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ABSTRACT

New neurons are added into the mammalian olfactory
bulb throughout life, but it remains unknown whether
the properties of new neurons generated in newborn
animals differ from those added during adulthood. We
compared the densities of glutamatergic synapses of
granule cells (GCs) generated in newborn and adult rats
over extended periods of time. We observed that,
whereas adult-born GCs maintained stable cell-to-cell
variability of synaptic densities soon after they inte-
grated into the circuit, cell-to-cell variability of synaptic
densities of neonatal-born GCs increased months after

their integration. We also investigated whether the syn-
aptic reorganization induced by sensory deprivation
occurred differently in mature neonatal- and adult-born
GCs. Sensory deprivation after new GCs had differenti-
ated induced more pronounced changes in the synaptic
densities of neonatal-born GCs than in adult-born GCs.
These observations suggest that the synapses of
mature neonatal-born GCs retain a higher degree of
malleability in response to changes in neuronal activity
than adult-born GCs. J. Comp. Neurol. 520:1327-1338,
2012.
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It is generally believed that adult neurogenesis pro-
vides a continuous influx of immature neurons that are
highly plastic only while they are integrating into brain cir-
cuits, and subsequently lose most of this plasticity neces-
sary for storage of novel information. Adult neurogenesis
could thus represent a continual addition of immature
neurons with essentially the same set of properties as
neurons generated in the developing brain. An alternative
hypothesis is that the properties of adult-born neurons
differ from those generated during neonatal development
and may serve different functions in the olfactory bulb
circuit.

The vast majority of new neurons added to the olfac-
tory bulb (OB) throughout postnatal life are granule cells
(GCs) that are generated in the subventricular zone (SVZ)
and migrate to the GC layer where they differentiate and
form synapses (Altman, 1962; Lois and Alvarez-Buylla,
1993; Luskin, 1993). GCs are axonless interneurons that
receive different types of glutamatergic inputs onto syn-
apses in distinct dendritic domains. Deprivation of sen-
sory input during neuronal differentiation (“early depriva-
tion”) induces changes to the synaptic densities in all
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dendritic domains of adult-born GCs (Kelsch et al., 2009).
In contrast, deprivation starting after these neurons have
differentiated (“late deprivation”) only evokes limited syn-
aptic reorganization. These observations suggest a criti-
cal period for activity-dependent remodeling of synapses
in adult-generated GCs in line with a similar temporal win-
dow for inducibility of synaptic long-term potentiation in
adult-born GCs (Nissant et al., 2009).

We previously observed that neonatal- and adult-born
GCs differ in the sequence in which their synapses form
while neurons mature and integrate into the circuits of
the OB (Kelsch et al., 2008). However, it is not known
whether mature neonatal- and adult-born GCs also differ
in how they maintain their synaptic organization over
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TABLE 1.
Primary Antibodies

Antigen Immunogen

Source, species, mono- vs. polyclonal Dilution used

Green fluorescent protein (GFP) Full-length jellyfish protein

Abcam, rabbit polyclonal (AB290) 1:4,000

Bassoon Aa 756-1,001 of rat Bassoon protein Stressgen (Enzo Life Sciences), 1:750
mouse monoclonal (clone SAP7F407)
c-Fos Synthetic peptide corresponding to aa Calbiochem, rabbit polyclonal (AB5) 1:10,000
4-17 of human c-Fos
Tyrosine hydroxylase Denatured tyrosine hydroxylase from rat Chemicon, rabbit polyclonal (AB152) 1:1,000

pheochromocytoma

extended periods of time postmaturation. Here we ana-
lyze the organization of synaptic inputs to neonatal-born
GCs throughout the animal’s life and in response to sen-
sory deprivation after the new neurons completed their
maturation and observed that mature neonatal-born GCs
retain a high degree of malleability in response to
changes in neuronal activity.

MATERIALS AND METHODS

Experiments were performed with Sprague-Dawley
rats of either sex (Charles River, Portage, Ml). Neonatal
animals were postnatal day 5 and adult animals >56
days old at the time of injection. All animal procedures
were approved by the local Animal Welfare Committee
Institutional Animal Care and Use Committee (IACUC,
MIT, Cambridge, MA) and in accordance with National
Institutes of Health (NIH) guidelines. Animals were kept
on a 12-hour daylight cycle. Experiments for neonatal-
and adult-born GCs were performed in parallel and under
similar conditions (same housing room, same type of ven-
tilation cage, and two animals per cage after weaning).

Generation of retroviral vectors

To visualize dendritic morphology we used an oncore-
troviral vector derived from Moloney Leukemia virus with
an internal promoter derived from the LTR from the Rous
Sarcoma Virus (RSV) driving palmitoylated green fluores-
cent protein (GFP, called MPalmG). To visualize glutama-
tergic postsynaptic clusters or presynaptic release sites,
we generated a vector called Mpsdg or Msypg by replac-
ing the palmitoylated GFP from MPalmG with the ORF
of PSD95:GFP or Synaptophysin:GFP, respectively.
Recombinant retroviral vectors were prepared and stored
as previously described (Kelsch et al., 2008).

Stereotactic retroviral labeling

Adult animals were anesthetized by an intraperitoneal
(i.p.) injection of ketamine/xylazine and neonatal animals
by hypothermia. A retroviral stock solution (200 nl) was
injected bilaterally in the SVZ at stereotaxic coordinates:
(anterior; lateral; ventral; mm in reference to bregma with

bregma and lambda being horizontally aligned) +1.2;
*1.6; —3.1 for adult rats (>P56) and +0.9; = 2.1; —2.1
for neonatal rats (postnatal day, P5).

Animal perfusion, histological processing,
and immunohistochemistry

Rats were given an overdose of ketamine /xylazine and
perfused transcardially with phosphate-buffered saline
(PBS) (pH 7.2) at 37°C for 30 seconds followed by 3
minutes of 3% paraformaldehyde (PFA) and postfixed in
3% PFA for 12 hours at 4°C. 50-um-thick coronal slices
were cut with a Leica vibratome. For genetic synaptic
markers, sections were incubated in primary rabbit anti-
GFP or mouse anti-Bassoon antibodies at 4°C overnight,
and Alexa-555 secondary antibodies (1:750, Molecular
Probes, Eugene, OR) diluted in blocking solution for 2
hours at room temperature. Blocking solution contained
0.25% TritonX and 1% bovine serum albumin. Sections
were mounted with Gelmount (Sigma, St. Louis, MO).

For morphological reconstruction of the basal den-
drites (Fig. 4), 100-um-thick coronal sections were incu-
bated in primary rabbit anti-GFP antibody at 4°C for 2
days and Alexa-488 secondary antibody (1:750, Molecu-
lar Probes) diluted in blocking solution at 4°C overnight.

Antibody characterization

We used the following primary antibodies (Table 1):
Anti-GFP rabbit polyclonal antibody labeling was only
detected in cells that also formed synaptic clusters.

Anti-Bassoon antibody has been shown to detect a
band of ~400 kDa synaptosomal fraction of rat brain by
western blot (manufacturer’s specification), and staining
is absent in Bassoon knockout retinae (Brandstatter
et al.,, 1999) and colocalizes to proteins in the active zone
(Regus-Leidig et al., 2009).

Anti-c-Fos antibody recognizes both c-Fos and v-Fos,
but does not react with the 39-kDa Jun protein (manufac-
turer’s specification). Specificity of this same antibody
has been determined by others via colocalization of the
immunoproduct with c-fos mRNA and the blocking of spe-
cific staining following immunogen preabsorption (Serrats
and Sawchenko, 2006).
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Anti-tyrosine hydroxylase antibody has been shown to
react with rat tyrosine hydroxylase, and by western blot
analysis to label a single band at ~62 kDa (reduced) cor-
responding to tyrosine hydroxylase (manufacturer’s spec-
ification), but does not recognize other monoaminergic
synthetic enzymes (Northcutt et al., 2007). Tyrosine
hydroxylase labeling in the OB was restricted to the glo-
merular layer (data not shown) as previously described
(Smeets and Gonzalez, 2000).

Image acquisition and analysis

Confocal image stacks were acquired by using an
Olympus Fluoview 300 confocal microscope (60x oil-
immersion lens [NA, 1.4]; pixel size, 0.23 x 0.23 pm),
and with z-step 0.25 um. A typical image stack consisted
of ~80-150 image planes each of 1024 x 1024 pixels.
For each stack, laser intensity and detector sensitivity
were set to the same values determined in initial experi-
ments. After acquisition, maximal intensity projections
were prepared for each image stack using Olympus ac-
quisition software. No filtering was generally necessary.
For projection images the threshold was set so that any
possible diffuse GFP fluorescence at the dendritic shaft
was below this threshold. The number of PSDG™ clusters
in a region of interest was counted by using the inte-
grated morphometry analysis function of the MetaMorph
software (Universal Imaging, West Chester, PA). The
length of the respective segment of the dendritic arbor
was then measured and the density of PSDG™ clusters
was determined. For stacks containing at least 40 single
images (corresponding to a stack height of 10 um), the
density directly corresponded to the length of a dendrite
segment measured in that stack. Increasing the number
of single images (e.g., stacks of 80-150 images corre-
sponding to a stack height of 20-37.5 pm) did not change
the density of synaptic clusters in the same dendritic seg-
ment as compared to the stack containing only 40 single
images (corresponding to a stack height of 10 pum).

For long-term survival, GCs were chosen based on the
preservation of the dendritic tree using only the red chan-
nel (that visualized the dendritic tree, but not synaptic
clusters). To account for interanimal variability, each ana-
lyzed data point (e.g., basal domain, 17 days postinfec-
tion [d.p.i.]) contained normally distributed PSDG™ clus-
ter densities from 3 GCs per animal resulting in a total of
42 cells from 14 animals per data point, except for 1-
year-old adult-born GCs, of which we only found a total of
19 PSDG™ cells in 8 of 11 injected animals. For adult-
born neurons the number of cells surviving 1 year after
injection was low, and not all the neurons were appropri-
ate for analysis. For instance, we could not analyze neu-
rons whose dendrites were truncated or neurons whose
dendritic arbors were not oriented parallel to the histolog-

Life-long synaptic remodeling

ical sections. Due to these limitations, we were only able
to analyze 19 cells in the group of adult-born neurons
with 1-year survival, which is lower than the number of
cells (42 cells) that we used for all the other experimental
groups. To test the appropriateness of investigating a
group with a lower number of cells (1-year survival of
adult-born neurons) we analyzed the statistics of all our
timepoints using samples of 42 cells, 21 cells, or 14 cells,
and observed that the mean and SD in all our groups
were consistent, regardless of the number of cells used
for the analysis (Table 2C). This analysis indicates that it
would be appropriate to perform comparisons with a
lower number of cells. Thus, for the experiments regard-
ing the synaptic densities of neurons of adult-born neu-
rons with 1-year survival we used the values obtained
from 19 cells.

We observed more superficial adult-born GCs at 1 year
than at 1 month after they had been generated (data not
shown); however, due to the originally intended low label-
ing density for reconstructions, we did not statistically
quantify for a shift toward more superficial GCs among
these long-term surviving cells. As GCs with deep and su-
perficial dendritic targeting in the external plexiform layer
had comparable mean and standard deviation (SD) of
synaptic densities in their dendritic domains at the re-
spective timepoints (data not shown), data were pooled.
Statistical differences in the SD were determined using a
Bartlett’s test and for pairwise comparisons an F-test for
differences in variances (Graphpad Prism software, San
Diego, CA).

For reconstruction of basal dendrite length (Fig. 4),
three animals were perfused 1 month and 1 year after ret-
roviral labeling with a retrovirus expressing palmitoylated
GFP (MPalmG). Confocal stack images (z-step 2 um, 30
planes per stack) were acquired with an Olympus Fluo-
view 300 laser scanning microscope (20x objective).
Maximum density projections were generated and length
of dendrites was measured using Metamorph analysis
software. Data were further analyzed with IgoPro soft-
ware (WaveMetrics, Lake Oswego, OR).

Sensory deprivation

Unilateral surgical naris occlusion was performed on
the day of intracerebral injection of viruses Mpsdg and
Msyp into the SVZ (P5) or at the indicated timepoints. Na-
res were occluded by cauterization. Nares were unilater-
ally occluded to compare deprived and nondeprived olfac-
tory bulbs in the same animal. As previously described for
adult-born GCs (Kelsch et al., 2009), only animals that
showed a strong reduction in immunofluorescences of c-
Fos and A555-conjugated secondary antibody (1:1,000,
Molecular Probes) expression in the granule cell layer and
reduction of tyrosine hydroxylase and A488-conjugated
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Figure 1. Distribution of glutamatergic input synapses in 1-year-old neonatal- and adult-born granule cells (GCs). A,B: Adult-born GCs
were examined 1 (A) and 12 (B) months postinfection (m.p.i.). To attribute PSDG™ clusters (green) to a particular GC, dendritic morphology
was visualized by immunofluorescence with Alexa-555-labeled antibodies (shown here in magenta) against the diffuse PSDG present in the
cytosol that was otherwise undetectable (Kelsch et al., 2008). The three main dendritic domains were analyzed separately (from top): dis-
tal (A1/B1), proximal (A2/B2), or basal (A3/B3) domain. C,D: Adult-born GCs were examined 1 (C) and 12 (D) m.p.i. The three main den-
dritic domains were analyzed separately (from top): distal (C1/D1), proximal (C2/D2), or basal (C3/D3) domain. E: Confocal maximum
density projection (E) shows PSDG™ clusters in a 1-year-old neonatal-born GC that are contacted by the presynaptic marker, Bassoon. The
lower three image series (E1-E3) show single planes of the top projection separated in z-axis by 1 pm. Scale bars = 10 pm in A-E; 3 um

in E1-E3.

secondary antibody (1:750, Molecular Probes) expression
in the glomerular layer in the deprived bulb were included
in further analysis (data not shown).

RESULTS

Protracted changes in the synaptic
organization of neonatal-born GCs

We compared synaptic densities of neonatal- or adult-
born GCs at 1, 2, and 12 months after they were gener-
ated in the SVZ to investigate potential long-term
changes in synaptic organization (Fig. 1). Synaptic organi-
zation is defined here as the density of glutamatergic
input synapses in various dendritic domains. We used
oncoretroviral vectors to genetically label synapses in
new GCs, because retroviral labeling allows reliable birth-
dating of new neurons (Sanes, 1989). To measure the

density of glutamatergic input synapses, we delivered
PSDG, a genetic marker consisting of a fusion protein
between PSD-95 and GFP. To attribute PSDG* clusters
(green fluorescence) to a particular GC, dendritic mor-
phology was visualized by immunofluorescence with red
labeled antibodies against the diffuse PSDG present in
the cytosol that was otherwise undetectable (Kelsch
et al., 2008). PSD-95 is a protein localized to the postsy-
naptic density of glutamatergic input synapses (Sheng,
2001). PSDG delivered into new neurons with retroviral
vectors (Mpsdg) can be used to genetically label these
synapses (Niell et al.,, 2004; Gray et al., 2006; Kelsch
et al., 2008, 2009; Livneh et al., 2009; Sturgill et al,,
2009), and expression of PSDG at modest levels pro-
duced by retroviral expression does not alter synaptic
properties as measured by electrophysiological methods
(Kelsch et al., 2008). PSDG™ clusters were contacted by
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the presynaptic protein Bassoon both in immature
(Kelsch et al., 2008) and 1-year-old GCs (Fig. 1E), and
PSDG was clustered at asymmetric synapses on an ultra-
structural level (Livneh et al., 2009).

We examined the densities of glutamatergic synapses
in different dendritic domains of GCs. The apical dendrite
can be divided into an unbranched segment emerging
from the soma (the proximal 15% of this unbranched seg-
ment is referred to as the proximal domain; Kelsch et al.,
2008) followed by a branched segment (distal domain).
The proximal domain and basal dendrite (basal domain)
receive axodendritic glutamatergic input from axon collat-
erals of the OB’s projection neurons and from axons origi-
nating in the olfactory cortices (Mori, 1987). Synapses
present in the distal domain of the apical dendrite are
bidirectional dendrodendritic synapses where input and
output synapses are colocalized and functionally coupled.
These synapses receive glutamatergic input from the
lateral dendrites of the OB’s projection neurons and
release GABA back onto these same projection neurons
(Mori, 1987).

We compared the densities of input synapses in neona-
tal- or adult-born GCs 1, 2, and 12 months after they had
been generated in the SVZ (Fig. 1). We observed that the
variability (SD) of densities of PSDG™ synapses in the dif-
ferent dendritic domains of adult-born GCs did not
change between 1, 2, and 12 months after they were gen-
erated (Fig. 2A; Table 2A). Similarly in neonatal-born GCs,
the variability (SD) of densities of PSDG™ synapses did
not change in the distal domain over time (Fig. 2B1; Table
2B). Interestingly, the variability (SD) of densities of
PSDG™" synapses in neonatal-born GCs increased in the
proximal and basal domain between the early timepoints
(1- and 2-month-old GCs) and 1 year after their birth (Fig.
2B; Table 2B). The increase in variability (SD) of synaptic
densities, however, was only significant for the 1-year
timepoint as 1- and 2-month-old GCs displayed similar
variability (SD).

As we compared 1- to 2-month- and 1-year-old GCs in
different animals, we validated whether variability of den-
sities of PSDG™ clusters is not biased for the same matu-
ration stage (e.g., 1-month-old neonatal-born GCs) by var-
iability in our experimental conditions over time. We
therefore labeled new GCs at P5 in separate groups of
animals in parallel to the 1-year observation period of ani-
mals shown in Figure 1 and examined neonatal-born GCs
1 month after they had been generated. Their variability
(SD) of PSDG™" synapses did not significantly differ (SD:
basal ~0.088 vs. 0.073, n.s.; proximal ~0.101 vs. 0.101,
n.s.; distal domain 0.073 vs. 0.111, n.s., Bartlett’s test,
each n = 14 GGCs). In addition, splitting the datasets of
Figure 2 into two groups of seven animals each did not
reveal any difference in the variability (SD) of PSDG™

— —_—
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\

&

Figure 2. Neonatal-born GCs show an increasing variability in den-
sities of input synapses in axodendritic input domains over time. A:
The graphs show for each dendritic domain scatterplot of PSDG™
clusters (clusters/pm) of adult-born GCs 1, 2, and 12 m.p.i. (42 GCs
each expect for 12-month-old adult-born GCs (n = 19). The three
main dendritic domains were analyzed separately (from top): distal
(A1), proximal (A2) or basal (A3) domain. Mean = SD are plotted in
red and SD values are indicated above each timepoint. Significant
increases in the SD over time were determined with Bartlett’s test
(P-values are indicated if P < 0.05) and are indicated by arrows (for
statistical analysis see Table 2). B: Same as A, but for neonatal-born
GCs. Twenty-eight GCs from 12 m.p.i. and 14 GCs of 9 m.p.i. were
pooled for the late timepoint of neonatal-born GCs. C: Adult-born
GCs acquire their final density of synapses within 1 month after
being generated, and the cell-to-cell variability in their synaptic den-
sities does not increase thereafter. Even months after neonatal-born
GCs had been generated, they have not completely acquired a final
density of synapses and the values of their synaptic densities in their
basal and proximal domains become highly variable from cell to cell.
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Figure 3. The density of output synapses does not change after
maturation of adult- or neonatal-generated GCs. A: Syn-
aptophysin:GFP* (SypG) clusters were examined in the distal do-
main of adult-born GCs 1 (A1) and 12 (A2) m.p.i. Scatterplot (A3)
of densities of SypG™ clusters (clusters/pm) of adult-born GCs 1
and 12 m.p.i. Variances at the two timepoints did not significantly
increase (P = 0.15, F-test). B: Synaptophysin:GFP™ (SypG) clus-
ters were examined in the distal domain of neonatal-born GCs 1
(B1) and 12 (B2) m.p.i. Scatterplot (B3) of densities of SypG™
clusters (clusters/pm) of neonatal-born GCs 1 and 12 m.p.i. Var-
iances at the two timepoints did not significantly increase (P =
0.84, F-test). Scale bars = 10 pm.

synapses for the same maturation stage (Table 2C).
Finally, we tested whether neonatal-born GCs would
increase cell-to-cell variability shortly after the animal
reached adulthood (>P56). We therefore examined the
variability (SD) of densities of PSDG™ synapses of neona-
tal-born GCs 4 months after they had been generated
(mean = SD: basal ~0.324 = 0.116, proximal ~0.458 =
0.176, distal domain 0.352 = 0.109 PSDG™ cluster/pum,
n = 14 GCs). Variability (SD) of synaptic densities of 4-
month-old GCs was not significantly different from 1- and
2-month-old GCs described in Figure 2 (Bartlett’s test),
further suggesting a slow increase of variability over time
between 1 month and 1 year of survival.

To investigate changes in densities of output synap-
ses over time, we labeled them using SypG, a fusion
protein between Synaptophysin and GFP (Fig. 3). Syn-

—

gfp
length of basal dendrite _
neonate-born GCs ® 1mpi.
012 m.p.i.

200+

length (um)
)
?

0
0
% of GCL
- -
RMS GCL MCL

Figure 4. Length of basal dendrite in 1-month- and 1-year-old
neonatal-born GCs The length of the basal dendrite of neonatal-
born GCs labeled 1 and 12 months after labeling with a retrovirus
expressing a membrane-tagged GFP was measured (70 GCs). The
length of the basal dendrite was plotted against the relative posi-
tion of the soma in the GC layer. GC layer was divided in percen-
tages, with 0% being the rostral migratory stream in the center of
the bulb and 100% being the mitral cell layer.

aptophysin is a protein localized to presynaptic neuro-
transmitter vesicles (Sudhof and Jahn, 1991) and SypG
expressed with retroviral vectors (Msypg) can be used
to genetically label output synapses (Kelsch et al.,
2008, 2009; Meyer and Smith, 2006). Output synapses
of GCs are located in their distal dendritic domain, and
they are part of dendrodendritic synapses (Hinds,
1970). We observed that variability (SD) of densities of
SypG* clusters were stable between 1 month and 1
year for both neonatal- and adult-born GCs (n.s., F-test;
Fig. 3), consistent with stability of densities of PSDG*
synapses in the distal domain.

We followed up on this finding by analyzing whether
the increased variability in the synaptic density in the
basal dendrite of neonatal-born GCs after maturation
was accompanied by changes in its arbor length. We
observed no significant difference in the length of the
dendritic arbor length of the basal domain or its variabil-
ity between samples of neonatal GCs that were either
1-month- or 1-year-old (median [interquartile range]:
77.5 [48.3-123.8] um and 70.7 [50.3-105.2] um, n =
70 GCs respectively, Mann-Whitney test: P = 0.48, F-
test: P = 0.51, Fig. 4). We also found that the increase
in variability of synaptic density in the proximal and ba-
sal domains occurred to the same degree in neonatal-
generated GCs regardless of whether they had dendrites
branching in the deep or superficial layers of the OB
(data not shown).
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In summary, the cell-to-cell variability in synaptic den-
sities does not significantly increase in adult-born GCs af-
ter they acquire their final synaptic density within a
month after being generated. In contrast, synaptic den-
sities in the basal and proximal domains of neonatal-born
GCs become increasingly variable between cells even up
to 1 year after their birth.

Sensory deprivation continues to change
the synaptic organization of mature
neonatal-born GCs

Neonatal- and adult-born GCs differ in the patterns in
which they develop synapses in their dendritic domains
during maturation (Kelsch et al., 2008), and long-term
reorganization of synapses in certain dendritic domains
after maturation. Do neonatal- and adult-born GCs also
differ in the manner in which their synapses are affected
by manipulations of sensory input? GCs are part of a sen-
sory relay circuit, and we recently observed that imma-
ture adult-born GCs change the synaptic densities of all
dendritic domains when sensory input is blocked during
their differentiation (“early deprivation”) (Kelsch et al.,
2009). We thus examined how the synaptic organization
of immature neonatal-born GCs changes when deprived
of sensory input.

We induced early sensory deprivation by performing
unilateral naris occlusion at P5 when viral vectors were
delivered to label new GCs in the SVZ (Fig. 5A), and sub-
sequently examined the synaptic organization of new neo-
natal-born GCs using the PSDG and SypG markers (Mpsdg
and Msypg, respectively). After sensory deprivation, signif-
icantly fewer PSDG™ input synapses were present in the
distal and basal dendritic domains (Fig. 5A). In addition,
the density of SypG" output synapses in the distal dendri-
tic domain also decreased significantly for deprived neo-
natal-born GCs (at 28 d.p.i., Fig. 6). These findings are
similar to the effects caused by sensory deprivation in
immature adult-born GCs. However, whereas early olfac-
tory deprivation increased PSDG™ proximal synapses in
adult-born GCs, it did not trigger any changes in the proxi-
mal domain of neonatal-born neurons (Fig. 5A).

After synaptic development, 3 weeks of sensory depri-
vation only evokes changes in densities of glutamatergic
synapses in the proximal, but not in the basal and distal
domain of adult-born GCs (Kelsch et al., 2009). As neona-
tal-born GCs displayed an increase in heterogeneity that
occurred slowly over several months (Fig. 1), we first
examined whether a longer period of “late deprivation”
might evoke changes in the basal and distal domain of
adult-born GCs. We observed that “late deprivation” of
adult-born GCs for 7-9 weeks did not cause any change
in the synaptic densities in the distal (mean %= SD:

deprived: 0.322 £ 0.074 and control (nondeprived) bulb:
0.316 = 0.125 PSDG ™ clusters/um, P = 0.87, both n =
14 from 5 animals) and basal domains (mean = SD:
deprived: 0.349 *= 0.146 and control bulb: 0.320 =*
0.092 PSDG™ clusters/um, P = 0.52, both n = 14 from 5
animals). In addition, synaptic densities of adult-born GCs
remained increased in the proximal domain after 9 weeks
of sensory deprivation (mean = SD: deprived: 0.746 =
0.230 and control bulb: 0.561 = 0.138 PSDG™ clusters/
um, P=0.01, both n = 14 from 5 animals).

In contrast to adult-born GCs, the synaptic densities of
neonatal-born GCs become progressively more heteroge-
neous over extended periods of time. This suggests that
neonatal-born GCs may be able to reorganize their synap-
tic inputs for longer periods of time than adult-born GCs.
Thus, we investigated whether neonatal-born GCs, like
adult-born GCs, had a restricted period during which
extensive changes in their synaptic organization
occurred, or whether mature neonatal-born GCs retained
the ability to change their synaptic organization in
response to sensory deprivation.

We labeled GCs in the SVZ of newborn animals (P5)
and started unilateral naris occlusion only when animals
reached adulthood. “Late deprivation” of neonatal-born
GCs started at P75 resulted in a significant loss of basal
and distal synapses after 7 weeks of sensory deprivation
(Fig. 5B). In addition, a transient decrease in the density
proximal synapses was observed after 3 weeks of depri-
vation, but this density returned to control levels after 7
weeks of deprivation (Fig. 5B). Thus, late sensory depriva-
tion affected synaptic densities in all dendritic domains of
neonatal-born GCs.

These results indicate that mature neonatal-born GCs
retain a higher degree of malleability in terms of reorgan-
izing their synaptic densities in response to changes in
sensory activity than mature adult-born GCs (Fig. 7),
which is consistent with increasing heterogeneity of syn-
aptic densities of mature neonatal-, but not adult-born
GCs.

DISCUSSION

It is generally believed that adult neurogenesis pro-
vides a continuous influx of immature neurons that
become less plastic as they mature, such that the circuit
requires subsequent waves of immature neurons to pro-
vide plasticity to store novel information. According to
this hypothesis, adult neurogenesis represents the con-
tinuous addition of immature neurons with the same
properties, regardless of whether they are generated in
the developing or adult brain. We observed that, whereas
adult-born GCs maintained stable synaptic densities soon
after integrating into the circuit, in line with this
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Figure 5. The glutamatergic input synapse densities of neonatal-born GCs is affected by sensory deprivation occurring both during and af-
ter their integration in the circuit. A: Early sensory deprivation: Progenitor cells were infected with retroviruses in the subventricular zone
at P5 in combination with unilateral naris occlusion on the same day. Genetically labeled GCs were examined at different days of occlu-
sion. Scatterplot and mean density of PSDG™ clusters (clusters/um) of neonatal-born GCs in sensory-deprived and contralateral control ol-
factory bulbs (red and black circles, respectively). Statistical significance is only indicated if P < 0.05 (t-test) and highlighted by arrows.
The three main dendritic domains were analyzed separately (from top): distal (A1), proximal (A2), or basal (A3) domain. B: Late sensory de-
privation: Progenitor cells were infected with retroviruses in the subventricular zone at P5 and unilateral naris occlusion started at P75.
Genetically labeled GCs were examined at different survival days after occlusion. Scatterplot and mean density of PSDG™ clusters (clus-
ters/um) of neonatal-born GCs in sensory-deprived and contralateral control olfactory bulbs (blue and black circles, respectively). Statisti-
cal significance is only indicated if P < 0.05 (t-test). The three main dendritic domains were analyzed separately (from top): distal (B1),
proximal (B2), or basal (B3) domain.

hypothesis, the density of synaptic inputs in neonatal-
born GCs keeps changing for many subsequent months.
In addition, mature neonatal-, but not adult-born GCs,
remained malleable to reorganize their synaptic densities
in all dendritic domains in response to manipulation of
sensory input. Thus, suggesting neonatal- and adult-born
GCs not only differ in their initial pattern of synaptic de-
velopment, but also thereafter when they function as
mature neurons in the OB. In this study we compared

neurons of the same ages (1, 2, and 12 months after
being born in the SVZ) that were generated in either adult
and neonatal animals. Future studies may further explore
the dynamics of long-term changes in the same neurons
over time to also examine subtle differences in addition
to changes in cell-to-cell variability. Study of long-term in
vivo imaging of genetically labeled synapses, however, is
currently limited to more superficial periglomerular neu-
rons (Livneh et al., 2009).
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Figure 6. The output synapse densities of neonatal-born GCs is
affected by sensory deprivation. A: Early sensory deprivation: Pro-
genitor cells were infected with retroviruses in the SVZ at P5 in
combination with unilateral naris occlusion on the same day. Ge-
netically labeled nondeprived (A1) and deprived (A2) GCs were
examined at 28 d.p.i. B: Scatterplot and mean density of SypG™
clusters (clusters/um) of neonatal-born GCs in sensory-deprived
and contralateral control olfactory bulbs (red and black circles,
respectively, t-test). Scale bar = 10 um.

In this study we used confocal microscopy to image
and quantify the densities of the genetically labeled clus-
ter of PSD-95:GFP. In particular, we observed pronounced
changes in the density of synapses on neonatal-born GCs
over a period of 1 year of survival. Several mechanisms
may account for these changes in synaptic density. First,
the changes in synaptic density may be due to a net
increase or decrease in the number of synapses. Second,
these changes in density may be due to a reorganization
of the synaptic clusters (splitting or merging of clusters)
over time (Woolf and Greer, 1991), without a net change
in the total number of postsynaptic receptors. Third, the
changes in synaptic density may be due to a progressive
accumulation of PSD-95 in mature synapses as neurons
still may change their synaptic strength for long periods
of time after their integration into brain circuits (Kim
et al., 2007). According to this scenario, more synaptic
clusters may become detectable by microscopy as more
PSDG molecules are trapped in a synapse. However,
regardless of the mechanism responsible for the change
in synaptic density in neonatal-born GCs, such changes
were not observed in adult-born GCs over the same pe-
riod of time, indicating that they do not display the same
malleability as neonatal-born GCs. Future experiments
using complementary approaches will help to further
understand the significance of the progressive increase in
cell-to-cell variability in mature neonatal-born GCs.

Sources of synaptic heterogeneity

Synaptic densities in the dendritic domains of neona-
tal-born GCs become increasingly heterogeneous
throughout the life of the animal long after these neurons
mature. Heterogeneity in the synaptic organization of
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adult-born GCs
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Figure 7. Sensory deprivation differently changes the synaptic
densities in neonatal- and adult-born GCs. A: Early sensory depri-
vation reduced synaptic densities in the distal and basal domain
of both neonatal- and adult-born GCs. However, early sensory de-
privation increased the synaptic density in the proximal domain
of adult-born GCs but had no effect in neonatal-born GCs. B: In
adult-born GCs, when sensory deprivation started after the com-
pletion of synaptic development, the only detectable changes
were increases in the density of glutamatergic input synapses in
the proximal domain. In contrast, in neonatal-born GCs, sensory
deprivation that started only after their integration into the circuit
decreased the density of glutamatergic synapses in their basal
and distal domains and transiently in their proximal domain.

neonatal-born GCs can be attributed to several factors
that shape the formation, stabilization, or loss of synap-
ses. These factors include cell-intrinsic factors such as a
high intrinsic level of cell-to-cell variability (Raser and
O’Shea, 2005), as well as extrinsic factors such as vari-
ability in the number of presynaptic axons in the immedi-
ate proximity of individual synapses (Stepanyants and
Chklovskii, 2005). Neonatal-born GCs retain the ability to
change their synaptic densities in their basal and proxi-
mal dendritic domains over long periods of time in
response to changes in activity (Fig. 2C). Perhaps as a
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result of this long-lasting synaptic plasticity, their synap-
tic densities display increasing variability between individ-
ual neurons over time. In contrast, adult-born GCs ac-
quire their final density of synapses within 1 month after
their birth, and display no change in cell-to-cell variability
in the density of their synapses once they mature (Fig.
2C). Thus, once they mature, adult-born GCs appear to
acquire one “flavor” that under normal circumstances
does not change over prolonged periods of time. This sug-
gests that these neurons may become hardwired soon af-
ter their differentiation to perform a defined computa-
tional task over the neuron’s lifetime. In contrast, mature
neonatal-born GCs seem to change their “flavors” over
time, suggesting a more dynamic wiring that may reflect
changes in their computational demands during their
lifespan.

Neonatal- and adult-born GCs may perform
different functions in the OB

Different forms of plasticity of mature adult-born GCs
in comparison with neonatal-born GCs are underscored
by widespread changes in the synaptic organization of
neonatal-born GCs in contrast to the restricted remodel-
ing of adult-born GCs caused by late sensory deprivation.
When late sensory deprivation, which is induced postdif-
ferentiation, was performed, widespread changes in syn-
aptic wiring of neonatal-born GCs were observed only af-
ter a long period of deprivation, in contrast to the rapid
changes seen during early sensory deprivation. This is
reminiscent of the slow increase in heterogeneity of syn-
aptic densities in these neurons under nondeprived con-
ditions. Interestingly, although we observed a decrease in
synaptic density in the distal domain of neonatal-born
GCs triggered by late sensory deprivation, in nondeprived
animals there was little change in the variability or mean
density of these distal synapses over time. It is possible
that the distal synapses of neonatal-born GCs only
change their density if the activity of the OB circuit is per-
turbed in an extreme manner, such as by sensory depriva-
tion. Alternatively, it is possible that the changes that
occur in dendrodendritic synapses under nondeprived
conditions, in contrast to the changes seen in axoden-
dritic synapses, are too subtle to be detected using our
methods.

Axonal projections from higher olfactory areas to GCs
(“axodendritic inputs”) are thought to provide context-
related information like reward or aversion that shapes
early odor processing in the OB (Kiselycznyk et al., 2006;
Su et al., 2009). Activation of axodendritic inputs depolar-
izes and globally excites GCs. Global excitation of GCs
facilitates inhibition of tufted and mitral cells (Chen et al.,
2000; Halabisky and Strowbridge, 2003) and thereby axo-

Life-long synaptic remodeling

dendritic inputs may shape odor processing (Laurent,
1999). The increasing heterogeneity in the axodendritic
synaptic densities of neonatal-born GCs and their ability
to sustain deprivation-induced plasticity suggest that
they can adapt their synaptic wiring to changing demands
over the animals’ lifespan. In particular, reorganizing their
axodendritic inputs may change the context-related infor-
mation that activates neonatal-born GCs during odor
processing at different stages of the animal’s life.

In contrast to neonatal-born GC, adult-born GCs may
use activity-dependent mechanisms within a restricted
window of time to allow sensory information to shape syn-
aptic wiring during their differentiation. After their integra-
tion into the circuit, it appears that adult-born GCs’
stereotypical synaptic organization remains mostly unper-
turbed for the rest of their existence. Such a “snapshot”
model of synaptic wiring would fit with recent observa-
tions that adult-born GCs may be involved in forming
long-lasting memories acquired at one point in the life of
the animal (Mak and Weiss, 2010). Interestingly, whereas
few neonatal-born GCs die after they mature throughout
life of the animal, adult-born GCs show a continuous turn-
over throughout life, potentially explaining the low num-
bers of 1-year-old adult-born GCs that we found (Fig. 2A).
Such differences in turnover would match that “snap-
shots” taking adult-born GCs are discarded after some
time (Petreanu et al., 2002; Lemasson et al., 2005,
Mouret et al., 2009), whereas neonatal-born GCs adapt
their wiring over time and stay in the circuit. In summary,
the different degrees of plasticity between neonatal- and
adult-born GCs suggest a role of neonatal-born GCs as
life-long learners and of adult-born GCs as “capture-and-
replay” modules in the OB circuit.
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