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Background: Cerebellar dysfunction leads to ataxia characterized by loss of balance and coordination.
Results: Lgr4 deficiency mice show an ataxia-like phenotype and impaired long term depression in cerebellum.
Conclusion: Lgr4-mediated cAMP-Creb signaling is required for motor coordination and cerebellar synaptic plasticity.
Significance: Lgr4 has potential implications for diagnosis or drug discovery of inherited cerebellar ataxia.

Cerebellar dysfunction causes ataxia characterized by loss of
balance and coordination. Until now, the molecular and neuro-
nal mechanisms of several types of inherited cerebellar ataxia
have not been completely clarified. Here, we report that leucine-
rich G protein-coupled receptor 4 (Lgr4/Gpr48) is highly
expressed in Purkinje cells (PCs) in the cerebellum. Deficiency
of Lgr4 leads to an ataxia-like phenotype in mice. Histologically,
no obvious morphological changes were observed in the cere-
bellum of Lgr4 mutant mice. However, the number of PCs was
slightly but significantly reduced in Lgr4�/� mice. In addition,
in vitro electrophysiological analysis showed an impaired long
term depression (LTD) at parallel fiber-PC (PF-PC) synapses in
Lgr4�/� mice. Consistently, immunostaining experiments
showed that the level of phosphorylated cAMP-responsive ele-
ment-binding protein (Creb) was significantly decreased in
Lgr4�/� PCs. Furthermore, treatment with forskolin, an adeny-
lyl cyclase agonist, rescued phospho-Creb in PCs and reversed
the impairment in PF-PC LTD in Lgr4�/� cerebellar slices, indi-
cating that Lgr4 is an upstream regulator of Creb signaling,
which is underlying PF-PC LTD. Together, our findings demon-
strate for first time an important role for Lgr4 in motor coordi-
nation and cerebellar synaptic plasticity and provide a potential

therapeutic target for certain types of inherited cerebellar
ataxia.

Cerebellar ataxia is a motor disorder that manifests as prob-
lems with gait abnormalities, balance, and motor coordination
(1). The origin of many forms of cerebellar ataxia, including a
number of inherited disorders, can be traced to specific genetic
mutations that cause the impairment of motor coordination
(2). PCs,6 the sole output neurons of the cerebellar cortex, play
a central role in the cerebellar circuitry. PCs integrate two types
of excitatory synaptic inputs, the parallel fibers (PFs, the axons
of granule cells) and the climbing fibers (CFs, originating from
the inferior olive) (3, 4). As the major form of cerebellar plas-
ticity, long term depression (LTD) at parallel fiber-PC (PF-PC)
synapses has classically been assumed to be a neural correlate of
cerebellar function (5, 6). Although many signaling molecules
are involved in the regulation of cerebellar synaptic plasticity
(7), cAMP-responsive element-binding protein (Creb), a tran-
scription factor, has received particular attention due to its role
in the late phase of cerebellar LTD (8). Creb plays a critical role
in regulating intrinsic neuronal excitability, synaptic plasticity
and long term memory formation in rodents (9, 10). The acti-
vation of Creb by phosphorylation is triggered by various sig-
naling processes, including G�s-induced adenylyl cyclase acti-
vation following G protein-coupled receptor stimulation,
resulting in increased cAMP levels and PKA activation. More-
over, studies have observed the critical importance of cAMP
signaling in ataxia, for example, modulation of cAMP-PKA sig-
naling in the cerebellum played a critical role in sustained
antagonism of ethanol-induced ataxia (11).

Lgr4, also called Gpr48, is one of the leucine-rich G protein-
coupled receptors (Lgr4/Gpr48). Previously, we and others
have demonstrated that Lgr4 activates Creb through cAMP-
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PKA signaling in different cell types and tissues (12, 13). Con-
stitutively active mutant hLGR4 dramatically increased cAMP
levels in vitro (14). Our results also showed that through cAMP-
Creb signaling, Lgr4 down-regulated Pitx2 expression during
ocular anterior segment development (15) and Atf4 expression
in erythropoiesis during midgestation (16), whereas in macro-
phages, Lgr4 negatively regulates CD14 expression through the
cAMP-Pka-Creb pathway (17). Recently, studies demonstrated
that Lgr4 is one of the receptors for R-spondins, which function
as amplifiers for Wnt signaling (18, 19). Lgr4 deficiency in
rodents resulted in developmental abnormalities in both
embryonic and postnatal stages as well as physiological dys-
function in multiple organs (20, 21). Using a gene trap strategy,
we generated Lgr4 hypomorphic mice with low viability (60%
mortality rate) but a normal life span. Our previous studies have
demonstrated that Lgr4 plays important roles in various organs,
including eye (15), bone (22), blood (16, 17), intestine (23), testis
(24), mammary gland (25), and prostate (26). Although a previ-
ous report showed strong expression in neurons of many brain
regions, especially in cerebellar PCs (27), the role of Lgr4 in the
central nervous system has not been studied.

Here, we investigated the functional role of Lgr4 in cerebel-
lum-related behavior and cerebellar LTD at PF-PC synapses
using Lgr4�/� mice. Behavioral tests revealed that Lgr4�/�

mice exhibited pronounced motor coordination defects and an
ataxia-like phenotype. Using slice electrophysiological and
immunochemical approaches, we demonstrated that hypo-
morphic mutant Lgr4 mice had impaired PF-PC LTD and a
decreased level of phospho-Creb (pCreb) in PCs. However,
pharmacological treatment of slices with forskolin successfully
recovered the reduced p-Creb levels and restored LTD to levels
seen in wild-type mice. To our knowledge, these results dem-
onstrated for the first time that Lgr4 plays an essential role in
cerebellum-related motor coordination and PF-PC LTD.

EXPERIMENTAL PROCEDURES

Mice—Lgr4�/� mice were initially generated on a mixed 129
�C57BL/6 background as described previously (15) and were
backcrossed with C57BL/6 mice for at least six generations at
the beginning of this study. Heterozygous mice were inter-
crossed to generate homozygous Lgr4�/� mice and wild-type
littermate controls. All animals were treated according to a pro-
tocol approved by the Institutional Animal Care and Use
Committee.

Behavioral Analysis—All mice used for behavioral tests were
8 –12 weeks old. Footprint analysis was carried out as described
(28, 29). Briefly, after coating their hind feet with a nontoxic
paint, mice were allowed to walk through a dark 50 cm long, 9
cm wide, 6 cm high tunnel. Then the footprint patterns made
on the paper lining the floor were scored for three step param-
eters. Gait width is the average lateral distance between oppo-
site left and right steps. The gait width was determined by mea-
suring the perpendicular distance of a given step to a line
connecting its opposite preceding and succeeding steps. Alter-
nation coefficient, a value describing the uniformity of step
alternation, was determined by calculating the mean of the
absolute values of 0.5 minus the ratio of right-left step distance
to right-right step distance for every right-left step pair taken in

the tunnel. Linear movement, average change in angle between
consecutive right-right steps, was calculated by drawing a line
perpendicular to the direction of travel, starting at the first right
footprint. The angle between this perpendicular line and each
subsequent right footprint was determined, and differences in
angle were calculated between each consecutive step pair. The
absolute values of all angle differences were summed and
divided by the number of steps scored.

For the accelerating rotarod test, the rotating rod apparatus
(Med Associates Inc.) was used to measure the motor coordi-
nation and ability of mice to improve motor skill performance
with training. Mice were placed on a rod (3 cm in diameter), and
the rod was accelerated from 4 to 40 rpm in 5 min. The time
periods that individual mice spent on the rod without falling
were recorded. Three trials with a 30-min inter-trial interval
were performed every day for 4 days.

In the balance beam test, mice were trained to walk from a
start platform along a 28-cm wide, 1-m long square beam sus-
pended 50 cm above bedding (30, 31). Mice were allowed to stay
on the beam for a maximum of 60 s. The latency to traverse each
beam and the number of times the hind feet slipped off each
beam were recorded for each trial. Analysis of each measure
was based on the mean scores of the two trials for each beam.

For the open field test, mice were placed in the center of a
30 � 30-cm open field and were allowed to move for 1 h. The
total distance moved was recorded (Tru Scan System, Coul-
bourn Instruments).

In the hanging wire test, a mouse was placed on a wire cage
lid and then the lid was turned upside down at a height of �20
cm above the cage litter to prevent the animal from climbing
down. The time elapsed before falling off the wire lid was
scored, with the cutoff time being set at 60 s.

In the forced swimming test, mice were placed in a glass
cylinder (25 cm high � 15 cm wide) filled to a 15-cm depth with
water at room temperature. The time of immobility during a
6-min test was calculated. The mice were then removed from
the water, dried by the experimenter, and returned to their
home cages.

For the tail suspension test, the protocol was carried out as
described (32). Mice were suspended by their tail to a metal bar
fixed about 15 cm above the surface of a table covered with a
soft cloth in a soundproof room. The time of immobility during
a 6-min test was calculated.

In the novel object recognition test, the protocol was similar
to that published previously (33). Mice were individually han-
dled for 3 days and then habituated to an open field box (40 �
40 � 20 cm) for 1 day. The object recognition task consisted of
training and retention sessions. During the training session,
two objects were placed equidistant from the center of the box,
and each mouse was given 5 min to explore the box. The
amount of time spent exploring each object was recorded. Then
the mouse was returned to its home cage for 1 day. During
retention tests, the trained mice were again placed individually
in the box, in which one of the familiar objects was replaced by
a novel object, and given 5 min to explore. The ratio of the
amount of time spent exploring the novel object over the total
time spent exploring both objects (discrimination index) was
calculated for each mouse.
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In the cued fear-conditioning test, the protocol was the same
as those described previously (34). The mice were handled for 3
days and then habituated to the training chamber for 5 min 1
day before the training began. The conditioned stimulus used
was an 85-db sound at 2800 Hz, and the unconditioned stimu-
lus was one time-continuous scrambled foot shock at 0.75 mA
for 2 s. After the conditioned stimulus/unconditioned stimulus
paring, the mouse was allowed to stay in the chamber for
another 30 s for the measurement of immediate freezing. The
mice were then returned to their home cages for 1 day. During
the recall test, each mouse was put into a novel chamber and
monitored for 2 min (pretone freezing) and then subjected to 3
min of conditioned stimulus tone exposure. The freezing
responses were recorded.

�-Galactosidase (LacZ) Staining—Mouse brains were fixed
in ice-cold LacZ fixture buffer (2% formaldehyde, 0.2% glutar-
aldehyde, 0.02% Nonidet P-40 in PBS) for 2 h at 4 °C on a shak-
ing platform. After washing twice in LacZ washing buffer (2
mM MgCl2, 0.01% deoxycholate, 0.02% Nonidet P-40 in PBS,
pH 8.0), tissues successively moved to 15 and then 30%
sucrose solutions (in PBS, pH 7.4) for cryoprotection. Brains
were then embedded in Tissue Tek OCT medium (Sakura)
and cryosectioned at 10 –12 �m. Sections were incubated in
LacZ staining buffer (0.5 mg/ml X-gal dissolved in LacZ
wash buffer) overnight at room temperature. Sections were
then fixed in 4% paraformaldehyde and counterstained with
nuclear fast red.

Histological Analysis—Mice were anesthetized and perfused
transcardially with buffered 4% paraformaldehyde in PBS, and
their brains removed and postfixed in the same fixative over-
night at 4 °C. For immunohistochemistry, paraffin sections (5
�m) were dewaxed, rehydrated, and boiled for 30 min in 10 mM

citrate buffer, pH 6.0. Sections were incubated in primary
antibody, monoclonal anti-calbindin D-28K (1:400; Sigma).
Sections were then treated with 3,3-N-diaminobenzidine
tetrahydrochloride (Miao Tong Biological Technology) and
counterstained with hematoxylin (Sigma). For quantification,
the average number of PCs, the measurement was the same as
those described previously (35). Calbindin-positive PCs on five
successive mediosagittal sections prepared from the indicated
age of the mice were counted. Each average number of PCs per
section for each genotype at the indicated time point was cal-
culated from a total of 25 sections prepared from five mice. For
proliferation assays, the sections were stained with anti-PCNA
(1:1000, PC10, Cell Signaling Technology). The TUNEL assay
was used for apoptosis assay according to the manufacturer’s
instructions using the ApopTag peroxidase in situ apoptosis
detection kit (catalog no. 7100, Chemicon). The average num-
ber of PCNA-positive or TUNEL-positive PCs was counted
similarly as described above. For immunofluorescence, brains
or acute slices from adult mice were transcardially perfused
with the same fixative as above. After a 2-h immersion in the
fixative at 4 °C, both brains and slices were successively moved
to 15 and then 30% sucrose solutions (in PBS, pH 7.4) for cryo-
protection. Brains were embedded in Tissue Tek OCT medium
(Sakura) and cryosectioned at 10 –12 �m. The sections were
then processed for immunolabeling using standard procedures.
Mouse anti-calbindin D-28K (1:200; Sigma) and rabbit anti-

phosphorylated Creb (1:100; CST) were used as primary anti-
bodies. Nuclei were stained with DAPI (Invitrogen). Images
were captured using a confocal system (Leica). All imaging and
analysis were performed in blinded manner. The detailed mor-
phology, including the entire dendritic areas and the density of
PC dendritic spines, was then analyzed using ImageJ software
(National Institutes of Health) by an investigator who was blind
to genotype. The entire dendritic areas were calculated by
closely outlining the entire dendritic tree and cell body of indi-
vidual PCs, and the spines from 3 to 5 dendritic segments per
cell were calculated for the density of dendritic spine measure-
ments. The average number of pCreb-positive PCs was counted
similarly as described above.

Field Potential Recordings—Thin sagittal slices (370 �m)
were cut from the cerebellar vermis of 8 –12-week-old mice and
then kept for at least 1 h at room temperature in artificial cer-
ebral spinal fluid (containing 124 mM NaCl, 5 mM KCl, 1.25 mM

Na2HPO4, 2 mM MgSO4, 2 mM CaCl2, 26 mM NaHCO3, 10 mM

D-glucose, and 100 �M picrotoxin aerated with 95% O2 and 5%
CO2) before the experiments. PFs were stimulated by a bipolar
electrode in the molecular layer at about two-thirds of the dis-
tance between the PC layer and the pial surface, and extracel-
lular field potentials were recorded in the PC layer using a glass
microelectrode (3–5 megohms, filled with 2 M NaCl). CFs were
stimulated though a bipolar electrode placed in the granule cell
layer and moved around. Test responses were evoked at 0.03

FIGURE 1. High expression of Lgr4 in cerebellar PCs. A, Lgr4 overview stain-
ing of a sagittal cerebellar section using �-galactosidase staining in Lgr4
heterozygous (left) and wild-type mice (right); sections were counterstained
with nuclear fast red. B, higher magnification showed that Lgr4 was highly
expressed in PCs. C, calbindin immunostaining of cerebellar PCs in Lgr4
heterozygous mice. Scale bar, 800 �m in A; 50 �m in B and C.
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Hz. PF-PC LTD was induced by pairing PF and CF stimulation
at 1Hz for 5 min. Forskolin was purchased from Sigma.

Whole-cell Patch clamp Recordings—Cerebellar slices (320
�m) were placed in a recording chamber on the fixed stage of a
BX51W1 microscope (Olympus) equipped with infrared differ-
ential interference contrast optics for visualization. Whole-cell
patch clamp recordings were taken from visualized Purkinje
cell using a Multiclamp 700B amplifier (Axon Instruments,
Foster City, CA) at room temperature (22–24 °C). Electrodes of
3–5 megohms were pulled from borosilicate glass capillaries
(Sutter Instruments, Novato, CA) using a Flaming-Brown-type
horizontal puller (PC-97; Sutter Instruments, Novato, CA) and
filled with a solution containing 145 mM potassium gluconate, 5
mM NaCl, 1 mM MgCl2, 0.2 mM EGTA, 10 mM HEPES, 2 mM

Mg-ATP, and 0.1 mM Na3-GTP. pH was adjusted to 7.2 with
KOH. The holding potential in the whole-cell voltage clamp
mode was set to �70 mV. Data acquisition was digitized at 20
kHz using Digidata 1440A (Axon Instruments). Analysis was
performed using pClamp-10 (Axon Instruments) and Mini-
Analysis (Synaptosoft Inc., Fort Lee, NJ) software; prior analysis
data were filtered at 1 kHz. For miniature excitatory postsyn-
aptic current (mEPSC) recording, 1 �M tetrodotoxin was
added to block voltage-dependent Na� currents in the per-
fusion solution. Picrotoxin (100 �M) was always present to
block GABAA receptor-mediated inhibitory synaptic cur-
rents in all experiments.

Data Analyses and Statistics—Results are shown as mean �
S.E. For behavioral analysis, Student’s t test was used for com-

FIGURE 2. Ataxia-like phenotype in Lgr4�/� mice. A, time before falling off the accelerating rotarod during the learning session. Lgr4�/� mice (n � 9) stayed
on the rod for a significantly shorter period than wild-type littermates (n � 12). B, balance beam test. Lgr4�/� mice (n � 9) were significantly impaired in their
ability to traverse the beam (B, left), and they had more hind foot missteps per trial on the beam (B, right) compared with wild-type littermates (n � 11). C,
representative footprint patterns of wild-type and Lgr4�/� mice at 2 months. Footprint patterns were quantitatively assessed for gait width (D), step alternation
(E), and linearity of movement (F). Lgr4�/� mice (n � 9) displayed a significantly broader gait width, higher alternation coefficient (indicating irregular step
alternation), and increased linear movement measure (indicating nonlinear movement) as compared with wild-type mice (n � 10). G and H, rotarod and
balance beam deficits are not caused by a lack of desire to move or grip/muscle strength, as Lgr4�/� mice (n � 10) moved a similar distance as wild-type
littermates (n � 11) in the open-field test (G), and they revealed no significant muscle deficits in the hanging wire test (n � 10) compared with wild-type mice
(n � 11) (H). Data are mean � S.E. *, p � 0.05; **, p � 0.01.
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parison of two groups. For comparisons with multiple data sets,
one-way analysis of variance was used followed by a post hoc
Fisher’s PLSD analysis. Differences were considered statisti-
cally significant at p � 0.05. sEPSCs and mEPSCs were detected
semi-automatically using MiniAnalysis (Synaptosoft Inc., Fort
Lee, NJ) with specific parameters as described previously (36).
The Kolmogorov-Smirnov test was used to determine whether
the two distributions were different, using a criterion of p �
0.05.

RESULTS

Lgr4�/� Mice Exhibit Impaired Motor Coordination—To
explore the function of Lgr4 in the cerebellum, we first analyzed
the cerebellar expression pattern of Lgr4 by lacZ staining in
which the lacZ reporter gene is tightly controlled by the native
Lgr4 promoter (15). In Lgr4�/� mice, a high level of �-galacto-
sidase activity was detected in PCs and within some cell bodies
of interneurons in the molecular layer (Fig. 1, A and B),
which is consistent with a previous report (27). The PCs were
identified by their large soma and characteristic morphol-
ogy, and they were further confirmed by immunostaining
with a specific PC marker, calbindin D28K (Fig. 1C). These
experiments suggest a potential physiological function of
Lgr4 in the cerebellum.

The cerebellum is involved in balance and the coordination
of motor movement (37). For this purpose, we performed the
accelerating rotarod test, which requires good motor coordina-
tion (38) on Lgr4�/� mice as well as wild-type littermate con-
trols. Although both wild-type and mutant mice improved their
performance over a 4-day training session, Lgr4�/� mice
showed a significantly shorter latency to fall compared with
wild-type littermates (Fig. 2A), suggesting that motor coordi-
nation was impaired in Lgr4�/� mice. We further assessed cer-
ebellum-related balance and gait coordination in Lgr4�/� mice
and their wild-type littermates. In a balance beam task, Lgr4�/�

mice exhibited a significant increase in the time to traverse a
beam and the number of hind foot missteps on the beam com-
pared with their littermate controls (Fig. 2B). This indicated
that cerebellum-related balance was impaired in Lgr4�/� mice.
In addition, Lgr4�/� mice exhibited gait abnormalities. Instead
of walking along a straight line with a smooth alternating gait as
did wild-type littermates, Lgr4�/� mice weaved from side to
side while moving through a tunnel, using a broader gait width
in a gait that lacked a normal, uniform alternating left-right step
pattern (Fig. 2, C–F). These data indicated that Lgr4�/� mice
exhibited motor coordination deficits and an ataxia-like phe-
notype. To further test the genetic impact of Lgr4 mutation in
cerebellum-related motor coordination, locomotor activity and
grip/muscle strength were measured in Lgr4�/� mice with the
open field and hanging wire test. As shown in Fig. 2, no signif-
icant differences were detected in general locomotor activity
(Fig. 2G) and grip/muscle strength (Fig. 2H) between the two
groups. Furthermore, emotion and forebrain-related memory
was also evaluated in Lgr4�/� mice. Lgr4�/� mice displayed
normal performance compared with wild-type mice in forced
swimming, tail suspension, novel object recognition, and cued
fear-conditioning tasks (Fig. 3). Together, these data sug-
gested that impaired balance and motor coordination were

not correlated with forebrain functions, and these forebrain
functions were not affected by genetic defects in Lgr4. In
conclusion, these data demonstrated that as a consequence
of Lgr4 mutation, the Lgr4�/� mice exhibited an ataxia-like
phenotype that showed deficits in balance and motor coor-
dination, suggesting that Lgr4 plays an important role in cer-
ebellum functions.

Lgr4�/� Mice Exhibit a Decreased PC Population—Ataxia
commonly arises from cerebellar dysfunction and is often
observed in mutants with immature or degenerated PCs, so we
examined whether the morphology or cell number of PCs was
altered in Lgr4-deficient mice. Grossly, no obvious morpholog-
ical change was observed in the cerebellum between Lgr4
mutant and wild-type controls by H&E staining (Fig. 4, A and

FIGURE 3. Lgr4�/� mice behave normally in despair and memory tests. A
and B, forced swimming test (A) and tail suspension test (B) show a similar
immobility time between Lgr4�/� mice (n � 10) and wild-type mice (n � 11).
C, two-object novel object recognition test. Lgr4�/� and wild-type mice had a
similar exploratory preference during training and retention sessions of the
novel object recognition test (left); the discrimination index of Lgr4�/� mice
(n � 10) also showed no difference compared with wild-type mice (n � 11,
right). D, contextual fear-conditioning test showed no significant deficits
between Lgr4�/� mice (n � 10) and wild-type mice (n � 11). Data are
mean � S.E.
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B). Results showed that Lgr4�/� mice exhibited a normal foli-
ation pattern in the cerebellum (Fig. 4, A–D). The PC popula-
tion was examined by counting calbindin D28K-positive cells in
both wild-type and Lgr4�/� mice. A significant reduction in PC
number was observed in Lgr4�/� mice at 4, 8, and 28 weeks
(loss of 	22, 27, and 14%, respectively; Fig. 4, E–G). Further-
more, proliferation and apoptosis were examined using
PCNA and TUNEL staining in Lgr4�/� and wild-type mice
(Fig. 5). Results showed that the number of TUNEL-positive
PCs was significantly increased at 8 weeks, but no difference
was observed in PCNA-positive cells between the two geno-
types at P5. These results suggested that the loss of PC in
Lgr4�/� mice might be caused by apoptosis. Moreover, no
significant changes were detected in PC dendritic arboriza-
tion and spine density in Lgr4�/� mice (Fig. 4, H–K), sug-
gesting that the loss of Lgr4 did not significantly affect the
cyto-architecture of PCs.

Unaffected Basal Synaptic Transmission in PF-PC Synapses
of Lgr4�/� Mice—To investigate the effects of Lgr4 deficiency
on PF-PC synaptic plasticity, which has been assumed to be a
neural correlate of cerebellar function (7), in vitro electrophysi-
ological recording was performed on cerebellar slices from
Lgr4�/� mice. First, we investigated the basal synaptic trans-
mission and short term plasticity at PF-PC synapses in the
Lgr4�/� mice. The input-output relationship at PF-PC syn-
apses showed no statistically significant difference between
Lgr4�/� mice and their wild-type littermates (Fig. 6A; Lgr4�/�,
n � 8 slices/6 mice; WT, n � 8 slices/7 mice). Furthermore, as
shown in Fig. 6B, paired-pulse facilitation of PF-PC synapses in
wild-type littermates and Lgr4�/� cerebellar slices was equiva-
lent at pulse intervals ranging from 20 to 1000 ms (Lgr4�/�, n �
10 slices/7 mice; WT, n � 10 slices/9 mice); likewise, the paired-
pulse depression ratio of climbing fiber-PC (CF-PC) synapses
showed no difference between wild-type littermates and

FIGURE 4. Number of PCs decreased in Lgr4�/� mice. A–D, hematoxylin staining of cerebellar sections of wild-type (A and C) and Lgr4�/� (B and D) mice
reveals a normal overall morphology of the cerebellum of Lgr4�/� mice. C and D, enlarged views of the boxed areas indicated in (A and B). E and F,
calbindin staining of wild-type (E) and Lgr4�/� (F) cerebellum reveals that the number of PCs decreased in Lgr4�/� mice. G, cell counts quantitating the
numbers of PCs in wild-type and Lgr4�/� mice at different adult ages. The number of PC per section was obtained from five adjacent midsagittal
sections/mouse and five mice/group. Values were normalized to the average PC count in the corresponding control group. H–K, analysis of calbindin-
labeled PCs reveals no differences in the total dendritic areas (J) or spine density (K) between wild-type (n � 10) and Lgr4�/� (n � 9) mice (H and I). Data
are mean � S.E.; Student’s t test was used for statistical analysis, *, p � 0.05; **, p � 0.01. Scale bar, 800 �m in A and B; 50 �m in C and D; 100 �m in E and
F; 50 �m in H and I.
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Lgr4�/� mice at 20 –1000-ms inter-stimulus intervals (Fig. 6C;
Lgr4�/�, n � 5 slices/4 mice; WT, n � 5 slices/5 mice). These
data suggest that the basal synaptic transmission and presynap-
tic function at PF-PC and CF-PC synapses were unaffected in
Lgr4�/� mice. To further confirm the results, we tested sEPSCs
and mEPSCs in PCs using whole-cell patch clamp recordings.
PCs were identified by their morphological properties and elec-
trical characterization with typical current traces as shown in
Fig. 7, A and B. No significant difference was detected in fre-
quency and amplitude of sEPSCs (Fig. 7, C and E; Lgr4�/�, n �
7 slices/5 mice; WT, n � 7 slices/6 mice) and mEPSCs (Fig. 7, D
and F; Lgr4�/�, n � 7 slices/5 mice; WT, n � 7 slices/7 mice)
between two groups, suggesting that the capability of presyn-

FIGURE 5. A, proliferation assays showed that the numbers of proliferating
(PCNA-positive) PCs are similar in wild-type and Lgr4�/� mice at P5. B,
quantitative analysis shows that a significant increase of apoptotic PCs
was detected in Lgr4�/� mice at 2 months. The statistical data were
obtained from five adjacent midsagittal sections/mouse and five mice/
genotype. Data are mean � S.E.; Student’s t test was used for statistical
analysis, *, p � 0.05.

FIGURE 6. Parallel fiber-PC synaptic transmission is normal in Lgr4�/�

mice. A, mean peak amplitudes of field EPSPs are not significantly different
between wild-type and Lgr4�/� mice (Lgr4�/�, n � 8 slices/6 mice; WT, n � 8
slices/7 mice). B, paired-pulse ratios of PF-EPSPs are not significantly different
between wild-type and Lgr4�/� mice (Lgr4�/�, n � 10 slices/7 mice; WT, n �
10 slices/9 mice). C, paired-pulse ratios of CF-EPSPs are not significantly dif-
ferent between wild-type and Lgr4�/� mice (Lgr4�/�, n � 5 slices/4 mice; WT,
n � 5 slices/5 mice). Data are mean � S.E., repeated-measures analysis of
variance was used for statistical analysis.
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aptic excitatory neurotransmitter release was not changed in
Lgr4�/� mice. Taken together, these results indicated that the
basal synaptic transmission and presynaptic function at PF-PC
synapses were not altered in Lgr4�/� mice.

LTD at PF-PC Synapses Is Impaired in Lgr4�/� Mice—To
explore the potential causes of the observed cerebellum-related
behavioral deficits in Lgr4�/� mice, we investigated the role of
Lgr4 in PF-PC LTD. In control mice, 5 min of conjunctive PF
and CF stimulation at 1 Hz (39, 40) reliably induced significant
LTD at PF-PC synapses. However, the magnitude of LTD was
significantly reduced in Lgr4�/� mice (Fig. 8, A and B; Lgr4�/�,
80 � 3%, n � 5 slices/4 mice; WT, 63 � 5%, n � 5 slices/5 mice,
p � 0.05, Student’s t test). These results suggested that Lgr4 was
required for PF-PC LTD.

Creb Signaling in PCs Is Impaired in Lgr4�/� Mice—Because
Lgr4 has been identified as the receptor for R-spondins to
amplify Wnt signaling (18, 19), we tried to determine whether
downstream Wnt effectors were impaired in the Lgr4 mutant
cerebellum. To our surprise, the number of PCs with nuclearly
localized �-catenin was not altered in Lgr4�/� mice compared
with wild-type controls (data not shown), suggesting that the
defects in Lgr4�/� mice might not arise from the impairment of

Wnt signaling in cerebellar PCs. Previously, we and others
demonstrated that Lgr4 could also activate cAMP-Creb signal-
ing, although the endogenous ligands responsible remain
unknown (15, 16). As the cAMP-Creb cascade plays a critical
role in the regulation of LTD at PF-PC synapses (8), we inves-
tigated this pathway in Lgr4 mutants. To clarify the functional
role of Lgr4 in Creb signaling, which is involved in PF-PC LTD,
we performed immunostaining for pCreb and calbindin. The
protein level of Creb in PCs was not changed between wild-type
and Lgr4 mutants (data not shown); however, phosphorylated
Creb (the active form) was significantly down-regulated (Fig. 9,
A–F) in PCs, which was normal in some surrounding cells.
These results suggested that Lgr4 deficiency selectively attenu-
ated the activity of Creb in PCs. To further verify whether the
impaired PF-PC LTD in Lgr4 mutant mice was due to the atten-
uation of Creb activity in Lgr4-deficient PCs, we applied fors-
kolin (50 �M for 10 min) to the live cerebellar slice to restore the
endogenous cAMP level in Lgr4 mutant tissues. As shown in
Fig. 9, J–L, the protein level of nuclear pCreb in Lgr4�/� PCs
was dramatically increased in forskolin-treated slices. Further-
more, after treatment with forskolin, the LTD deficiency was
reversed in Lgr4�/� slices; no significant difference in LTD

FIGURE 7. sEPSCs and mEPSCs of PCs are unaffected in Lgr4�/� mice. A, typical traces of sEPSCs recorded in PCs from wild-type and Lgr4�/� mice. B, typical
traces of mEPSCs recorded in the presence of tetrodotoxin (100 �M) in PCs from wild-type and Lgr4�/� mice. C, cumulative probabilities of interval (left) and
mean peak frequency (right) of sEPSCs recorded in PCs from wild-type mice (gray line; n � 7 slices/6 mice) and Lgr4�/� mice (black line; n � 7 slices/5 mice). D,
cumulative probabilities of interval (left) and mean peak frequency (right) of mEPSCs recorded in PCs from wild-type mice (gray line; n � 7 slices/7 mice) and
Lgr4�/� mice (black line; n � 7 slices/5 mice). E, cumulative probabilities of amplitude (left) and mean peak amplitude (right) of sEPSCs recorded in PCs from
wild-type mice (gray line; n � 7 slices/6 mice) and Lgr4�/� mice (black line; n � 7 slices/5 mice). F, cumulative probabilities of amplitude (left) and mean peak
amplitude (right) of mEPSCs recorded in PCs from wild-type mice (gray line; n � 7 slices/7 mice) and Lgr4�/� mice (black line; n � 7 slices/5 mice). The membrane
potential was held at �70 mV.
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magnitude was observed in Lgr4�/� cerebellar slices stimulated
by forskolin compared with WT slices (Fig. 8, A and B; Lgr4�/�

with forskolin, 63 � 4%, n � 5 slices/4 mice; WT with forskolin,
58 � 3%, n � 5 slices/5 mice; t test, p 
 0.05). In conclusion,
these data demonstrated that Lgr4 deficiency impaired LTD at
PF-PC synapses through the aberrant modulation of the
cAMP-Creb signaling pathway.

DISCUSSION

Using Lgr4 hypomorphic gene-trap mice (15), we demon-
strated that Lgr4 mutant mice displayed an ataxia-like pheno-

type. We also found a detectable decrease in the PC population,
and the impaired LTD at PF-PC synapses correlate with atten-
uation of pCreb levels in PCs. Upon activation of cAMP-Creb
signaling by application of an adenylyl cyclase activator, the
decreased level of pCreb was recovered, and the impaired LTD
was rescued in Lgr4�/� PCs. To our knowledge, this study
reports for the first time that Lgr4 plays a crucial role in motor
coordination and cerebellar synaptic plasticity in mice.

Human cerebellar ataxia is a motor disorder that manifests as
gait abnormalities and problems with balance and motor coor-
dination (1). The molecular pathogenesis of many forms of

FIGURE 8. Impaired parallel fiber-PC LTD in Lgr4�/� mice. A, induction of LTD at the parallel fiber to PC synapse was significantly impaired in slices of Lgr4�/�

mice compared with those of controls (WT, n � 5 slices/5 mice; Lgr4�/�, n � 5 slices/4 mice; WT � forskolin, n � 5 slices/5 mice; Lgr4�/� � forskolin, n � 5
slices/4 mice). B, statistical analysis shows the effects of forskolin on LTD in Lgr4�/� slices. LTD was induced by paired PF and CF stimulation at 1 Hz for 5 min.
Data are mean � S.E., Student’s t test was used for statistical analysis. *, p � 0.05.
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inherited cerebellar ataxia is caused by specific gene muta-
tions (2). In accord with previous studies (27), we showed
that Lgr4 was highly enriched in cerebellar PCs. In a battery
of well established behavior tests, Lgr4�/� mice showed bal-
ance and motor coordination deficits, and gait abnormali-
ties, suggesting that loss of Lgr4 results in severe ataxia-like

behaviors in mice, which might be ascribed primarily to cer-
ebellar dysfunction. Thus, mutations of LGR4 could poten-
tially contribute to the pathogenesis of inherited cerebellar
ataxia in humans, which needs to be confirmed by additional
research. A further understanding of the normal physiolog-
ical function of Lgr4 and how this function is altered in

FIGURE 9. Decreased activation of Creb in PCs of Lgr4�/� mice. Double immunofluorescence staining for anti-phosphorylated Creb antibody (green) and
anti-calbindin (red) antibody in the cerebellar slices of wild-type (A–C) and Lgr4�/� (D–F) mice. Wild-type (G–I) and Lgr4�/� (J–L) slices were perfused for 10 min
with 50 �M forskolin. Similar staining patterns were observed throughout the cerebellar cortices of wild-type and Lgr4�/� mice. M, statistical analysis showed
that pCreb in PCs was selectively decreased in Lgr4�/� mice. The statistical data were obtained from five adjacent midsagittal sections/mouse and five
mice/genotype. Data are mean � S.E., Student’s t test was used for statistical analysis, ***, p � 0.001. Scale bar, 50 �m.
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inherited cerebellar ataxia will be interesting for the devel-
opment of therapeutic strategies.

One of the possible mechanisms of the observed defects in
motor coordination behaviors could be a direct link to the loss
of PC population (41, 42). Ataxia animal models that result
from PC death per se (SV4 mice and T147 transgenic mice)
exhibit considerable neuropathology only after there is a
50 –75% loss of the PCs (43– 45). However, our data showed
that only 20 –30% of the PC population was lost in Lgr4�/�

mice, and this loss might be due to apoptosis at the adult stage,
suggesting that the slightly decreased PC population might not
be the main reason for the defects in Lgr4�/� mice. Therefore,
changes in the synaptic function of mutant PCs lacking Lgr4
were tested.

Interestingly, the electrophysiological results revealed that
Lgr4 deletion showed no difference in basal synaptic transmis-
sion and presynaptic function, but significantly impaired LTD
at PF-PC synapses in adult mice. As LTD at PF-PC synapses is
conventionally accepted as a neuronal correlate of cerebellar
function, we assumed that this impaired LTD at PF-PC syn-
apses at the adult stage might be the other major possible mech-
anism underlying the cerebellum-related behavioral defects in
Lgr4�/� mice. In addition, the PF-PC LTD induced by our pro-
tocols is known to be expressed postsynaptically (39, 46), indi-
cating there may be a change in postsynaptic signaling involved
in the impaired cerebellar LTD at PF-PC synapses.

Our data and previous studies have observed that the soma of
PCs is strongly labeled by lacZ staining, and some other soma of
interneurons in the molecular layer are also labeled with lacZ
(27). As PCs are the sole output neurons in the cerebellar cor-
tex, the high expression of Lgr4 in PCs indicates a potentially
important role of Lgr4 in the cerebellum. Considering that
some interneurons in the molecular layer also express Lgr4, the
upstream signaling of PC is also worth investigating. One can-
didate of Lgr4 downstream signaling is the Wnt/�-catenin sig-
naling, which is triggered by R-spondin proteins in different
organs (19, 23, 24). The Wnt/�-catenin signaling has also been
shown to play an important role in the development of the
central nervous system (47, 48), but its function in cerebellar
development is not well defined. Wnt/�-catenin signaling is
active in a highly dynamic pattern during cerebellum develop-
ment (49). Using different Cre promoters, studies have found
that conditional knock-out of �-catenin at early stages of
embryogenesis led to agenesis of the cerebellum (50) or prema-
ture neural precursor cell fate commitment (51, 52). A recent
report has observed that knock-out of �-catenin after E12.5
caused abnormal cerebellar foliation and lamination but did
not have a cell autonomous role in developmental properties of
major cerebellar cell types (52). These findings raise the possi-
bility that the main function of Wnt/�-catenin signaling in the
cerebellum is in regulation of developmental processes. Sur-
prisingly, our data showed that the foliation and lamination of
the cerebellum in Lgr4�/� mice is normal, and no significant
difference in the �-catenin activation level was observed in
Lgr4�/� PCs compared with their control littermates (data not
shown), suggesting that the defects in Lgr4�/� mice might not
be caused by an impairment of Wnt/�-catenin signaling in cer-
ebellar PCs.

In addition to potentiating Wnt signaling following R-spon-
din binding, Lgr4 can trigger Creb signaling by the cAMP path-
way following binding of an as-yet undiscovered ligand (15, 16).
This cAMP-Creb signaling pathway is heavily implicated in dif-
ferent forms of synaptic plasticity in various brain regions. In
hippocampal neurons, both Creb phosphorylation and the
induction of a CRE-driven lacZ reporter construct were found
in CA1 pyramidal neurons in late phase long term potentiation
(9, 53, 54). Furthermore, it has also been reported that the late
phase of LTD is blocked in cultured PCs with an expression
vector encoding a dominant inhibitory form of Creb (8).
Indeed, in Lgr4�/� mice, immunoreactivity of p-Creb was sig-
nificantly reduced in PCs and could be rescued by forskolin, an
adenylyl cyclase activator. These results provided strong evi-
dence that Lgr4 loss impaired Creb signaling. In addition, our
experiments also showed that forskolin successfully rescued the
impaired LTD at PF-PC synapses from Lgr4�/� cerebellar
slices, indicating that the impairment of LTD in Lgr4�/� mice is
mainly due to the attenuation of cAMP-Creb signaling down-
stream of Lgr4.

In addition, the cerebellum has long been viewed as a
machine-like structure designed for fine-tuning of sensorimo-
tor gains and fast adaptation of motor output in response to
changing behavioral needs using compensatory eye movement
and classical eye-blink conditioning tests (55). Whether Lgr4 is
involved in these cerebellar functions should be further
addressed. Additionally, the expression of Lgr4 was observed in
the hippocampus (27). It is notable that the hippocampus plays
a critical role in the formation of memory (56, 57), and the
function of Lgr4 in the forebrain will need to pay more attention
in the near future.

In summary, this study is the first to demonstrate that Lgr4
deficiency causes an ataxia-like phenotype and impairment of
cerebellar PF-PC LTD. Using different strategies, we also dem-
onstrated for the first time that Lgr4 modulated Creb activation
by cAMP-Creb signaling in cerebellar PCs. Because the patho-
genesis of several types of human inherited cerebellar ataxia is
largely unknown, our observations provide deeper insights into
inherited cerebellar ataxia and one more possible underlying
neuronal and molecular mechanism. Therefore, LGR4 is
important as a potential therapeutic target of human inherited
cerebellar ataxia, as only limited therapeutic approaches are
currently available.
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