
Development/Plasticity/Repair

Long-Term Imaging Reveals Dynamic Changes in the
Neuronal Composition of the Glomerular Layer

Yoav Adam1 and Adi Mizrahi1,2

1Department of Neurobiology, The Institute for Life Sciences, and 2The Edmond and Lily Safra Center for Brain Sciences, The Hebrew University of
Jerusalem, Edmond J. Safra Campus, Givat Ram, Jerusalem 91904, Israel

The mammalian olfactory bulb (OB) contains a rich and highly heterogeneous network of local interneurons (INs). These INs undergo contin-
uous turnover in the adult OB in a process known as “adult neurogenesis.” Although the overall magnitude of adult neurogenesis has been
estimated, the detailed dynamics of the different subpopulations remains largely unknown. Here we present a novel preparation that enables
long-term in vivo time-lapse imaging in the mouse OB through a chronic cranial window in a virtually unlimited number of sessions. Using this
preparation, we followed the turnover of a specific neuronal population in the OB, the dopaminergic (DA) neurons, for as long as 9 months. By
following the same population over long periods of time, we found clear addition and loss of DA neurons in the glomerular layer. Both cell
addition and loss increased over time. The numbers of new DA cells were consistently and significantly higher than lost DA cells, suggesting a net
increase in the size of this particular population with age. Over a 9 month period of adult life, the net addition of DA neurons reached�13%. Our
data argue that the fine composition of the bulbar IN network changes throughout adulthood rather than simply being replenished.

Introduction
The mammalian olfactory bulb (OB) is the first station of olfac-
tory processing in the CNS (Shepherd et al., 2004). Like many
other circuits in the CNS, local information processing in the OB
is performed by different subsets of interneurons (INs) (Parrish-
Aungst et al., 2007). But unlike other circuits, a significant por-
tion of the IN population in the OB is continuously replaced in a
process known as “adult neurogenesis” (Lledo et al., 2008; Whit-
man and Greer, 2009; Adam and Mizrahi, 2010). Adult neuro-
genesis has been implicated in diverse sets of functions, including
circuit maintenance, sensory information processing, and also
learning and memory (for review, see Lazarini and Lledo, 2011).
The mechanistic nature of this plasticity is thought to be by
means of “circuit replenishment.” Specifically, new neurons re-
place older neurons such that at any given time point in the life of
the animal, the local circuit contains a fresh pool of young INs.
However, since the network is composed of many diverse types of
INs (Kosaka and Kosaka, 2007; Parrish-Aungst et al., 2007), a
complimentary or even alternative scenario is possible. The net-
work could be continuously replaced such that its composition of
INs varies with time. Current data do not provide clear answers to
distinguish between these possibilities.

Dynamic biological processes like neuronal turnover are cap-
tured better by time-lapse methods compared with one-shot his-
tological methods. Since histological-based comparisons are
made between different animals, interindividual variability is an
inseparable part of the measurement. As a result, changes smaller
than the interanimal variability might be masked. Additionally,
homeostatic processes that cancel out each other, like addition
and elimination, cannot be measured simultaneously. Time-
lapse imaging has proven invaluable for studies of dynamic bio-
logical processes like neuronal development and plasticity (Cline,
2001; Bhatt et al., 2009; Holtmaat and Svoboda, 2009; Hübener
and Bonhoeffer, 2010). Unlike transparent animals or large cor-
tical surfaces, in the OB such experiments remained more limited
due to anatomical considerations. The small size of the dorsal
surface of the OB and the close proximity of the bulb to major
blood vessels were barriers that seemed hard to overcome. As a
result, only thinned bone preparation or small craniotomies were
used for repeated time-lapse imaging experiments or acute ex-
periments (Mizrahi and Katz, 2003; Mizrahi et al., 2006; Mizrahi,
2007). Small craniotomies are limited in repeatability and dura-
tion of the experiments since they require repeated surgeries to
remove the fresh bone that grows back between imaging sessions
(Mizrahi and Katz, 2003; Mizrahi et al., 2006; Mizrahi, 2007).
Thinned bone preparations are limited in the quality and depth of
imaging that can be achieved due to the additional opacity of the
remaining bone (Holtmaat et al., 2009) (but see Drew et al., 2010).

Here, we developed and applied a chronic window preparation
for the purpose of imaging in the OB; a variation of a preparation
developed earlier for cortical imaging (Lee et al., 2006, 2008). This
chronic window preparation allows high-resolution imaging for
many months and in virtually unlimited number of sessions, with no
need for further surgical interference. Here we used this preparation
to study the slow and dynamic processes in the turnover of the do-
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paminergic (DA) juxtaglomerular neurons (JGNs). Our data reveal
a net addition of the DA population, suggesting that the IN compo-
sition of the glomerular layer (GL) changes with age.

Materials and Methods
Animals. We used adult transgenic male and female mice (postnatal day 70 to
postnatal day 95 on the day of surgery) that were bred and maintained in a
specific pathogen-free animal facility. Two mouse strains were crossed to
label dopaminergic neurons. Homozygous TH::IRES-Cre driver mice (Lin-
deberg et al., 2004) were crossed with heterozygous Z/EG Cre reporter mice
(Novak et al., 2000). Genotypes were determined from mouse-tail DNA
samples by PCR for GFP (forward primer: CGA CGT AAA CGG CCA CAA
GT; reverse primer: TGT TGT AGT TGT ACT CCA GC). We used a total of
N � 25 animals in this study. Ten mice were implanted with a chronic
window, and of those five animals had good windows and were used for in
vivo imaging. Eleven mice were used for histology. Two mice were used for
virus injections. One control animal was used for imaging through thinned
bone. One C57BL/6 mouse was used for the example of spine imaging shown
in Figure 1d. Animal care and experiments were approved by the Hebrew
University Animal Care and Use Committee.

Histology. Mice were perfused transcardially with 0.9% saline followed
by 4% paraformaldehyde, and the brains were prepared for histology by
soaking them in 30% sucrose. OBs were sectioned coronally (40 �m) on
a sliding microtome. The following primary antibodies were used: rabbit
anti-calretinin (CR) (1:2000) and mouse anti-calbindin (CB) (1:1000)
from Swant, mouse anti-tyrosine hydroxylase (TH) (1:500) from Immu-
nostar, chicken anti-glial fibrillary acidic protein (GFAP) (1:500), and
mouse anti-NeuN from Millipore. The following secondary antibodies
were used: biotinylated goat anti-mouse (1:500) and goat anti-rabbit
(1:500) from Jackson ImmunoResearch, and biotinylated rabbit anti-
chicken (1:200) from Millipore. Amplification was performed using
Cy5-conjugated streptavidin (Jackson ImmunoResearch). Slices were
imaged at 0.75 �m/pixel resolution in the xy dimension, and 1 �m/image
resolution in the z dimension, with an SP50 confocal microscope, via a
40� [1.25 numerical aperture (NA)] oil objective (Leica). Counting of
neuronal somata was performed manually from the confocal images by
choosing random regions of 253 � 253 �m within the slices (2–3 slices
per animal). Each somata was scored as labeled with GFP, Cy5, or both.

Surgery for the chronic window implant over both OBs. Mice were anes-
thetized with an intraperitoneal injection of ketamine (100 mg/kg) and
medetomidine (0.83 mg/kg). Carprofen (0.004 mg/g) was injected sub-
cutaneously, and lidocaine was applied locally onto the skull. The pinch
withdrawal reflex was monitored throughout the surgery, and additional
anesthesia was applied if needed. The skull covering both OBs was
cleaned and thoroughly dried. A single 3 mm round craniotomy was
opened over the OBs of both hemispheres using a 3 mm biopsy punch
(Miltex), and the bone was carefully removed. Special care was taken to
avoid puncturing the dura matter. The surface of the brain was thor-
oughly rinsed with sterile saline. The exposed brain was covered directly
with a 3-mm-diameter round coverglass (Menzel-Glaser). The margin
between the coverglass and the intact bone was gently sealed with Histo-
acryl glue (B. Braun). Once dried, dental cement was applied around the
window to strengthen the seal to the bone and provide support for the
water during imaging. For the purpose of repeated imaging in a custom-
made stereotaxic stage, a 0.1 g metal bar was glued to the skull as de-
scribed previously (Mizrahi and Katz, 2003; Mizrahi et al., 2006; Mizrahi,
2007; Livneh et al., 2009). After surgery, mice were treated with carprofen
(0.004 mg/g, s.c) until full recovery. All animals were allowed to fully
recover before the first imaging session, which started at least 2 weeks
after surgery. Two weeks following this procedure, in 50% of the animals
(5/10 mice) the brain region under the window was clear for imaging (in
either one or both bulbs). The rest of the animals grew new bone under
the implanted window, precluding high-quality imaging; these animals
were not used further in this study. At the end of each experiment, ani-
mals were either perfused for histology or killed with an overdose of
pentobarbital.

In vivo two-photon imaging. Imaging was performed under light anes-
thesia (ketamine, 66 mg/kg and medetomidine, 0.55 mg/kg, i.p.) with no

further surgical intervention. Lightly anesthetized mice were placed un-
der the microscope in a custom-made stereotaxic device via the metal bar
glued to the skull in a fixed orientation relative to the objective lens. A
single imaging session usually lasted �60 min, after which the animal
rapidly recovered. The imaging data presented in this work are from six
consecutive imaging sessions from four mice that were taken 2– 4 weeks
after surgery, and then after an additional 4, 8, 12, 24, and 36 weeks. In
one additional mouse, imaging was performed only 4 and 8 weeks fol-
lowing the first imaging session. To reidentify the same imaging position,
we used the blood vessel map on the surface of the OB, which remained
stable. Imaging was performed using an Ultima two-photon microscope
from Prairie Technologies, equipped with a 16� objective lens (0.8 NA;
CF175, Nikon). Two-photon excitation (900 nm) was delivered with a
DeepSee femtosecond laser (Spectraphysics). The laser beam was ex-
panded to fill the large back aperture of the 16� objective. Images of the
cell bodies around glomeruli (1024 � 1024 pixels) were acquired at 0.66
�m/pixel resolution in the xy dimension and 1.5–2 �m/frame in the z
dimension. In a few cases, to verify cell body positions, images were also
acquired at higher resolution (0.132 �m/pixel in the xy dimension and 1
�m/frame in the z dimension). Care was taken to adjust fluorescence
levels to partial saturation of the central region of the cell bodies. One
TH::IRES-Cre � Z/EG mouse was imaged through thinned bone as de-
scribed previously (Mizrahi et al., 2006).

Lentiviral vectors and stereotaxic injections. Adult-born neurons were la-
beled with lentivirus expressing GFP or TdTomato under the control of the
CMV promoter. Virus was produced by transfection of human embryonic
kidney cells (HEK293) with third-generation lentivirus plasmids using poly-
ethylenimine. The medium was collected after 36 h and again after an addi-
tional 24 h. Virus was concentrated using ultracentrifugation and
resuspended in PBS. For virus injections, mice were anesthetized with ket-
amine (100 mg/kg) and medetomidine (0.83 mg/kg) intraperitoneally. Virus
(�0.5 �l) was injected stereotaxically through a small craniotomy into the
rostral migratory stream (RMS). Coordinates relative to bregma: anterior,
3.3 mm; lateral, 0.8 mm; ventral, 2.9 mm. The craniotomy was sealed with
bone wax and dental cement. Mice were perfused, sliced, and imaged using a
confocal microscope as described above.

Data analysis. Quantitative analyses of neuronal turnover were per-
formed manually from the original image stacks using ImageJ (http://
rsb.info.nih.gov/ij/). From each stack in consecutive imaging sessions,
several regions of interest (ROIs) were identified and cropped. Then, the
cropped stacks were projected in groups of three to four optical planes
using the “grouped ZProjector” plugin (http://rsb.info.nih.gov/ij/plugins/
group.html). ROIs were compared with the same ROI in the first session
using the “Sync windows” plugin (http://rsb.info.nih.gov/ij/plugins/
sync-windows.html). Each cell was manually scored as stable, lost, or new
using the “cell counter” plugin (http://rsb.info.nih.gov/ij/plugins/cell-
counter.html). We have analyzed overall 23 imaging sessions from five
time points relative to the first imaging session. The intervals were 4, 8,
12, 24, and 36 weeks. In a 4 week interval, we analyzed n � 1182 cells from
N � 3 animals; in an 8 week interval, we analyzed n � 1237 cells from
N � 3 animals; in a 12 week interval, we analyzed n � 597 cells from N �
4 animals; in a 24 week interval, we analyzed n � 646 cells from N � 4
animals; and in a 36 week interval, we analyzed n � 501 cells from N � 4
animals.

Results
Long-term in vivo imaging through a chronic window over
both olfactory bulbs
Fixed tissue experiments are limited to single snapshots from
single animals and may reveal only large changes at the popula-
tion level. Snapshot studies are blind to subtle changes in time
that could entail significant biological events underlying plastic-
ity and also to any homeostatic processes that cancel out each
other. Time-lapse in vivo imaging experiments are successfully
used to overcome these disadvantages.

Chronic time-lapse imaging has been particularly successful
in studying superficial brain regions like the OB and neocortex.
But, compared with the neocortex, each OB is covered by only a
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small surface of bone (�2 � �3.5 mm), making chronic window
implantation technically challenging. As a result, chronic imaging in
the OB remained limited to either thinned bone preparations or
small craniotomies. In thinned bone preparation, long-term im-
aging is feasible but imaging depth is limited (Mizrahi et al.,
2006). In contrast, small craniotomies normally allowed rela-
tively short imaging durations after which the bone grows back
and repeated surgery is needed (Mizrahi, 2007). To overcome

these caveats, we developed a new chronic window preparation.
Specifically, we used a large craniotomy (3 mm in diameter) that
spans both bulbar hemispheres (Fig. 1a,b). The bone overlying
both OBs was replaced with a 3 mm coverglass, placed directly on
the dura matter and tightly sealed (Fig. 1a,b) (see Materials and
Methods for details). Using this procedure, we managed to ob-
tain stable and clear chronic windows in 50% of the animals: of 10
animals, 3 had a continuously clear window over both bulbs and

Figure 1. Long-term chronic imaging in the mouse olfactory bulb. a, A schematic diagram of a coronal section of the OBs with a chronic window implant. See text for details. b, A still image of
a TH::IRES-Cre � Z/EG mouse 5 months after window implantation. c, Top, Still image of the blood vessels on the surface of the OB from the first imaging session up to 36 weeks. Bottom,
Low-magnification two-photon micrographs of GFP� neurons in the glomerular layer (same region as in the boxed region on the top images). Scale bar, 200 �m. d, High-resolution two-photon
micrographs of adult-born granule cell spines at 180 �m below the dura as imaged through the chronic window preparation 85 and 93 d after surgery. Red arrowhead, New spine; blue arrowhead,
lost spine. Scale bar, 5 �m. e, Confocal micrographs of OB dorsal surface in coronal sections stained with an antibody against GFAP. Left, Control mouse; middle, 2 weeks after window implantation;
right, 9 months after window implantation. Scale bar, 50 �m.
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2 had clear windows over one bulb. In the other five animals, the
bone grew back over significant portions of the craniotomy, in
which case high-quality imaging was not feasible. A 50% success
rate is in line with similar preparations reported for two-photon
imaging in the cortex (Holtmaat et al., 2009). The chronic win-
dow remained optically clear for two-photon imaging as long as
we conducted our experiments (up to 9 months) (Fig. 1c).

The chronic window preparation allows imaging at high res-
olution throughout the dorsal glomerular layer and external
plexiform layer (EPL). For example, Figure 1d shows repeated
high-resolution time-lapse imaging of the dendritic spine dy-
namics of a granule cell. Another advantage of this preparation is
the large imaging field covering both OBs (Fig. 1a,c). In the
mouse, this imaging field corresponds to �75 glomeruli on each
bulb, lending itself also to low-resolution imaging techniques like
intrinsic signal imaging (data not shown). Perhaps the biggest
advantage of the chronic window is its long-term stability, en-
abling imaging for a virtually unlimited number of sessions for
many months. Notably, one criticism associated with chronic
windows is the transient activation of astroglia under the crani-
otomy (Xu et al., 2007). To assess this potential caveat, we immu-
nostained the OB for GFAP 2 weeks and 9 months after surgery.
As expected, we detected an increase in the density of GFAP-
positive cells in the EPL 2 weeks following surgery, but not later
on (Fig. 1e). Again, this result is qualitatively similar to that found
in a similar preparation in the neocortex (Lee et al., 2008). Next,
we used this preparation to follow specifically the DA population
of JGNs over a period of 9 months.

Long-term time-lapse imaging reveals net addition of
DA neurons
The GL is composed of a diverse mixture of INs collectively
known as JGNs (Kosaka and Kosaka, 2007, 2011; Parrish-Aungst
et al., 2007). One subset, the DA neurons, makes up �10% of the
whole JGN circuit (Parrish-Aungst et al., 2007). To label specifi-
cally the DA population, we crossed a knock-in driver mouse strain
expressing Cre recombinase from the TH locus (TH::IRES-Cre)
(Lindeberg et al., 2004) with a general GFP reporter mouse strain
(Z/EG) (Novak et al., 2000) (Fig. 2a). The progeny of this line
showed dense GFP expression in the GL (Figs. 1c, 2c). As reported
previously for these mice, nonspecific leak is expected (Lindeberg et
al., 2004). Specifically, because Cre recombinase acts like a switch,
any cell that expresses even low levels of Cre or that expressed Cre
during embryonic development is expected to express GFP strongly.
Indeed, we found GFP expression in the granule cell layer and
around the mitral cell layer; two regions that are not normally asso-
ciated with TH expression (Fig. 2c). This nonspecific expression was
evident in granule cells but not in mitral cells since GFP-positive cells
were also positive for NeuN, which does not stain mitral cells (data
not shown). However, within the glomerular layer, the majority of
the GFP-positive cells also expressed TH (84.3 � 2.3%, n � 2137
cells from 9 mice), and the majority of TH-positive cells also ex-
pressed GFP (95.0 � 1.8%, n � 1892 cells from 9 mice) (Fig. 2d,e).
Nearly none of the GFP-positive JGNs stained positive for the two
other main molecular subtypes in the GL, calbindin and calretinin
(Fig. 2d,e). To confirm that GFP is expressed also in adult-born DA
neurons, we injected lentivirus expressing the red fluorescent
protein TdTomato (Shaner et al., 2008) to the RMS of TH::
IRES-Cre � Z/EG mice. Forty-five days after injection, many
TdTomato-expressing adult-born neurons were observed in
the OB. As expected, a small fraction of these cells was also
GFP positive (Hack et al., 2005), suggesting that this trans-
genic strain also labels adult-born DA neurons (Fig. 2b).

The GFP expression in the DA neurons of this transgenic
mouse was strong enough to label both somata and dendrites.
However, given the high density of DA neurons in the GL, the
dendritic tree ramification in the glomerular neuropile was too
dense to reliably track dendrites individually. Somata on the
other hand, could be imaged individually, reliably, and with high
contrast. Thus, we limited our analyses to turnover rates assessed
by tracking the somata positions.

To image the DA JGNs, we implanted a chronic window over the
OBs of young adult TH::IRES-Cre � Z/EG mice. We started imaging
GFP-positive neurons 2–4 weeks postimplantation when animals
were at postnatal day 98 � 12 (n � 5 mice). We acquired low-
magnification two-photon image stacks from a region encompass-
ing �25 glomeruli at high enough resolution to resolve somata (Fig.
1c, boxed region). This same region was then imaged repeatedly six
consecutive times for a total duration of up to 9 months (Fig. 3a). To
assess the turnover rates of the DA neurons, we identified the same
GFP-positive neurons according to their relative spatial location in
the bulb and scored them as stable, lost, or new relative to the first
imaging session (Fig. 3a). In total, we analyzed data from 23 imaging
sessions from five mice during a period of up to 36 weeks.

Repeated imaging allowed us to follow the DA neurons indi-
vidually and detect even small changes in the composition of the
circuit in terms of DA turnover rates. For example, Figure 3b
shows representative examples from two TH::IRES-Cre � Z/EG
mice where several changes in TH population were observed over
the 9 month period (only 4 of 6 sessions are shown). Stable, lost,
and new DA neurons were evident in all mice (black, blue, and
red circles, respectively) (Fig. 3b). On average, within a period of
4 weeks, 4.3 � 0.6% of the cells were new, 2.4 � 0.5% were lost,
and 97.6 � 0.5% were stable (Fig. 3c) (n � 1182 neurons from
N � 3 mice). These values continued to increase as we imaged
further. Within 8 weeks, 8.3 � 1.0% of the cells were new and
4.5 � 0.4% were lost (Fig. 3c) (n � 1237 cells from N � 3 mice).
At 12, 24, and 36 weeks, these absolute values continued to in-
crease (Fig. 3c). Surprisingly, the number of new DA neurons
(Fig. 3c, red lines) was consistently higher compared with lost DA
neurons (Fig. 3c, blue lines) both within animals and across the
population ( p � 0.05, Student’s t test). The higher level of new
versus lost cells implies that the absolute number of DA neurons
continuously increases with age. In young adults (from �3 to �6
months of age), the number of DA neurons increased at a rate of
2– 4% per month (Fig. 3d), but as animals matured the rate de-
creased to 1–2% per month (Fig. 3d). These experiments provide
direct evidence for an overall net addition of DA neurons
throughout young adulthood, reaching �13% net addition
within a 9 month period, when the animal is 1 year old (Fig. 3d).

As identified by immunohistochemistry, 95% of the TH-
positive cells express GFP, but 5% do not (Fig. 2d,e). Thus, it
remained possible that part of the net increase could be a result of
a sudden (late) expression of Cre and subsequently GFP in the
TH� cells. To assess this possibility, we compared the levels of
GFP-negative/TH-positive cells at different ages. The level of
GFP-negative/TH-positive neurons remained similar at different
ages (3.7 � 1.7% at 3 months of age, 4.7 � 1.2% at 6 months of
age, and 5.1 � 1.2% at 13 � 1.7 months of age; p � 0.92,
ANOVA). Similarly, cell loss and addition could be a result of
fluctuating GFP levels of the cells. To test this possibility, we
followed over time a subset of the neurons that we scored as lost.”
These neurons never reappeared in consecutive imaging sessions
(N � 30 lost cells from 3 mice). Furthermore, this possibility
seems unlikely because GFP expression is driven by the stable
control of the CAG promoter (Lobe et al., 1999). In some cases,
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the “vacant” space seemed to be invaded by neuropile structures
like stray dendrites, providing a positive control for the actual
disappearance of the cell (Fig. 3e). To further confirm that the net
addition is not an artifact of the chronic window (Fig. 1e), we
imaged one animal through thinned bone for two consecutive
sessions. Although this configuration is restricted only to the su-
perficial GL, these results were similar to those collected through
the chronic window (9.2% new cells and 4.8% lost cells in an 8
week period; N � 159 cells).Together, our results support a sce-
nario whereby the relative proportion of DA neurons in the GL
increases during the life of the animal.

Discussion
A window to the OB
We present a new chronic window prepa-
ration covering both hemispheres overly-
ing the OBs in mice. This preparation is
useful for optical imaging techniques and
in particular for long-term applications of
in vivo fluorescence microscopy. Genetic
and optical imaging techniques have al-
ready become powerful tools for dissect-
ing neural circuits in numerous animal
models and brain regions (Luo et al.,
2008). Thus, combining this chronic win-
dow preparation with structural and
functional imaging experiments will allow
better analyses of the dynamic nature of
the OB with minimal intervention.

The combination of genetics and live im-
aging has been particularly useful for nonin-
vasive studies in olfaction because the OB is
located superficially and because it also
serves as a powerful sensory system for ge-
netic manipulations (Mizrahi and Katz,
2003; Bozza et al., 2004; Kobayakawa et al.,
2007; Mizrahi, 2007; Fleischmann et al.,
2008; Livneh et al., 2009; Tan et al., 2010).
Long-term imaging in the OB has been
technically challenging, and the chronic
window that we describe here makes it tech-
nically easier. In addition, it allows imaging
at depths significantly larger than those
commonly used in thinned bone prepara-
tions, and it allows virtually unlimited
number of imaging sessions with mini-
mal interruption to the animal. The window
is also well suited for physiological imaging
techniques like intrinsic signal imaging or
calcium imaging and can be used to study
both bulbs simultaneously (Y. Adam, Y.
Livneh, and A. Mizrahi, unpublished obser-
vations). As novel tools for functional time-
lapse imaging at cellular resolution are
continuously improving (Tian et al., 2009),
our chronic window preparation holds
promise for new physiologically and struc-
turally based experiments in the mouse OB.
Here we used the chronic window prepara-
tion to study a specific biological question:
what are the turnover rates of one particular
subpopulation (the DA neurons) in the glo-
merular layer over the first year of the ani-
mal’s life?

Turnover of dopaminergic JGNs
Using transgenic mice, we imaged the same DA neurons over a pe-
riod of 9 months, showing their continuous replacement. Notably,
addition of JGNs has been observed previously. For example, using
genetic fate mapping models, the total JGN population was esti-
mated to receive 1.5–3.5% new neurons per month (Lagace et al.,
2007; Ninkovic et al., 2007). In particular, Ninkovic et al. (2007)
estimated that over a 9 month period, 24% of the DA neurons were
new. Our data also show 3–4% per month of new DA neurons (i.e.,
�26% after 9 months), which is well in agreement with those fate

Figure 2. Genetic labeling of dopaminergic neurons in the mouse OB. a, Mice with Cre recombinase knocked in to the TH locus were
crossed with the Z/EG GFP Cre reporter strain. In the F1 offspring, GFP is expressed in DA neurons driven by the CAG promoter. b, GFP
expression in adult-born neurons. Left, TdTomato expression induced by lentivirus injection to the RMS; middle, GFP expression; right,
merge. The GFP-positive cell is marked with a yellow arrowhead, and the negative cell is marked with a red arrowhead. Scale bar, 10 �m.
c, GFP and TH expression in the various OB layers of TH::IRES-Cre � Z/EG mice. Left, GFP expression in a coronal section of the OB; middle,
same section stained with antibodies against tyrosine hydroxylase. Right, Merged image including DAPI to stain nuclei (blue). MCL, Mitral
cell layer; GCL, granule cell layer. Scale bar, 50 �m. d, High-resolution confocal micrographs of olfactory bulb coronal sections. Left, GFP
expression; middle, immunostaining for TH, CR, or CB; right, merged image of red and green cell bodies. In the top images, green arrows
indicate GFP-expressing cells negative for the anti-TH antibody; red arrows indicate TH-positive cells negative for GFP; yellow arrows
indicate double-labeled cells. Scale bar, 10�m. e, Quantification of single/double-labeled somata in the GL expressing GFP with or without
TH,CR,andCB.THfromGFP,84.3�2.3%ofGFPcellsexpressedTH(N�2137cells);GFPfromTH,95�1.8%oftheTHcellsexpressedGFP
(N � 1892 cells). Pooled data from N � 9 mice 3, 6, and 13 months old (3 animals per age group); no significant difference was found
among these three groups (see text). CR from GFP, 2 of 301 GFP cells expressed calretinin (N�3 mice, 6 months old); CB from GFP, 0 of 370
GFP cells expressed calbindin (N � 3 mice, 6 months old).
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mapping experiments. However, with-
out knowing the number of neurons that
are lost in the network the actual turnover
rates remain uncertain. Time-lapse imaging
is sensitive to both measures directly. In our
sample, the level of lost DA neurons was sig-
nificantly lower than the levels of new DA
neurons, resulting in a net addition of
�13% in 9 months (between the ages of 3
months and 1 year). We have previously es-
timated that for the general JGN population
�1% of new cells per month were balanced
by �1% of lost cells (Mizrahi et al., 2006).
Thus, the net addition of DA neurons is
probably not a common feature shared by
all JGNs.

The turnover rates we present here are
likely an underestimation of the actual turn-
over rates, for two reasons. First, identifying
the same cells between sessions is a prereq-
uisite for reliable analysis, and thus we have
an inherent bias toward more stable regions.
This bias may be larger in the longer time
scales where larger changes occur and may
explain the relative saturation that we found
in net addition with time. Second, cells
scored as stable could actually be lost cells
that were replaced by new cells in the exact
same spatial location. If this were the case,
then the total amounts of both new and lost
cells are in fact higher. Although we cannot
rule out this possibility, it would still not af-
fect the level of net addition that we report.

What is the outcome of adult neurogen-
esis in terms of population size and compo-
sition? Newborn neurons may be replacing
older cells in a 1:1 ratio such that population
composition is strictly maintained. Alterna-
tively, adult neurogenesis may promote dy-
namic changes in the composition and/or
size of the OB network. These options were
also addressed in fixed tissue experiments
using either fate mapping or histology.
Batista-Brito et al. (2008) suggested that
neuronal composition in the GL dramati-
cally changes during early postnatal life.
Later on at young adulthood, Bagley et al.
(2007) showed that the various GL sub-
populations are presented at similar pro-
portions in the resident and the adult-born neurons, implying a
stable neuronal composition in the GL. Whitman and Greer (2007)
had similar results, with the exception of small over-representation
of the DA neurons at this age. At longer time scales, fate mapping
experiments showed that although the amount of adult-born neu-
rons increases linearly with time, the fraction of calretinin cells
among them increases while that of DA decreases with age (Ninkovic
et al., 2007), thus suggesting a dynamic change in the compo-
sition of the GL with age. Finally, Mirich et al. (2002) used
histology to show both increased GL volume and increased
density of DA neurons with age. In contrast, Richard et al.
(2010) used similar procedures but suggested that with age
there is no significant change in either the neuronal composi-
tion or the overall neuronal amounts in the OB.

Although these conflicting results could be explained by the dif-
ferent mouse strains or quantification methods, they could also be a
result of the high variability evident in fixed tissue experiments. Our
data, collected in vivo and over a long time provides direct evidence
in favor of composition changes in the GL with time. It is still unclear
whether this net addition of DA cells causes an overall increase in the
GL volume (in agreement with Mirich et al., 2002) or whether other
subpopulations are diminished from the network (explaining the
stable GL volume shown by Richard et al., 2010).

Our data probably do not fully reflect the magnitude of the
dynamic changes as even the DA population has been suggested
to be further divided into two subtypes. One subtype has large
somata and connects many glomeruli within large distances.
Neurons of the second subtype have smaller somata and inner-

Figure 3. Net increase of dopaminergic neurons with age. a, Time frame of the experiment. Imaging sessions started usually 2 weeks
after window implantation and continued at the indicated intervals. Animals were �2.5 months old at the time of surgery, and the
imaging sessions continued until the animals were �1 year old. b, In vivo two-photon micrographs of GFP� somata at four time points
during the experiment. Examples are projection images (composed of 3 optical planes) from two different mice imaged over a 36 week
period at 12 week intervals. Stable cells are marked with a black dashed circle, newly appearing cells are marked with red, and lost cells are
marked with blue. Scale bar, 10 �m. c, Quantification of the percentage of newly added (red) and lost (blue) cells. Dashed lines represent
the individual animals analyzed, and bold lines represent the averages � SEM. In all time points, the percentage of new cells was signifi-
cantly higher than that of lost cells. *p � 0.05; **p � 0.01, Student’s t test. d, Quantification of the net addition of DA neurons relative to
the first session calculated from the data shown in c. e, High-resolution example for a lost cell body that does not reappear in two consec-
utive imaging sessions. A local dendrite is positioned in the volume of the lost somata. Scale bar, 10 �m.
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vate only a few glomeruli (Kosaka and Kosaka, 2007, 2011; Ki-
yokage et al., 2010). Since adult-born DA neurons belong mainly
to the latter group (Kosaka and Kosaka, 2009), changes may be
even more robust for this particular subtype.

Dopamine release acts primarily by inhibition of glutamate
release from olfactory receptor neurons, directly modulating the
input to the OB (Hsia et al., 1999). Functionally, decreased DA
levels lead to activation of M/T cells by more odors, and contrib-
ute to impaired odor discrimination (Wilson and Sullivan, 1995).
On longer time scales, the DA neurons are good candidates to
change “on demand” based on experience-dependent plasticity.
For example, the amount of dopamine production is activity de-
pendent (Baker et al., 1993) and is also correlated with behavioral
plasticity during early pregnancy (Serguera et al., 2008). Never-
theless, the implications of increased numbers of DA neurons
with age are still unclear. Future physiological experiments may
provide insights as to whether and to what extent the changes in
network composition impact bulbar output.
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