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Abstract
Olfactory sensory neurons (OSNs) are generated throughout life from progenitor cells in the olfactory epithelium. OSN axons
project in an odorant receptor-specific manner to the olfactory bulb (OB), forming an ordered array of glomeruli where they
provide sensory input to OB neurons. The tetracycline transactivator (tTA) system permits developmental stage-specific expres-
sion of reporter genes in OSNs and has been widely used for structural and functional studies of the development and plasticity of
the mouse olfactory system. However, the cellular ages at which OSNs stop expressing reporters driven by the immature OSN-
specific Gγ8-tTA driver line and begin to express reporters driven by the mature OSN-specific OMP-tTA driver line have not
been directly determined. We pulse-labeled terminally dividing cells in the olfactory epithelium of 28-day-old (P28) mice with
EdU and analyzed EdU labeling in OSNs expressing fluorescent reporter proteins under control of either the Gγ8-tTA or OMP-
tTA driver line 5–14 days later. Expression of OMP-tTA-driven reporters began in 6-day-old OSNs, while the vast majority of
newborn OSNs did not express Gγ8-tTA-driven fluorescent proteins beyond 8 days of cellular age. Surprisingly, we also found a
low survival rate for P28-born OSNs, very few of which survived for more than 14 days. We propose that OSN survival requires
the formation of stable synaptic connections and hence may be dependent on organismal age.
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Introduction

In mammals, volatile odors in inhaled air are detected by
odorant receptors expressed on the cilia of olfactory sensory
neurons (OSNs), which reside in the olfactory epithelium
(OE) at the back of the nasal cavity. OSN axons project
through the cribriform plate to provide olfactory sensory input
to the olfactory bulb (OB), the first brain processing center for
odor information. While the repertoire of odorant receptors is
large (~1100 functional genes in mice and ~350 in humans
(Godfrey et al. 2004; Malnic et al. 2004; Saraiva et al. 2016)),
each OSN expresses a single allele of a single odorant recep-
tor. Furthermore, while OSNs expressing any given odorant
receptor are scattered across broad zones of the OE, the axons
of OSNs expressing the same receptor coalesce together to

form spherical neuropil structures termed glomeruli near the
surface of the OB (Strotmann et al. 1992; Ressler et al. 1993,
1994; Vassar et al. 1993, 1994; Mombaerts et al. 1996).
Hence, odor input to the OB is highly spatially organized.

Remarkably, despite ongoing OSN neurogenesis, this glo-
merular map is maintained throughout life. OSN neurogenesis
peaks during the second postnatal week, but is maintained at a
lower level throughout life in both rodents and humans
(Graziadei and Monti Graziadei 1978; Ryba and Tirindelli
1995; Tirindelli and Ryba 1996; Hahn et al. 2005; Kondo
et al. 2010). In the healthy OE, the majority of newly-
generated OSNs are derived from globose basal cells
(GBCs) (Caggiano et al. 1994), whereas horizontal basal cells
play a particularly important role in OE regeneration follow-
ing severe injury (Leung et al. 2007). OSNs are thought to
have a half-life of approximately one month (Holl 2018), al-
though a significant fraction has a lifespan of at least three
months under standard mouse housing conditions (Mackay-
Sim and Kittel 1991) and a minority can survive for at least a
year when mice are housed under filtered air or pathogen-free
conditions (Hinds et al. 1984; Holl 2018). Synchronous waves
of neurogenesis are not seen in the OE of healthy mice, indi-
cating that OSN lifespan is likely to vary (Mackay-Sim and
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Kittel 1991; Schwob et al. 1992). Nonetheless, individual
GBCs follow a clearly defined developmental pathway via a
neuronally-committed Ascl1-expressing intermediate to gen-
erate nascent OSNs that express CXCR4 and DBN1, which
rapidly become immature OSNs that express GAP43 and Gγ8
(Verhaagen et al. 1989; Ryba and Tirindelli 1995; McIntyre
et al. 2010; Schwob et al. 2017). As they mature, newly gen-
erated OSN somata migrate apically, resulting in a
pseudostratified organization of the OE (Farbman and
Margolis 1980; Farbman 1992; Roskams et al. 1998;
Rodriguez-Gil et al. 2015). Full OSN maturation is defined
by the onset of olfactory marker protein (OMP) expression,
which is concomitant with the downregulation of GAP43 and
Gγ8 expression (Miragall and Graziadei 1982; Verhaagen
et al. 1989; Tirindelli and Ryba 1996).

Harnessing these well-established maturation stage-
specific markers, the tetracycline transactivator (tTA) system
has been widely used to drive specific expression in either
immature or mature OSNs. Both the Gγ8-tTA transgenic
(Nguyen et al. 2007) and OMP-IRES-tTA knockin [referred
to as OMP-tTA] (Yu et al. 2004) driver lines have been
crossed with a wide range of tetO promoter-dependent lines
to drive maturation stage-specific expression of proteins in-
cluding but not limited to odorant receptors, fluorescent pro-
teins, optogenetic actuators, genetically encoded calcium in-
dicators, and cytotoxic proteins. Crucially, unlike
recombinase-based cell type-specific driver lines, in which
reporter expression is irreversible once switched on, continued
expression of the tetO reporter gene depends on ongoing tTA
expression and hence is downregulated in Gγ8-expressing
OSNs when they reach maturity.

However, the precise neuronal ages at which Gγ8-tTA-
dependent expression is downregulated, and OMP-tTA-
dependent expression begins, have never been directly deter-
mined. In this study, we used EdU click chemistry to Bbirth-
date^ OSNs expressing a fluorescent reporter protein driven
either by Gγ8-tTA or by OMP-tTA, with a particular focus on
the transition from immature to mature OSN.

Materials and methods

Experimental animals

All animal procedures conformed to National Institutes of
Health guidelines and were approved by the Carnegie
Mellon University and University of Pittsburgh Institutional
Animal Care and Use Committees. Mice were bred in-house
and were maintained in individually ventilated cages under
temperature- and humidity-controlled conditions on a 12 h
light/dark cycle with unrestricted access to food and water.
Mice were weaned at postnatal day (P) 21.

C57BL/6 J mice were bred from mice purchased from The
Jackson Laboraotry (strain #000664). Transgenic mouse lines
were as described previously (Cheetham et al. 2016).
Experimental mice expressed tdTomato or Citrine in either
immature OSNs under control of the Gγ8 promoter (Gγ8-
tdTomato [Gγ8-tTA+/-;tetO- sypGFP-tdTomato+/-] or Gγ8-
Citrine [Gγ8-tTA+/-;tetO-ChIEF-Citrine+/-]) or in mature
OSNs under control of the OMP promoter (OMP-tdTomato
[OMP-IRES-tTA+/-;tetO-sypGFP-tdTomato+/-] or OMP-
Citrine [OMP-IRES-tTA+/-;tetO-ChIEF-Citrine+/-]). All trans-
genic mice were of mixed 129 x C57BL/6 J background. Each
experimental group comprised male and female mice. Mice
were genotyped by PCR using the primers described previ-
ously (Cheetham et al. 2016). A total of 42 mice were used in
this study (18 expressing a Gγ8-tTA-driven reporter protein,
18 expressing an OMP-tTA-driven reporter protein, and 6
C57BL/6 J mice).

EdU injection

Mice were postnatal day 28 (P28) on the day of EdU injection,
and all injections were performed between 8 and 10 am to
control for diurnal variations in cell division rates (Hinds
et al. 1984). Mice were briefly anesthetized with isoflurane
(4% in O2) and received a single intraperitoneal injection of
50 mgkg−1 EdU dissolved in sterile saline.

Perfusion and dissection

EdU-injected mice underwent transcardial perfusion 5, 6, 7, 8,
10 or 14d (120, 144, 168, 192, 240 or 336 h) later. Time points
were accurate to ±1 h. C57BL/6 J mice underwent perfusion at
either P38 or P66. Mice were deeply anesthetized with 200
mgkg−1 ketamine and 20 mgkg−1 xylazine and transcardially
perfused with ice-cold PBS followed by 4% paraformalde-
hyde (PFA). Olfactory epithelia (OEs) were dissected out,
post-fixed overnight in 4% PFA at 4 °C then cryopreserved
in 30% sucrose for 24 h at 4 °C. OEs were embedded in 10%
gelatin, fixed/cryopreserved overnight in 2% PFA/15% su-
crose at 4 °C, flash frozen in 2-methylbutane on dry ice and
stored at −80 °C.

Tissue sectioning and staining

50 μm coronal sections were cut through each OE using a
cryostat (Microm) and stored at −80 °C. Sections 25%, 50%
and 75% along the anterior-posterior axis of each OE were
selected for staining. Sections were permeabilized and
blocked in 5% NDS/0.5% Triton-X100 (T-X100) in PBS for
1 h. Sections from EdU-injected mice were then incubated in
EdU reaction mixture made according to the manufacturer’s
instructions using the Click-iT Plus EdU Alexa Fluor 647
Imaging Kit (Thermo Fisher Scientific) for 30 min in the dark.
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Sections were then washed with 0.5% T-X100 in PBS for 3 ×
5 min in the dark. OE sections from OMP-tdTomato and
OMP-Citrine mice were mounted immediately with
Vectashield HardSet (Vector Labs). Sections from Gγ8-
tdTomato and Gγ8-Citrine mice were next incubated for
4 days at 4 °C in 3% NDS/0.2% T-X100/0.01% sodium azide
in PBS with 1:5000 anti-OMP primary antibody (catalog
#019–22,291; Wako Pure Chemical Industries Inc.).
Sections were washed for 3 × 5 min in PBS, incubated in
3% NDS/0.2% T-X100 in PBS with 1:500 Dylight-405-
donkey anti-goat secondary antibody (catalog #705–475-
147; Jackson ImmunoResearch) for 1 h at 23 °C, washed for
3 × 5 min with PBS, and mounted with Vectashield HardSet
(Vector Labs). After permeabilization and blocking as above,
OE sections from C57BL/6 J mice were incubated for 5 days
at 4 °C in 3%NDS/0.2% T-X100/0.01% sodium azide in PBS
with 1:200 anti-cleaved caspase-3 primary antibody (catalog
#9661S; Cell Signaling Technology), washed for 3 × 5 min in
PBS, incubated in 3% NDS/0.2% T-X100 in PBS with 1:500
AF546-donkey anti-rabbit secondary antibody (catalog
#A10040, ThermoFisher), washed 3 × 5 min in PBS, and
mounted with VectaShield containing DAPI (Vector Labs).

Confocal microscopy

We confined imaging to the septal OE to control for anatom-
ical variations such as concha bullosa. Z-stack images of sep-
tal OE were acquired using either a Nikon A1R confocal mi-
croscope equipped with an Apo 60×/1.4 NA oil immersion
objective or a Zeiss LSM 880 Meta FCS confocal microscope
equipped with a 40×/1.4 NA Plan-Apochromat oil immersion
objective. Excitation/ bandpass emission wavelengths were
(in nm): OMP-Dylight-405 (405/ 410–450); Citrine (514/
520–555); tdTomato (561/ 580–630); cleaved caspase-3-
AF546 (561/ 580–630); Edu-AF647 (633/ 650–700).
Confocal image voxel size was 0.13 × 0.13 × 1.00 μm. For
colocalization of Gγ8- or OMP-driven fluorescent reporter-
expressing cells with EdU or analysis of cleaved caspase-3
staining, z-stacks were 30 μm in depth. For colocalization of
Gγ8+EdU+ cells with OMP immunostaining, z-stacks were
10 μm in depth due to the limited tissue penetration of the
anti-OMP antibody.

Image analysis

Images were analyzed using Fiji (https://fiji.sc) (Schindelin
et al. 2012). Image brightness and contrast were manipulated
purely for display purposes. Cell counts were performed blind
to genotype and time post-EdU injection (Figs. 1, 2, 3 and 4)
or mouse age (Fig. 5). For analysis of EdU-labeled OSNs and
colocalization with OMP or Gγ8, cells at each time point were
manually quantified from ~1 mm of OE septum per section
from three coronal sections 25%, 50%, and 75% along the

anterior-posterior axis for each mouse. For analysis of cleaved
caspase-3 labeling, images were collected along the entire left
and right septal OE in two coronal sections each taken 25%,
50%, and 75% along the anterior-posterior axis for each
mouse. For OMP-tdTomato and OMP-Citrine mice, the num-
ber of OMP+, EdU+, and OMP+EdU+ cells were counted.
For Gγ8-tdTomato and Gγ8-Citrine mice, the number of
Gγ8+, EdU+, Gγ8+EdU+ and Gγ8+EdU+OMP+ cells were
counted. The proportion of double-labeled cells is expressed
as a percentage of the total Gγ8+ or OMP+ OSNs for each
section, to provide an estimate of the contribution of EdU-
labeled cells to the total population expressing either Gγ8 or
OMP at each time point after EdU injection. All cell counts are
reported as linear density per mm of OE. To quantify the
position of cells along the basal-apical axis of the OE, the
distance from the center of the EdU-labeled or cleaved
caspase-3-labeled cell to the border of the basal lamina was
measured, as a percentage of the distance from the basal lam-
ina to the apical surface. Figures were prepared using
Photoshop (Adobe).

Statistics

The percentages of Gγ8+EdU+ or OMP+EdU+ cells failed
tests for normality and/or equal variance and were analyzed
using Kruskal-Wallis one-way ANOVA on Ranks and de-
scribed as ranges. Percentages of Gγ8+EdU+ or OMP+
EdU+ cells at different anterior-posterior positions, linear den-
sity of cleaved caspase-3-expressing neurons and OE width
passed tests for normality and equal variance and were ana-
lyzed with two-way ANOVA. Basal-apical locations of EdU-
labeled cells also passed tests for normality and equal variance
and were compared with unpaired t-tests. Basal-apical loca-
tions of cleaved caspase-3-expressing cells failed a normality
test and were compared using a Kolmogorov-Smirnov test. A
one-phase decay was used to fit the decrease in Gγ8+EdU+
OSNs with time after EdU injection. EdU+ cell linear density
with time after EdU injection is described as median (inter-
quartile range) and was analyzed by linear regression. All
statistical analyses were performed using GraphPad Prism 7.

Results

Birth-dating of OSNs expressing Gγ8-tTA-driven
fluorescent reporter proteins

To determine the neuronal age at which OSNs cease to express
Gγ8-driven reporter proteins, we performed EdU injections in
mice expressing either tdTomato or Citrine in Gγ8+ OSNs,
perfused them 5–14 days later, and cut coronal sections
through their OEs. Sections were stained for EdU using the
Click-iT system, which preserves fluorescent proteins, and the
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percentage of Gγ8+OSNs stained with EdUwas quantified in
the septal OE at each time point. EdU is a thymidine analog
that is incorporated into DNA during the S phase of the cell
cycle. The time between EdU injection and perfusion can
therefore be used to Bbirth-date^ each OSN. Note that we
use the term Bnewborn OSN^ to refer to recently generated
OSNs, as marked by their incorporation of EdU.

We analyzed a total of 28,716 Gγ8+ OSNs in 18 mice (3
mice per time point after EdU injection). Gγ8+EdU+ OSNs
were present at all time points analyzed (Fig. 1a-c), but their
contribution to the Gγ8+ OSN population depended strongly
on neuronal age (Fig. 1d). A one-way ANOVA on Ranks
showed a significant effect of time after EdU injection on
the proportion of Gγ8+ OSNs that were labeled with EdU
(P = 0.013, KW statistic = 14.44). As time after EdU injection

increased from 5 to 14 days, the contribution of newborn
OSNs to the Gγ8+ OSN population decreased, and this rela-
tionship was well fit by a one-phase decay (R2 = 0.87).
Notably, EdU-labeled cells comprised just 0.0–1.1% of the
Gγ8+ OSN population 10–14 days after EdU injection, indi-
cating that the vast majority of OSNs cease to express Gγ8 at
these time points.

We also performed anti-OMP immunohistochemical stain-
ing to determine whether any Gγ8+EdU+ OSNs had already
begun to express OMP (Fig. 2). Across all time points after
EdU injection, we identified 337 Gγ8+EdU+ OSNs in OMP-
stained OE sections, none of which expressed OMP. This
suggests that there is a low probability (< 0.3%) that P28-
born OSNs expressing a Gγ8-tTA driven reporter will co-
express OMP.

Fig. 1 Gγ8-tTA-driven fluorescent reporters are expressed in 5–8-
day old OSNs. a-c: Single confocal optical sections of the septal OE of
mice expressing tdTomato under control of the Gγ8 promoter at 5 (a), 7
(b) or 10 (c) days after EdU injection. d: Percentage contribution of EdU-
labeled OSNs to the total Gγ8-driven fluorescent reporter-expressing
population at 5–14 days after EdU injection. Data from 3 mice per time

point are shown. Total number of cells counted per time point [Gγ8/
EdU]: 5d 3730/1171; 6d 4014/1283; 7d 5451/910; 8d 5040/662; 10d
6508/228; 14d 3973/109. e: Percentage of Gγ8+EdU+ OSNs 5–14 days
after EdU injection in coronal OE septum sections taken 25%, 50% or
75% along the anterior-posterior axis. Data from 3mice per time point are
shown

Fig. 2 Position of EdU labeled
cells along the basal-apical axis
of the OE 10–14 days after EdU
injection. Histograms show
number of Gγ8-EdU+ and Gγ8+
EdU+ cells (a) 10 days and (b)
14 days post-EdU injection along
the basal-apical axis of the septal
OE
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We next assessed whether the maturation time course of
Gγ8-expressing OSNs varied along the anterior-posterior axis
of the OE by comparing the percentage of Gγ8+ OSNs that
were labeled with EdU in the septum of coronal OE sections
25%, 50% and 75% along the anterior-posterior axis (Fig. 1e).

A 2-way ANOVA showed no effect of OE anterior-posterior
position on the proportion of Gγ8+ OSNs labeled with EdU
(OE position, P = 0.61, F2,36 = 0.50; days post-EdU,
P < 0.001, F5,36 = 24.96; interaction, P = 0.11, F10,36 = 1.75).
This indicated that the contribution of newborn OSNs of

Fig. 3 OMP-tTA-driven fluorescent reporters are not expressed in 5-
day old OSNs. a-c: Single confocal optical sections of the septal OE of
mice expressing membrane-bound Citrine under control of the OMP
promoter at 5 (a), 7 (b) or 10 (c) days after EdU injection. d:
Percentage of OSNs that express an OMP-tTA-driven fluorescent reporter
that are colabeled with EdU 5–14 days after EdU injection. Data from 3

mice per time point are shown. Total number of cells counted per time
point [OMP/EdU]: 5d 7735/1710; 6d 6536/656; 7d 7233/1610; 8d 5521/
736; 10d 5366/725; 14d 2844/160. e: Percentage of OMP+EdU+ OSNs
5–14 days after EdU injection in coronal OE septal sections taken 25%,
50% or 75% along the anterior-posterior axis. Data from 3 mice per time
point are shown

Fig. 4 Most P28-born OSNs survive for less than 14 days throughout
the septal OE. a: EdU+ cell linear density in the septal OE 5–14 days
after EdU injection. b: Coefficient of variation (mean/standard deviation)
of EdU cell linear density 5–14 days after EdU injection. c: EdU+ cell
linear density in the septal OE 5–14 days after EdU injection in coronal

sections 25%, 50% and 75% along the anterior-posterior axis of the OE.
d-f: Single confocal optical sections of EdU+ cells in the septal OE 7 days
after EdU injection in coronal sections 25% (d), 50% (e) or 75% (f) along
the anterior-posterior axis of the OE
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different ages to the Gγ8+ population is not affected by posi-
tion along the anterior-posterior axis of the septal OE.

The small number of Gγ8+EdU+ OSNs present at 10–
14 days after EdU injection may arise from GBCs that had
undergone more than one round of cell division prior to gen-
erating these OSNs. The OE has a pseudostratified organiza-
tion: OSNs migrate apically as they mature (Farbman and
Margolis 1980; Roskams et al. 1998; Rodriguez-Gil et al.
2015). Therefore, we reasoned that determining the position
along the OE basal-apical axis of the Gγ8+EdU+ OSNs pres-
ent at 10–14 days after EdU injection would enable us to test
the hypothesis that these neurons are younger than the number
of days since EdU injection. We first noted that at both 10 and
14 days after EdU injection, there were a small number of
EdU-labeled cells in the most basal 10% of the OE (Fig. 2a,
b), and concluded that these cells are highly likely to be EdU-
labeled GBCs.We then compared the basal-apical distribution
of EdU-labeled cells at 10 and 14 days after EdU injection.
While EdU labeled cells spanned the OE at both time points,
the peak of the distribution shifted to a slightly more apical
location at 14 days (44 ± 20%) versus 10 days (40 ± 18%; P =
0.049, t = 1.98, d.f. = 328, unpaired t-test; Fig. 2a, b), consis-
tent with ongoing maturation. Finally, we compared the basal-
apical locations of Gγ8+EdU+ cells to those of the total EdU-
labeled population, which would be expected also to include
mature OSNs occupying more apical locations. Although the

number of Gγ8+EdU+ cells was too small to permit statistical
analysis, these cells were predominantly confined to more
basal regions of the OE than the total population of EdU
labeled cells at both 10 and 14 days after injection (Fig. 2a,
b). Overall, these data are consistent with the possibility that
the small number of Gγ8+EdU+ cells present 10–14 days
after EdU injection could have been generated by later GBC
cell division and hence are younger than the time elapsed
since EdU injection.

Birth-dating of OSNs expressing OMP-tTA-driven
fluorescent reporter proteins

We next determined the contribution of newly-generated
OSNs of different ages to the OMP+ OSN population
(Fig. 3a-d). We analyzed a total of 35,235 OMP+ OSNs in
18 mice (3 mice per time point after EdU injection). We did
not detect any 5-day-old OMP+EdU+ OSNs (0/7735 OMP+
OSNs in 3 mice). 6-day-old OSNs accounted for a small sub-
set of OMP+ OSNs in two out of three mice (0%, 0.1 and
0.5% in individual mice). 0.9–3.2% of OMP+ OSNs were
7 days old, 1.9–4.0% were 8 days old and 0.9–9.4% were
10 days old. Surprisingly, 14-day-old OSNs comprised only
0.0–1.0% of the OMP+ OSN population. The contribution of
newly generated OSNs to the OMP+ population was unaffect-
ed by location along the anterior-posterior axis of the septal

Fig. 5 Apoptotic cells occupy slightly more apical locations in the
septal OE of P38 vs. P66 mice. a,b: Maximum intensity projections of
confocal z-stacks showing apoptotic cells in the septal OE of P38 (a) and
P66 (b) mice. Cleaved caspase-3-expressing cells are shown in red;
DAPI-stained nuclei are in blue. Images with a higher than average den-
sity of apoptotic cells were selected to illustrate the basal-apical distribu-
tion at each age. c: Linear density of cleaved caspase-3-expressing cells

along the anterior-posterior axis in P38 and P66 mice. d: Septal OEwidth
in sections along the anterior-posterior axis in P38 and P66 mice. e:
Histogram showing percentage of cleaved caspase-3-expressing cells
along the basal-apical axis of the septal OE in P38 and P66 mice. Data
are from a total of 664 cells in P38 mice and 695 cells in P66 mice
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OE (Fig. 3e; OE position, P = 0.75, F2,36 = 0.29; neuronal age,
P = 0.023, F5,36 = 2.99; interaction, P = 0.74, F10,36 = 0.68).
Taken together, these data suggest that the minimum age at
which an OSN can express an OMP-tTA-driven reporter is
6 days, and that a large proportion of newly mature, OMP-
expressing OSNs born at P28 undergo cell death 8–14 days
after terminal cell division.

Survival of P28-born EdU-labeled cells in the OE

The surprising observation that 14-day-old P28-born OSNs
make a smaller contribution to the OMP+ OSN population
than their 8-day-old counterparts indicates that many P28-
born OSNs have a lifespan of fewer than two weeks. To
directly assess the survival of the total population of P28-
born OSNs, we determined the linear density of EdU+
OSNs across our entire cohort (6 mice per group, irrespec-
tive of whether they expressed a Gγ8-driven or an OMP-
driven reporter protein). Overall, there was a strong linear
relationship between EdU+ cell linear density and time after
EdU injection (Fig. 4a; P = 0.002, R2 = 0.93). EdU+ cell
linear density decreased from 182 (115–251) per mm at
5 days to 16 (14–31) per mm at 14 days [data described as
median (interquartile range)]. The slope of the linear regres-
sion fit indicated that on average, 15 ± 2 EdU+ OSNs per
mm of OE were eliminated per day, while the x-intercept
suggested that all EdU+ OSNs would be eliminated
15.1 days after EdU injection.

However, there was considerable inter-mouse variability in
the linear density of EdU+ cells at each individual time point.
To determine whether this variability was similar across cel-
lular ages, we calculated the coefficient of variation (CV =
standard deviation divided by mean). We found no difference
in the CV between individual time points after EdU injection
(Fig. 4b; one-way ANOVA on Ranks, P = 0.87, Kruskal-
Wallis statistic = 1.87, n = 36 mice in 6 groups). This indicates
that the relative variability across experimental time points
was similar and hence could not account for the decline in
EdU+ cell linear density that we observed with increasing
time after EdU injection. A 2-way ANOVA also showed no
effect of anterior-posterior location along the septal OE on the
linear density of EdU+ cells (Fig. 4c-f; OE location, P = 0.92,
F2,88 = 0.1; days post-EdU, P < 0.001, F5,88 = 5.8; interaction,
P = 0.76, F10,88 = 0.76). Furthermore, linear regression fits for
each anterior-posterior location had similar slopes (Fig. 4c;
−15 ± 7 cells per day at 25%, −18 ± 3 OSNs per day at 50%
and − 20 ± 6 OSNs per day at 75% along the anterior-posterior
axis) and x-intercepts (16.3 days at 25%, 14.4 days at 50% and
13.9 days at 75% along the anterior-posterior axis). Overall,
we concluded that 5–14-day-old P28-born OSNs are eliminat-
ed steadily throughout the OE, with very few surviving be-
yond two weeks after terminal cell division.

Apoptotic cell death in the OE

As a first step towards investigating whether the low survival
rate of newborn OSNs is specific to those generated at P28, we
performed immunohistochemical staining for cleaved cas-
pase-3, an apoptotic marker, in OE sections from P38 and
P66 C57BL/6 J mice (Fig. 5a,b). These ages were selected
to encompass the elimination of OSNs born at ~P28 and
~P56 (Fig. 4a). Cleaved caspase-3 is the active form of this
Bexecutioner^ caspase, the presence of which leads to protein
degradation and DNA fragmentation during programmed cell
death.

We first determined the linear density of cleaved caspase-3-
expressing cells in the septal OE of P38 and P66 mice (Fig.
5c). We analyzed a total of 664 cells in P38 mice and 695 cells
in P66mice. Very occasional cells with clear sustentacular cell
morphology (3 cells in P66 mice) were excluded from our
analysis. Although the sample size is small (3 mice per group),
the linear density of cleaved caspase-3-expressing cells was
significantly higher in the P38 septal OE than in the P66 septal
OE (Fig. 5c; two-way ANOVA; P = 0.028, F1,12 = 6.27 for
effect of age; P = 0.073, F2,12 = 3.28 for OE position along
the anterior-posterior axis; P = 0.53, F2,12 = 0.68 for interac-
tion). This lower rate of apoptotic cell death in P66 mice was
not due to ongoing expansion of the OE, as OE width, defined
as the distance from the basal lamina to the apical surface, was
similar in P38 and P66 mice (Fig. 5d; two-way ANOVA, P =
0.95, F1,12 = 0.003). Furthermore, OE width was greater in the
posterior than the anterior OE at both ages (two-way ANOVA,
P = 0.029 F2,12 = 4.82 for OE location, P = 0.89 F2,12 = 0.12
for interaction; post-hoc Tukey’s multiple comparisons test,
P = 0.036, q = 4.03, d.f. = 12 for 25% vs. 75% along
anterior-posterior axis).

We then compared the basal-apical distribution of cleaved
caspase-3-expressing cells in the septal OE of P38 and P66
mice. We found that apoptotic cells were present throughout
the stem/progenitor cell and neuronal layers of the OE in both
age groups (Fig. 5e). However, the distribution of apoptotic
cell positions was skewed towardsmore basal locations in P66
mice (27 [17–44] %) relative to P38 mice (32 [19–49]; data
described as median [interquartile range]; P = 0.006, D =
0.093, Kolmogorov-Smirnov test). This suggests that newly
generated OSNs die slightly earlier during their development
in P66 mice than in P38 mice.

Discussion

This study has three major conclusions. First, OSNs never
expressed OMP-tTA-driven reporter proteins until they were
at least six days old. Second, the vast majority of OSNs shut
down expression of Gγ8-tTA-driven reporters once they were
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8 days old. Finally, we found a very low survival rate for P28-
born OSNs in the undamaged OE.

The onset of OMP-tTA-driven reporter protein
expression

The initial goal of this study was to define the neuronal age at
which newborn OSNs shut down expression of Gγ8-tTA-
driven reporters and begin to express OMP-tTA-driven re-
porters. Our data clearly demonstrate that newborn OSNs do
not begin to express OMP-tTA-driven transgenes until at least
6 days after EdU injection in P28 mice on a 129 x C57BL/6J
mixed background. This finding is in very good agreement
with the general consensus that arises from previous studies
of both the healthy OE across the mouse lifespan, and the
mouse or rat OE after either direct lesion or olfactory
bulbectomy. First, OMP protein expression was shown to be-
gin 7 days after terminal cell division marked by tritiated thy-
midine incorporation in 3-month-old CD-1 mice (Miragall
and Graziadei 1982). Second, using BrdU injections in ICR
mice ranging from 10 days to 16 months of age, Kondo et al.
(2010) showed that OMP protein was present in 7-day-old but
not in 5-day-old OSNs irrespective of mouse age. Third, a
recent study that assessed OMP mRNA expression at daily
time points after BrdU injection in P7 CD-1 mice concluded
that the earliest time point at which an OSN expresses OMP
mRNA is 6 days after cell division (Rodriguez-Gil et al.
2015). Fourth, following unilateral olfactory bulbectomy in
2–3-month old Sprague Dawley rats, newborn OSNs began
to express OMP between 5 days and 2 weeks of age (Schwob
et al. 1992). Finally, newborn OSNs first expressed OMP
7 days after methimazole-mediated ablation (Kikuta et al.
2015). These studies, together with our data, strongly suggest
that OSNs follow a very similar maturation time course irre-
spective of animal age or whether neurogenesis is constitutive
or lesion-induced. Furthermore, the concordance of the timing
of OMP-tTA-driven transgene expression onset in our study
with that of OMP mRNA and protein expression in the un-
damaged OE across the mouse lifespan in several other studies
(Miragall and Graziadei 1982; Kondo et al. 2010; Rodriguez-
Gil et al. 2015) indicates that the OMP-tTA driver line pro-
vides a faithful readout of the onset of OMP expression.

In marked contrast, a recent study using 10-week-old
C57BL/6J x 129S1/Sv1MJ mice found that OMP-stained,
EdU+ cells were present as early as 2 days after EdU injection
and accounted for 11% of 5-day-old EdU labeled cells in 10-
week-old mice (Coleman et al. 2017). It is unclear why this
study found OMP expression so much earlier than in other
reports, although it is possible that differences in housing type
or conditions (Hinds et al. 1984; Holl 2018), analysis of the
septal OE vs. the turbinates (Vedin et al. 2009) and/or analysis
of confocal vs. widefield images of OE sections could
contribute.

We also noted that the contribution of EdU+OMP+ OSNs
to the total OMP reporter-expressing population increased
across 6 to 8 days after EdU injection. There are two non-
mutually-exclusive explanations for this finding. First, the on-
set of OMP-tTA-driven transgene expression could be asyn-
chronous across the population of newborn OSNs, with ex-
pression onset varying by asmuch as 48 h. Second, expression
onset could be synchronous, but additional cell divisions of
EdU-labeled precursors could generate additional cohorts of
OSNs that are 1–2 days younger than the time elapsed since
EdU injection. Kondo et al. (2010) found that the number of
BrdU-labeled OE cells peaked 2–3 days after BrdU injection,
supporting the latter possibility. However, in 1-month-old
mice, there was a ~50% increase in the number of BrdU-
labeled cells between 2 h and 3 days after injection, which
would be insufficient to explain the magnitude of the increase
in the percentage of OMP reporter-expressing cells between 6
and 8 days post-EdU injection in our study (Fig. 3). Therefore,
it likely that while slightly younger OSNs contribute to the
increased number of OMP+EdU+ cells present at 8 vs. 6 days
post-EdU injection, the onset of OMP-tTA-driven transgene
expression is also somewhat asynchronous across the P28-
born OSN population. This effect is also present in previous
studies that have assessed OMP mRNA or protein expression
onset across a range of time points (Kondo et al. 2010;
Rodriguez-Gil et al. 2015; Coleman et al. 2017), again indi-
cating that use of the OMP-tTA line to drive tetO-dependent
promoter expression faithfully recapitulates the temporal ex-
pression dynamics of OMP itself.

Shut down of Gγ8-tTA-driven reporter expression

The contribution of EdU-labeled cells to the population of
OSNs expressing a Gγ8-tTA-driven fluorescent protein de-
creased as the time post-EdU injection increased from 5 to
10 days. This is as would be expected for an immature marker,
expression of which is transient and shuts down as OSNs
mature. To our knowledge, no previous study has determined
the temporal profile of Gγ8 expression as OSNs mature; how-
ever, two studies have investigated the expression of GAP43,
another widely-used immature OSN marker, in newborn
OSNs. Rodriguez-Gil et al. (2015), using in situ hybridization
in BrdU-labeled OE from P7 CD-1 mice, found that GAP43
mRNA expression began in 1-day-old OSNs, peaked at 5 days
and then remained relatively stable until 8 days, before abrupt-
ly shutting down by 9 days. Coleman et al. (2017), using EdU
labeling in 10-week-old C57BL/6J × 129S1/Sv1MJ mice,
found that GAP43 protein expression began at 2 days, peaked
at 7 days, and then decreased significantly but still accounted
for 40% of EdU-labeled cells at 9 days, the latest time point
examined. Hence, our results are in broad agreement with
these previous studies, especially given that expression of
GAP43 and Gγ8 may not follow exactly the same temporal
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pattern during OSN maturation. Indeed, we have shown pre-
viously that Gγ8-tTA-driven reporter-expressing OSNs are
slightly more apically located than GAP43-immunostained
OSNs in the OE of P21 C57BL/6J × 129 mice, indicating that
Gγ8 promoter-driven expression may persist for slightly lon-
ger than that of GAP43 as OSNs mature (Cheetham et al.
2016).

The question of precisely when Gγ8-tTA-driven expres-
sion shuts down remains incompletely resolved, as we did
detect a very small subset of Gγ8+EdU+ cells at both 10
and 14 days after EdU injection. It is possible that a very small
subset of OSNs continue to express Gγ8-tTA-driven reporters
beyond 8 days of cellular age. Greater stability of fluorescent
proteins vs. Gγ8 or GAP43 protein could also extend the time
window for Gγ8 and EdU co-labeling by up to 24 h (Li et al.
1998). Alternatively, these double-labeled cells could have
been generated by subsequent cell divisions of EdU-labeled
progenitors, and hence be several days younger than the time
post-EdU injection. Kondo et al. (2015) provided good evi-
dence that additional labeled cells continue to be generated in
the OE for several days after BrdU injection. Furthermore, our
analysis of the position of Gγ8+EdU+ cells along the basal-
apical axis of the OE, which provides an estimate of OSN
maturity (Rodriguez-Gil et al. 2015), indicated that these
double-labeled cells were more basally located than many of
the Gγ8-EdU+ cells present at 10 or 14 days post-injection.
We interpret this to mean that a significant fraction of the
Gγ8+EdU+ cells present at the 10- and 14-day post-EdU time
points arose from later cell division of EdU-labeled GBCs
(Miragall and Graziadei 1982; Schwob et al. 1992), and hence
that these cells are younger than the time elapsed since EdU
injection. However, we cannot completely exclude the possi-
bility that occasional OSNs older than 8 days continue to
express Gγ8-tTA-driven reporters.

We found no OMP staining of Gγ8+EdU+ OSNs at any
time point after EdU injection. This suggests that co-
expression of Gγ8 and OMP is very rare in P28-born OSNs,
which is somewhat surprising given that we previously report-
ed that 6% of OSNs expressing a Gγ8-tTA-driven fluorescent
reporter stained for OMP in the OE of 8-week-old mice
(Cheetham et al. 2016). The most plausible explanation for
this discrepancy is that the very low survival rate of P28-born
OSNsmeans that there are simply very fewOSNs in transition
to maturity, making them difficult to detect.

Low survival rate of P28-born OSNs

Our data suggest that newborn OSNs in P28 mice are gradu-
ally eliminated from the OE between 5 and 14 days of neuro-
nal age. Indeed, the total linear density of 14-day-old EdU+
cells was 88% lower than that of 5-day-old EdU+ cells. This
indicates that attaining maturity, as assessed by OMP expres-
sion, does not promote survival; that very few P28-born OSNs

make a lasting contribution to the OE; and furthermore, that
OSNs continue to be generated even under circumstances that
are unfavorable to long-term survival.

Is this low survival rate, and the elimination of OSNs that
have already begun to express OMP, specific to P28-born
OSNs? Similar to a previous report (Kondo et al. 2010), we
found that the density of apoptotic cells in the P38 OE was
higher than that in the P66 OE, indicating that ~P28-born
OSNs are eliminated at a slightly higher rate than those born
a month later. Surprisingly, we also found that the distribution
of apoptotic cells was skewed slightly apically in P38 vs. P66
mice, indicating that ~P28-born OSNs are dying at slightly
later maturational stages than those born a month later.
Future studies should further investigate this intriguing result;
however, the greater overlap of the P38 vs. P66 apoptotic cell
distribution with those of 5–14-day-old OSNs along the basal-
apical axis of the OE (Fig. 2) (Rodriguez-Gil et al. 2015) may
suggest that elimination of newly-matured P28-born OSNs is
unusually prevalent.

Previous reports also suggest that OSN survival rates are
higher for OSNs generated in P7 CD-1 (Rodriguez-Gil et al.
2015) and in 2–3-month-old CD-1 and outbred Swiss albino
(Hinds et al. 1984; Mackay-Sim and Kittel 1991) mice, al-
though comparisons between studies are complicated by dif-
ferences in mouse strain and – more particularly – housing
conditions (Hinds et al. 1984; Holl 2018). Indeed, in a study
directly comparing the survival of birth-dated OSNs in mice
aged 10 days to 16 months, Kondo et al. (2010) found similar
reductions in the number of 14-day-old vs. 5-day-old OSNs
across mouse age groups. However, both Kondo et al. (2010)
and another study (Brann et al. 2015) reported far greater
elimination ofOMP-expressingOSNs between 14 and 30 days
of neuronal age in mice injected with BrdU at 1-month-old vs.
2–3-months-old. These studies therefore indicate that P28-
born OMP-expressing OSNs are less likely to survive long-
term than those generated in older mice. Furthermore, the
majority of late embryonic- and perinatally-born OMP-ex-
pressing OSNs survive for at least three weeks (Holl 2018).

Taking these studies and our results together, the healthy
P28 OE may represent an unusual time point, at which post-
natal development of the glomerular map is largely complete
(Mombaerts et al. 1996; Potter et al. 2001; Zou et al. 2004)
and the rate of subventricular zone neurogenesis has declined
substantially (Batista-Brito et al. 2008), yet few established
mature OSNs have started to undergo apoptosis. In contrast,
glomerular maps in younger mice are still being formed and
refined, requiring continuous incorporation of newly generat-
ed OSNs, while in older mice, the need to replace damaged or
dying OSNs promotes the survival of newly-generated OSNs.
Indeed, the low survival rate that we observed in the healthy
OE is reminiscent of the poor survival of newborn OSNs in
the ipsilateral OE of rats that have undergone unilateral olfac-
tory bulbectomy: under these conditions, neurogenesis is
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upregulated, yet very few OMP-expressing OSNs survive
long term (Graziadei 1983; Verhaagen et al. 1990; Schwob
et al. 1992). Indeed, Schwob et al. (1992) found that following
bulbectomy, 90% of newly-generated OSNs in the ipsilateral
OE died between 5 and 14 days of age in adult rats. In con-
trast, only 40% of a BrdU-labeled cohort of OSNs was lost
between 5 and 14 days of age in 2–3-month-old control rats
(Schwob 1992). The authors concluded that OSNs are trophi-
cally dependent on the OB for prolonged survival (Schwob
et al. 1992). In our experiments, the OB is undamaged; how-
ever, the reason for lack of OSN survival may be analogous:
namely, that P28-born OSNs are very infrequently able to
form synaptic connections with OB neurons, which has been
suggested to be essential for their survival (Graziadei 1983).
Hence, while OSN maturation is independent of animal age,
OSN survival may not be. This finding is particularly useful in
the context of future studies that will explore how postnatal-
born OSNs integrate into the highly ordered glomerular cir-
cuits of the OB without disrupting existing function.
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