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Abstract

Whnt signaling regulates self-renewal and fate commitment of stem and progenitor
cells in development and homeostasis. Leucine-rich repeat-containing G-protein
coupled receptor 5 (Lgr5) is a co-receptor for Wnt signaling that marks highly
proliferative stem and progenitor cells in many epithelial tissue types. Wnt signaling
instructs neural developmental and homeostatic processes; however, Lgr5
expression in the developing and adult brain has not been characterized. Here we
report that Lgr5 is expressed in the postnatal cerebellum during the maturation and
synaptogenesis of cerebellar granule neurons (CGNSs), processes controlled by
Whnt signaling. Using a transgenic reporter mouse for in vivo Lgr5 expression
analysis and lineage tracing, we reveal that Lgr5 specifically identified CGNs and
was restricted temporally to the CGN maturation phase within the internal granule
layer, but absent in the adult brain. Cells marked by Lgr5 were lineage restricted,
post-mitotic and long-lived. The ligand for Lgr5, R-spondin, was secreted in a
paracrine fashion that evolved during the maturation of CGNs, which coincided with
the Lgr5 expression pattern. Our findings provide potential new insight into the
critical regulation of Wnt signaling in the developing cerebellum and support a novel
role for Lgr5 in the regulation of post-mitotic cells.
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Introduction

The discovery of Lgr5 (leucine-rich-repeat-containing G-protein-coupled receptor
5) as an adult epithelial stem cell marker led to interest in this previously orphan
receptor. Since its discovery as a marker of intestinal crypt stem cells [1], Lgr5 has
been shown to mark stem or progenitor cell populations across diverse epithelial
tissues, including skin, stomach, intestine, mammary gland, and cochlear hair
follicle, and acts as a Wnt co-receptor (reviewed in [2]). To date, characterized
epithelial Lgr5-positive cell populations all demonstrate self-renewal and
proliferative capacity.

Wnt signaling plays an important role in many processes during development
and homeostasis in the brain [3,4]. However, Lgr5 expression and function as an
important Wnt co-receptor in Wnt-dependent cell types in the brain has not been
described. Cerebellar granule neurons (CGNs) make up the largest neuronal
population in the mammalian brain, outnumbering all other neurons combined
[5], and their development is dependent on Wnt signaling, suggesting that Lgr5
may contribute to CGN biology.

CGNs proceed through well-organized, sequential differentiation events during
development [6]. During murine embryonic development, CGN precursors
(CGNPs) from the rhombic lip migrate to form the external germinal layer (EGL),
where they undergo extensive proliferation in response to Sonic hedgehog (Shh)
secreted from Purkinje neurons. CGNP proliferation continues for the first two
postnatal weeks, but within a few days of birth cells begin to exit the cell cycle and
differentiate. CGNPs stop dividing to differentiate and migrate through the
molecular layer into the internal granule layer (IGL) [7]. The final maturation
phase occurs in the IGL when CGNs form branched dendrites and long axons — a
Wnt signaling dependent process [8,9]. CGNs secrete Wnt-7a, which acts in an
autocrine fashion through the Frizzled-5 receptor to mediate synapse formation
with excitatory mossy fibers [9, 10]. Proper development of CGNss is critically
important to the overall development and architecture of the cerebellum.
Abnormal development or loss of CGNs leads to severe cerebellar abnormalities in
mice and several disease states in humans [11,12]. Aberrant Wnt signaling in
CGN precursors leads to severe cerebellar alterations [13], while interruption of
Wnt signaling leads to improper synapse formation [9].

In other cell types, the Wnt receptor complex, consisting of LRP and Frizzled
proteins, is recruited by and bound to R-spondin-activated Lgr5. Once bound to
Lgr5, the LRP-Frizzled complex binds Wnt ligands to increase signaling through
the Wnt/B-catenin pathway [14, 15]. However, the role of Lgr5 in CGN
development is unknown.

Here we report that Lgr5 is expressed in CGNs exclusively during their Wnt-
dependent maturation phase, and that the Lgr5 ligand, R-spondinl (Rspol)
displays a spatio-temporal concomitant pattern of expression. These data indicate
Lgr5 is involved in the orchestrated development of these non-stem neuronal cell
populations, demonstrating a potential role for Lgr5 outside of epithelial stem
cells.
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Materials And Methods
Animals

This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health. All animal experiments were approved by the Cleveland Clinic
Institutional Animal Care and Use Committee or the Sanford-Burnham Medical
Research Institute Institutional Animal Care and Use Committee. Lgr5-eGFP-
IRES-CreER2 (Lgr5"“H-CTERT2)(RRID:IMSR_JAX:008875)[1] and Rosa26-lox-
STOP-lox-tdTomato (R26R™™°™°)(RRID:IMSR_JAX:007914)[16] mice were
acquired from Jackson Labs. Standard PCR genotyping was performed according
to the vendor’s website. At least 3 Lgr5"“"" < *ER12 mice were examined for each
time point and marker. Catnb*"3) mice (RRID:MGI_MGI:2673882) [17]
were previously described [18].

Lgr5 lineage tracing

SEGFP-CreERT2 (gore crossed with the R26R™Tomate

Mice heterozygous for Lgr.

inducible reporter strain to breed Lgr5"“F"-CrERT2; pogRidTomate offspring. Lineage
tracing was achieved by intraperitoneal (i.p.) administration of tamoxifen to
Lgr5ECTP-CreERTZ, RogR™Tomate mice at 133 mg/kg body weight at P4 and P7 and
200 mg/kg at other indicated developmental time points [19]. At least 3
Lgr5PCerP-CreERT2, poR!MTomato ywere examined for each time point and indicated

marker.

Constitutive Wnt-Activation in Lgr5-positive cells

Heterozygous Lgr5“F"¢mERT2 ynimals were crossed with Catnb™®°"3) mice [17]

to yield Lgr5=cFr-CreERIZ Capyp/lox(exond) (RRID:MGI_MGI:5475209) mice. To
initiate constitutive activation of Wnt signaling, P4 pups were administered with
0.6 mg per 30 pL per pup tamoxifen through oral gavage. Mice were sacrificed by
cardiac perfusion and whole brains dissected at P25 when the mice are afflicted
with skin and intestinal abnormalities.

Tissue processing, histology and imaging

Tissues were fixed in 4% PBS-buffered paraformaldehyde overnight and then
transferred to 30% sucrose (w/v) for another 24 hours. Tissue was then embedded
in Optimal Cutting Temperature (OCT) compound and sectioned at 8 microns
on a Leica cryostat. Sections were blocked (PBS, 5% goat serum, 0.1% TritonX-
100), incubated with primary antibodies for 2 hrs at room temperature in
humidity chamber, washed with PBS and incubated with secondary antibodies for
45 min room temperature. Primary antibodies used: GFP (1:250; Aves Labs Cat#
GFP-1020 RRID:AB_10000240), Gabra6 (1:100; EMD Millipore Cat# AB5610
RRID:AB_91935), NeuN Clone A60 (1:100; Millipore Cat# MAB377
RRID:AB_2298772), BLBP (1:250; EMD Millipore Cat# ABN14
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RRID:AB_10000325), Calbl D28K (1:100; Sigma-Aldrich Cat# C9848
RRID:AB_476894), Olig2 (1:150; EMD Millipore Cat# AB9610
RRID:AB_570666), Ki67 (1:100; Abcam Cat# ab15580 RRID:AB_443209), Rspol
(1:1000; Sigma-Aldrich Cat# SAB3500046 RRID:AB_10602510), Pax6 (1:250;
Covance Cat# PRB-278P), Prominin-1 (1:100; eBioscience Cat# 14-1331-90),
Nestin (1:300; BD Biosciences Cat#556309). Species-specific Alexa-Fluor-
conjugated secondary antibodies were used for detection (1:250; Invitrogen).
tdTomato expression was visualized directly.

Image Analysis

Image quantification was done in conjunction with ImagelQ (http://www.image-
iq.com/) using image analysis software. Briefly, for Lgr5-GFP/tdTomato overlap
experiments, Lgr5-GFP and tdTomato thresholds were set as standard across
images and individual cells were marked separately as either negative or positive
for each marker and then overlaid to quantify single- and double-positive cells.

Results

Lgr5 is expressed in the postnatal cerebellum and its expression
is temporally restricted

We analyzed brain expression of Lgr5, a known marker of epithelial stem cells [2],
to understand if Lgr5 was playing a role in neural stem and progenitor cells. We
utilized the Lgr5"“"""<"ERT2 mouse, in which EGFP expression is driven by the
Lgr5 locus [1]. While we did not find significant expression of Lgr5 in the neural
stem cell compartments (S1 Figure), we surprisingly found robust expression in
the cerebellum and olfactory bulb in the developing postnatal brain (Fig. 1a).
Cerebellar Lgr5 expression was temporally restricted to the period of postnatal
development between postnatal day (P) 4 and P21, with maximum expression
between P10 — P14 (Fig. 1b). This expression pattern was confirmed using RNA
expression data from the Cerebellar Development Transcriptome Database
(RRID:nif-0000-00008) [20], suggesting this phenomenon is not an artifact of the
transgene (Fig. 1c). In contrast, Lgr5 is expressed in the olfactory bulb by
postnatal day 4 and persists into adulthood (Fig. 1d). Overall, these results suggest
specific and tight regulatory control of Lgr5 during development of the
cerebellum.

Lgr5-positive cells in the postnatal cerebellum are exclusively
cerebellar granule neurons

To identify the specific cell population expressing Lgr5, we probed cerebellar
sections from the Lgr5"“ ¢ ER12 mouse with a panel of cerebellar cell lineage
markers (Fig. 2). Lgr5 expressing cells were morphologically and geographically
consistent with CGNs, nearly exclusively located in the internal granule layer in

the cerebellum. Lgr5-positive cells were also positive for the neuronal marker,
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Fig. 1. Lgr5 is expressed in the cerebellum during postnatal development. Sagittal brain immunofluorescence sections from Lgr55CF-CreERT2 mjce
stained for EGFP to mark Lgr5+ cells at multiple time points. a) Tiled 10x magnified images of a midline sagittal section were stitched together to reveal Lgr5-
EGFP expression at the P14 time point. b) Lgr5-EGFP expression at P4, P7, P10, P14, P21, P28 and P56 in the cerebellum demonstrating that Lgr5

expression turns on at P4, ramps up expression until its peak from P10-P14 and then expression is lost permanently over the next 7-14 days. ¢) Microarray
expression data of Lgr5 generated from the Cerebellar Development Transcriptome Database [20] taken from total cerebellum RNA at indicated time points.
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Data acquired from http://www.cdtdb.neuroinf.jp/CDT/ReferTemporal.do?cdldCh=CD12762.1. d) Olfactory Bulb (OB) at P7 and P56 reveal Lgr5-EGFP

expression throughout development and adulthood. Scale bars, 400 microns.

doi:10.1371/journal.pone.0114433.9001

NeuN, and the mature granule neuron marker, gagmma-aminobutyric acid type A
(GABA(A)) receptor, alpha6 subunit (Gabra6) (Fig. 2a). Lgr5-positive cells were
universally negative for the Bergmann glial marker, BLBP (Fig. 2b), the Purkinje
neuron marker, Calbindin (Calbl) (Fig. 2¢), and the oligodendrocyte lineage
marker Olig2 (Fig. 2d) in all sections analyzed (Fig. 2¢). Together, these findings
indicate that Lgr5 is expressed in CGNs during postnatal development and that
Lgr5 expression is exclusive to CGNs in the cerebellum during this period.

Lgr5-positive cells in the postnatal cerebellum are lineage
restricted

In many tissues, Lgr5 marks multipotent stem cells; in contrast, we observed
labeling of CGNs, which are terminally differentiated and lineage-restricted. To
determine whether Lgr5-positive cells in the postnatal cerebellum included
multipotent cells, we conducted lineage-tracing experiments by crossing
Lgr5FCFP-CreERT2 mice with Rosa26-loxP-STOP-loxP-tdTomato reporter mice
(Lgr5ECFP-CreERT2, RogR™Tomato)[16]. The resulting animals express tamoxifen-
inducible Cre recombinase (CreER'?) in Lgr5-positive cells, allowing permanent
activation of a Cre-inducible tdTomato fluorescent protein in these cells and their
progeny (Fig. 3a). The ability of Lgr5-positive cells to differentiate into other cells
types can be determined by subsequent histological examination of the tdTomato-
positive (lineage traced) cells. We initiated lineage tracing at P4, the first stage at
which Lgr5 is detected in the internal granule layer, as well as at later time points
(P7, P10, P14, P21 and P28). We analyzed cerebella from these mice 3, 7 and 14
days after lineage tracing initiation. Cells expressing Lgr5 at the time of tamoxifen
administration generated only mature granule neurons at all time points (Figs. 3b
and 4, and data not shown). Lineage tracing started at P21 or P28 resulted in no
detectable tdTomato-positive cells at P28 or P35, respectively, indicating that the
Lgr5 locus is no longer active in CGNs at these time points. Long-term lineage
trace experiments revealed Lgr5-positive postnatal CGNs contributed to the adult
cerebellar architecture, as expected, and continued to be lineage-restricted (

Fig. 3c). Taken together, these results provide further evidence that Lgr5
specifically marks CGNs during a temporally restricted window and that these
cells are long-lived and lineage-restricted.

Lgr5-expressing CGNs are non-proliferative and post-mitotic

To date, Lgr5 has been shown to mark cells that have the capacity for self-renewal
and proliferation. However, mature CGNs are known to be post-mitotic.
Therefore, we interrogated the proliferative potential of Lgr5-positive CGNs to
understand if Lgr5 was expressed in a terminally differentiated and post-mitotic
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Fig. 2. Postnatal Lgr5+ cells are exclusively cerebellar granule neurons. a) Sections from Lgr55¢77-C*ERT2 p14 mouse brains were stained for EGFP to
mark Lgr5+ cells, Gabra6 to identify cerebellar granule neuron, NeuN to identify neurons and DAPI to mark cell nuclei. Lgr5-EGFP+ cells are restricted to the
internal granule layer (IGL) and all Lgr5+ cells are also positive for GABRA6 and NeuN. Lgr5-EGFP+ processes, presumably from Lgr5+ CGNs in the IGL
can be seen in the molecular layer (ML). Top left panel, scale bar, 100 microns. Remaining 5 panels taken from marked area of top left panel. Scale bar, 25
microns. b,c,d) Representative images of Lgr55¢77-C"®ERT2 p10 and P14 mouse brains stained for Lgr5-EGFP and b) BLBP to identify Bergmann glia, c)
Calb1 to identify Purkinje neurons and d) Olig2 to stain cells of the oligodendrocyte lineage. Top panels, scale bars, 100 microns. Bottom two panels taken
from marked area of left panel. Scale bar, 50 microns. e) Cells that stained positive for one of the analyzed markers were counted and examined for Lgr5
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expression. Numbers presented are aggregated from all sections analyzed (=4 per marker). There was no overlap of Lgr5 with Calb1, BLBP or Olig2 in any
sections analyzed. EGL —external granule layer; ML — molecular layer; PL — Purkinje layer; IGL — internal granule layer; OC — occipital cortex; WM — white

matter tract.

doi:10.1371/journal.pone.0114433.9002

cell. Lgr5-positive cerebellar granule neurons were uniformly negative for Ki67, a
marker of proliferation, at both early (Fig. 5a) and late stages of Lgr5 expression (
Fig. 5b). Cells that were previously Lgr5-positive CGNss, as identified by lineage
tracing, were also negative for Ki67 (Fig. 5¢). However, immature granule neurons
in the EGL, which are not Lgr5 positive, are highly proliferative and accordingly
stained intensely for Ki67 (Fig. 5a-c).

To further investigate if Lgr5-postive CGNs had the capacity for self-renewal or
proliferation, we interrogated if over-activation of Wnt signaling could stimulate
proliferation of Lgr5-positive CGNs. In other tissue types, constitutively active
Whnt signaling increases proliferation of Lgr5-positive populations [21,22] and
can cause tumor formation [23]. We crossed LgrSEGF P-CreERT2 1hice with
Catnb"*(*"¥) mice [17] to yield Lgr5t“ - ERTZ Canb(m3) mice, in which
Cre recombinase initiates expression of a constitutively active form of B-catenin in
Lgr5-positive cells following treatment with tamoxifen (Fig. 5d). B-catenin is the
key downstream node for canonical Wnt signaling and increasing its activity
increases Wnt signaling-dependent cellular responses through transcriptional
regulation. We found that tamoxifen administration at P4 led to a robust and
prolonged expression of Lgr5 in CGNs (Fig. 5Se, ). However, this increase in Lgr5
and Wnt signaling did not disrupt normal architecture of the cerebellum (Fig. 5¢),
did not disrupt Lgr5-positive CGN lineage-restriction (Fig. 5f) or initiate
proliferation in these cells as has been shown in other systems [22] (Fig. 5g). These
results further support the notion that Lgr5 does not regulate proliferation or self-
renewal in CGNs.

Maturing CGNs progress through a transient Lgr5-positive phase

CGN s are a relatively homogenous population of neurons that progress through
defined stages of development regulated by distinct phases of temporally regulated
gene expression [6,24]. Lgr5 is expressed in CGNs once they enter the IGL, and at
a population level Lgr5 is expressed in CGNs in the IGL from P4 to P21. However,
as individual CGNs progress through maturation at different times during the
postnatal time period based on when they exit the proliferative stage in the EGL,
we sought to determine the duration of Lgr5 expression in individual CGNs
during maturation in vivo. We again utilized Lgr5FC"-CrERTZ; RogRMTomate mice
to conduct a lineage tracing time course initiated at the first signs of Lgr5
expression in CGNs at P4 and analyzed cerebella for tdTomato-positive cells at
multiple time points until P21, when the Lgr5 locus is no longer active (Fig. 6a).
We calculated the ratio of tdTomato-positive cells that were also positive for Lgr5
to those that were solely tdTomato-positive in order to understand how quickly
Lgr5-expression was turned off in cells that were Lgr5-positive at the time of
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Fig. 3. Lgr5-positive cells in the postnatal cerebellum are lineage-restricted. a) Schematic for lineage tracing design. Cells from Lgr5FCF-CreERT2.

R26R!T°mato mice express EGFP and CreER2 when the Lgr5 locus is active. Addition of tamoxifen (TAM) activates CreER2, which removes the STOP
element in the Rosa26-tdTomato locus permanently marking the cell and its progeny with tdTomato. Cells that maintain Lgr5 expression are double positive
(yellow). b) Examples of lineage tracing time points. Cells that were once Lgr5+ (tdTomato+) were invariably Gabra6 positive, indicating granule neuron
lineage restriction. Top: Lineage tracing was initiated at the beginning of Lgr5 expression in the IGL (P4) and cerebellums were analyzed at P10. Bottom:
Lineage tracing was initiated near the end of Lgr5 expression in the IGL (P14) and analyzed at P28, when the Lgr5 is no longer active in the IGL. Scale bar,
25 microns. c) Lineage tracing initiated at P14 was analyzed at extended time points, P21 and P56, demonstrating Lgr5+ cells at P14 survive and integrate
into the adult IGL architecture. Scale bars, top: 400 microns, boftom: 100 microns.

doi:10.1371/journal.pone.0114433.9003
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Fig. 4. Cells previously Lgr5+ remain lineage restricted. In addition to tdTomato+ cells staining positive for Gabra6 (Fig. 3b), neither Lgr5+ cells nor cells
previously Lgr5+ are positive for other lineage markers. Sections from Lgr556FP-CreERT2: pogRidTomato mice that were lineage traced from P4 to P10 or P7 to
P14 were stained for a) BLBP to identify Bergmann glia, b) Calb1 to identify Purkinje neurons and c¢) Olig2 to identify cell of the oligodendrocyte lineage.
Representative images shown. Sections were also stained for Lgr5-EGFP and DAPI, while tdTomato marks lineage traced cells. d) Cells staining positive for
a lineage marker or tdTomato were counted. Numbers shown are aggregated from all sections analyzed (=4 per marker). There was no overlap of tdTomato
and any lineage marker analyzed. Yellow arrows indicate examples of cells that are Lgr5+/tdTomato+ but lineage marker negative, while red arrows indicate
examples of cells Lgr5-/tdTomato+ that are lineage marker negative. Scale bars, top 3 panels: 100 microns, bottom 9 panels: 25 microns. ML — molecular
layer; PL — Purkinje layer; IGL — internal granule layer; WM — white matter tract.

doi:10.1371/journal.pone.0114433.9004

lineage trace initiation. When initiating lineage tracing at P4, we found that few
cells had gone through both recombination and production of the tdTomato
protein by P7, as anticipated. Once Lgr5-positive cells are exposed to tamoxifen, it
can take up to 24 hours before recombination and transcription occurs, and
tamoxifen can remain in the system, maintaining Cre recombinase activity for a
further 48 hours [25]. Therefore, we expected Lgr5-positive cells to be labeled
from P4-P7 (Fig 6a), and, with considerably more cells expressing Lgr5 at P7, we
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Ki67 and Lgr5-EGFP at both a) early (P7) and b) late (P14) stages of Lgr5 expression. Lgr5+ cells were uniformly negative for Ki67. Scale bars 50 microns.
c) Lineage tracing was initiated at P4 in Lgr55CTF-CreERT2: RogRidTomato mice and cerebella analyzed for Ki67 at P10. Many other lineage trace time points
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immature granule neurons in the EGL in A-C were Ki67+, as expected. Scale bars for C fop: 400 microns, bottom: 100 microns. d) Lgr5=CF-CreERT2 mjice
were crossed with Catnb™*©°"3) mice to yield Lgr5ECF-CreERT2; Catnpfox©xon3) mice. Upon tamoxifen administration, Cre recombinase initiates expression
of a constitutively active form of f3-catenin in cells with an active Lgr5 locus. e) Tamoxifen was administered at P4 and cerebella were analyzed at P25, when
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these mice die of other complications related to transgene expression. p-catenin over-activity led to prolonged Lgr5 expression in the IGL in Lgr55¢™
CreERT2: Catnb™*(©*on3 mice (center panel), but not wild type (right panel). The normal architecture of the cerebellum was maintained in both conditions.
Scale bars 400 microns. f, g) Lgr5+ CGNs from P25 [ gr5ECFF-CreERT2: Capnpfioxexon) mice with tamoxifen administration at P4 were f) positive for Gabra6
and g) negative for Ki67. Scale bars, bottom left: 200 microns, other 5 panels: 25 microns.

doi:10.1371/journal.pone.0114433.9005

anticipated most lineage-traced cells would be derived from the later days of this
time period. Of the few cells that were tdTomato-positive at P7, nearly 20 percent
were already Lgr5-negative. By P10, 50 percent of tdTomato-positive cells were

Lgr5-negative (Fig. 6b,c) and this increased to nearly 90 percent negative at P14.
These results suggest that the phase of Lgr5 expression in individual CGNs during
maturation is transient (Fig 6¢). Based on the length of Cre activity and the sharp
drop in tdTomato-positive/Lgr5-positive cells, we predict that Lgr5 is expressed
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Fig. 6. Maturing CGNs progress through a transient Lgr5 phase resulting in mature CGNs. a) Schematic of lineage tracing time course. Tamoxifen
(TAM) was injected at P4 into several large litters and brains from pairs of wildtype (WT) and Lgr55CGFP-CreERT2: pogRtdTomato mice from each litter, were
analyzed at the indicated time points. Period of predicted Cre activity is indicated. b) Multiple sections from each brain analyzed were stained for Lgr5-EGFP
to mark cells currently Lgr5+, while tdTomato expression marked previously Lgr5+ cells that had undergone recombination. Shown is an example from a P10
brain that had lineage tracing initiated at P4. Yellow dots indicate cells marked as Lgr5+/tdTomato+ by image analysis algorithm (yellow arrows indicate
examples), while blue dots indicate cells marked as Lgr5-/tdTomato+ (blue arrow with red outline point out examples). Scale bars, 50 microns. c)
Quantification from an image analysis algorithm of all sections analyzed.

doi:10.1371/journal.pone.0114433.9006
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during a period of 3-5 days in an individual CGN. Given that the half-life of the
EGEFP reporter is greater than 24 hrs [26], the length of time that Lgr5 is active in a
given cell is likely even shorter than 3-5 days predicted by the EGFP reporter. This
is consistent with the observation that Lgr5 acts in a short period to provide a
temporary elevation in Wnt signaling activity [15]. The short period of Lgr5
expression in individual cells and the high percentage of CGNs that are Lgr5-
positive at any given point during the postnatal period supports the idea that Lgr5
expression occurs in most, if not all, CGNs during their maturation.

Expression of the Lgr5 ligand, R-spondin 1, coincides with Lgr5
expression in CGN maturation

In epithelial tissues, activation of the Wnt pathway through the Lgr5 receptor is
initiated by the R-Spondin family of ligands [14]. Therefore, we stained for Rspol
at various stages of CGN development to understand if this ligand was potentially
regulating Lgr5 activation in CGNs. We found Rspol expression mirrored the
onset and loss of Lgr5 expression (Figs. 7 and 8). The initial cellular source of
Rspol appeared to be CGNPs in the EGL, with expression present by P4 (Fig. 7a).
As the EGL shrunk due to CGNP differentiation and migration into the IGL,
Purkinje neurons, which are known to secrete Shh during CGN development [5],
began to express Rspol, exhibiting maximal staining between P8 and P14 (

Fig. 7b—c). Rspol expression was barely detectable at P28, its expression loss
coinciding with the loss of Lgr5 expression (Fig. 7d).

Purkinje neuron secretion of the Lgr5 ligand, Rspol, and potentially a
transition of Shh to Rspol secretion at these time points was supported by the
Allen Developing Mouse Brain Atlas (RRID:nif-0000-00509) [27]. The Allen
Developing Mouse Brain Atlas contains a database of RNA in situ hybridization
(ISH) for nearly 2000 genes across seven stages of brain development. Using this
database, we found that Rspol expression was low at P4 and much higher at P14,
supporting our immunofluorescence data (Fig. 8a, d). In contrast, Shh was
expressed in Purkinje neurons at high levels at P4, but this expression was lower at
P14 (Fig. 8b, e). Purkinje neurons regained expression of Shh at P28 and
continued expressing Shh through adulthood (P56) (Fig. 8h, k), while Rspol
expression was completely abolished by P56 (Fig. 8j). Purkinje neurons secrete
Shh, which acts to stimulate proliferation of CGN precursors in the EGL [5], but
our results demonstrate that Purkinje neurons may also have a role in the next
phase of CGN differentiation by activating the Wnt pathway through Rspol
expression. Indeed, migrating CGNs must past directly through the layer of
Purkinje neurons on their journey to the IGL, exposing them directly to this
secreted ligand.
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Fig. 7. The source of the Lgr5 ligand, R-Spondin1, temporally varies with CGN maturation. Cerebellar sections from Lgr5F¢FF-CeERT2 mjce at
increasing developmental time points a) P4, b) P8, ¢) P14 and d) P28 were stained for Lgr5-EGFP, Rspo1, Calb1 and DAPI. Top row panels are
representative images while boxes indicate magnified regions in bottom 4 rows. Scale bars, top row: 100 microns, bottom 4 rows: 50 microns.

doi:10.1371/journal.pone.0114433.9007
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Fig. 8. Allen Developing Mouse Brain Atlas ISH data supports Rspo1 data. RNA in situ hybridization data from the Allen Developing Brain Atlas was
queried for Rspo1 (a, d, g, j)(http://developingmouse.brain-map.org/gene/show/82848), Shh (b, e, h, k) (http://developingmouse.brain-map.org/gene/show/
20186) and Calb1 (c, f, i, I) (http:/developingmouse.brain-map.org/gene/show/12092) at P4, P14, P28 and P56. Sagitttal sections from indicated time points
were used. Representative images of each gene at each time point are presented. Calb1 serves as a consistent positive control marker for Purkinje neurons
in the Purkinje layer, while Rspo1 and Shh RNA transcription varies over time within this layer. Feulgen-HP yellow DNA stain was used as a counter stain for
all time points except P56 to provide tissue context to the ISH signal (violet). Scale bars, 200 microns.

doi:10.1371/journal.pone.0114433.9008
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Discussion

Nearly 15 years ago, two reports using a panel of homogenized tissue RNA
showed the then-orphan receptor Lgr5 (also termed FEX, HG38, GPR49, and
GPR67) had detectable expression in the brain [28,29]. However no detailed
characterization of Lgr5 expression in the developing or adult brain has since been
published. What initially started as a search for Lgr5 expression in neural stem and
progenitor cells led us to the surprising discovery that Lgr5 is expressed in
maturing CGNs, the most prevalent neuronal population in the mammalian
brain. This is surprising because Lgr5 is a well-characterized marker of epithelial
stem and progenitor cells in somatic tissues, but mature CGNs are both non-
epithelial and post-mitotic. However, CGNs progress through a well-organized
differentiation process during postnatal development and are dependent on Wnt
signaling for full maturation, indicating a potential purpose for this Lgr5
expression [3,6].

In this report, we demonstrate that Lgr5 is expressed in CGNs in the IGL during
postnatal cerebellar development, and that Lgr5-positive CGNs are lineage-
restricted and post-mitotic, even in the presence of forced activation of the Wnt/
B-catenin pathway. We find that Lgr5 is expressed from P4-P21 with no
expression in the adult cerebellum. CGNs migrate into the IGL and mature
continuously during the same period of Lgr5 expression, suggesting a role for Lgr5
in the maturation of CGNs. Based on the very high percentage of CGNs that are
Lgr5-positive from P7 to P14 and the phasic nature of Lgr5 expression indicated
by our results, we conclude it is likely that nearly all CGNs go through a short
period of Lgr5 expression, which we speculate may initiate or enhance Wnt
signaling during the Wnt dependent phase of synaptogenesis and maturation.

In further support of this possibility, Rspol, the Lgr5 ligand that triggers
downstream Wnt signaling is also expressed in the postnatal cerebellum
transiently during CGN maturation. Interestingly, the cell types that express
Rspol during this window vary with the changing architecture of the cerebellum
during postnatal development. Early in development, when most granule neurons
are immature precursors and the EGL and IGL are in close proximity, CGNPs
express Rspol. However, as CGNPs mature, the EGL diminishes and is separated
from the IGL and the maturing CGNs by an expanding molecular layer. At this
point, Purkinje neurons that are directly adjacent to the IGL begin to express
Rspol, suggesting that the Rspol/Lgr5 program that controls Wnt signaling in
other tissue types is also tightly regulated in the developing cerebellum.

During maturation, CGNs respond to Wnt signaling to form synapses with
mossy fiber axons and Purkinje neurons [8, 9]. This response is mediated through
the binding of Wnt-7a to the Frizzled-5 (Fz5) receptor [10]. Lgr5 has been shown
in other tissues to be a Wnt pathway co-receptor that recruits and binds the LRP-
Frizzled receptor complex, and subsequently responds to Wnt ligands to increase
signaling in the Wnt/B-catenin pathway [14]. Therefore, Lgr5 may be acting as a
co-receptor within this Wnt-7a responsive complex to facilitate CGN maturation.
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It is possible, however that Lgr5 may have a completely novel role in CGNs
outside of its known roles in epithelial stem and progenitor cells.

These results raise the possibility that Lgr5 may not only function in stem and
progenitor cells, but may have a more general role as a regulator of cell fate. In
fact, a recent report from our group demonstrates that Lgr5 is also constitutively
expressed in a subpopulation of mature retinal amacrine cells, interneurons in the
mammalian eye, providing additional evidence of a role outside of epithelial stem
and progenitor cells [30]. Lgr5"“F“FRT2 homozygous mice die within 24 hours
of birth, which currently limits our ability to study the effect of Lgr5 knockout on
CGNs in vivo. Future studies using conditional Lgr5 knockout mice could be
conducted to further study the role of Lgr5 in nervous system tissue.

Whnt signaling is critical in many developing and adult tissues, and disruption
or over-activation of the Wnt pathway can lead to severe abnormalities in many
tissues, including the cerebellum [11, 13]. Disruption of Lgr5 in the intestine led
to rapid and complete loss of intestinal crypts comparable to loss of Wnt signaling
[14], while overexpression of Rspol led to rapid expansion of intestinal crypts,
demonstrating how important these Wnt signaling regulators are to the tightly
regulated Wnt pathway. Our study provides evidence that Lgr5 and Rspol have
roles outside of epithelial stem and progenitor cells, and provides novel insight
into the function and regulation of Wnt signaling in cerebellar development.

Supporting Information

S1 Figure. Lgr5 is not expressed in neurogenic regions. Sections from the
ventricular zone of E18.5 Lgr5?"F~<ERT2 pjce were co-stained for EGFP to mark
Lgr5+ cells, and Pax6, Tbr2 and Nestin to mark neurogenic cell types (top 3 rows).
Sections from the sub-ventricular zone and dentate gyrus of P7 Lgr5"¢F-CreERT2
mice were co-stained for EGFP to mark Lgr5+ cells, and prominin-1 and Nestin,
respectively, to mark neurogenic cells. There was no overlap of Lgr5 with Pax6,
Tbr2, Nestin or prominin-1 in any sections analyzed. Scale bars, 100 microns.
doi:10.1371/journal.pone.0114433.s001 (TIF)

Acknowledgments

This work was in part funded by: NIH grants: CA154130, CA169117, CA171652,
NS087913, NS089272 [JNR], CA122759, CA159859 [RJW] and the James S.
McDonnell Foundation [JNR]. TEM and KS were supported in part by NIH grant
T32 GM007250 to the CWRU MSTP. TEM was funded by NCI F30 CA183510. KS
was funded by NCI F30 CA165857. We thank Dr. Hitoshi Komuro for his
technical expertise and input; Dr. Dan Goldowitz and Dr. Thomas Ha for their
help and insight regarding the RNA expression data in the developing cerebellum;
Dr. Bruce Trapp and members of the Rich laboratory for critical review of the
manuscript.

PLOS ONE | DOI:10.1371/journal.pone.0114433 December 10, 2014 17 /19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0114433.s001

@'PLOS | ONE

Lgr5 Temporally Expressed in Developing Cerebellar Granule Neurons

Author Contributions

Conceived and designed the experiments: TEM JW PJT RJWR JNR. Performed
the experiments: TEM JW KS. Analyzed the data: CH. Contributed reagents/
materials/analysis tools: TEM JW CH RJWR JNR. Wrote the paper: TEM JW CH
RJWR JNR.

References

1.

10.

1.

12,

13.

14.

15.

16.

17.

18.

19.

Barker N, van Es JH, Kuipers J, Kujala P, van den Born M, et al. (2007) Identification of stem cells in
small intestine and colon by marker gene Lgr5. Nature 449: 1003-1007.

Barker N, Tan S, Clevers H (2013) Lgr proteins in epithelial stem cell biology. Development 140: 2484—
2494.

Dickins EM, Salinas PC (2013) Whnts in action: from synapse formation to synaptic maintenance. Front
Cell Neurosci 7: 162.

Mulligan KA, Cheyette BN (2012) Wnt signaling in vertebrate neural development and function.
J Neuroimmune Pharmacol 7: 774-787.

Wechsler-Reya RJ, Scott MP (1999) Control of neuronal precursor proliferation in the cerebellum by
Sonic Hedgehog. Neuron 22: 103-114.

Kilpatrick DL, Wang W, Gronostajski R, Litwack ED (2012) Nuclear factor | and cerebellar granule
neuron development: an intrinsic-extrinsic interplay. Cerebellum 11: 41-49.

Komuro H, Yacubova E, Yacubova E, Rakic P (2001) Mode and tempo of tangential cell migration in
the cerebellar external granular layer. J Neurosci 21: 527-540.

Lucas FR, Salinas PC (1997) WNT-7a induces axonal remodeling and increases synapsin | levels in
cerebellar neurons. Dev Biol 192: 31-44.

Hall AC, Lucas FR, Salinas PC (2000) Axonal remodeling and synaptic differentiation in the cerebellum
is regulated by WNT-7a signaling. Cell 100: 525-535.

Sahores M, Gibb A, Salinas PC (2010) Frizzled-5, a receptor for the synaptic organizer Wnt7a,
regulates activity-mediated synaptogenesis. Development 137: 2215-2225.

ten Donkelaar HJ, Lammens M, Wesseling P, Thijssen HO, Renier WO (2003) Development and
developmental disorders of the human cerebellum. J Neurol 250: 1025-1036.

Yang ZJ, Ellis T, Markant SL, Read TA, Kessler JD, et al. (2008) Medulloblastoma can be initiated by
deletion of Patched in lineage-restricted progenitors or stem cells. Cancer Cell 14: 135-145.

Lorenz A, Deutschmann M, Ahlfeld J, Prix C, Koch A, et al. (2011) Severe alterations of cerebellar
cortical development after constitutive activation of Wnt signaling in granule neuron precursors. Mol Cell
Biol 31: 3326-3338.

de Lau W, Barker N, Low TY, Koo BK, Li VS, et al. (2011) Lgr5 homologues associate with Wnt
receptors and mediate R-spondin signalling. Nature 476: 293-297.

Carmon KS, Gong X, Lin Q, Thomas A, Liu Q (2011) R-spondins function as ligands of the orphan
receptors LGR4 and LGRS5 to regulate Wnt/beta-catenin signaling. Proc Natl Acad Sci U S A 108:
11452-11457.

Madisen L, Zwingman TA, Sunkin SM, Oh SW, Zariwala HA, et al. (2010) A robust and high-
throughput Cre reporting and characterization system for the whole mouse brain. Nat Neurosci 13: 133—
140.

Harada N, Tamai Y, Ishikawa T, Sauer B, Takaku K, et al. (1999) Intestinal polyposis in mice with a
dominant stable mutation of the beta-catenin gene. EMBO J 18: 5931-5942.

Pei Y, Brun SN, Markant SL, Lento W, Gibson P, et al. (2012) WNT signaling increases proliferation
and impairs differentiation of stem cells in the developing cerebellum. Development 139: 1724—1733.

Barker N, Clevers H (2010) Lineage tracing in the intestinal epithelium. Curr Protoc Stem Cell Biol
Chapter 5: Unit5A 4.

PLOS ONE | DOI:10.1371/journal.pone.0114433 December 10, 2014 18 /19



@'PLOS | ONE

Lgr5 Temporally Expressed in Developing Cerebellar Granule Neurons

20.

21.

22,

23.

24,

25,

26.

27.

28.

29,

30.

Sato A, Sekine Y, Saruta C, Nishibe H, Morita N, et al. (2008) Cerebellar development transcriptome
database (CDT-DB): profiling of spatio-temporal gene expression during the postnatal development of
mouse cerebellum. Neural Netw 21: 1056—1069.

Shi F, Kempfle JS, Edge AS (2012) Wnt-responsive Lgr5-expressing stem cells are hair cell progenitors
in the cochlea. J Neurosci 32: 9639-9648.

Chai R, Kuo B, Wang T, Liaw EJ, Xia A, et al. (2012) Wnt signaling induces proliferation of sensory
precursors in the postnatal mouse cochlea. Proc Natl Acad Sci U S A 109: 8167-8172.

Barker N, Huch M, Kujala P, van de Wetering M, Snippert HJ, et al. (2010) Lgr5(+ve) stem cells drive
self-renewal in the stomach and build long-lived gastric units in vitro. Cell Stem Cell 6: 25-36.

Ding B, Wang W, Selvakumar T, Xi HS, Zhu H, et al. (2013) Temporal regulation of nuclear factor one
occupancy by calcineurin/NFAT governs a voltage-sensitive developmental switch in late maturing
neurons. J Neurosci 33: 2860—2872.

Hayashi S, McMahon AP (2002) Efficient recombination in diverse tissues by a tamoxifen-inducible
form of Cre: a tool for temporally regulated gene activation/inactivation in the mouse. Dev Biol 244: 305—
318.

Li X, Zhao X, Fang Y, Jiang X, Duong T, et al. (1998) Generation of destabilized green fluorescent
protein as a transcription reporter. J Biol Chem 273: 34970-34975.

Allen Institute for Brain Science (2012) ©2012 Allen Institute for Brain Science. Allen Developing
Mouse Brain Atlas [Internet]. Available from: http://developingmouse.brain-map.org.

Hsu SY, Liang SG, Hsueh AJ (1998) Characterization of two LGR genes homologous to gonadotropin
and thyrotropin receptors with extracellular leucine-rich repeats and a G protein-coupled, seven-
transmembrane region. Mol Endocrinol 12: 1830-1845.

McDonald T, Wang R, Bailey W, Xie G, Chen F, et al. (1998) Identification and cloning of an orphan G
protein-coupled receptor of the glycoprotein hormone receptor subfamily. Biochem Biophys Res
Commun 247: 266-270.

Sukhdeo K, Koch CE, Miller TE, Zhou H, Rivera M, et al. (2014) The Lgr5 transgene is expressed
specifically in glycinergic amacrine cells in the mouse retina. Exp Eye Res 119: 106—-110.

PLOS ONE | DOI:10.1371/journal.pone.0114433 December 10, 2014 19/19


http://developingmouse.brain-map.org

	Section_1
	Section_2
	Section_3
	Section_4
	Section_5
	Section_6
	Section_7
	Section_8
	Section_9
	Section_10
	Figure 1
	Section_11
	Section_12
	Figure 2
	Section_13
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Section_14
	Section_15
	Figure 7
	Figure 8
	Section_16
	Section_17
	Section_18
	Section_19
	Reference 1
	Reference 2
	Reference 3
	Reference 4
	Reference 5
	Reference 6
	Reference 7
	Reference 8
	Reference 9
	Reference 10
	Reference 11
	Reference 12
	Reference 13
	Reference 14
	Reference 15
	Reference 16
	Reference 17
	Reference 18
	Reference 19
	Reference 20
	Reference 21
	Reference 22
	Reference 23
	Reference 24
	Reference 25
	Reference 26
	Reference 27
	Reference 28
	Reference 29
	Reference 30

