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Young neurons born in the subventricular zone (SVZ) of adult
mice migrate to the olfactory bulb (OB) where they differentiate
into granule cells (GCs) and periglomerular interneurons. Using
retroviral labeling of precursors in the SVZ, we describe five
stages and the timing for the maturation of newly formed
GCs: (1) tangentially migrating neuroblasts (days 2-7); (2) radi-
ally migrating young neurons (days 5-7); (3) GCs with a simple
unbranched dendrite that does not extend beyond the mitral
cell layer (days 9-13); (4) GCs with a nonspiny branched den-
drite in the external plexiform layer (days 11-22); and (5) mature
GCs (days 15-30). Using [®H]thymidine, we show that the
maximum number of labeled GCs is observed around day 15
after injection. Interestingly, between days 15 and 45 after
birth, soon after the cells developed spines, the number of

[®H]thymidine-labeled GCs declined by 50%. Using anosmic
mice, we found that sensory input was critical for the survival of
GCs from day 15 to 45 after labeling. However, the number and
morphology of 15-d-old cells in the granule cell layer was
similar in anosmic and wild-type mice. We infer that the lack of
activity did not have an effect on the generation, migration, and
early differentiation of granule cells. Soon after young GCs
matured, and presumably became synaptically connected,
their survival depended on the level of activity that they re-
ceived. This selection mechanism might allow the construction
of specific OB circuits based on olfactory experience and sug-
gests possible functions of OB cell replacement.
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Neurogenesis persists in two regions of the adult mammalian
brain: the hippocampus and the olfactory bulb (OB) (Altman,
1969; Lois and Alvarez-Buylla, 1994; Gage, 2000). The adult-
generated neurons of the OB are born in the subventricular zone
(SVZ) (Luskin, 1993; Lois and Alvarez-Buylla, 1994) and mi-
grate along a network of pathways (Doetsch and Alvarez-Buylla,
1996) into the rostral migratory stream (RMS) and into the OB
where they differentiate into granule cells (GCs) and periglo-
merular cells. Most of the OB granule neurons are generated
postnatally and continue to be added in adulthood (Kaplan and
Hinds, 1977; Bayer, 1983).

Because apoptosis is observed in the layers where the newly
generated cells are incorporated (Najbauer and Leon, 1995; Fiske
and Brunjes, 2001) and the volume of the OB does not increase in
adult mice (Pomeroy et al., 1990), newly generated GCs are
thought to replace older cells. Less than 10% of the GCs born in
young adult rats survive 21 months, suggesting that many of these
cells have been replaced (Kaplan et al., 1985).

Granule cell bodies cluster, forming sheets in the granule cell
layer (GCL). They extend a few short neurites toward deeper
parts of the GCL and one large dendrite toward the external
plexiform layer (EPL) (Shepherd, 1972; Greer, 1987; Shipley and
Ennis, 1996) where it branches extensively. Granule neurons have
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no axons, and their output is mediated by bidirectional dendro-
dendritic synapses located in spines (Jahr and Nicoll, 1982; Woolf
et al., 1991). GCs are thought to modulate the activity of mitral
(M) and tufted (T) cells, optimizing olfactory function by reduc-
ing overlap for odor representation by M and T cells (Mori and
Shepherd, 1994; Yokoi et al., 1995; Hildebrand and Shepherd,
1997). The function of olfactory granule neuron replacement in
the adult brain is not known. It has been suggested that this
process may be used for plasticity and olfactory discrimination
(Gheusi et al., 2000; Cecchi et al., 2001).

Although newly generated cells in adult mice are known to
populate the GCL at ~12 d after they are born in the SVZ (Lois
and Alvarez-Buylla, 1994), little is known about the timing of
differentiation and death of the newly formed neurons. Defining
the different stages of maturation and times when newly formed
olfactory interneurons die is required to understand how neuro-
nal replacement in the OB is regulated. Changes in the morphol-
ogy of the cells as they migrate along the RMS and invade the
bulb have been described using the Golgi method (Kishi, 1987),
but the time course of this process in the adult OB is not known.
Using retroviral labeling of the newly born neurons in the SVZ,
we describe the stages of maturation of newly generated GCs in
adult mice. We also identify an early wave of cell death that
occurs shortly after the newly formed cells develop their dendritic
arbors and synaptic gemmules. Using anosmic mice, we show that
GC survival during this period of fast cell death is dependent on
incoming activity from the olfactory epithelium.

MATERIALS AND METHODS

Animals. Two-month-old CD-1 male mice were obtained from Charles
River Laboratories (Wilmington, MA). Animals were housed in groups
of five per cage, under a 12 hr light/dark cycle (lights on at 8:00 A.M.)
with food and water available ad libitum.
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Olfactory cyclic nucleotide gated channel knock-out mice (Brunet et
al., 1996) were bred in-house. Heterozygous females were bred with
C57BL/6 males to obtain hemizygous mutant males. Most of the mutants
died of starvation soon after birth; however, by reducing litters to four
pups 24 hr after birth, 4 of 60 mutants managed to survive to adulthood
(Baker et al., 1999; Zheng et al., 2000). DNA was extracted from the
animals’ tails and screened for the mutation by PCR as described (Zheng
et al., 2000). Control animals were male littermates. All of the animal
procedures were approved by The Rockefeller University’s Animal Care
and Use Committee.

SH-thymidine and bromodeoxyuridine labeling and tissue processing.
Forty-five CD-1 animals were injected intraperitoneally with 50 ul of
[*H]thymidine (6.7 Ci/mmol, 1 mCi/ml; New England Nuclear, Boston,
MA) every 24 hr for 4 consecutive days. At each of the different survival
times, five of the animals were killed by an overdose of pentobarbital (140
mg/kg body weight, i.p.). Olfactory cyclic nucleotide gated channel
knock-out mice and control littermates were injected once daily for 2
consecutives days with bromodeoxyuridine (BrdU; 50 mg/kg) (Sigma, St.
Louis, MO). One month later they received a single injection of 50 ul of
[*H]thymidine (6.7 Ci/mmol, 1 mCi/ml), and 15 d later were killed by an
overdose of pentobarbital. All of the animals received the injections
between 2 and 4 P.M. Animals were intracardially perfused with 0.9%
NaCl, followed by 3.0% paraformaldehyde (PFA), and the brains were
postfixed overnight in the same fixative. Brains were embedded in poly-
ethyleneglycol (PEG) and sectioned coronally at 6 um (Alvarez-Buylla et
al., 1988). Serial sections 120 wm apart from the whole olfactory bulb
were mounted. Olfactory bulbs from CD-1 mice were processed for Nissl
staining or NeuN immunochemistry followed by autoradiography. Sec-
tions from anosmic mice and control littermates were processed for
autoradiography, terminal deoxynucleotidyl transferase-mediated biotin-
ylated UTP nick end labeling (TUNEL), BrdU, and Nissl staining.

NeuN immunochemistry. PEG sections (6 um) were incubated with 3%
H,O, in methanol for 15 min and then for 48 hr at 4°C with NeuN
monoclonal antibody (1:200; Chemicon, Temecula, CA). Slides were then
incubated in biotinylated mouse secondary antisera (1:200; Vector Labo-
ratories, Burlingame, CA) for 60 min (room temperature), rinsed, incu-
bated in avidin-biotin—horseradish peroxidase (AB; 1:200; Vector Labo-
ratories) for 30 min, and in 0.02% diaminobenzidine (DAB) with 0.003%
H,0, for 5 min.

TUNEL technique staining. Apoptotic cell death was detected in 6 um
PEG sections using the TUNEL staining method (Gavrieli et al., 1992;
Holcomb et al., 1995) and visualized using AB (1:200; Vector Labora-
tories) for 30 min followed by 5 min in 0.02% DAB with 0.003% H,O.,.

Retrovirus microinjection and tissue processing. Replication-incompetent
retroviruses encoding the marker gene human placental alkaline phospha-
tase (DAP) were harvested from the psi2 DAP cell line (American Type
Cell Culture 1949-CRL) (Fields-Berry et al., 1992), concentrated, titered,
and tested for helper virus (Cepko, 1992). The titer was 10® colony-forming
units/ml.

Each animal was injected stereotaxically with 0.2 ul of retrovirus in
two coordinates for each hemisphere (relative to bregma: anterior, 1;
lateral, *1; depth, 2.2; and anterior, 0; lateral, =1.4; depth, 1.6). At
different survival times, the animals were killed by an overdose of
anesthesia (pentobarbital, 140 mg/kg). Animals were perfused intracar-
dially with 30 ml of 0.9% saline followed by 30 ml 3% PFA. The brain was
extracted and fixed overnight in the same fixative. The olfactory bulbs
were cut horizontally in 60 wm serial sections using a vibratome and
processed for alkaline phosphatase histochemistry as described (Fields-
Berry et al., 1992).

Image analysis and quantification. Cell counts and area measurements
were performed using a computer-based mapping microscope (Alvarez-
Buylla and Vicario, 1988). For each OB section, the area of the granule
cell layer was measured by subtracting the area of the RMS and the
accessory olfactory bulb from the area delimited by the mitral cell layer.
The area of the RMS in coronal sections, from the rostral tip of the
lateral ventricle to the rostral end of the OB, was measured in Nissl-
stained sections. The RMS is easily distinguishable from surrounding
tissue because of its higher cell density. Areas were measured in 6-um-
thick serial sections at 120 um intervals. The volumes of the granule cell
layer and the RMS were approximated with the equation:

> Ad
i=0
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where A equals the area of the i-th section, d is the distance between
traced sections, and n is the total number of measured sections. The
density of NeuN-labeled cells per unit area was measured in five fields
(400X magnification) in the granule cell layer. The number of
[*H]thymidine-, BrdU-, or TUNEL-labeled nuclei was counted in the
entire GCL of two sections, 120 and 600 wm rostral to the accessory
olfactory bulb. Neurons were considered to be labeled if they had over
their nuclei 10X, or greater, the number of exposed silver grains com-
pared with background. In anosmic and control littermates, the number
of silver grains was counted on 200 [ *H]thymidine-labeled cells for each

group.

Total numbers of [*H]thymidine- and BrdU-labeled cells in the OB
were estimated counting nuclear profiles. Given the size range of granule
cell nuclei, it is not necessary to correct for cell splitting between 6 um
sections for [*H]thymidine-labeled nuclei (Clark et al., 1990). Therefore,
the total number of [ *H]thymidine-labeled cells was estimated using the
formula: 7 = (N X V)/t, where T is the total number of cells, N is the
number granule cell nuclei per unit area, } is the volume of the granule
cell layer, and ¢ is the section thickness. To derive total numbers of
BrdU-labeled cells, a cell splitting correction factor based on the Aber-
crombie method (Guillery and Herrup, 1997) was used. The total number
of BrdU cells was calculated using the formula 7' = (N X V)/(t + D),
where D is the average diameter of BrdU-labeled nuclei. Granule cell
diameters from 250 cells per group were measured from photomicro-
graphs of the GCL using NIH Image. No difference in cell diameter was
found between anosmic and control mice. Note that absolute estimates of
number of cells in the OB allow for comparisons between experimental
groups within this study, but that these numbers are limited by the
sampling methods and assumptions of the Abercrombie correction.
[*H]thymidine autoradiography in 6-um-thick sections allows for high
histological resolution, but unbiased stereological methods are not pos-
sible in this material (Clark et al., 1990).

RESULTS

Maturation of adult-generated granule neurons

To study the time course of the development of newly generated
granule neurons, we injected the SVZ with a replication incom-
petent retrovirus encoding the human placental alkaline phos-
phatase (Fields-Berry et al., 1992). Five days after injection,
DAP-labeled cells were localized along the RMS and in the core
of the olfactory bulb. Staining was seen over the entire surface of
the membrane of each cell, revealing its morphology with fine
detail (Fig. 1) (Doetsch et al., 1999).

Five and 7 d after viral injection, the majority of cells had the
typical morphology of migrating neuroblasts (class 1) (Fig. 14—
C). This morphology has been described in detail previously
(Kishi, 1987; Lois et al., 1996; Wichterle et al., 1997). Class 1 cells
had a round or elongated cell body with a prominent leading
process and growth cone, and occasionally a small trailing pro-
cess. These cells were found only in the RMS and its rostral
extension in the core of the OB. Cells with their growth cone
oriented either rostrally (58 = 5%; n = 2; 91 cells) or caudally
(42 = 5%) were found in the core of the OB. This suggests that
migrating precursors in the core of the OB move in both direc-
tions. With longer survivals, many of the young migrating neurons
were found farther away from the OB, migrating radially toward
more superficial layers. These cells maintained their elongated
morphology, but their leading and trailing processes were longer.
The leading process was frequently bifurcated with multiple,
small ramifications (class 2) (Fig. 1D-F). The growth cone of
class 2 cells was less prominent than that of class 1 cells. Begin-
ning at day 9 after injection, a third class of DAP-labeled cells was
observed. These cells had a larger, rounder cell body, with a
prominent single process that extended toward the EPL, but did
not cross the mitral cell layer (class 3) (Fig. 1G-I). We infer that
this process corresponds to the growing apical dendrite. The
smooth trailing process observed in class 1 and 2 cells was not
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Figure 1. Alkaline phosphatase staining of virus-infected newly gener-
ated cells in the GCL of the olfactory bulb. Photomicrographs (left and
center columns) and camera lucida drawings (right column) show examples
of stained developing granule neurons at different maturation stages as
defined in Results: class 1 (4-C); class 2 (D-F); class 3 (G-1); class 4
(J-L); class 5 (M-0). Scale bars, 25 um.

observed in class 3 cells. Instead, these cells had neurites devel-
oping on the basal side, extending into the neighboring GCL,
probably corresponding to the developing basal dendrites. In
contrast to the smooth contours of class 1 and 2 cells, class 3 cells
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Figure 2. Alkaline phosphatase staining of the dendritic arbors of virus-
infected newly generated cells in EPL of the olfactory bulb. Representa-
tive photomicrographs show the dendritic arborization of developing
granule neurons at early stages of maturation (A4) and at later stages, after
developing dendritic spines (B). Scale bars, 25 um.

had irregular borders with varicosities around the cell body and in
the developing basal dendrites (Fig. 1G-I). The cell bodies of
class 3 cells were aligned with clusters of other resident granule
neurons. The morphology and location of class 3 cells suggested
that they had completed their migration, and their cell bodies had
become settled in a particular location next to other granule
neurons.

At later time points, cells grew dendrites that extended beyond
the mitral cell layer and branched in the EPL. We subdivided
these cells into two classes (class 4 and class 5). Class 4 cells had
elaborate branched apical dendrites (Fig. 1J-L), but had few, if
any, spines (Fig. 2A4). The size and shape of the basal processes
and soma were similar to that of class 3 cells. Class 5 cells (Fig.
1M-0), in addition to the elaborate branched apical dendrites,
had many spines (gemmules) at high density on the apical den-
drites (Fig. 2B).

To determine the order of appearance of the different cell
types as defined above, mice were killed at eight different survival
points, and the number of cells of each type was quantified (Fig.
3). Class 1 cells were found in the core of the OB between days
5 and 9, and thereafter their number decreased. This indicates
that the progeny of virally infected cells in the SVZ arrived at the
bulb as a bolus of young neurons, and that by day 9 most of the
new neurons had left the RMS. This is consistent with previous
work indicating that most of the cells labeled by a single injection
of an S phase marker correspond to the young neuroblasts and the
actively dividing transit amplifying precursors, not the stem cells
(Doetsch et al., 1997). By day 9, a few cells had already developed
elaborate dendritic arbors (class 4), but most of the cells at this
time were migrating radially (class 2). Within the next 4 d (days
9-13), there was a very rapid maturation of the dendritic fields,
but cells had relatively few spines. By day 13 the majority of
labeled cells corresponded to class 4. This changed dramatically
in the subsequent 2 d. By day 15 most of the labeled cells had
developed many spines, and by day 22 the majority of the labeled
cells corresponded to class 5. This suggests that the majority
of synaptic contacts on spines of the newly formed neurons
developed between days 13 and 22. By day 30 all of the labeled
cells had developed branched apical dendrites, and most of them
had many spines. This indicates that within a week the cells
moved from the core of the OB to the superficial layer and
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Figure 3. Time course of the development of adult-generated olfactory
bulb granule neurons. Percentage of alkaline phosphatase-labeled cells in
the GCL of the olfactory bulb belonging to each of the developing stages
defined in Results (Fig. 1) at different survival times. Top diagram indi-
cates an example of each morphological class. EPL, External plexiform
layer; MCL, mitral cell layer; GCL, granule cell layer; RMS, rostral
migratory stream.

developed their mature morphology. No cells with other mor-
phologies besides those described above were observed in the
RMS and the GCL.

Population dynamics of the incorporation of adult
generated granule neurons

Although the viral injections allowed us to determine the mor-
phology of the newly formed cells in the OB, it did not allow for
a quantitative estimation of the absolute number of new neurons
recruited into the bulb. To determine total new granule cells
incorporated into the adult olfactory bulb, mice were injected
with [*H]thymidine, and labeled cells in the GCL were quantified
at different survival times. As seen in Figure 4B, the number of
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Figure 4. Labeled cells in the GCL of the olfactory bulb at different
survival points after [*H]thymidine injection. 4, Photomicrograph of a
[*H]thymidine-positive, NeuN-positive cell in the GCL. Scale bar, 20 pum.
B, The number of [*H]thymidine-labeled cells in the GCL at different
survival times. C, The volume of the GCL at different survival times.
Values indicate mean + SE.

labeled cells in the granule cell layer increased nonsignificantly
from days 10 to 15 after injection (Newman—Keuls test; p > 0.25)
and declined thereafter. Labeled cells were seen up to 1 year
later, showing that some newly generated cells can live at least
this long in the OB. Interestingly, however, between days 15 and
45 after injection there was a sharp decline in the number of
newly formed neurons observed in the granule cell layer, with the
number of labeled cells reduced by one-half (Newman-Keuls
test; p < 0.001). After 45 d, the number of labeled cells stabilized
(Fig. 4B), and their number did not differ significantly during the
following 3 months (Newman—-Keuls test; p > 0.05)). After 1 year,
one-third of these surviving cells were still found in the GCL.
These results identify an early wave of cell death soon after newly
generated cells mature and develop synaptic spines. The more
gradual decline that occurs 3 months after cell birth might be
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Table 1. [*H]thymidine labeling in the GCL

Days after % of labeled cells % of NeuN + cells
injection NeuN + labeled

15 68.8 =23 22 +0.07

22 80.2 = 3.8 2.1 =0.04

30 812+2 1.7+0.13

45 84.1 =39 1.5+ 0.03

75 843 1 14 x0.11

365 81.9+32 0.3 £0.07

Values are = SEM.

related to the rate of neuronal replacement in the GC layer. Very
few cells were seen in the RMS after 15 d (data no shown). It is
therefore unlikely that the arrival of new cohorts of labeled cells
from secondary stem cell division contributes to the plateau of
cell survival. This is consistent with evidence that very few
long-term renewing stem cells get labeled in the SVZ after
proliferation marker injections (Morshead et al., 1994; Doetsch et
al., 1997). As seen in Table 1, double labeling of the newly
generated cells with the neuronal marker NeuN showed that at
least 84% of the new cells become neurons. The remaining 16%
could correspond to astrocytes or microglia, or neurons that
express NeuN at levels below the sensitivity of the method. The
four injections of [*H]thymidine given to the animals resulted in
2.2% labeled NeuN-positive granule neurons at 15 d and 1.5% at
45 d (Table 1).

Granule cell incorporation and survival in
anosmic mice
The above analysis indicated that between 15 and 22 d after birth,
newly generated granule cells show a mature morphology. These
results suggest that during the early wave of cell death, granule
neurons already receive connections from the M and T cells.
Activity through M and T cells may regulate the survival of newly
incorporated neurons during this period. To test whether olfac-
tory input has a role in the regulation of granule cell death, we
analyzed the dynamics of granule cell incorporation in adult
anosmic mice. Animals that have a mutation in the olfactory
cyclic nucleotide gated channel are not able to transduce the
signal from olfactory receptors in olfactory receptor neurons.
These animals lack all electrical activity in the olfactory epithe-
lium and do not have electrical input into the olfactory bulb
(Brunet et al., 1996; Zhao and Reed, 2001). These mice have
small olfactory bulbs (Baker et al., 1999), suggesting that granule
cells might be dying. In coronal sections of the OB, the area
occupied by the rostral end of the RMS in the core of the OB was
larger than that seen in wild-type mice (Fig. 54,B). However,
because the OB is much smaller in the mutant mice, the volume
of the RMS measured from the frontal tip of the lateral ventricles
to the rostral end of the OB did not differ significantly (Student’s
t test; p > 0.2) in the two groups (anosmic: 0.035 * 0.011 mm?;
control: 0.044 = 0.007 mm?). These results indicate that despite
the lack of activity and the smaller GCL, the RMS is not signif-
icantly affected, suggesting that many new neurons migrate along
the RMS and arrive in the core of the OB of the mutant mice.
Using TUNEL staining, we detected significantly higher levels
of apoptotic cell death in the granule cell layer in the anosmic
mice compared with littermate controls (Fig. SD-F). To test
whether granule cells in anosmic animals were dying before or
after they developed their mature morphology, animals were
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injected with BrdU at day 0 and with [*H]thymidine at day 30 and
were perfused at day 45. BrdU immunostaining and [*H]thymi-
dine autoradiography revealed granule cells that were 45 and 15 d
old, respectively. The number of 15-d-old cells in the granule cell
layer was slightly decreased in mutant mice but not significantly
different when compared with control mice (Fig. 6D). This re-
sulted in a twofold higher density of 15-d-old [*H]thymidine-
labeled cells in the GCL (data not shown) of the mutant mice
compared with controls because the volume of this layer is re-
duced by half in the mutants. However, the total number of
45-day-old granule cells was reduced four times in mutant mice
compared with controls (Fig. 6D), showing that most of the
granule cells of the anosmic animals died between 15 and 45 d
after birth.

To determine whether cell division during migration (Lois and
Alvarez-Buylla, 1994; Menezes et al., 1995) was affected by in-
coming activity, we counted the number of silver grains in the
[*H]thymidine-labeled cells from both groups. We found no
significant difference (Student’s ¢ test; p > 0.5) between the
anosmic (mean 21.52 = 14.32 grains per labeled cells) and the
control littermates (22.4 = 15 grains per labeled cells). It was
possible that the new granule cells in the anosmic animals failed
to mature normally and that this resulted in lower survival.
Retroviral injections in mutant mice revealed that as with control
mice, most of the 15-d-old granule cells in the anosmic mice had
dendritic arborization beyond the EPL (classes 4 and 5) (Fig.
6A4-C), and many of these cells had dendritic spines (Fig. 6B). We
conclude that in the anosmic mice, granule cells are produced,
migrate, and mature in a manner very similar to those of the
wild-type mice. However, after this initial period of maturation,
many more granule cells die when olfactory activity is not
present.

DISCUSSION

By using retroviral labeling methods, we were able to describe
and time the development and maturation of adult-generated
GCs. Most of the adult-generated GCs attain a fully mature
morphology between 15 and 30 d after birth in the SVZ. The
morphology of all the cells in the GCL that originated in the SVZ,
as determined by the viral injections, corresponded to that of
granule neurons. This suggests that cells born in the SVZ that end
up in the GCL become only granule neurons. The small propor-
tion (16%) of NeuN-negative cells in the [*H]thymidine experi-
ment (Table 1) are either glia that are generated locally or
neurons that express NeuN at levels below the sensitivity of the
technique used here. The sequence of stages for the development
of GCs that we describe here is similar to those observed in
earlier postnatal animals using Golgi staining (Kishi, 1987), sug-
gesting that developing granule cells follow a similar maturation
process in juvenile and adult animals. In agreement with previous
studies in the adult mice (Bayer, 1983; Lois and Alvarez-Buylla,
1994), we also observed a small proportion of periglomerular
neurons being formed. Given the proportionally smaller number
of periglomerular cells that formed, we did not study this popu-
lation in detail here.

Fifteen days after four daily injections of [*H]thymidine, 2.2%
of the NeuN-positive GCs were found labeled. By 45 d after
[*H]thymidine injection, 1.5% were found labeled. We estimate
that 15 d after 1 month of neurogenesis, ~14% of the cells in the
GCL will be new. This is probably an underestimation because it
assumes that with each daily injection all of the neurons born that
day were labeled. This is unlikely given that the estimated cell
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Figure 5. Morphology and cell death in
the olfactory bulbs of anosmic mice. Pho-
tomicrographs of a Nissl-stained coronal
section of the olfactory bulb of an anosmic
mouse (A) or a control littermate (B).
Dotted lines outline the contour of the
RMS. Scale bars, 0.5 mm. C, Volume of
the GCL in anosmic (» = 3) and control
mice (n = 4). Representative photomicro-
graphs show TUNEL-stained apoptotic
cells in the GCL of anosmic (D) and con-
trol mice (E). Scale bars, 50 um. E, Quan-
tification of TUNEL staining in the GCL
of anosmic (KO) (n = 3) and control mice
(wt) (n = 4). Values indicate mean * SE.
Statistical analysis was conducted by un-
paired Student’s ¢ test. Significance was
established at **p < 0.01.

Figure 6.  Morphology and cell survival
of newly generated cells in the olfactory
bulb of anosmic mice. 4, Photomicro-
graph of a class 4 cell in the GCL of an
anosmic mouse. Several focal planes
were combined in Photoshop to recon-
struct the cell. Scale bar, 50 um. B, Pho-
tomicrograph of the dendritic tree of a
class 5 cell in the EPL of an anosmic
mouse. Scale bar, 20 um. C, The per-
centage of cells belonging to each of the
five morphological classes in anosmic
(KO) and control littermates (wr). D,
Total number of [*H]thymidine- and
BrdU-labeled cells in the GCL in con-
trol (n = 4) or anosmic mice (n = 3).
Statistical analysis was conducted by un-
paired Student’s ¢ test. Significance was
established at *p < 0.05. Time line rep-
resents the injection protocol for the ex-
periment. Arrows indicate injection of
either BrdU or [*H]thymidine. X indi-
cates time of perfusion. Values indicate
mean * SE.

cycle in the SVZ is likely <24 hr (Morshead and Van der Kooy,
1992). Such a rate of neuronal replacement might allow for
considerable circuit plasticity in the OB, potentially changing the
way it processes olfactory information over a relatively short
period of time.

We found a sharp decrease in the number of [*H]thymidine-
labeled granule cells between 15 and 45 d after [*H]thymidine
injection, during which approximately one-half of the newly gen-

erated cells are lost. After this time point, the number of labeled
cells remained constant for several months. The reduction in
[*H]thymidine-labeled cells is probably caused by cell death and
not migration to the glomerular layer, because we have shown
with retroviral labeling that during this time window labeled cells
have a postmigratory morphology. Because the volume of the
GCL (Fig. 4B) and the GC density (data not shown) were found
not to change significantly (ANOVA; F = 0.76; df = 8§, 30; p >
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0.6) during the period studied, the reduction in [*H]thymidine-
labeled cells cannot be caused by a decrease in the density of
labeled cells as a result of an increase in the total number of cells
in the GCL. Interestingly, a similar profile of cell death is ob-
served for the adult-generated neurons of the high vocal center of
canaries (Kirn et al., 1999), where one-half of the labeled cells
died shortly after their arrival into the nucleus.

Cell death seems to be a prominent factor regulating adult
neuronal incorporation, perhaps a mechanism similar to that
observed during earlier development (Linden, 1994; Katz and
Shatz, 1996; Voyvodic, 1996).

Cell death in the embryo is generally thought to function as a
mechanism to adjust the size of a neuronal pool to that of its input
and target (Oppenheim, 1991). During development, the size of
the pool of cells providing the input or serving as the target
changes with growth. In the adult olfactory bulb it is relatively
stable, because the number of M and T cells does not change
significantly with time (Hinds and McNelly, 1977). Cell death in
the adult may be closely linked to activity and to the functional
contribution of specific neurons. The retroviral labeling experi-
ment showed that during this early wave of cell death, between
days 15 and 45 after neuronal birth, most of the dying cells had
already matured and developed dendritic arborizations. This
suggests that before undergoing apoptosis, these new cells be-
came connected to M and T cells. It will be important to compare
the specific functional characteristics of cells that become con-
nected in the OB environment but will not survive versus those
that will survive for the following 90 d. Our work provides the
time window to study the selection process of newly incorporated
neurons.

Using anosmic mice, we have shown that during the period of
fast cell death, survival is dependent on incoming activity. We
have seen that the lack of electrical activity in mutant mice
dramatically reduced the survival of the newly generated neurons
during this period. Interestingly, the number of labeled cells in
the GCL at 15 d after injection is not significantly reduced in
anosmic compared with wild-type mice. Their overall morphol-
ogy, 15 d after injection, was also not affected in anosmic mice,
suggesting that olfactory activity is not important for the early
differentiation of newly generated GCs. In agreement with the
present observations, naris closure experiments in postnatal ani-
mals have shown that neither GC morphology (Frazier-Cierpial
and Brunjes, 1989b) nor cell proliferation (Frazier-Cierpial and
Brunjes, 1989a; Cummings et al., 1997) is affected by sensory
deprivation. Our results showed that the lack of activity dramat-
ically reduces survival after the cells have become lodged in the
GCL, have grown dendritic arborizations covered by spines, and
probably have made connections. These results suggest that ol-
faction plays a critical role only in the survival of cells once they
have attained a mature morphology and not in the production,
migration, or initial recruitment. As during development, neuro-
nal incorporation and synapse formation might be mediated by an
activity-independent mechanism (Ziv and Garner, 2001) that is
regulated by endogenous programs within the young neurons.
This may be followed by an activity-dependent mechanism in
which many cells are eliminated by apoptosis (Verhage et al.,
2000).

The fact that the newly generated granule cells are dependent
on afferent activity for their survival once they have developed
their dendritic arborization and are likely to be connected has
interesting consequences for the processing of olfactory informa-
tion in the olfactory bulb circuitry. GCs may be selected for
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survival in an activity-dependent manner according to the specific
connection that they make with M and T cells. The ones that
connect active M and T cells may be selected to survive and those
that connect to inactive cells may be lost. Previous modeling
experiments have shown that such an activity-dependent mecha-
nism could potentially redistribute the representation of odorants
in the mitral cell layer to maximize the differences between
similar odors and therefore increase olfactory discrimination
(Cecchi et al.,, 2001). Granule cells are known to extensively
shape mitral cell response to odors (Yokoi et al., 1995), and there
is evidence that the OB circuitry does maximize differences in
odor representations (Friedrich and Laurent, 2001). The repre-
sentation of odorants in the olfactory bulb can thus be renormal-
ized and kept optimal for a changing olfactory environment using
such an activity-dependent mechanism. The observation that a
reduction in cell migration to the OB hampers olfactory discrim-
ination is consistent with this hypothesis (Gheusi et al., 2000). It
is likely that a similar mechanism may be operating since birth.
Ninety percent of the granule cells are incorporated postnatally,
and their survival is also dependent on incoming activity
(Rosselli-Austin and Williams, 1990; Brunjes, 1994). The devel-
opment of olfactory discrimination and the maintenance of this
sensory modality in the adult may depend critically on the selec-
tive survival of new neurons on the basis of their level of activity.

It remains a mystery why the olfactory bulb might need cell
replacement as a mechanism of plasticity, which in principle
seems much more drastic and costly than mechanisms of synaptic
modification (Hebb, 1949; Kandel, 1997). This might be related to
the unique characteristics of the olfactory system. The OB is the
first processing stage of olfactory information, similar to the
retina for the visual system (DeVries and Baylor, 1993; Nakan-
ishi, 1995). In the retina, a given photoreceptor activates inhibi-
tory circuits that influence cells around it, producing the center-
surround properties of the ganglion cell receptive fields. Unlike
vision, olfaction has intrinsic high dimensionality (Hopfield,
1991). As a consequence, in the OB, a given M and T neuron
needs an inhibitory network that influences other M and T cells,
not necessarily physically around them but in the more complex
olfactory space (Galizia and Menzel, 2000; Sachse and Galizia,
2002). That usually means that groups of M and T cells far away
from each other may need to be linked by inhibitory connections.
Coactivation of glomeruli that respond to a single odor cannot be
predicted on the basis of the physical position of one with respect
to the other (Kauer and White, 2001). Thus, unlike other sensory
systems, it might not be feasible to preassemble a unique inhibi-
tory circuit that processes olfactory information optimally for all
the possible odors that an animal might experience during devel-
opment and in adult life. Therefore, it might be necessary to build
the inhibitory circuit of the OB according to experience by the
activity-dependent survival mechanism described here.

By building the inhibitory circuit postnatally, an optimal OB
can be assembled for the initial olfactory environment of the
animal. Because this circuitry is custom built for a given olfactory
experience, it might become suboptimal as the odor environment
changes. The continuation of interneuron generation and re-
placement in adult life could reflect the necessity to readapt the
OB to ongoing environmental changes to maintain maximal
discrimination.
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