Synaptic Transmission in the MOB

To investigate the functional consequences of a re-
duced spinogenesis in newborn granule cells, we em-
ployed electrophysiological recordings on their target
output neurons: the mitral cells. Neither their general
cell morphology (assessed by Dil labeling) nor their in-
trinsic membrane properties assessed by intracellular
recordings (data not shown) were altered by nostril oc-
clusion. We then recorded spontaneous synaptic activ-
ity impinging on mitral cells. These neurons receive in-
hibitory inputs from granule cells via dendrodendritic
reciprocal synapses, consisting of an excitatory mitral-
to-granule cell synapse directly adjacent to an inhibi-
tory granule-to-mitral cell synapse (Price and Powell,
1970). It has been demonstrated that GABA release is
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Figure 2. Sensory Deprivation Reduces the Dendritic Length and Spine Density of Newly Generated Granule Cells

(A) Images of GFP-labeled newborn granule cells in a control (Open) and odor-deprived (Occl.) bulb. Note the less complex morphology of
newborn cells following odor deprivation.

(B) The lengths of the primary dendrite and total dendritic tree of newborn granule cells in the control and odor-deprived bulbs. Data are
presented as means = SEM. * and ** indicate significant differences of p < 0.05 and p < 0.01, respectively.

(C) High-magnification images of the dendritic trees of newborn granule cells in the control (Open) and odor-deprived (Occl.) bulbs. Note
reduced spine density for newborn granule cells in the odor-deprived bulb.

(D) Cumulative distribution of spine density of newborn granule cells in the control (open; black line) and odor-deprived (occl.; gray line) bulbs.
(E) Images of Dil-labeled preexisting granule cell dendrites in the control (Open) and odor-deprived (Occl.) bulb.

(F) The lengths of primary dendrite and total dendritic tree of the Dil-labeled resident population of granule cells in the control and odor-
deprived bulbs. Data are presented as means + SEM.

(G) High-magnification images of the dendritic tree of the preexisting population of granule cells in the control (Open) and odor-deprived
(Occl.) bulbs.

(H) Cumulative distribution of the spine density of newborn granule cells in the control (Open; black line) and odor-deprived (Occl.; gray line)
bulbs. Scale bars, 50 um in (A), 25 wm in (E), 10 wm in (C), and 7 wm in (G).

triggered by activation of glutamatergic receptors lo- tor activation through both action potential-dependent
cated on granule cell spines (Isaacson and Strow- and -independent GABA release (Castillo et al., 1999).
bridge, 1998; Schoppa et al., 1998; Chen et al., 2000; We compared the contribution of each of the three
Halabisky et al., 2000; Isaacson, 2001). In addition, components to the GABAergic inhibition between con-
spontaneous granule-to-mitral cell GABAergic inhibi- trol and odor-deprived bulbs.

tion also occurs in the absence of glutamatergic recep- Application of the broad-spectrum ionotropic gluta-
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Figure 3. Odor Deprivation Reduces the Frequency of mIPSCs

(A) Individual experiments illustrating spontaneous synaptic re-
sponses recorded from mitral cells in control and odor-deprived
bulbs. Applications of the glutamatergic receptor antagonist kynur-
enate (Kyn; 5 mM) and the Na* channel blocker tetrodotoxin (TTX;
1 puM) were used to assess the contribution of glutamate- and
action potential-induced GABA release, respectively. Note the
higher decrease in sIPSC frequency recorded from a mitral cell in
an odor-deprived bulb during application of TTX. Cumulative distri-
bution of sSPSC amplitudes in the mitral cells of the control (black
line) and occluded (gray line) bulbs under control conditions (B) and
after application of 5 mM Kyn (D) and 1 uM TTX (F). (C) Cumulative
distribution of interevent intervals of sPSCs under control condi-
tions in open (black line) and occluded (gray line) bulbs. Inset
shows the mean sPSC frequency recorded from mitral cells in con-
trol (17.12 = 2.68 Hz) and odor-deprived (11.08 + 1.2 Hz) bulbs
(*p < 0.05; Mann-Whitney U test). (E and G) Cumulative distribution
of interevent intervals in the control (open; black line) and occluded
(occl.; gray line) bulbs during application of Kyn (E) and TTX (G).
Insets show the mean reduction of sPSC frequency in the presence
of Kyn (E) and TTX (G). Note the significantly stronger reduction in
sIPSC frequency in the deprived as compared to the control bulbs
following TTX treatment. * and ** indicate significant differences of
p < 0.05 and p < 0.01, respectively (Mann-Whitney U test).

matergic antagonist kynurenate (Kyn; 5 mM) to control
bulb slices strongly decreased the frequency (62.2% =
4.5% reduction; n = 8; p < 0.001), but not the amplitude
(2.4% = 10.5% reduction; n = 8; p > 0.05), of spontane-
ous postsynaptic currents (sPSCs) (Figure 3A). Subse-

quent bath application of the Na* channel blocker TTX
(1 M) further reduced the frequency of glutamate-
independent spontaneous inhibitory postsynaptic cur-
rents (sIPSCs) (33.2 = 7.3% reduction, n = 8; p < 0.001;
Figure 3A). As previously found for mice (Castillo et al.,
1999), the frequency of spontaneous synaptic events
was more strongly attenuated by Kyn than by TTX (Fig-
ure 3A), demonstrating the importance of glutamate-
induced GABA release by the tonic form of inhibition.
These recordings further demonstrate that mitral cells
receive sPSCs driven by glutamate receptor activation
and occurring at high frequency, sIPSCs triggered by
action potentials and occurring with lower frequency
and, finally, inhibitory postsynaptic currents (IPSCs)
independent of both glutamate receptor activation
and action potentials, here called miniature IPSCs
(mIPSCs).

Having isolated the three types of GABAergic events
in mitral cells, we then investigated their potential
changes following odor deprivation. Similar to the con-
trol situation, applications of Kyn and TTX strongly af-
fected the frequency, but not the amplitude, of sPSCs
in mitral cells from odor-deprived bulbs (Figure 3A). In-
terestingly, while frequencies of sPSCs and sIPSCs
were only slightly decreased following odor deprivation
(Figures 3C and 3E), the reduction of mIPSC frequency
was much more severe (Figure 3G). Such a reduction is
consistent with our finding of reduced spine density in
newborn granule cells and implies that newborn gran-
ule cells play an important role in providing a strong
inhibition on output neurons. Additionally, a highly sig-
nificant reduction in the frequency of mIPSCs coupled
with only subtle modifications in the frequency of
sIPSCs further demonstrates that the contribution of
action potential-dependent GABA release might be al-
tered following odor deprivation. Quantifying the per-
centage reduction in the sIPSC frequency following ap-
plication of TTX further supported this notion: highly
significant changes between control and occluded
bulbs were observed following addition of 1 pM TTX
(Figure 3G, inset). The mean reduction in sIPSC fre-
quency was 33.2% = 7.3% for control and 71.6% =
9.9% for occluded bulbs (n = 8; p < 0.001, Mann-Whit-
ney U test). By contrast, application of Kyn (5 mM) in-
duced a similar reduction of sPSC frequency (62.2% =+
4.5% and 63.5% = 7.9% reduction in the control and
occluded bulbs, respectively; n = 8; Figure 3E, inset). In
addition, the amplitude of the three types of GABAergic
synaptic events was similar between controls and odor-
deprived bulbs (Figures 3B, 3D, and 3F), suggesting
that restriction of sensory inputs does not alter post-
synaptic GABA, receptors. Together, these results
show that newborn granule cells contribute to the mas-
sive inhibitory input to mitral cells and that alterations
in the efficiency of this input activate some action po-
tential-dependent compensatory mechanisms.

Bidirectional Modulation of Evoked Synaptic
Responses following Nostril Occlusion

To assess whether restriction in the degree of sensory
inputs might decrease evoked granule-to-mitral cell re-
sponses, mitral cells were transiently depolarized using
voltage steps. Release of glutamate induced by depo-
larizing mitral cells has been shown to excite granule
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Figure 4. Dendrodendritic Responses in Odor-Deprived Animals

A brief depolarizing step in mitral cells induced dendrodendritic inhibition (DDI) in the control (Open) and odor-deprived (Occl.) bulbs, in the
presence (A) and absence (C) of TTX (1 um). Numbers above the traces indicate the duration of the depolarizing steps. Note that the charge
of DDI was only slightly affected by nostril occlusion in the presence of TTX (B) and was even increased when action potentials were not
blocked (D). Black and gray bars represent the values obtained from control (n = 7-10 cells) and odor-deprived (n = 8-11 cells) bulbs,
respectively, obtained at different durations of depolarization steps (x axis). Dendrodendritic excitation (DDE) in control (Open) and odor-
deprived (Occl.) bulbs under conditions when TTX (1 um) was present (E) or absent (G). Note that the integral of DDE in the mitral cells of
occluded bulbs is reduced in the absence of TTX (F) and increased in the presence of TTX (H). Black and gray bars represent the values
obtained from control (n = 5-7 cells) and odor-deprived (n = 7-8 cells) bulbs, respectively, at different depolarization steps and conditions.

Data are means + SEM.

cell spines that, in turn, mediate GABAergic dendro-
dendritic inhibition (DDI) of the mitral cells (Isaacson
and Strowbridge, 1998; Chen et al., 2000; Halabisky et
al., 2000; Isaacson, 2001). It has been shown that a
short depolarization (2-3 ms) recruits voltage-activated
Ca?* channels that are required to trigger GABA re-
lease. In contrast, longer depolarizations (25-50 ms) in-
duce GABA release that depends on NMDA receptor
activation (Halabisky et al., 2000). Thus, we recorded
DDI responses at different steps of depolarization and
isolated them by subtracting the traces recorded with
a specific GABA, receptor antagonist, bicuculline
methiodide (BMI; 40 wM), from those recorded under

standard conditions. To investigate whether the re-
duced spine density of newborn granule cells would
affect evoked DDI responses, mitral cells were depolar-
ized with increasing voltage step duration in the pres-
ence of TTX (1 wM) (Figures 4A and 4B). In addition,
since our recordings of spontaneous synaptic activity
suggested increased action potential-dependent GABA
release from granule cells of occluded bulb, we also
recorded DDI responses in the absence of TTX (Figures
4C and 4D). Interestingly, whereas the integral (Figure
4B) and amplitude (data not shown) of DDI responses
recorded with TTX (1 wm) tended to be smaller in the
occluded bulb, the opposite effect was observed when
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TTX was omitted. Both integral (Figure 4D) and ampli-
tude (data not shown) were significantly higher in de-
prived bulbs. These results suggest that the reduced
spine density of newborn granule cells also slightly
contributes to evoked local inhibitory dendrodendritic
responses in the MOB. However, due to the compensa-
tory increase in action potential-dependent GABA re-
lease, DDI responses were not reduced, but rather in-
creased, in deprived bulbs, demonstrating an increase
in the global inhibition of mitral cells.

Application of BMI left a small component that was
further blocked by Kyn (5 mM). This dendrodendritic
excitatory (DDE) component represents either autoex-
citation of mitral cell dendrites (Isaacson, 1999; Fried-
man and Strowbridge, 2000; Salin et al., 2001), or acti-
vation of excitatory granule-to-mitral cell reciprocal
synapses (Didier et al., 2001), or both. As reported for
DDI, unilateral nostril occlusion only slightly reduced
evoked excitatory responses measured on mitral cells
in the presence of TTX (1 pum) (Figures 4E and 4F),
whereas those recorded without TTX were even higher
(Figures 4G and 4H). Since we observed opposite ef-
fects of sensory deprivation on reciprocal responses
recorded with and without TTX, and because the excit-
ability of mitral cells was not altered by odor depriva-
tion, these results favor the involvement of dendroden-
dritic synapses in the above-mentioned results rather
than changes in the glutamate release or autoexcitatory
responses. Altogether, these results demonstrate that
odor deprivation only slightly influenced local recurrent
responses, whereas a compensatory increase in action
potential-dependent neurotransmitter release led to
stronger lateral synaptic interactions between principal
cells following sensory deprivation.

Induced Gamma Oscillations Remain Unchanged

in Deprived Bulbs

We have demonstrated the exclusive role of granule cell
reciprocal synapses in generating evoked fast oscillations
in the MOB (Lagier et al., 2004). To elucidate whether
reduced spine density of newborn granule cells and
modified dendrodendritic responses following occlu-
sion would affect the synchronization of mitral cells, we
recorded local field potentials (LFPs) in control and
odor-deprived bulbs following stimulation of the olfac-
tory nerve (Figure 5A). Interestingly enough, all parame-
ters of the induced oscillations in deprived bulbs were
similar to those seen in control bulbs (Figures 5B-5D).
Nostril occlusion altered neither the amplitude (Figure
5B), nor the duration (920 + 410 ms in control and 1050
+ 490 ms in occluded bulbs; n = 6; Figure 5C), nor the
dominant frequency (44 = 10 Hz and 46 + 5 Hz in con-
trols and occluded bulbs, respectively; n = 6; Figure 5D)
of these rhythms. Since LFP oscillations mainly reflect
the synchronizing activity of output neurons, we con-
clude that sensory deprivation does not alter the syn-
chronization of mitral cells. In summary, odor depriva-
tion reduces the spine density of newborn granule cells
and therefore the frequency of mIPSCs impinging on
mitral cells. Yet GABAergic inhibition and the oscillatory
activity of output neurons are preserved. What cellular
mechanisms might support this adjustment?
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Figure 5. Normal LFP Oscillations in the Odor-Deprived Bulb

(A) Individual experiment demonstrating LFP oscillations measured
in the mitral cell layer in response to a brief (100 ws) olfactory nerve
stimulation. (B) Autocorrelation corresponding to the LFP oscilla-
tions in control (black line) and odor-deprived (gray line) bulbs. Du-
ration (C) and frequency (D) of LFP oscillations in control (n = 5)
and occluded (n = 5) bulbs. Data are means + SEM.

Odor Deprivation Increases the Excitability

of Newborn Granule Cells

We explored the mechanism by which elevation of action
potential-dependent GABA release might counteract the
reduction of spine density in the odor-deprived bulb.
To investigate whether increased excitability of granule
cells may be involved in this compensation, granule
cells were first recorded with the noninvasive cell-
attached mode to estimate spontaneous spiking activ-
ity. A much higher percentage of spontaneously spiking
granule cells was indeed found in occluded bulbs.
While only 10% of granule cells (n = 10) showed spiking
activity in control bulbs, 50% fired in occluded bulbs
(n = 12). This increased excitability might arise from al-
tered intrinsic electrophysiological properties (Zhang
and Linden, 2003) and/or from modified synaptic input
to these cells (Turrigiano and Nelson, 2004). We tested
initially whether the change in neuronal excitability was
correlated with an underlying change in intrinsic cur-
rents using the conventional whole-cell technique. We
identified several voltage-dependent conductances
in granule cells from the control and odor-deprived
bulbs by applying a series of depolarizing steps under
different pharmacological conditions. First, the rest-
ing membrane potential, measured immediately after
breaking the patch membrane, was unchanged (oc-
cluded bulbs, -59.1 = 0.7 mV; controls, -58.9 = 0.7 mV,;
n = 20). We then compared the Na* current in control
and odor-deprived bulbs. Although the normalized
maximum Na* current amplitude was not modified
(-160 + 26 pA/pF and -160 + 42 pA/pF, for control and
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Figure 6. Odor Deprivation Specifically Increases the Spiking Activ-
ity of Newborn Granule Cells

(A-D) Individual experiments demonstrating action potential dis-
charges and Na* currents recorded from preexisting (A) and new-
born (C) granule cells in the control (Open) and odor-deprived
(Occl.) bulbs. Na* currents were induced by depolarizing potentials
with increasing steps of 10 mV from -60 mV to +20 mV and were
isolated by subtracting the currents recorded before and after TTX
(1 wM). Na* current density in preexisting (B) and newly generated
(D) granule cells of control (black line) and odor-deprived (gray line)
bulbs. Note the leftward shift in the voltage dependency of Na*
current in newborn granule cells following odor deprivation.

(E) Individual experiments showing TEA- and 4-AP-sensitive whole-
cell K* currents in the granule cells of control (Open) and odor-
deprived (Occl.) bulbs. TEA- and 4-AP-sensitive K* currents were
obtained by subtracting the currents recorded before and after
4-AP (5 mM) and TEA (9 mM) applications, respectively. Voltage-
dependent currents were induced by increasing depolarization
steps of 10 mV, from =100 mV to +20 mV.

(F) Density of TEA- and 4-AP-sensitive currents recorded in control
(black line) and odor-deprived (gray line) bulbs. Data are means *
SEM with 8-16 cells per condition.

(G) Schematic representation of the model under control conditions
(left) and following odor deprivation (right). A granule cell (GC) in
the odor-deprived bulb was modeled with a 10 mV leftward shift in
the voltage-dependent activation of Na* current. Traces below
each model are the somatic membrane potential of the mitral cells

occluded bulbs, respectively), its voltage dependency
was shifted toward more hyperpolarized membrane po-
tentials in deprived bulbs (data not shown).

These experiments, however, do not allow us to dis-
tinguish whether the overall population of granule cells
displays increased excitability or whether this effect is
more specific to newborn cells. Therefore, we recorded
newborn, GFP-labeled, and preexisting granule cells.
To assess the excitability and Na* current of the resi-
dent population of granule cells, we performed record-
ings in P15 MOB slices knowing that neurons born in
the SVZ and RMS after P4 would not have had enough
time to arrive and fully differentiate into granule cells
and thus sufficiently contribute to the total granule cell
population. Interestingly, when preexisting granule cells
were recorded in control and occluded bulbs, not a sin-
gle cell displayed spontaneous spiking activity in the
cell-attached mode (n = 5 for each condition; Figure
6A). Similarly, Na* current recorded from the same cells,
after rupturing the membrane, showed a similar current
density (-92.7 £ 22.6 pA/pF and -95.1 + 26.7 pA/pF, for
control and occluded bulbs, respectively) and voltage
dependency (Figures 6A and 6B). In contrast, when we
recorded the excitability of GFP* granule cells in P30-
P40 animals, dramatic differences between control and
deprived bulbs were found. While amongst seven new-
born granule cells recorded in the control bulb only one
showed spontaneous spiking activity, three out of five
new cells in the occluded bulb displayed increased ex-
citability (Figure 6C). Importantly, although no difference
in normalized Na* current amplitude was observed in
these cells (-154.5 + 32.4 pA/pF and -168.6 = 51.2 pA/
pF, for control and occluded bulbs, respectively), there
was a clear shift of voltage dependency toward more
hyperpolarized values in the deprived bulbs (Figure 6D).
These results demonstrate that odor deprivation speci-
fically increases the excitability of newborn granule
cells via a leftward shift in the voltage dependency of
Na* current activation.

Granule cells also display prominent transient fast in-
activating A-type and steady-state K* currents (Schoppa
and Westbrook, 1999) that control cell excitability
(Schrader et al., 2002). These currents were isolated
using either 4-aminopyridine (4-AP; 5 mM) or tetraethyl-
ammonium chloride (TEA; 9 mM), to block A-type or
delayed rectified K* channels, respectively (Figure 6E).
No significant change in the current density (Figure 6F)
or in the activation/inactivation properties of these
channels (data not shown) was observed following
odor deprivation.

Finally, we wondered whether the 10 mV leftward
shift in the voltage dependency of Na* current activa-
tion would be sufficient to increase the excitability of
newborn granule cells following sensory deprivation. To
assess this possibility, we used a simple model based
on one mitral cell and one granule cell connected to-
gether (Figure 6G). In standard conditions (Figure 6G,

(MC), and the membrane potential of the terminal dendritic tips (d)
and soma (GC) of the granule cell. Note the appearance of the
somatic action potential in the granule cell following odor depri-
vation.
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left), a single action potential was elicited in the mitral
cell with a short (2 nA, 2 ms) somatic current pulse.
Action potential propagation in the mitral cell second-
ary dendrites activated an excitatory postsynaptic po-
tential (EPSP) on the corresponding small oblique
branch of the granule cell. The consequent depolariza-
tion then propagated to the entire dendritic tree, but
the overall somatic depolarization, however, was not
sufficient to elicit an action potential at the soma. To
mimic the experimental findings on odor deprivation,
the same stimulation protocol was repeated after a 10
mV voltage dependency shift toward more hyperpolar-
ized membrane potentials in the deprived bulb (Figure
6G, right). Interestingly, the EPSP-triggered depolariza-
tion was now able to induce sufficient depolarization at
the soma of granule cells to trigger action potentials
(compare GC traces in Figure 6G), indicating that a 10
mV leftward shift in the activation of Na* current is suffi-
cient to support increased excitability of newborn cells
following odor deprivation.

To assess whether altered excitatory/inhibitory syn-
aptic inputs to granule cells might also act in concert
with this intrinsic change, we recorded spontaneous
synaptic events from granule cells. The global sponta-
neous synaptic activity received by granule cells in oc-
cluded bulbs was undistinguishable from that of con-
trols (amplitude, -17 = 2.5 pA and -16.4 = 1.4 pA, in
controls and occluded bulbs, respectively; n = 8; fre-
quency, 3.35 = 0.9 Hz and 3.3 += 0.5 Hz, in controls and
occluded bulbs, respectively; n = 8; Figures 7A and 7B).
However, following application of Kyn, the frequency of
sIPSCs measured in granule cells from occluded bulbs
was lower when compared to controls (Figures 7C and
7D). Similarly, the percentage of Kyn-induced frequency
reduction tended to be higher in odor-deprived bulbs
(respectively, 35.9% + 13.2% and 54.2% = 7.7% in con-
trols and occluded bulbs; n = 8; p > 0.05, Mann-Whitney
U test; Figure 7D, inset). Addition of TTX further de-
creases the frequency of sIPSCs in control and oc-
cluded bulbs (Figures 7E and 7F), with a slightly
stronger, albeit nonsignificant, effect in the odor-
deprived granule cells (15.1% =+ 8.4% and 29.9% =
6.6% of reduction in the sIPSCs’ frequency from con-
trols and occluded bulbs, respectively; n = 8; p > 0.05,
Mann-Whitney U test; Figure 7F, inset). No change
could be seen in the amplitude of sIPSCs (control
bulbs, -14 + 2.2 pA; occluded bulbs, -11.5 + 1 pA; n =
8) or in the amplitude of mIPSCs (control bulbs,
-13.5 = 2.4 pA and occluded bulbs, -12.1 = 1.1 pA;
n = 8).

In summary, these recordings demonstrate that odor
deprivation increases the excitability of newborn gran-
ule cells via a leftward shift in the voltage dependency
of Na* current and via affected synaptic inputs imping-
ing on granule cells. Increasing the excitability of new-
born granule cells following deprivation might repre-
sent a homeostatic compensatory mechanism by
which the functional level of the neuronal network re-
mains constant in spite of reduced spine density.

Discussion

We have shown that sensory deprivation reduces the
number, the dendritic length, and the spine density of
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Figure 7. Odor Deprivation Affects the Excitatory-Inhibitory Balance
of Granule Cells

Individual experiments illustrating sPSCs (A), sIPSCs (C), and
mIPSCs (E) recorded from granule cells in control (Open) and odor-
deprived (Occl.) bulbs. sIPSCs were isolated by adding to the bath
medium 5 mM Kyn, whereas mIPSCs were isolated by adding 1 ©M
TTX. Note the decreased frequency of sIPSCs and mIPSCs re-
corded from the granule cell in the occluded bulb. Cumulative inter-
event interval distributions of sPSCs (B), sIPSCs (D), and mIPSCs
(F) recorded from granule cells in control (black line; n = 7) and
occluded (gray line; n = 8) bulbs. Insets show the mean frequency
of sPSCs (B), as well as a reduction in the frequency of spontane-
ous activity following applications of Kyn (D) and TTX (F). Data are
means * SEM.

newborn granule cells in the MOB. In addition, the fre-
quency but not the amplitude of mIPSCs impinging
onto mitral cells is strongly reduced in deprived bulbs.
Despite this reduction, the overall inhibitory input onto
mitral cells and their synchronization remain un-
changed, due to compensatory mechanisms that de-
pend on action potentials. Underlying this adaptation is
an increase in the intrinsic excitability of newborn gran-
ule cells, which is brought about by changes in the volt-
age dependency of Na* currents, possibly to offset a
reduction in mIPSC frequency. Together, this study
highlights an unexpected degree of homeostatic regu-
lation that depends on the level of sensory inputs,
which is brought about exclusively by the population of
newborn granule cells and is used to keep the bulbar
neuronal network within a constant operating range.

The Role of Sensory Activity in Bulbar Neurogenesis
It is widely accepted that the adult brain can respond
with morphofunctional changes to environmental and/
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or internal challenges. In the olfactory system, odor dep-
rivation affects mainly the granule cell population with-
out any major effects on other neuronal types (Corotto
et al., 1994). No change has been found in mitral cells
(Benson et al., 1984) or in the branching of their den-
drites (Matsutani and Yamamoto, 2000 and present
study). In line with this, anosmic mice that have a
targeted deletion of a subunit of the olfactory cyclic
nucleotide-gated channel (OCNC-1) still form precise
synaptic connections that are grossly unaltered (Baker
et al., 1999; Lin et al., 2000). This suggests that both
targeting of sensory neuron projections into the MOB
and refinement of mitral cell dendrites are controlled by
genetically encoded spatial cues. However, in animals
heterozygous for the OCNC-1 channel gene, Zhao and
Reed (2001) have demonstrated that mutant, but not
wild-type, neurons in the olfactory epithelium become
slowly depleted with time. Additionally, it has been
shown recently that odorant stimulation leads to an in-
creased survival of sensory neurons (Watt et al., 2004)
and that blockade of sensory input results in reduced
turnover of these cells (Zou et al., 2004). The con-
tinuous replacement of the granule cell population pro-
vides another model of competitive neuronal survival
and differentiation. Many studies have demonstrated
that odor deprivation leads to the reduced radial migra-
tion of neuroblasts (Saghatelyan et al., 2004) and de-
creases the survival of newborn interneurons in the
MOB (Frazier-Cierpial and Brunjes, 1989; Brunjes, 1994;
Corotto et al., 1994). In contrast, an odor-enriched envi-
ronment increases the total number of granule cells in
rat pups (Rosselli-Austin and Williams, 1990) and the
total number of newborn granule cells in adult mice
(Rochefort et al., 2002). Supporting these findings, we
found that deprivation specifically reduced the number
of newborn granule cells and drastically altered their
morphology. Dendritic length and spine density were
reduced, respectively, by 31% and 45% following
nostril occlusion. Since new granule cells massively
contact mitral cells, and since previous electron micros-
copy studies demonstrated a 46% reduction in granule-
to-mitral cell synapses following sensory deprivation
(Benson et al., 1984), our data indicate that odor depriva-
tion might exclusively affect the synaptic development of
newborn granule cells, without altering the preexisting
population. In agreement with this, our analyses of the
resident population of granule cells clearly demonstrated
that sensory deprivation fails to modify their morpho-
functional properties, indicating that differences in
either intrinsic properties or extrinsic (microenviron-
mental) signals of granule cells generated in distinct
spatiotemporal windows underlie an exclusive role of
sensory activity on the maturation of newborn cells.

Functional Consequences of a Reduced Number/
Spine Density of Newborn Interneurons

A reduction in the spine density of newborn cells oc-
curs in response to changing levels of sensory input,
and this concomitantly decreases the frequency of
mIPSCs impinging onto mitral cells. Since a direct cor-
relation between the number of release sites/synapses
and the frequency of neurotransmitter release has been
clearly established in the CNS (Auger and Marty, 2000),

the reduced mIPSC frequency seen in deprived bulbs
likely reflects the reduction in spine density. mIPSC am-
plitude was not affected, implying that sensory input
does not alter postsynaptic GABA, receptors. Similarly,
intrinsic membrane properties as well as dendritic re-
lease of glutamate from mitral cells remained unaf-
fected. These data, together with anatomical investiga-
tions of mitral cells (Benson et al., 1984; Matsutani and
Yamamoto, 2000; but see Meisami and Safari, 1981),
indicate that the overall level of sensory input is not
required for the maintenance of the functional state of
bulbar output neurons.

Whereas odor deprivation substantially reduced the
frequency of mIPSCs, the increase in action potential-
dependent GABA release from granule cells rescues
the frequency of sIPSCs. Similarly, whereas only slightly
reduced evoked inhibitory and excitatory dendroden-
dritic responses were observed in the occluded bulb
in the presence of TTX, they were higher when action
potential-dependent neurotransmitter release was in-
tact. This suggests that a reduced spine density slightly
affects the local inhibition of mitral cells, whereas the
compensatory increase in the action potential-depen-
dent GABA release upholds global inhibition.

Additionally, unaltered synchronization of mitral cells
was observed following sensory deprivation. Thus, it is
conceivable that, in addition to its dramatic effect on
neurogenesis and spinogenesis, sensory deprivation
activates other action potential-dependent homeo-
static compensatory mechanisms that preserve the
normal functioning of MOB circuitry. The most likely ex-
planation for an elevated action potential-dependent
release of GABA lies in the increase in granule cell ex-
citability via a change in the activation threshold of the
voltage-gated Na* current. A similar mechanism for in-
creased excitability was reported in other systems
(Zhang and Linden, 2003), and theoretical models have
suggested that neurons can maximize the information
content of a stimulus response by adapting their firing
rate (Stemmler and Koch, 1999). Interestingly, our ex-
periments clearly established that only the newborn,
but not the preexisting, granule cells were much more
excitable. This suggests that the specific reduction in
the spine density of newborn neurons was accompa-
nied by a modification in the voltage dependency of
their Na* currents. This would favor the generation of
action potentials and thus would compensate for the
reduced tonic GABAergic output from the newborn
cells. Such a homeostatic mechanism might take place
if newborn granule cells receive appropriate informa-
tion from their target cells (Zhang and Linden, 2003;
Turrigiano and Nelson, 2004). Interestingly, an altered
excitatory-inhibitory balance was observed in granule
cells in the occluded bulb. However, these changes
were subtle, and it is not clear whether they could be
sufficient to trigger homeostatic mechanisms.

In addition, it should be noted that the spatial distri-
bution of synaptic contacts impinging on newborn
granule cells is likely to be remodeled in deprived
bulbs. This might provide the required information to
trigger homeostatic changes. Indeed, dendrites of new-
born granule cells in the occluded bulb were found to
be shorter. In control conditions, excitatory inputs re-
ceived at the terminal dendritic field of granule cells
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Figure 8. Reduced Dendritic Length of Newborn Granule Cells
Changes Their Functional State

Schematic representation of the model under control conditions
(top) and following odor deprivation (bottom). A granule cell (GC) in
the odor-deprived bulb was modeled with a 40% reduction in the
length of the dendrite. Traces below each model are the somatic
membrane potential of the mitral cells (M), and the membrane po-
tential of the terminal dendritic tips (d) and soma (GC) of the gran-
ule cell. Note the appearance of the somatic action potential in the
granule cell following the reduction in the length of the dendrite.

rarely induce sufficient depolarization in the somatic
compartment to generate Na*-dependent action poten-
tials (Cang and Isaacson, 2003; Egger et al., 2003;
Shepherd et al., 2004). However, due to the reduction
in the dendrite length, and consequently in the electro-
tonic distance that dendritic signals should propagate
to reach the cell soma, newborn granule cells in the
occluded bulb might be more excitable. To assess this
possibility, we modeled a 40% reduction in the length
of newborn granule cell dendritic arborizations follow-
ing sensory deprivation (Figure 8). As indicated in Fig-
ure 6G (left), a single action potential elicited in a mitral
cell in a control bulb fails to induce sufficient depolar-
ization of the somatic compartment of granule cells and
thus does not trigger an action potential (Figure 8).
When the length of the dendritic arborization was re-
duced by 40%, the EPSP-triggered depolarization was
now able to reliably trigger action potentials (compare
GC traces in Figure 8). This indicates that the same ex-
citatory input impinging onto newborn granule cell den-
drites differently affects their spike generation in con-
trol and odor-deprived bulbs and thus might be the
required signal to trigger homeostatic changes. It
should be also noted that this mechanism might serve
only to trigger homeostatic plasticity in newborn gran-
ule cells and will not increase action potential-depen-
dent GABA release on its own, since application of Kyn
does not attenuate the increased excitability of new-
born granule cells in the occluded bulb.

A long-term increase in the intrinsic excitability of vi-
sual cortical neurons following elevation of firing activ-
ity in these cells has been recently reported (Cudmore
and Turrigiano, 2004). This increased excitability was
accompanied by a decrease in the threshold current
and voltage, without any changes in passive membrane
properties. It has been widely suggested that spiking
activity of cells might control different processes such
as gene expression and phosphorylation of different
proteins (Misonou et al., 2004). Intriguingly, it has been
demonstrated that odor deprivation can influence the
phosphorylation of different voltage-gated channels
(Fadool et al., 2000), and phosphorylation of Na* chan-
nels may shift the voltage dependency of Na* current
activation (Cantrell and Catterall, 2001), the experimen-
tal finding that we observed.

Alternatively, granule cells in the odor-deprived bulb
may receive appropriate information via centrifugal
pathways. It is well established that centrifugal fibers
heavily contact granule cells (Shepherd et al., 2004) and
that sensory deprivation markedly affect their organiza-
tion. For instance, it has been shown that restriction of
odor information increases the noradrenaline content
(Brunjes et al., 1985; Guthrie et al., 1991; Wilson and
Wood, 1992), and this could affect the functional state
of granule cells. Whatever the exact nature of the signal
is, our data demonstrate that a reduced spine density
of newborn interneurons and a decreased frequency of
mIPSCs following sensory deprivation are compen-
sated for by an increased excitability of newborn gran-
ule cells.

Compensatory Responses to Odor Deprivation

While olfactory deprivation induces dramatic neuroana-
tomical and neurochemical alterations (Brunjes, 1994),
the overall olfactory system remains fairly intact, even
when olfactory deprivation starts at P1-P2 (Leon,
1998). For instance, while odor deprivation decreases
the dopamine content of the MOB (Brunjes et al., 1985;
Philpot et al., 1998), a higher density of dopamine D2
receptors counteracts this effect (Guthrie et al., 1991).
Similarly, the reduction in size of the glomerular neu-
ropil following occlusion (Meisami and Noushinfar,
1986) is compensated for by reorganizations in the syn-
aptic distribution (Johnson et al., 1996). Normal olfac-
tory responses of odor-deprived animals have even
been demonstrated at the behavioral level (Stahl et al.,
1990). These observations, together with our present
report, suggest that a reduction in olfactory experience
induces relatively little functional damage in spite of the
reduction in both neurogenesis and tonic GABAergic
inhibition. Altogether, our results demonstrate that the
bulbar neuronal network detects sensory input pertur-
bations to drive experience-dependent plasticity that
preserves the normal functional state of the bulbar
network.

Experimental Procedures

Animals and Surgical Procedures

All experiments were performed on Wistar rats obtained from
Charles River (Chatillon sur Chalaronne, France). On P4-P5, uni-
lateral naris occlusion via cauterization of either the right or the left
naris was performed on cold-anesthetized rat pups (Meisami,
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1976). All experimental procedures were in accordance with the
Society for Neuroscience and European Union guidelines and were
approved by our institutional animal care and utilization com-
mittees.

BrdU Labeling and Detection

To determine the quantity of newly generated cells, a DNA synthe-
sis marker, BrdU was administered intraperitoneally (50 mg/kg of
body weight). To assess neurogenesis (which includes cell prolifer-
ation, migration, differentiation, and survival) in the granule cell
layer, one group (n = 6) received four BrdU injections (one every 2
hr) at P16 (i.e., 12 days after the unilateral nostril occlusion was
performed) and were killed at P37. To assess proliferation in the
SVZ, the other group (n = 4) received a single dose of BrdU at P37
and were sacrificed 4 hr after BrdU injection. Additionally, a single
BrdU injection in P3 pups (n = 3) was used to analyze the number
of newborn cells born locally in the MOB. From all groups, rats
were given an overdose of sodium pentobarbital (100 mg/kg; Sa-
nofi, Gentilly, France) and perfused transcardially with 4% PFA. Pri-
mary mouse anti-BrdU antibody (1:50; Euro-Diagnostica AB,
Malmé, Sweden) was applied on free-floating 40 um thick coronal
sections that were pretreated with 0.2% triton and the DNA dena-
turating agent HCI (2 N; 30 min at room temperature). The number
of BrdU profiles was determined by using the peroxidase method
with biotinylated horse anti-mouse IgG antibody (1:50; Vector
Laboratories, Inc., Burlingame, CA) and diaminobenzidine (0.05%)
as a chromogen. To detect BrdU/NeuN double-labeled cells, the
slices were first incubated with rat anti-BrdU (1:200; Accurate Sci-
entific, Harlan Sera-lab, Loughborough, UK) and mouse anti-NeuN
(1:200; Chemicon, Temecula, CA) primary antibodies and then with
Alexa 568-labeled goat anti-rat IgG and Alexa 488-labeled goat
anti-mouse IgG fluorescent secondary antibodies (Molecular
Probes, Poortgebouw, Netherlands).

Stereotaxic Injections

GFP-encoded lentivirus was stereotaxically injected to the ipsi-
and contralateral SVZs, 15-18 days after unilateral nostril occlu-
sion. The morphology and spine density of newborn neurons was
assessed in the bulb 25 days after virus injection. Stereotaxic injec-
tions were performed using a Kopf stereotaxic apparatus (Harvard
Apparatus, Les Ulis, France) at the following coordinates (relative
to bregma): anteroposterior = 0, mediolateral = 1.6, dorsoventral =
3.0; and anteroposterior = 1.6, mediolateral = 1.5, dorsoventral =
3.5. To assess the morphology and spine density of the resident
population of granule cells, Dil was injected into the MOB of P3
pups, and the cells were analyzed at P12, or alternatively, Dil was
injected directly into P12 MOB slices.

Image Analysis and Quantification

To assess the number of newly generated neurons in the granule
cell layer, BrdU-immunostained nuclei visualized through a 20x ob-
jective (BX51; Olympus, Hamburg, Germany) were counted for en-
tire granule and periglomerular cell layers on every third section
(120 wm apart). The number of BrdU profiles was then related to
the areas of the two layers to evaluate the density of BrdU-positive
cells. Immunofluorescent sections were analyzed using a Zeiss
confocal microscope (Carl Zeiss S.A.S., Le Pecq, France). The per-
centage of BrdU/NeuN double-immunostained cells was obtained
by analyzing BrdU* nuclei in the x-z and y-z orthogonal projections
for the presence or absence of NeuN.

To analyze the morphology and spine density of newborn and
preexisting neurons in control and odor-deprived bulbs, biphoton
imaging of GFP-positive or spinning disk analysis of Dil-positive
cells in 300 wm thick sections was performed. Biphoton imaging
was performed using Axiovert 200M on a LSM510 Meta Zeiss
microscope. A Titanium-Sapphire laser (Mira Verdi, Coherent,
Santa Clara, CA) was used to excite GFP at 880-890 nm. Only cells
located at least 30-60 wm from the surface of the slice were taken
for analysis. Low-magnification (40x IR-Achroplan water immersion
objective, 1.2 NA; digital zoom 0.7-1; 1 um Z step) and high-magni-
fication (40x; digital zoom 5; 0.5 um Z step) images of GFP-positive
cells were taken to evaluate the general morphology and spine
density of these cells. For Dil staining, images were taken with

spinning disk (Ultraview RS, Perkin Elmer) on Axiovert 200 with a
40x objective (Plan-Neofluar 1.3 NA). Images were deconvoluted
using a maximum likelihood estimation method after calculation
of the theoretical point spread function (PSF) (Huygens, Scientific
Volume Imaging, Hilversum, Netherlands), while rendering of 3D
data and measurements of dendritic length were performed with
Imaris 3.2 (Bitplane) and Osirix (developed by Antoine Rosset,
Geneva University Hospital) software.

Morphological data were compared between control and sen-
sory-deprived bulbs using the Student’s t test. All quantifications
were performed blind to the experimental conditions.

Slice Preparation

Olfactory bulbs of P15 or P35-P40 rats were quickly removed and
placed into cold oxygenated artificial cerebrospinal fluid (ACSF)
containing 124 mM NaCl, 3 mM KCI, 2 mM CaCl,, 1.3 mM MgCl,,
25 mM NaHCOj3, 1.25 mM NaHPO,, and 10 mM glucose. Horizontal
slices (300 um) were cut with a vibrating microslicer (DTK-1000,
Dosaka, Japan) and kept in oxygenated ACSF at 32°C for 30 min.

Extracellular, Intracellular, and Whole-Cell

Patch-Clamp Recordings

Recordings of LFPs were performed as previously described (La-
gier et al., 2004). The conventional blind patch-clamp technique
and visualized infrared microscopy (Olympus, BX51WI, Rungis,
France) were used to record mitral and granule cells, respectively.
Mitral cell recordings were performed with the help of an Axopatch-
1D amplifier (Axon Instruments, Foster City, CA), whereas granule
cells were recorded with an EPC9 patch-clamp amplifier (HEKA,
Germany). Synaptic responses were analyzed with the MiniAnalysis
program (Synaptosoft, Inc., Decatur, GA). Patch electrode resis-
tance ranged from 4 to 6 M() when filled with an intracellular solu-
tion containing 134.5 mM CsCl, 10 mM HEPES, 0.2 mM EGTA, 8
mM NaCl, 2 mM ATP, 0.3 mM GTP, 0.2 mM AMP, and 10 mM glu-
cose. For some granule cell recordings, CsCl was replaced with an
equimolar concentration of KCI. To record evoked dendrodendritic
reciprocal synaptic currents between mitral and granule cells, de-
polarizing pulses of 70 mV lasting 3, 5, 10, 25, or 50 ms were deliv-
ered to the recorded mitral cell. Na* currents were recorded in
Ca?*-free ACSF and with a CsCl-based intracellular solution. K*
currents were recorded with a KCl-based intracellular solution and
with 1 wm of TTX added to Ca?*-free ACSF.

Computer Simulations

All simulations were carried out with the NEURON simulation pro-
gram (Hines and Carnevale, 1997; v5.5) using its variable time step
feature. The model and simulation files are available for public
download under the ModelDB section of the Senselab database
(http://senselab.med.yale.edu/senselab/). The model used in all
simulations was composed of one mitral cell and one granule cell.
The mitral cell was implemented as in a previous work (Migliore et
al., 2005). The granule cell was modeled with a soma and a main
radial dendrite (150 um long) connected to a thinner, elongated
(350 wm long) dendrite representing the medial and distal dendritic
tree. To implement dendrodendritic coupling, a small oblique
branch (5 nm length and 0.1 um diameter) was connected at ~250
wm from the soma. Their terminal dendritic tips received AMPA and
NMDA inputs with a peak conductance of 8 nS. The same kinetics
were used for Na*, fast (KA), and delayed rectified (KDR) K* con-
ductances in all cells. The mitral cell was modeled as a regularly
firing cell, with Na*, KA, and KDR conductances uniformly distrib-
uted over the entire dendritic tree (Bischofberger and Jonas, 1997).
In the granule cell, Na* channels were placed only in the soma, and
KA was distributed throughout (Schoppa and Westbrook, 1999).
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