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The Stem Cell Marker Lgr5 Defines a Subset of Postmitotic
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Lgr5, leucine-rich repeat-containing G-protein coupled receptor 5, is a bona fide biomarker for stem cells in multiple tissues. Lgr5 is also
expressed in the brain, but the identities and properties of these Lgr5 � cells are still elusive. Using an Lgr5-EGFP reporter mouse line, we
found that, from early development to adulthood, Lgr5 is highly expressed in the olfactory bulb (OB), an area with ongoing neurogenesis.
Immunostaining with stem cell, glial, and neuronal markers reveals that Lgr5 does not label stem cells in the OB but instead labels a
heterogeneous population of neurons with preference in certain subtypes. Patch-clamp recordings in OB slices reveal that Lgr5-EGFP �

cells fire action potentials and display spontaneous excitatory postsynaptic events, indicating that these neurons are integrated into OB
circuits. Interestingly, R-spondin 3, a potential ligand of Lgr5, is also expressed in the adult OB. Collectively, our data indicate that
Lgr5-expressing cells in the OB are fully differentiated neurons and imply distinct roles of Lgr5 and its ligand in postmitotic cells.
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Introduction
The maintenance and repair of many adult tissues depend on
resident specialized stem cells, and specific molecular markers
have been identified and used to characterize and track these stem
cells. In recent years, Lgr5, leucine-rich repeat-containing
G-protein-coupled receptor 5, has been established as an adult
stem cell marker in small intestine and colon (Barker et al., 2007;

Tian et al., 2011), stomach (Barker et al., 2010; Leushacke et al.,
2013), hair follicles (Jaks et al., 2008), kidney (Barker et al., 2012),
mammary gland (de Visser et al., 2012; Plaks et al., 2013), and
ovary (Ng et al., 2014; Sun et al., 2014). By binding R-spondins,
secreted Wnt signaling agonists, Lgr5 mediates the Wnt pathway,
which plays critical roles in embryonic development and adult
cell genesis in various tissues (Carmon et al., 2011; Glinka et al.,
2011; de Lau et al., 2011, 2014). Lgr5 also labels stem cells in
sensory organs, such as the eye (Hirata-Tominaga et al., 2013),
ear (Shi et al., 2012, 2013; Bramhall et al., 2014), tongue (Yee et
al., 2013), and nose (Chen et al., 2014). Curiously, Lgr5 is ex-
pressed in several types of neurons, including the mouse retinal
amacrine cells (Sukhdeo et al., 2014) and cerebellar granule neu-
rons (Miller et al., 2014), suggesting a potential role of Lgr5 out-
side of epithelial stem cells.

Interestingly, Lgr5 is highly expressed in the olfactory bulb
(OB), the first relay station in the brain for processing odor in-
formation and one of the few neural structures that undergo
adult neurogenesis (Ming and Song, 2011; Lepousez et al., 2015).
Olfactory sensory neurons in the nose project their axons directly
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Significance Statement

Lgr5 (leucine-rich repeat-containing G-protein coupled receptor 5) is a bona fide stem cell marker in many body organs. Here we
report that Lgr5 is also highly expressed in the olfactory bulb (OB), the first relay station in the brain for processing odor
information and one of the few neural structures that undergo continuous neurogenesis. Surprisingly, Lgr5 is not expressed in the
OB stem cells, but instead in a few subtypes of terminally differentiated neurons, which are incorporated into the OB circuit. This
study reveals that Lgr5 � cells in the brain represent a nonstem cell lineage, implying distinct roles of Lgr5 in postmitotic neurons.
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to the OB and form synapses with OB neurons in specialized
structures called glomeruli. The OB projection neurons (mitral/
tufted cells) subsequently carry the information to the olfactory
cortices. The OB can be divided into different layers from the
surface to the center: the glomerular layer (GL), the external plex-
iform layer (EPL), the mitral cell layer (MCL), the internal plex-
iform layer (IPL), the granule cell layer (GCL), and the core
region, which is continuous with the rostral migratory stream
(RMS) from the subventricular zone (SVZ) (Lledo et al., 2008;
Whitman and Greer, 2009). Each layer contains heterogeneous
cells characterized by distinct morphologies, molecular markers,
and firing patterns (McQuiston and Katz, 2001; Parrish-Aungst
et al., 2007; Batista-Brito et al., 2008; Kiyokage et al., 2010; Kosaka
and Kosaka, 2011). For instance, in the glomerular layer, the
juxtaglomerular cells surrounding individual glomeruli are sub-
divided into three major types: the external tufted (ET) cells,
periglomerular (PG) cells, and short axon (SA) cells, which dis-
play distinct electrophysiological properties. Despite high expres-
sion of Lgr5 in the OB, the identities and properties of Lgr5� cells
in the OB are unknown.

In this study, we investigated identities of Lgr5� cells in the
OB using an Lgr5-EGFP reporter mouse line as well as genetic
lineage tracing of cells expressing Lgr5 at different developmental
stages. Immunostaining and in situ hybridization with a number
of molecular markers reveal that Lgr5-EGFP� cells in the OB are
not stem cells but rather are fully differentiated neurons with
preference in certain subtypes. Genetic lineage tracing confirms
that Lgr5-EGFP� cells do not give rise to other OB cells in adult
animals. Patch-clamp recordings confirm that these neurons fire
action potentials and display spontaneous excitatory postsynap-
tic events. Furthermore, R-spondin 3, one of Lgr5 ligands, is also
expressed in the adult OB. Bath perfusion of R-spondin 3 does
not acutely change the electrophysiological properties of Lgr5-
EGFP� cells, suggesting that they may function in a chronic
manner. These data indicate that Lgr5-EGFP� cells in the OB
represent a nonstem cell lineage, implying distinct roles of Lgr5
and its ligand in postmitotic neurons.

Materials and Methods
Animals. Genetically targeted heterozygous Lgr5-EGFP-IRES-cre/ERT2
mice (stock #008875; harboring a “knock-in” allele that abolishes Lgr5
gene function and expresses EGFP and CreERT2 fusion protein from the
Lgr5 promoter/enhancer elements) and Rosa26-floxed STOP-tdTomato
mice (stock #007909; a cre reporter strain with a loxP-flanked STOP
cassette prevents transcription of the downstream red fluorescent pro-
tein) were purchased from the The Jackson Laboratory. Both male and
female mice were used in this study, and the data were grouped together
because no sex difference was evident. The procedures of animal han-
dling and tissue harvesting were approved by the University of Pennsyl-
vania institutional animal care and use committee.

For genetic lineage tracing, Lgr5-EGFP-IRES-cre/ERT2 mice were
crossed with Rosa26-tdTomato mice. To induce the expression of the
reporter gene, a single dose of tamoxifen (0.22 mg/g body weight, Sigma)
was injected intraperitoneally at the age of 6 weeks. Mice were then killed
at different time points after tamoxifen induction.

For BrdU staining, mice were injected with one dose of BrdU (50 �g/g
body weight, Sigma) at the age of 4 weeks and killed 2 h after injection.
For unilateral naris closure, a brief cauterization (�1 s) with a cauterizer
(Fine Science Tools) was performed on one nostril at postnatal day 1
(P1), and the mice were examined 1 month later. Only mice with com-
plete closure on the operated side were used for further analysis.

Immunohistochemistry. Mice were deeply anesthetized by intraperito-
neal injection of ketamine-xylazine (200 and 15 mg/kg body weight,
respectively) before decapitation. The heads were fixed in 4% PFA
(Sigma) overnight at 4°C and infiltrated in a series of sucrose solutions

before being embedded in OCT. The frozen tissues were cut into 20 �m
coronal sections on a cryostat. After antigen retrieval in a 95°C water bath
for 10 min (followed by 10 min in 2N HCl at 37°C for BrdU detection),
the tissue sections were blocked for 60 min in 0.3% Triton X-100 in PBS
with 5% BSA and then incubated at 4°C with the primary antibodies
overnight. The primary antibodies included goat anti-Sox2 (sex deter-
mining region Y-box2; 1:100, Santa Cruz Biotechnology), mouse anti-
Ki67 (1:100, BD Biosciences), mouse anti-Nestin (neuroectodermal stem
cell marker; 1:200, Millipore), mouse anti-BrdU (1:1000, Millipore),
goat anti-GFAP (1:1000, Sigma), mouse anti-NeuN (1:500, Millipore),
rabbit anti-TH (1:500, Millipore), goat anti-glutamic acid decarboxylase
65 (GAD65; 1:100, Abcam), mouse anti-calbindin (CB; 1:500, Sigma),
mouse anti-calretinin (CR; 1:500, Millipore), sheep anti-5T4 oncofetal
trophoblast glycoprotein (1:200, R&D Systems), goat anti-doublecortin
(DCX) (1:200, Santa Cruz Biotechnology), or mouse anti-Lgr5 (1:100,
OriGene). The secondary antibodies (1:300, ThermoFisher Scientific)
included donkey anti-goat-568, donkey anti-mouse-568, donkey anti-
rabbit-568, donkey anti-rabbit-647, donkey anti-sheep-647, donkey
anti-mouse-488, and donkey anti-goat-633. Tissues were mounted in
Vectashield (Vector Laboratories). Fluorescent images were taken under
a SP5/Leica confocal microscope with LAS AF Lite software.

Patch-clamp recording in olfactory bulb slices. Adult Lgr5-EGFP-IRES-
cre/ERT2 mice (4 –12 weeks old, either gender) were deeply anesthetized
with ketamine-xylazine (200 and 15 mg/kg body weight, respectively)
and decapitated. The olfactory bulbs were dissected out and immediately
placed in ice-cold Ringer’s solution containing the following (in mM):
124 NaCl, 3 KCl, 1.3 MgSO4, 2 CaCl2, 26 NaHCO3, 1.25 NaH2PO4, 5.5
glucose, and 4.47 sucrose; osmolality �305 mOsm and pH �7.4, bub-
bled with 95% O2-5% CO2. Horizontal slices (300 �m thick) were cut
using a Leica VT 1200S vibratome. Slices were incubated in oxygenated
Ringer’s solution for 30 min at room temperature before use. For record-
ings, slices were transferred to a recording chamber and continuously
perfused with oxygenated Ringer’s solution. EGFP-labeled cells were
visualized using an Olympus 40� water-immersion objective on a
BX51WI upright microscope equipped with epifluorescence and differ-
ential interference contrast optics.

Whole-cell patch-clamp recordings were made under both current-
and voltage-clamp mode. Recording pipettes were made from boro-
silicate glass with a Flaming-Brown puller (Sutter Instruments; tip
resistance 5–10 M�). The pipette solution contained the following (in
mM): 120 K-gluconate, 10 NaCl, 1 CaCl2, 10 EGTA, 10 HEPES, 5 Mg-
ATP, 0.5 Na-GTP, and 10 phosphocreatine. Perforated patch-clamp re-
cordings were conducted in a subset of cells by including gramicidin
(Sigma) in the pipette. Gramicidin was first dissolved in DMSO to a
concentration of 2.5 mg/ml and then diluted in the pipette solution just
before use to a final concentration of 2.5 �g/ml and sonicated for 10 min.
Before backfilling gramicidin-containing solution, the electrode tip was
preloaded with gramicidin-free pipette solution. Reduction in the access
resistance was monitored, and experiments begun when the resistance
was stabilized at 50 –90 Mohm and the resting membrane potential was
��50 mV. Electrophysiological recordings were controlled by an EPC-9
amplifier combined with Pulse Software (HEKA Electronic) and ana-
lyzed using Igor Pro and mini-analysis (Synaptosoft). The signals were
filtered at 2.9 kHz and acquired at 10 kHz. Mouse recombinant
R-spondin 3 (#4120-RS-025/CF from R&D Systems) was diluted in
Ringer’s solution at a concentration of 100 ng/ml (3.5 nM).

In situ hybridization. DIG- or FITC-labeled riboprobes were synthesized
using a DIG or FITC RNA labeling kit (11175025910, Roche). The template
for lgr5, vesicular glutamate transporter 1 (vglut1), and R-spondin 3 gene was
amplified from mouse OB cDNA by PCR and subcloned into vector
pGEM-T Easy (A1360, Promega). Primers used to amplify cDNA were
as follows: lgr5 (5�-ACTCCCCTGTACATCTCTTCCA-3� and 5�-ATCT-
CATCCAGAAACGGGTATG-3�), vglut1 (5�-CAGAGCCGGAGGAGA
TGA-3� and 5�-TTCCCTCAGAAACGCTGG-3�), and R-spondin 3 (5�-
TAATGACGACAGCTGGAGAAGA-3� and 5�-GTGGACCCATAG-
GCAGGTAATA-3�).

Double FISH was performed as described previously (Fleming et al.,
2012). Briefly, the sections were hybridized with 1–2 ng/�l of DIG, and
FITC-labeled riboprobes diluted in hybridization buffer (containing
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50% formamide, 5� SSC, 0.3 mg/ml yeast tRNA, 100 �g/ml heparin, 1�
Denhardt’s, 0.1% Tween 20, 0.1% CHAPS, 5 mM EDTA in RNase free
H2O) overnight under Parafilm at 62°C. The sections were incubated in
anti-FITC-POD (1:100 in 0.5% blocking reagent; Roche, 11426346910)
overnight at 4°C. FITC riboprobes were developed using the TSA Plus
system (PerkinElmer, NEL741001KT). Slides were then incubated over-
night at 4°C with AP-conjugated anti-DIG antibody (1:500 in PBT �
20% lamb serum). DIG-labeled riboprobes were developed using HNPP/
Fast Red TR system (Roche, 11758888001). Slides were then rinsed in
PBS and mounted with Vectashield (Vector Laboratories).

Nissl staining. NeuroTrace 530/615 red fluorescent Nissl stain (Ther-
moFisher Scientific, N21482) was used to stain the Nissl substance in OB
sections to identify neuronal cells. NeuroTrace stain was diluted 1:200 in
PBS. The sections were covered with NeuroTrace stain, incubated for 20
min at room temperature, washed for 2 h at room temperature in PBS,
and mounted in Vectashield.

Experimental design and statistical analysis. To count the cell numbers
in different layers, a total of 16 counting squares in a single layer were
randomly selected from each OB section. Unless otherwise specified, for
each percentage including no coexpression (0%), a total of 300 –1000
cells from at least three sections of three different animals were counted
and included in the calculation. The juxtaglomerular cells were defined
as cells on the edge of each glomerulus. Counting was performed by
someone who was blind to the experimental design to eliminate bias.
Averaged data were derived from three different animals and expressed
as mean 	 SEM. For naris closure experiments, paired Student’s t tests
were performed between the open and closed side. For the effects of
R-spondin 3 on Lgr5-EGFP � cells, paired Student’s t tests were per-
formed between the preapplication and postapplication conditions. Elec-
trophysiological parameters between Lgr5-EGFP� and Lgr5-EGFP� cells
were compared using unpaired Student’s t tests. Statistical analysis was
conducted using GraphPad Prism 6.0 software or Microsoft Excel
built-in functions.

Results
Lgr5 does not mark stem cells in the OB
Adult neurogenesis occurs in several brain structures, including
the OB (Ming and Song, 2011). Because Lgr5 labels stem cells in
many other organs, we asked whether Lgr5 is expressed in the
brain. In adult Lgr5-EGFP mice, the OB is the only brain struc-
ture that shows high level of Lgr5 expression. The Lgr5-EGFP
expression pattern is consistent with a previous report (Miller et
al., 2014) and with lgr5 mRNA expression from the Allen Mouse
Brain Atlas (Lein et al., 2007). Within the OB, Lgr5-EGFP� cells
are found in the GL, MCL, and GCL (Fig. 1).

To elucidate whether Lgr5 labels stem cells in the OB, we
stained OB sections from adult Lgr5-EGFP mice with Sox2 and
Nestin, two stem cell markers in the nervous system, and found
that Lgr5-EGFP � cells do not coexpress either marker (Fig.
1A,B). Furthermore, Lgr5-EGFP� cells are not proliferating be-
cause they do not express Ki67 or incorporate BrdU (Fig. 1C,D).
Similar results were also observed in embryonic (E18, Fig. 2A–C)
and neonatal (P1, Fig. 2D–F) mice. Therefore, Lgr5 does not
mark stem cells in the OB from early development to adulthood.

To further confirm that Lgr5-EGFP� cells in the OB do not
function as stem cells, we performed genetic lineage tracing ex-
periments by crossing Lgr5-EGFP-cre/ERT2 mice with Rosa26-
floxed STOP-tdTomato mice. Upon tamoxifen induction,
Lgr5-EGFP� cells would be marked by both EGFP and tdTo-
mato. If some Lgr5-EGFP� cells are stem cells, they will give rise
to progeny cells, which likely turn down the expression of Lgr5
and thus are tdTomato� only. Up to 90 d after tamoxifen injec-
tion, we found that all tdTomato� cells also express EGFP (Fig.
3A–D), arguing that the tdTomato� cells are not the progenies of
Lgr5-EGFP� cells, but rather are themselves Lgr5-EGFP� cells.

Lgr5-EGFP � cells are terminally differentiated neurons in
the OB
To reveal the identities of Lgr5-EGFP� cells in the OB, we stained
the OB sections from adult Lgr5-EGFP mice with a variety of cell
markers. Nearly all Lgr5-EGFP� cells in different layers of the OB
were positively stained with NeuroTrace Nissl (Fig. 4A–D), sug-
gesting that Lgr5-EGFP� cells are neurons. Consistent with this
notion, Lgr5-EGFP� cells do not express GFAP, an astrocyte
marker (Fig. 4E), and some are stained by NeuN, a nucleus
marker for a subset of mature neurons in the OB (Fig. 4F,G; for
Lgr5-EGFP�/DCX� immature neurons, see below).

Within the glomerular layer, nearly half of Lgr5-EGFP� cells
express TH, indicating that they are dopaminergic neurons (Fig.
4H,L). These TH� cells are also GABAergic because virtually all
TH� cells also express GAD67� and a subset (�18%) expresses
GAD65 (Parrish-Aungst et al., 2007; Kiyokage et al., 2010). We
therefore quantified Lgr5-EGFP� cells based on their TH and GAD65
expression: Lgr5�TH�GAD65� (26%), Lgr5�TH�GAD65�

(24%), Lgr5�TH�GAD65� (13%), and Lgr5�TH�GAD65�

(37%) (Fig. 4I–L). This indicated that these three molecules
define distinct, but overlapping, subpopulations of neurons.
Similar lineage tracing experiments confirmed that some TH�

and GAD65� cells are Lgr5-EGFP�, but they are unlikely the
progeny of Lgr5-EGFP� cells because all tdTomato� cells are
also EGFP� (Fig. 5A,B,E,F). In contrast, Lgr5-EGFP� cells do
not express the calcium binding protein CB or CR (Fig. 4M,N),
which together account for nearly 38% of neurons in the glomer-
ular layer (Parrish-Aungst et al., 2007). Consistently, none of the
CB� or CR� cells are the progeny of Lgr5-EGFP� cells (Fig.
5C,D,G,H). In the mitral cell layer, 
40% of Lgr5-EGFP� cells
express a leucine-rich repeat membrane protein, 5T4 oncofetal
trophoblast glycoprotein (Fig. 4O), which labels a subset of su-
perficial GABAergic granule cells located in or near the mitral cell
layer (Imamura et al., 2006; Yoshihara et al., 2012). A small pop-
ulation of Lgr5-EGFP�/5T4� cells is also observed in the glo-
merular layer (Fig. 4P). Additionally, double in situ hybridization
experiments reveal that some lgr5� cells in the MCL and in the
GL/EPL boundary express vglut1, supporting that these cells are
glutamatergic mitral and tufted cells, respectively (Fig. 4Q–S).
These data demonstrate that Lgr5 is expressed in multiple sub-
types of neurons in different layers of the OB.

Lgr5 is expressed in neurons at different maturation stages
Because interneurons in the OB are continuously replenished
from neuroblasts that migrate via the RMS from the SVZ (Lledo
et al., 2008; Cave and Baker, 2009; Whitman and Greer, 2009), we
asked whether Lgr5-EGFP� cells are at different maturation
stages. There are no Lgr5-EGFP� cells in the OB core region,
RMS, or SVZ of Lgr5-EGFP mice (Fig. 1D3, OB core region). It is
most likely that Lgr5 expression is initiated after the neuroblasts
reach the OB, although we cannot rule out the possibility that
some Lgr5-EGFP� neurons are generated locally in the OB. As
neurons become mature, they downregulate the expression of
DCX (a microtubule-associated protein expressed in neuronal
precursor cells and immature neurons) and upregulate the ex-
pression of NeuN (Brown et al., 2003). In addition to NeuN�

Lgr5-EGFP�cells (Fig. 4F,G), a subset of Lgr5-EGFP� cells
(15% in the glomerular layer and 10% in the mitral cell layer)
coexpress DCX (Fig. 6A,B). Similarly, Lgr5-EGFP�TH� cells
also contain both DCX� (21%) and NeuN� (30%) populations
(Fig. 6C,D). These data indicate that Lgr5 is expressed in OB
neurons at varying developmental stages.
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Unlike TH and 5T4, Lgr5 does not show activity-dependent
expression
Because both TH and 5T4 show activity-dependent expression
in the OB (Baker et al., 1993; Yoshihara et al., 2012) and
overlap with Lgr5 (Fig. 4), we asked whether Lgr5 expression is
also activity-dependent. Unilateral naris closure was per-
formed on neonatal mice, and Lgr5-EGFP expression was
compared between the open and closed sides 30 d later. No
significant difference was observed in the number of Lgr5-
EGFP � cells in different layers of the OB (Fig. 7A). In contrast,
in the glomerular layer, the percentage of TH � cells among
Lgr5-EGFP � cells was decreased by 36% ( p � 0.01) in the
closed side due to reduced TH expression (Fig. 7B1–B3). Sim-
ilarly, in the mitral cell layer, the percentage of 5T4 � cells
among Lgr5-EGFP � cells was decreased by 42% ( p � 0.01) in
the closed side (Fig. 7C1–C3).

We next examined whether sensory deprivation affects matu-
ration of Lgr5-EGFP� cells. The percentage of DCX� cells
among Lgr5-EGFP� cells in the GL was increased by 48% in the
closed side (Fig. 7D1,D2,D5; p � 0.03), and increased by 126% in
the GCL (Fig. 7D3–D5; p � 0.03), indicating that sensory depri-
vation leads to accumulation of immature Lgr5-EGFP� neurons.
Together, Lgr5 does not show activity-dependent expression in
the OB, even though sensory input plays a role in maturation of
these neurons.

Lgr5-EGFP � cells show heterogeneity in
electrophysiological properties
We further investigated the functional properties of Lgr5-EGFP�

neurons in the OB by patch-clamp recoding in the glomerular
layer, where we observed the strongest Lgr5-EGFP expression
(Fig. 8A). Under current-clamp mode, depolarizing current in-

Figure 1. Lgr5 does not label stem cells in the OB. Coronal OB sections from adult Lgr5-EGFP mice were stained with stem cell marker Sox2 (A), Nestin (B), cell proliferation marker Ki67 (C), or BrdU
(D). Many BrdU � cells are in the core region of the OB, where there is no EGFP signal (D3). Scale bars: A–D, 100 �m; A2, B2, C2, D3, 20 �m.
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jections elicited action potentials in all Lgr5-EGFP� cells (Fig.
8B). The firing patterns of both Lgr5-EGFP� and Lgr5-EGFP�

cells in the glomerular layer could be categorized as tonic firing,
delayed firing, bursting, or single-spike, similar to random re-

cordings from juxtaglomerular neuron populations (McQuiston
and Katz, 2001). These results confirm that Lgr5-EGFP� cells in
the glomerular layer are postmitotic, functional neurons, com-
prising a heterogeneous population.

Figure 2. Lgr5 does not mark stem cells in the OB at prenatal and neonatal stages. A–C, At embryonic day 18 (E18), Lgr5-EGFP � cells do not coexpress Sox2 (A, A1), Ki67 (B, B1), or Nestin (C, C1)
in the GL. In the core region where Lgr5-EGFP expression is absent, there are abundant Sox2 � (A2), Ki67 �(B2), and Nestin � (C2) cells. D–F, At postnatal day 1 (P1), Lgr5-EGFP � cells do not
express Sox2 (D), Ki67 (E), or Nestin (F ) in the GL (D1–F1) or MCL/GCL (D2–F2). Scale bars: C, F, 100 �m; C1, C2, F1, F2, 20 �m. Each scale bar applies to the entire row.

Figure 3. Lgr5-EGFP � cells do not give rise to other cells in the OB. Genetic lineage tracing was performed in Lgr5-EGFP-cre/ERT2 and Rosa26-floxed STOP-tdTomato mice at 10 d (A, B) and 90 d
(C, D) after tamoxifen induction. All tdTomato � cells are also Lgr5-EGFP � in the GL (A, C, arrowheads), MCL (B, D, arrows), and GCL (B, D, arrowheads). Scale bars, 20 �m. Each scale bar applies
to the entire panel.
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Figure 4. Lgr5 marks several subtypes of neurons in the OB. A–D, Coronal OB sections from adult Lgr5-EGFP mice were stained with Nissl. Nearly all Lgr5-EGFP � cells are Nissl � in the GL
(A, 89%), EPL (B, 100%), MCL (C, 94%), and GCL (D, 84%). E–H, Lgr5-EGFP � cells are not positively stained by astrocyte marker GFAP (E), but a subset is positively stained by neuronal cell marker
NeuN in the GL (28%) (F ) and MCL/GCL (41%) (G), and by dopaminergic neuron marker TH (H ). I–L, Lgr5, GAD65, and TH show distinct but overlapping expression in the glomerular layer. Examples
of cells expressing all three molecules (I ), GAD65 and TH but not Lgr5 (J ), Lgr5 and TH but not GAD65 (K ), and summary of the data from a total of 1804 Lgr5-EGFP � cells (L). M, N, Lgr5-EGFP �

cells do not coexpress CB (M ) or CR (N ). O, Approximately 41% of Lgr5-EGFP � cells in the MCL express 5T4. P, A small population of Lgr5 �/5T4 � cells is present in the GL. Q–S, Double in situ
hybridization using lgr5 and vlgut1 riboprobes showed coexpression of these two genes in a subset of cells (Q) located at MCL (R) and GL/EPL border (S). Scale bars: D, H, P, 10 �m (each applies to
the entire row); K, 10 �m (applies to the entire panel); Q, 100 �m; S, 20 �m (also applies to R).
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Figure 5. Lgr5-EGFP � cells do not give rise to other neuronal cell types in the OB. Genetic lineage tracing was performed in Lgr5-EGFP-cre/ERT2 and Rosa26-floxed STOP-tdTomato mice at 21 d
(A–D) and 90 d (E–H ) after tamoxifen induction. All tdTomato � cells are also EGFP �, suggesting that they are Lgr5-EGFP � cells rather than the progenies from Lgr5-EGFP � cells. Some
tdTomato � cells are TH � (column 1: A,A�, E, E�) and GAD65 � (column 2: B, B�, F, F�), whereas no tdTomato � cells are CB � (column 3: C, C�, G, G�) or CR � (column 4: D, D�, H, H�). Scale bars:
D, H, 20 �m; D�, H�, 10 �m. Each scale bar applies to the entire row.
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Juxtaglomerular neurons participate in interglomerular and
intraglomerular circuits, making synaptic contacts with sensory
neuron axon terminals, mitral/tufted cell dendrites, and other
juxtaglomerular cells. Spontaneous EPSCs (sEPSCs) in Lgr5-
EGFP� cells demonstrated that these cells are integrated into the
OB neural circuits (Fig. 8C). Curiously, sEPSCs recorded in Lgr5-
EGFP� cells exhibited similar event frequencies but significantly
larger amplitudes compared with Lgr5-EGFP� cells (Fig. 8D).

An Lgr5 ligand R-spondin 3 is expressed in the olfactory bulb
In other cell types and tissues, Lgr5 has been shown to bind
R-spondins and regulate the Wnt signaling pathway (Carmon et
al., 2011; Glinka et al., 2011; de Lau et al., 2011). R-spondin family
contains four secreted proteins (1– 4), all of which are potential
ligands for Lgr5 (Carmon et al., 2011). We set out to investigate
the expression patterns of R-spondin 1– 4 in the mouse OB by
searching the in situ hybridization data from Allen Mouse Brain
Atlas (Lein et al., 2007) and Allen Developing Mouse Brain Atlas
(Sunkin et al., 2013). We found that only R-spondin 3 is ex-
pressed in the adult OB (Fig. 9A), which was further confirmed by
double in situ hybridization of Lgr5 and R-spondin 3 (Fig. 9B).
This finding suggests that Lgr5 can be activated by an endogenous
ligand in the OB.

Given that Lgr5-EGFP� cells showed larger sEPSCs than
Lgr5-EGFP� cells (Fig. 8D), we reasoned that binding of R-spondin
3 to Lgr5 could have either an acute effect on synaptic function or
chronic effect on synaptic formation or maintenance via Wnt
signaling (Dickins and Salinas, 2013; Purro et al., 2014). We di-
rectly assessed the first possibility by examining the effect of per-
fusion of R-spondin 3 on the electrophysiological properties of
Lgr5-EGFP� cells using both whole-cell and perforated patch
clamp. The latter recording configuration maintains the integrity
of second messenger signaling cascades while gaining electrical
access to the cells via antibiotic pores. Perfusion of R-spondin 3 at
100 ng/ml (or 3.5 nM) for 10 min did not cause significant
changes in resting membrane potentials or sEPSCs (Fig. 9C). The
concentration of R-spondin 3 we used was presumably a saturat-
ing dose for binding Lgr5 because the median effective dose is �1
ng/ml according to the manufacturer’s datasheet and the half-
maximum effective concentration is 0.01 nM in cultured cells
(Carmon et al., 2011). These results suggest that Lgr5 and its
ligand may exert their functions in the OB in a chronic manner as
discussed below.

Discussion
In this study, we investigated the identities and properties of
Lgr5-EGFP� cells in the OB using an Lgr5 reporter mouse line as
well as genetic lineage tracing. Immunostaining with various mo-
lecular markers reveals that Lgr5-EGFP� cells in the OB are not
stem cells but rather are fully differentiated neurons of various
subtypes and maturation stages. Patch-clamp recordings reveal
that these neurons fire action potentials and display spontaneous
postsynaptic events. Genetic lineage tracing reveals that Lgr5-
EGFP� cells do not give rise to other OB cells in adult animals.
These data indicate that Lgr5-EGFP� cells in the OB represent a
nonstem cell lineage, implying distinct roles of Lgr5 in postmi-
totic neurons.

In the past 10 years, Lgr5 has been established as a marker for
epithelial stem cells in many body organs, including sensory or-
gans (for references, see Introduction). The OB is a brain region
that undergoes continuous neurogenesis and expresses Lgr5 at
high levels. Surprisingly, Lgr5-EGFP� cells in the adult or devel-
oping OB do not coexpress neuronal stem cell markers Sox2 and
Nestin, do not proliferate, nor do they give rise to other cells
(Figs. 1, 2–3, 5), indicating that Lgr5-EGFP� cells are not pro-
genitor/stem cells in the OB. Instead, Lgr5-EGFP� cells are post-
mitotic neuronal cells in different OB layers and at different
maturation stages because they are stained for Nissl body and
other neuronal markers (Figs. 2, 3).

In the glomerular layer, the juxtaglomerular cells are subdi-
vided into three major types: the ET cells, SA cells, and PG cells.
Each type can be further divided into several subtypes based on
their anatomical and/or neurochemical properties. Lgr5 is ex-
pressed in a heterogeneous population of neurons in the glomer-
ular layer but with preference in certain subtypes. For instance,
nearly 50% of Lgr5-EGFP� cells are TH�, dopaminergic cells
(Fig. 4), which account for only 10% of juxtaglomerular cells
(Parrish-Aungst et al., 2007). The TH� cells can be further di-
vided into two major subpopulations, including GAD65� uni-
glomerular PG cells and GAD67� multiglomerular short axon
cells, which innervate one and multiple (from a handful to tens
of) glomeruli, respectively (Kiyokage et al., 2010). Among Lgr5-
EGFP� cells, 26% of them express both TH and GAD65 and most
likely belong to uniglomerular PG cells. Another 24% express TH
but not GAD65 and most likely belong to short axon cells (Fig. 4),
which modulate information transmission in the OB via interglo-
merular interactions (Kiyokage et al., 2010; Whitesell et al., 2013;

Figure 6. Lgr5-EGFP � cells in the OB are at different stages of maturation. A, B, A subset of Lgr5-EGFP � cells (green) coexpresses DCX (red) in both the GL (15%) (A) and MCL (10%) (B). A�, B�,
Enlarged images within the rectangles. C, D, In the GL, a subset of Lgr5-EGFP �/TH � cells coexpresses DCX (arrowhead; 21%) (C) or NeuN (arrowhead; 30%) (D). Arrows indicate Lgr5-EGFP �/TH �

cells that do not express DCX (C) or NeuN (D). Scale bars: B, 20 �m; B�, D, 10 �m.
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Banerjee et al., 2015; Liu et al., 2016). In contrast, Lgr5 is not
expressed in calcium binding protein CB� or CR� cells (Fig. 4),
which together account for 37% of juxtaglomerular cells (Parrish-
Aungst et al., 2007) and define a subset of anaxonic (without typ-
ical axons) PG cells (Kosaka et al., 2008; Kosaka and Kosaka,
2011). Overall, Lgr5 expression is not random among GABAergic
neurons in the glomerular layer but shows strong preference in
dopaminergic TH� cells over CB� and CR� cells. It is worth
noting that the immunohistochemistry data may underestimate

the percentage of TH� or GAD� cells among Lgr5� cells due to
possible inefficiency of the antibodies. In addition, Lgr5 is also
expressed in a subset of excitatory, external tufted cells located in
the GL/EPL boundary, revealed by double in situ hybridization of
lgr5 and vglut1 mRNAs due to weak staining of the cell bodies by
the VGluT1 antibody (Fig. 4).

Similarly, in the mitral cell layer, Lgr5 is also expressed in a
heterogeneous population of cells, including both excitatory and
inhibitory neurons with preference in certain cell types. Nearly

Figure 7. Lgr5 expression is independent of sensory inputs. A, Sensory deprivation did not alter the number of Lgr5-EGFP � cells in the GL (25	2/glomerulus in the open side, n �24 sections; 26	3 in
the closed side, n�24 sections), MCL (24	3 cells/300�m linear length in the open side, n�24 sections; 22	3 in the closed side, n�24 sections), or GCL (25	3 cells/100�100�m 2 in the open side,
n�24 sections; 25	4 in the closed side, n�24 sections). B1–B3, The percentage of Lgr5-EGFP �TH �/Lgr5-EGFP � cells in the GL decreased in the closed side (B1: 35	4%, n�21 sections) compared
with the open side (B2: 55	6%, n�21 sections), summarized in B3. C1–C3, The percentage of Lgr5-EGFP �5T4 �/Lgr5-EGFP � cells in the closed MCL (C1: 23	5%, n�21 sections) decreased compared
with the open MCL (C2: 39 	 6%, n � 21 sections), summarized in C3. D1–D5, Expression of DCX was increased in the closed GL (D1: 33 	 4%, n � 24 sections) and GCL (D3: 19 	 4%, n � 24 sections)
compared with the open side (D2: 22 	 3% in GL; D4: 11 	 3% in GCL, n � 24 sections), summarized in D5. Scale bar, 10 �m. p values: paired t test.
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Figure 8. Whole-cell patch-clamp recordings reveal the electrophysiological properties of Lgr5-EGFP � cells in the GL. A, Fluorescent cells in the GL were observed in the OB slices from adult
Lgr5-EGFP mice and targeted for whole-cell patch-clamp recordings. Scale bar, 50 �m. B, Representative current-clamp recordings from Lgr5-EGFP � and Lgr5-EGFP � cells in the GL. These diverse
firing patterns were representative of juxtaglomerular neurons. C–E, Voltage-clamp recordings (Vhold � �70 mV) demonstrated that both Lgr5-EGFP � and Lgr5-EGFP � cells received synaptic
inputs in the form of sEPSCs. Whereas the frequency (D) of sEPSCs was not different between the two groups (Lgr5-EGFP �, 7.3 	 1.4 Hz vs Lgr5-EGFP �, 9.1 	 2.3 Hz), the amplitude (E) was
significantly higher in Lgr5-EGFP � (164.6 	 30.5 pA, n � 13) than Lgr5-EGFP � cells (93.0 	 8.6 pA, n � 17). p values: unpaired t test.

Figure 9. R-spondin 3, a ligand for Lgr5, is expressed in the olfactory bulb. A, In situ hybridization of R-spondin 3 in the olfactory bulb. Image was taken from Allen Developing Mouse Brain Atlas
(http://developingmouse.brain-map.org/experiment/show/100042471). Scale bar, 100 �m. B, Double in situ hybridization using lgr5 (green) and R-spondin 3 (red) riboprobes showed expression
of these two genes in the OB. Arrowheads indicate costained cells. A, B, Results were from 1-month-old mice, but similar results were observed from 2-month-old mice. Scale bar, 20 �m. C, Bath
perfusion of R-spondin 3 did not change the resting membrane potential (RMP), sEPSC frequency, and sEPSC amplitude. Each red line connects the values of preapplication and postapplication of
R-spondin 3 from a single cell. The data for the RMP were obtained from perforated patch clamp, whereas those for sEPSCs were from whole-cell patch clamp. An additional two cells in perforated
patch-clamp configuration also showed no alteration in sEPSC frequency and amplitude after R-spondin 3 perfusion. The recordings typically lasted 15 min after perfusion onset of R-spondin 3.
p values: paired t test.
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40% of Lgr5-EGFP� cells are 5T4�, which labels a subset of
superficial granule cells and plays a role in the formation or main-
tenance of dendritic ramification or synaptic connection (Ima-
mura et al., 2006; Yoshihara et al., 2012). Considering that 5T4�

only account for 14% of NeuN� cells while nearly all 5T4� cells
are NeuN� (Imamura et al., 2006), Lgr5 expression shows strong
preference in 5T4� cells. Interestingly, Lgr5 expression does not
show any activity dependence, even though both TH and 5T4
expression is significantly reduced after naris closure (Baker et al.,
1993; Yoshihara et al., 2012). Consequently, the percentage of
Lgr5-EGFP�TH� and Lgr5-EGFP�5T4� cells shows a signifi-
cant reduction upon sensory deprivation (Fig. 7).

Lgr5 is not only expressed in heterogeneous cell types, but also
at different maturation stages in the OB (Fig. 6). NeuN, a pan
neuronal nuclear marker in vertebrates, is expressed in neurons
undergoing withdrawal from the cell cycle and/or with the initi-
ation of terminal differentiation (Mullen et al., 1992). Thus,
NeuN is widely used as a marker for mature neurons, especially
for those with downregulated expression of markers in the early
stages of neuronal development, such as DCX (Brown et al., 2003;
Couillard-Despres et al., 2005). However, only a relatively small
portion of OB cells are NeuN� (25% in the GL and 29% in the
MCL) (Parrish-Aungst et al., 2007). Thus, NeuN staining may
underestimate mature neurons in the OB. Nonetheless, among
Lgr5� cells, 28% in the GL and 41% in the MCL/GCL are NeuN�

(Fig. 6), consistent with previous reports in the OB (Parrish-
Aungst et al., 2007). This probably explains why the summed
percentage of mature (NeuN�) and immature (DCX�) Lgr5-
EGFP� cells is much lower than 100% (43% in the GL and 51%
in the MCL/GCL).

DCX is expressed in neuronal precursors (neuroblasts) and
newly generated neurons (Brown et al., 2003; Couillard-Despres
et al., 2005). DCX� cells are enriched throughout the RMS
(Nacher et al., 2001) and generate different subtypes of local in-
terneurons (Lledo et al., 2008; Cave and Baker, 2009; Whitman
and Greer, 2009). There are no Lgr5-EGFP� cells in the RMS,
suggesting that Lgr5 expression is initiated after the progenitor
cells reach the OB. Lgr5-EGFP�/DCX� cells are found in differ-
ent layers of the OB and most likely mature into the specific
subtypes of Lgr5� neurons in the OB. Unilateral naris closure
causes an increase in the percentage of Lgr5�/DCX� cells in all
OB layers, suggesting that maturation of Lgr5� neurons depends
on sensory inputs.

Consistent with the heterogeneity of Lgr5-EGFP� cells in the
OB, patch-clamp recordings demonstrate comparable firing
patterns between Lgr5-EGFP� and Lgr5-EGFP� cells in the glo-
merular layer (Fig. 8). Interestingly, Lgr5-EGFP� cells exhibit
sEPSCs with significantly larger amplitudes compared with Lgr5-
EGFP� cells. This may be due to biased expression of Lgr5 in
certain subtypes of neurons (such as TH�) if these subtypes ex-
hibit larger sEPSCs. Alternatively, the larger EPSCs observed in
Lgr5-EGFP� cells may reflect the potential role of Lgr5 and its
ligand R-spondin 3 in regulating synaptic connections in the OB.
The Wnt signaling pathway plays critical roles in synaptic forma-
tion and maintenance in the nervous system, and disruption of
this pathway leads to synaptic disassembly in neurodegenerative
diseases (Dickins and Salinas, 2013; Purro et al., 2014). Because
new neurons are constantly generated and incorporated into the
OB circuit (Ming and Song, 2011; Lepousez et al., 2015) and the
OB is the only brain structure that expresses Lgr5 at high level in
adulthood, it is tempting to speculate that Lgr5 and its ligand
R-spondin 3, which is also expressed in the OB (Fig. 9), regulates
synaptic formation and maintenance in the adult OB via the Wnt

signaling pathway. Because of embryonic lethality of Lgr5 knock-
out mice, generating OB-specific Lgr5 knock-out or knockdown
models is needed in future studies to reveal distinct roles of Lgr5
in the OB neural circuit.

In conclusion, our study reveals that Lgr5, a progenitor/stem
cell marker in many tissues, defines a heterogeneous population
of neuronal cells in the OB circuit, suggesting a potential novel
function for Lgr5 and its ligand R-spondin 3 in the regulation of
postmitotic neurons.
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