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Abstract
Adult neurogenesis, a process controlling the proliferation to maturation of newly generated neurons in the post-developmental 
brain, is associated with various brain functions and pathogenesis of neuropsychological diseases, such as Parkinson's disease 
(PD) and depression. Because orphan nuclear receptor estrogen-related receptor γ (ERRγ) plays a role in the differentiation of 
neuronal cells, we investigated whether an ERRγ ligand enhances adult neurogenesis and regulates depressive behavior in a 
LRRK2-G2019S-associated mouse model of PD. Young female LRRK2-G2019S mice (7–9 weeks old) showed depression-
like behavior without dopaminergic neuronal loss in the nigrostriatal pathway nor motor dysfunction. A significant decrease 
in adult hippocampal neurogenesis was detected in young female LRRK2-G2019S mice, but not in comparable male mice. A 
synthetic ERRγ ligand, (E)-4-hydroxy-N'-(4-(phenylethynyl)benzylidene)benzohydrazide (HPB2), ameliorated depression-like 
behavior in young female LRRK2-G2019S mice and enhanced neurogenesis in the hippocampus, as evidenced by increases in 
the number of bromodeoxyuridine/neuronal nuclei-positive cells and in the intensity and number of doublecortin-positive cells 
in the hippocampal dentate gyrus (DG). Moreover, HPB2 significantly increased the number of spines and the number and 
length of dendrites in the DG of young female LRRK2-G2019S mice. Furthermore, HPB2 upregulated brain-derived neuro-
trophic factor (BDNF)/tropomyosin receptor kinase B (TrkB) signaling, one of the important factors regulating neurogenesis, 
as well as phosphorylated cAMP-response element binding protein-positive cells in the DG of young female LRRK2-G2019S 
mice. Together, these results suggest ERRγ as a novel therapeutic target for PD-associated depression by modulating adult 
neurogenesis and BDNF/TrkB signaling.
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Introduction

Neurogenesis is a biological process by which neuronal stem 
cells undergo proliferation, migration, and differentiation to 
form new functional neurons. Even after development, the 

formation, maturation, and synaptic integration of newborn 
neurons continue in the brain [1, 2]. Adult neurogenesis 
occurs in restricted areas of the human brain: subventricular 
zone (SVZ) of the lateral ventricle, striatum, and the sub-
granular zone (SGZ) of the hippocampal dentate gyrus (DG) 
[3]. Hippocampal neurogenesis plays a particularly impor-
tant role in neuronal functions such as learning and memory, 
cognition, and mood regulation [4, 5]. Brain-derived neuro-
trophic factor (BDNF), a member of the neurotrophin fam-
ily, assists the survival of hippocampal neuronal stem cells, 
promotes their differentiation into pyramidal-like neurons 
[6], and regulates granule cell neurogenesis in the DG [7]. 
Furthermore, BDNF/tropomyosin receptor kinase B (TrkB) 
downregulation in the hippocampus is associated with age-
related decline in neuronal plasticity [8].

Numerous studies have shown that adult neurogenesis and 
BDNF are related to the pathophysiology of depression and 
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antidepressant action [9–11]. Patients with major depressive 
disorder (MDD) not treated with antidepressants show lower 
granule neuron number and granular layer volume of the 
DG than that in treated patients [12]. Additionally, a mouse 
model showing reduced neurogenesis under stress conditions 
also shows depressive behavior [13], and chronic antidepres-
sant treatment increases the proliferation and maturation of 
adult rat hippocampal neurons [14]. Moreover, brain imag-
ing studies showing structural and functional disturbances 
in patients with depression also support the neurotrophic 
hypothesis of depression [15, 16].

Parkinson’s disease (PD) is a neurodegenerative disor-
der characterized by a progressive loss of dopaminergic 
(DAergic) neurons in the substantia nigra pars compacta 
[17]. Although characteristic PD symptoms include motor 
dysfunctions, such as postural instability, bradykinesia, 
rigidity, and resting tremor, even diverse non-motor symp-
toms (NMS), such as fatigue, anxiety, depression, sleep 
problems, pain, constipation, and impaired olfaction, 
are frequently observed [18]. Depressive symptoms can 
appear 2–10 years before a diagnosis of PD due to abnor-
mal movements [19]. Additionally, > 30% of patients with 
PD suffer from depression [20], which impacts the qual-
ity of life (QoL) [21, 22]. Furthermore, patients with a 
history of depression are at greater risk of PD than those 
without [23]. Because the pathologic mechanism of depres-
sion in patients with PD has not been fully clarified, there 
are no specific diagnostic criteria or treatment strategies. 
Recently, the survival, proliferation, and differentiation of 
newborn neurons in the hippocampus and SVZ/olfactory 
bulb system are known to be associated with depression in 
PD [24]. Additionally, serum BDNF levels are significantly 
lower in PD patients with depressive symptoms than in 
those without depression, and there is a negative associa-
tion between the BDNF level and depression severity [25]. 
Thus, the regulation of adult neurogenesis and BDNF could 
be an attractive therapeutic target for treating depression 
in PD [26, 27].

Estrogen-related receptor γ (ERRγ), an orphan nuclear 
receptor, regulates cellular energy metabolism in various 
tissues (brain, skeletal muscle, and liver) [28, 29]. ERRγ is 
abundantly expressed in the central nervous system during 
development and also in the adult brain [30, 31]. In adult 
mice brains, ERRγ is widely expressed in the thalamus, 
hypothalamus, olfactory bulb, midbrain, striatum, cerebral 
cortex, and hippocampus [32]. Previously, we showed that 
ERRγ is relevant to the regulation of DAergic neuronal 
phenotypes [33]. Furthermore, the novel ERRγ ligand 
(E)-4-hydroxy-N'-(4-(phenylethynyl)benzylidene)benzo-
hydrazide (HPB2) can enhance DAergic phenotype regu-
lation and induce DAergic neurite outgrowth via BDNF 
upregulation [34].

In this study, we investigated whether ERRγ ligand HPB2 
could be a novel therapeutic agent for regulating depressive 
behavior in a PD mouse model. For this, we used trans-
genic mice with the leucine-rich repeat kinase 2 (LRRK2) 
mutation, LRRK2-Gly2019Ser (G2019S). The phenotype of 
LRRK2 mutation carriers is very similar to that of patients 
with idiopathic PD, with PD-associated NMS (anxiety/
depression-like behaviors) seen at a young age, prior to the 
onset of motor dysfunction [35].

Methods

Antibodies and Reagents

We used the following antibodies: mouse-anti-tyrosine hydrox-
ylase (TH) (sc-25269), rabbit-anti-phospho-cAMP-response 
element binding protein (p-CREB) (sc-7989), mouse-anti-
postsynaptic density protein (PSD-95) (sc-32290) (Santa Cruz 
Biotechnology, TX, USA); rabbit-anti-TrkB (GTX54857), 
rabbit-anti-BDNF (GTX132621), rabbit-anti-LRRK2 
(GTX113065) (GeneTex, CA, USA); rabbit-anti-TH (ab152), 
rabbit-anti-neuronal nuclei (NeuN) (EPR12763) (Abcam, 
Cambridge, UK); mouse-anti-bromodeoxyuridine (BrdU) 
(MA3-071) (Thermo Fisher Scientific, MA, USA); rabbit-anti-
doublecortin (DCX) (#4604), mouse-anti-α-tubulin (T6074), 
and mouse-anti-β-actin (A1978) (Cell Signaling Technology, 
MA, USA). Additionally, mouse anti-horseradish peroxide-
conjugated IgG (Thermo Fisher Scientific), Alexa Fluor®-
conjugated secondary antibodies (Thermo Fisher Scientific) 
and goat anti-rabbit biotinylated secondary antibody (Vector 
Laboratories, CA, USA) were used.

For in vitro cell culture, Dulbecco’s modified Eagle’s 
medium (DMEM), fetal bovine serum (FBS), and penicil-
lin/streptomycin were obtained from Corning (NY, USA), 
and trypsin/ethylenediaminetetraacetic acid was from Cytiva 
(MA, USA). All polystyrene culture plates or dishes were 
purchased from Thermo Fisher Scientific.

Animals

FVB/N-Tg(LRRK2*G2019S)1Cjli/J mice expressing the 
human LRRK2-G2019S (GS) mutation were obtained from 
Jackson Laboratory (ME, USA). Through genotyping for 
Tg(LRRK2*G2019S)1Cjli/J, the animals were classified 
as either hemizygous (GS) or non-carrier (wild-type; WT). 
We used 7–10 weeks old mice in the experiments. All 
experiments were performed according to the guidelines 
of the Institutional Animal Care and Use Committee of 
the CHA University (IACUC-180059, -190095, -200073). 
Details can be found in the Supplementary Materials and 
Methods.
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Treatments

HPB2 was dissolved in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, MO, USA). For mice injection, HPB2 solution con-
tained 4% DMSO, 20% polyethylene glycol (PEG, Sigma-
Aldrich), and 0.9% saline. Intraperitoneal (i.p.) injection 
was administered once daily for 17 days (excluding week-
ends). HPB2-treated mice were injected with 10 mg/kg 
HPB2, and the control mice were injected with 0.9% saline 
containing 4% DMSO and 20% PEG for the same duration. 
The administration conditions (dose, treatment duration, 
etc.) of HPB2 were determined based on the results of our 
previous study on neuronal differentiation [34]. Mice were 
randomly allocated into experimental groups.

For the neurogenesis analysis, mice were injected with 
i.p. 100 mg/kg BrdU (Sigma-Aldrich) twice daily for four 
consecutive days. Mice were sacrificed and perfused 14 days 
after the final injection. BrdU administration was performed 
on 8–10 weeks old mice. Furthermore, HPB2 treatment 
began at the same time as BrdU injection.

Analysis of LRRK2 Expression

To analyze the level of LRRK2 expression in the brain of 
FVB/N-Tg(LRRK2*G2019S)1Cjli/J mice, the brain was 
removed and dissected into olfactory bulb, cortex, striatum, 
substantia nigra and hippocampus, respectively. The brain 
tissues were homogenized and lysed with respective buffers. 
LRRK2 protein levels were measured by western blot analysis 
according to the method described below. The mRNA level of 
LRRK2 in each brain region was assessed by LRRK2 mRNA 
polymerase chain reaction (PCR) for total mRNA extracted 
with TRIzol™ reagent (Life Technologies, CA, USA). Details 
are in the Supplementary Materials and Methods.

Behavioral Tests

Forced Swim Test (FST)

The FST was used to evaluate depressive behavior. A clear 
glass cylinder (diameter, 18 cm; height, 26 cm) was filled 
up to 15 cm with water (27 ± 1 °C). Mice were gently placed 
in the cylinder, and the immobility time during 5 min was 
measured after a delay of 1 min. The movement of mice were 
recorded with a camera (Sony, Tokyo, Japan) in the absence 
of an experimenter and analyzed in an unbiased blind manner.

Tail Suspension Test (TST)

The TST was used to assess depressive behavior of mice. 
Each mouse was suspended in the middle of the wooden box 
(30 × 20 × 60 cm) by tail with adhesive tape. The distance 

from the mouse's nose to floor of wooden box was approxi-
mately 20–25 cm. The immobility time during 5 min was 
measured after a delay of 1 min. All the movements of mice 
were recorded with a camera (Sony) in the absence of an 
experimenter and analyzed in an unbiased blind manner.

Open Field Test (OFT)

The OFT was used to assess anxiety behavior. EthoVision 
XT9 (EthoVision®, Version 9, Wageningen, the Neth-
erlands) and SMART video tracking systems (Version 
2.5.2.1, Harvard Apparatus, MA, USA) were used to moni-
tor the mice. Mice were individually placed in the center of 
an acrylic chamber (50 × 50 × 40 cm), and a video camera 
recorded each 10 min trial. The area excluding the center 
zone (25 × 25 cm) in the arena (50 × 50 cm) was set as the 
peripheral zone.

Light–dark Test (LDT)

The LDT was used to assess anxiety behavior. Acrylic dark 
(black, 10 × 30 cm) and light (white, 20 × 30 cm) cham-
bers were divided by a partition, with a passage hole for 
the mouse. The duration spent in the dark chamber and the 
total number of transitions were recorded for 10 min. The 
movement of mice were recorded with a camera (Sony) in 
the absence of an experimenter and analyzed in an unbiased 
blind manner.

Rotarod Test

Motor function was assessed using a rotarod system (Rota 
Rod-R V2.0, B.S. Technolab, Seoul, Korea). Before the 
test, mice were habituated to the rod at a constant speed 
of 4 rpm for 3 min. The rod speed was set to accelerate 
from 4 to 40 rpm for 5 min. The times at which the mouse 
fell off the rod was automatically recorded, and the average 
value of three repeated trials (inter-trial interval, 20 min) 
was calculated.

Immunohistochemistry

Mice were anesthetized and perfused first with 0.25% 
heparin-phosphate buffered saline (PBS) and then with 4% 
paraformaldehyde. Rompun (Byer, Leverkusen, Germany; 
xylazine hydrochloride, sodium chloride) and Alfaxan 
(Jurox, NSW, Australia; alfaxalone 10 mg/ml) (mixed at 
1:4) were used for anesthesia. Perfused brain tissues were 
frozen at -80 °C with an optimal cutting temperature com-
pound (SAKURA Fineteck USA, CA, USA). The frozen 
brains were cut using a cryostat microtome (Leica, Wetzlar, 
Germany) at -25 °C into 20-μm thick sections. Sectioned 
tissues were placed on an adhesion slide (SuperFrost Plus™, 
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Thermo Fisher Scientific). The tissues were permeabilized, 
blocked, and stained, as shown in our previous study [34]. 
Primary antibodies used for immunohistochemistry: rab-
bit-anti-TH (1:400), rabbit-anti-NeuN (1:400), mouse-anti-
BrdU (1:200), rabbit-anti-DCX (1:800), rabbit-anti-BDNF 
(1:200), rabbit-anti-p-CREB (1:400). For the neurogenesis 
analysis, brain tissues from BrdU-injected mice under-
went 2-M hydrochloric acid hydrolysis (30 min), before 
primary antibody staining. Stained tissues were mounted 
with mounting medium (Vector Laboratories), and a cov-
erslip was placed on the tissues. Fluorescence images were 
obtained using a confocal microscope (LSM 880, Carl Zeiss, 
Oberkochen, Germany) and captured using Zen software 
(Carl Zeiss). DAB images were obtained using a micro-
scope camera (Leica). The intensity of immuno-reactivity 
was quantified using Image J software (NIH, MD, USA).

Western Blot Analysis

Mice brain tissues were dissected for each region and tis-
sues were sonicated with lysis buffer. The lysis buffer con-
tained radioimmunoprecipitation assay buffer (RIPA buffuer, 
150 mM NaCl, 1% Triton X-100, 0.5% deoxycholic acid, 
0.1% sodium dodecyl sulfate, 50 mM Tris–Cl, pH 7.5), pro-
tease inhibitor cocktail and phosphatase inhibitor cocktail 
(25 ×, Roche, Basel, Switzerland). Proteins were collected 
and quantified using Bradford protein assay reagent (Bio-
Rad, CA, USA). Protein samples were separated with 8% 
or 12% sodium dodecyl sulfate polyacrylamide gels and 
transferred to polyvinylidene difluoride membranes. The 
following antibodies were used: mouse-anti-TH (1:4000), 
rabbit-anti-BDNF (1:1000), rabbit-anti-TrkB (1:1000), rab-
bit-anti-NeuN (1:4000), rabbit-anti-LRRK2 (1:500), mouse-
anti-PSD-95 (1:1000), mouse-anti-α-tubulin (1:20,000), 
and mouse-anti-β-actin (1:10,000). Specific proteins were 
visualized using enhanced chemiluminescence detection 
kits (Millipore, MA, USA) and analyzed using a lumines-
cent image analyzer (LAS-4000, GE Healthcare, Uppsala, 
Sweden). Alpha-tubulin and β-actin were used as loading 
controls. Densitometric analysis of western blotting data was 
performed using ImageJ software. Adobe Photoshop was 
used to create the immunoblot images.

Golgi‑cox Staining

FD Rapid GolgiStain™ Kit (FD Neuro Technologies, Inc., 
MD, USA) was used on fixed-brain tissues according to 
the manufacturer’s protocol. After the impregnation and 
cryoprotection steps, brain tissues were frozen at -80 ℃ 
in distilled water and coronally cut into 100-μm thick sec-
tions. Brain sections were mounted on gelatin-coated sides 
(coated with 0.5% gelatin from cold water fish skin, 0.05% 

chromium(III) potassium sulfate dodecahydrate and distilled 
water). Tissues were stained and dehydrated according to the 
manufacturer’s protocol. Tissues were protected from light 
during all steps. Golgi-Cox stained images were obtained 
by optical microscope (Leica). The Golgi-stained dendrites 
were analyzed by ImageJ according to the methods previ-
ously reported [36]. Specifically, images of 25-μm dendritic 
segments (n = 30–36 images, 8 sections per an animal, 6 
animals per a group) were skeletonized by ImageJ software, 
and the number of spines were calculated by independent 
researcher in an unbiased blind manner. Dendritic branches 
(n = 12 neurons, 8 sections per an animal, 6 animals per a 
group) were traced by NeuronJ plug-in [37] and the number 
and length of dendrites were analyzed by ImageJ software.

ERR Selectivity Assay

To verify the binding selectivity of ERR subtypes with 
HPB2 in HEK293T cells, pGL4.35[luc2P/9XGAL4UAS/
Hygro] (E1370, Promega, WI, USA) and ERRs-LBD vec-
tor was utilized. Expression vectors in ERRs-LBD were 
generated by subcloning the LBDs (ERRα: amino acid 
189–423; ERRβ: amino acid 208–433; ERRγ: amino acid 
222–458) of the corresponding nuclear receptors into the 
pFN26A (BIND) vector (E1380, Promega). All transfec-
tion experiments were performed in HEK293T cells in 
Poly-D-Lysine coated 96 well plates (Corning), by using 
Lipofectamine2000 (Invitrogen, MA, USA) according to 
the manufacturer’s instructions. For Dual luciferase assay, 
20 ng of GAL4 construct and 20 ng of ERRα/β/γ-LBD 
construct were added per well. Cells were transfected for 
24 h, then HPB2 was added for an additional 24 h. Dual 
luciferase assay was carried out using the Dual-Luciferase 
Reporter Assay System (E1960, Promega), and luciferase 
activity was analyzed according to the manufacturer's 
instructions. Briefly, cells were lysed with passive lysis 
buffer, treated with Luciferase assay buffer II, and Firefly 
luminescence was measured by the luminometer (SYN-
ERGY Neo2, BioTek, VT, USA). Stop & Glo buffer was 
added to each well, and Renilla luminescence was meas-
ured. The ERR luciferase activities were indicated by nor-
malizing Firefly luciferase activity to Renilla luciferase 
activity in each sample.

Analysis of BDNF Levels in HT22 Cells

BDNF expression levels in hippocampal neuronal cell line HT22 
cells were evaluated by quantitative reverse transcription-PCR 
(qRT-PCR) and immunocytochemistry. Details about HT22 cell 
culture and the experiments can be found in the Supplementary 
Materials and Methods.
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Data Analysis

All data are displayed as the mean ± standard error of mean 
(SEM). To compare each group, we performed one-way 
analysis of variance (ANOVA) with Bonferroni’s multi-
ple comparison test (when F was significant [p < 0.05] and 
there was no variance inhomogeneity), or unpaired t-test, 
using Prism software (GraphPad, CA, USA). For behavio-
ral analyses, data were averaged after excluding the highest 
and lowest values. The size for each experimental group 
was approximately same. P-values of *p < 0.05, **p < 0.01, 
***p < 0.001, and ****p < 0.0001 were considered statisti-
cally significant.

Results

Young Female LRRK2‑G2019S Mice Show Depressive 
Behavior

We previously showed significant motor deficiency and 
decreased nigrostriatal TH levels in old-age mice express-
ing the LRRK2-G2019S (GS) mutation (B6;C3-Tg(PDGFB-
LRRK2*G2019S)340Djmo/J) in a PD mouse model [38]. 
Specifically, depression-like and anxiety-like behaviors 
were shown in the middle-aged group (43–52 weeks) prior 
to the onset of PD-like motor deficits. In this study, we used 
FVB/N-Tg(LRRK2*G2019S)1Cjli/J mice to further verify 
whether the GS mutation is involved in the occurrence of 
PD-associated NMSs and is associated with abnormal hip-
pocampal neurogenesis. Because an age-dependent reduc-
tion in striatal dopamine content, significant neural degen-
eration, and characteristic motor dysfunction appeared in 
FVB/N-Tg(LRRK2*G2019S)1Cjli/J mice after 12 months 
of age, they are widely used to study PD pathology [39].

We first identified that LRRK2 was broadly expressed in 
various brain regions of FVB/N-Tg(LRRK2*G2019S)1Cjli/J 
mice, including the olfactory bulb, cortex, striatum, sub-
stantia nigra and hippocampus (Supplementary Fig. 1). 
Especially, higher LRRK2 protein levels were detected 
in the cortex, striatum and hippocampus, than other brain 
regions (Supplementary Fig. 1a-d). Brain LRRK2 expres-
sion patterns were not significantly different between 
male and female, or WT and GS brain, respectively. We 
also confirmed that human transgene LRRK2 mRNA was 
detected only in the GS group not in the WT (Supplementary 
Fig. 1e–f).

Here, we evaluated depressive and anxiety behav-
iors to determine the NMS phenotype in GS mice 
aged 7–9  weeks. We compared the behavioral results 
between WT and GS groups in male and female groups, 

respectively (Fig. 1a). In females, the immobility time 
on the FST and TST was longer (suggesting increased 
depressive behavior) in the GS group than in the WT 
group (Fig. 1b–c). However, in males, there were no dif-
ferences in immobility times between WT and GS groups 
(Fig. 1d–e). In both male and female mice, there were no 
differences between WT and GS groups in the total dis-
tance and duration in the peripheral zone on the OFT, as 
well as the duration in the dark chamber and number of 
transitions on the LDT (Fig. 1f–m). These results indicate 
that depressive behavior is increased in young GS mice in 
a sex-dependent manner.

Hippocampal Neurogenesis is Reduced 
in Young Female LRRK2‑G2019S Mice, Without 
a Decrease in Nigrostriatal TH Expression

After completing the behavioral tests, mice were sacrificed 
to examine the brain pathology (Fig. 1a). We evaluated the 
nigrostriatal DAergic neuronal degeneration (characteristic 
in PD) by measuring TH-immunoreactivity of the stria-
tum and substantia nigra on immunohistochemistry and 
western blots. In both male and female mice, there were 
no significant differences between WT and GS groups in 
TH intensity and protein expression in the striatum and 
substantia nigra (Fig. 2a–h). These results suggest that 
young female mice with the GS mutation exhibit depres-
sive behavior before there is a detectable loss of DAergic 
neurons in the nigrostriatal pathway.

GS mice show decreased survival and proliferation of 
newly generated neurons in the DG and neurite outgrowth 
inhibition [40]; moreover, reduced hippocampal adult neu-
rogenesis is noted in depression and PD animal models 
[12, 13, 41, 42]. Therefore, we examined whether impaired 
adult neurogenesis is associated with depressive behav-
ior in young female GS mice. The neurogenesis in the 
SGZ of the DG were verified by counting BrdU-positive 
and NeuN-positive cells. In female mice (Fig. 2i–k), the 
numbers of both BrdU-positive and BrdU/NeuN-positive 
neurons were significantly lower in GS mice than in WT 
mice, suggestive of reduced neuronal survival and matu-
ration. In male mice (Fig. 2l–n), there was no difference 
in the number of BrdU-positive cells between WT and 
GS groups (p = 0.6495). Although the number of BrdU/
NeuN-positive neurons tended to be lower in male GS 
mice than in WT mice, the difference was not significant 
(p = 0.0629). These results indicate that adult neurogenesis 
is inhibited in young female GS mice, which also shows 
depressive behavior.
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Fig. 1  Depression-like behaviors in young female LRRK2-G2019S 
mice. (a) Timing of the behavioral tests and BrdU injections. (b-m) 
All behavioral analyses were performed separately in female and 
male mice. The GS group was compared to the WT group (n ≥ 12). 
(b, d) Immobility time on the FST. (c, e) Immobility time on the TST. 
(f, h) Total distance on the OFT. (g, i) Time in the periphery on the 

OFT. (j, l) Time in the dark chamber on the LDT. (k, m) Number 
of transitions on the LDT. All data are shown as the mean ± stand-
ard error of the mean. *p < 0.05 and **p < 0.01; ns, not significant; 
LRRK2, leucine-rich repeat kinase 2; BrdU, bromodeoxyuridine; 
FST, forced swim test; TST, tail suspension test; OFT, open field test; 
LDT, light–dark test; WT, wild-type; GS, LRRK2-G2019S
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ERRγ Ligand HPB2 Improves Depressive Behavior 
and Adult Neurogenesis in Female LRRK2‑G2019S Mice

Our previous study [34] showed that ERRγ ligand HPB2 
improves neuronal outgrowth and DAergic neuronal phe-
notype via BDNF upregulation in vitro and in vivo (i.p. 
injection of 10 mg/kg HPB2 for 17 days was effective for 
neuronal differentiation). Because BDNF plays an impor-
tant role in the maturation and synapse integration of new-
born neurons in adult neurogenesis [43], here we evaluated 
whether HPB2 enhances hippocampal neurogenesis and 
regulates depressive behavior of GS mice.

The effect of HPB2 on depressive behavior in young 
female GS mice was evaluated using the FST (Fig. 3a). 
HPB2 did not significantly influence body weight in both 
WT and GS groups (Fig. 3b). In the GS group, the immo-
bility time on the FST was significantly lower in HPB2-
treated mice than in non-treated mice (Fig. 3c). In the 
WT group, the immobility time was also decreased by 
HPB2, but the difference was not statistically significant 
(p = 0.2008). Additionally, there were no significant dif-
ferences in motor function on the rotarod test among all 
groups (Fig. 3d). These results indicate that HPB2 amelio-
rates depressive behavior in young female GS mice.

To verify the effect of HPB2 on neurogenesis, HPB2 
was injected for 17 days, along with BrdU for the first 
4 days (Fig. 3e). In the WT group, HPB2 had no effect; in 
the GS group, HPB2 restored the survival and maturation 
of BrdU-positive newborn neurons to a level comparable 
to that of WT control mice (Fig. 3f–h). These results indi-
cate that decreased adult neurogenesis in GS mice can be 
restored with HPB2 administration.

HPB2 Increases the Number of DCX‑positive Cells 
and Dendritic Spines in the DG

We next evaluated the effect of HPB2 on DCX expression, 
a marker of immature neurons, in the DG of young female 
GS mice. DCX is used as an indicator of the process of 
the active generation and growing of newborn neurons 
[44]. DCX is associated with neuronal migration during 
development [45] and is related to neurite outgrowth [46]. 
The number of DCX-positive cells and DCX intensity in 
the DG were significantly lower in GS mice than in WT 
mice (Fig. 4a–c). However, HPB2 restored the reduced 
DCX expression in GS mice to the level of WT control 
mice. Additionally, the number and length of neurites 
were reduced in GS mice but enhanced by HPB2 in both 
WT and GS mice (Fig. 4a). Furthermore, the spine num-
ber, dendritic length, and the number of dendrites of hip-
pocampal neurons were diminished in GS mice than in WT 
mice (Fig. 4d–g). However, HPB2 increased the number 

of spines and dendrites, and induced dendritic elongation. 
Also, HPB2 upregulated the expression of PSD-95, a regu-
lator of synaptic plasticity and transmission [47], in the 
hippocampus of GS mice (Supplementary Fig. 2). There-
fore, HPB2 may induce morphological and functional mat-
uration of newborn neurons in the DG of female GS mice.

HPB2 Promotes the BDNF/TrkB Signaling Pathway 
in the Hippocampus

Because our previous study [34] showed that HPB2 
increases BDNF/TrkB in neuronal cells, we asked whether 
the effect of HPB2 on BDNF expression was comparable 
to that of fluoxetine using the hippocampal neuronal cell 
line HT22 cells. Fluoxetine, a selective serotonin reuptake 
inhibitor, is used to treat MDD and regulates neurogenesis 
and BDNF [48]. In HPB2-treated HT22 cells, BDNF mRNA 
levels were significantly upregulated compared to control 
cells, which was even higher than cells treated with fluox-
etine (Supplementary Fig. 3a). Additionally, on immunocy-
tochemistry, HPB2 increased BDNF intensity in HT22 cells 
(Supplementary Fig. 3b, c).

We then examined whether BDNF signaling was upreg-
ulated by HPB2 in the hippocampus of female GS mice. 
BDNF and BDNF receptor TrkB expression levels were 
lower in GS mice than in WT mice; HPB2 restored this 
reduced expression to similar or higher levels than those of 
non-treated WT mice (Fig. 5a–f). There were no significant 
differences in BDNF and TrkB levels between non-treated 
and HPB2-treated WT mice. To determine whether the dif-
ference in the levels of BDNF and TrkB between groups 
could be a result of the difference in neuronal damage, we 
evaluated the expression level of NeuN as a mature neu-
ronal marker. As shown in Fig. 5a, d, there were no dif-
ferences among all groups. Furthermore, HPB2-induced 
upregulation of BDNF was observed in the substantia nigra 
of young female GS mice, but not in WT mice (Supplemen-
tary Fig. 4).

We also measured p-CREB at Ser133, which is an active 
form of CREB and plays a crucial role in BDNF protein tran-
scription [49], in the SGZ. The number of p-CREB-positive 
SGZ cells was markedly lower in GS mice than in WT mice. 
However, HPB2 recovered the number of p-CREB-positive 
cells to a level similar to that of WT control mice (Fig. 5g–h). 
These results indicate that HPB2 enhances BDNF/TrkB and 
p-CREB expression in hippocampal neurons in young female 
GS mice.

HPB2 Selectively Binds with ERRγ

In previous study [34], we showed that HPB2 directly bound 
ERRγ with high affinity by molecular docking study and 
ERRγ-LBD luciferase assay. Furthermore, the interaction of 
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HPB2 and ERRγ regulated BDNF expression and relevant 
signals. Here, we further confirmed whether the binding of 
HPB2 to ERRγ was more selective than other ERRs. We com-
pared the effect of HPB2 on transcriptional activity of ERRα, 
β and γ to identify the ERRγ selectivity of HPB2 (Fig. 6). 
HPB2 showed concentration-dependent upregulation only in 
ERRγ luciferase activity, but not in ERRα and β luciferase 
activity. More interestingly, the ratio of luciferase activity of 
ERRγ to ERRβ in HPB2-treated HEK293T cells was more 
than doubled with increasing concentration of HPB2, whereas 
GSK4716, a compound reported as an ERRβ/γ agonist, 
showed a ratio of nearly 1 (Table 1). These results suggest 
that HPB2 has a ERRγ binding selectivity over ERRα or β.

Discussion

BDNF is the most representative neurotrophin involved in 
the regulation of neurogenesis, and its modulation may be 
an attractive therapeutic strategy for depression. However, 
little is known about the molecular targets that can modulate 
BDNF signaling pathways. In the present study, we dem-
onstrated that the novel ERRγ ligand HPB2 upregulates 
BDNF/TrkB signaling, which improves adult neurogenesis 
and depression-like behavior in a GS-associated young 
female mouse model of PD.

Although BDNF is associated with the pathophysiology 
of depression, limitations remain in the clinical application 
of therapeutics against depression. The application of the 
BDNF protein itself as an antidepressant has been unsuc-
cessful because of its short in vivo half-life (due to instabil-
ity) and low bioavailability (due to poor blood–brain barrier 
permeability) [50]. In a rodent depression model, a single 
BDNF protein infusion into the hippocampus ameliorated 
depressive behavior, but the antidepressant effect lasted only 

3 days [51]. Another strategy involves small molecules that 
directly activate the TrkB signaling pathway. For example, 
small molecules that regulate the TrkB, including dimeric 
peptides, were designed as clinically useful neurotrophic 
drugs [52–54]. TrkB ligand small molecules can reduce 
the immobility time in depressed mice, but do not regulate 
BDNF or synaptogenesis [55]. Small molecules that directly 
regulate BDNF expression may also be an attractive candi-
date for regulating depression. Although current antidepres-
sants that act on the monoaminergic system increase brain 
BDNF expression to some extent, identification of novel tar-
gets regulating central BDNF expression could provide an 
alternative treatment approach to overcome the limitations 
of current antidepressants.

In our previous study [34], HPB2 bound to ERRγ and 
modulated BDNF signaling and the DAergic neuronal 
phenotype. HPB2-induced activation of extracellular-
signal-regulated kinase (ERK)-CREB signaling was rel-
evant to the increase in BDNF. In the present study, HPB2 
markedly stimulated BDNF/TrkB and p-CREB expres-
sion in the DG (Fig. 5). Consequently, HPB2 attenuated 
depressive behavior in female GS mice (Fig. 3). A clinical 
study reported that serum BDNF levels were decreased 
in PD patients with depression, especially in female [56]. 
These results imply that decreased neurotrophic signal-
ing affected adult neurogenesis in female GS mice, and 
the antidepressant-like effect of HPB2 was specific to the 
pathological condition. In this study, the effect of HPB2 
on BDNF expression was not detected in the brain of WT 
female mice, unlike the results in the in vitro HT22 cul-
ture system. The reason why the effect of HPB2 on BDNF 
expression is not seen in WT female mice brain is cur-
rently unclear, but we cannot rule out the possibility that 
estrogen in female mice might affect the ERR activation. 
ERR family are similar in the sequence homologies with 
estrogen receptor (ER) family, and they share the target 
genes and co-regulators [57]. ERR family also binds to 
estrogen response element (ERE), and directly and indi-
rectly interferes with estrogen response [58, 59]. Remark-
ably, estrogen can upregulate BDNF transcription in brain, 
as binding a sequence similar to ERE of bdnf gene [60]. In 
females, other factors including estrogen affect the regula-
tion of BDNF, and therefore, it is presumed that the BDNF 
upregulation by ERR ligand HPB2 also shows a difference 
between WT and GS.

The LRRK2 mutation is a frequent cause of genetic 
and sporadic PD [61]. In this study, sex differences were 
observed in the brain pathology and depressive behaviors 
of GS mice. Although motor function was not impaired in 
both young male and female GS mice, increased depressive 
behavior (Fig. 1) and decreased hippocampal neurogenesis 

Fig. 2  Nigrostriatal DAergic neuronal loss and hippocampal neu-
rogenesis in young LRRK2-G2019S mice. (a–n) All experiments 
were performed separately in female and male mice. The GS group 
was compared to the WT group. (a, b) TH-immunohistochemis-
try in the striatum (n = 6); scale bar = 500 μm. (c, d) Western blot 
analysis shows the TH expression in the striatum (n = 6). (e, f) 
TH-immunohistochemistry in the substantia nigra pars compacta 
(n = 6); scale bar = 100 μm. (g, h) Western blot analysis shows the 
TH expression in the substantia nigra (n = 6). (i-n) Immunofluores-
cence staining of BrdU (cyan) and NeuN (red) in the hippocampus 
dentate gyrus. The numbers of BrdU- and BrdU/NeuN-positive 
cells were counted and compared between groups (n = 6); scale 
bar = 100  μm. All data are shown as the mean ± standard error of 
the mean and the n throughout the data indicates the number of ani-
mals. *p < 0.05 and **p < 0.01; ns, not significant; WT, wild-type; 
GS, LRRK2-G2019S; TH, tyrosine hydroxylase; BrdU, bromodeox-
yuridine; NeuN, neuronal nuclei

◂
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Fig. 3  Depressive behavior and adult neurogenesis were regulated 
by HPB2 in young female LRRK2-G2019S mice. (a) Timing of 
HPB2 injections for the behavior tests. (b) Body weight changes 
during injection and the experiments (n = 13). (c) Immobility time 
on the FST (n ≥ 15). (d) Time on the rod in the rotarod test (n ≥ 11). 
(e) Timing of HPB2 injections for the neurogenesis experiment. 
(f–h) Immunofluorescence staining of BrdU (cyan) and NeuN (red) 
in the hippocampus dentate gyrus; scale bar = 100  μm. The num-

bers of BrdU-positive (g) and BrdU/NeuN co-stained (h) cells were 
counted and compared between groups (n = 12). All data are shown 
as the mean ± standard error of the mean and the n throughout the 
data indicates the number of animals. *p < 0.05 and **p < 0.01; ns, 
not significant; LRRK2, leucine-rich repeat kinase 2; WT, wild-type; 
GS, LRRK2-G2019S; CON, control; HPB2, (E)-4-hydroxy-N'-(4-
(phenylethynyl)benzylidene)benzohydrazide; FST, forced swim test; 
BrdU, bromodeoxyuridine; NeuN, neuronal nuclei
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Fig. 4  HPB2 promoted DCX expression and neuronal outgrowth 
of DG granule neurons in young female LRRK2-G2019S mice. 
(a–c) DCX immunohistochemistry in the DG (brown: DCX, vio-
let: nucleus); scale bar = 100 μm. (b) Number of DCX positive cells 
in the DG (n ≥ 10 animals). (c) DCX intensity in granular neurons 
(n ≥ 10 animals). (d–g) Golgi-Cox staining of granule neurons and 
the dendritic spines in the DG. (e) The number of spines in 25-μm 

dendrites was counted (n = 30–36 images). (f, g) The number and 
the length of dendrites in granule neurons (n = 12 neurons); scale 
bar = 50 μm. All data are shown as the mean ± standard error of the 
mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; WT, 
wild-type; GS, LRRK2-G2019S; DCX, doublecortin; DG, dentate 
gyrus; CON, control; HPB2, (E)-4-hydroxy-N'-(4-(phenylethynyl)
benzylidene)benzohydrazide
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(Fig. 2) were only detected in female GS mice. The under-
lying mechanism for these pathological and behavioral sex 
differences was not evaluated. Among patients with familial 
PD, GS carriers show a higher rate of depression than that 
in non-carriers [62], as well as a more prominent evolution 
in depression symptoms during a 2-year follow-up study 
[63]. Additionally, several studies have showed higher prev-
alence of depression in female patients with PD [64]. In 
fact, PD-related depression is more common in female GS 
carriers [65]. Sex differences in NMS can also be applied 
as a crucial diagnostic indicator.

Although the pathological mechanism by which the 
LRRK2 mutation modulates neurogenesis is unclear at 
present, several studies provide new insights regarding its 
association with neurogenesis regulatory signals. LRRK2 
is expressed during development [66], and plays an essen-
tial role in the generation and maturation of neuronal syn-
apses [67]. It is of interest that a significant decrease in 
hippocampal neurogenesis was detected in GS mice also 
exhibiting depressive behavior, which were ameliorated by 
ERRγ ligand HPB2 (Fig. 3). Furthermore, HPB2 enhanced 
the spine number and dendritic length (a marker of syn-
apse plasticity) of hippocampal neurons and stimulated 
neuronal outgrowth in hippocampal granule neurons 
(Fig. 4). Dendrite spines regulate brain connectivity and 
therefore, are major site for processing information in the 
brain [68]. The present study is the first to show that the 

GS mutation is associated with a sex-dependent expres-
sion of depression-like behavior, which is accompanied 
by a downregulation in neurogenesis, spine number, and 
dendritic length. Because BDNF is closely related to the 
entire neuronal life cycle [69], BDNF signaling pathway 
activity could regulate dendritic spines and neuronal syn-
aptic plasticity [43]. Similar to its effect on BDNF levels, 
HPB2 increased PSD-95 expression in the hippocampus 
of young female GS mice (Supplementary Fig. 2). These 
results verify that HPB2, a small molecule upregulating 
BDNF, contributes to synapse formation and dendritic 
outgrowth.

In conclusion, the present study results demonstrate 
that ERRγ plays a role in the regulation of BDNF/TrkB 
pathway signaling and neurogenesis in the hippocampus, 
and that ERRγ ligand HPB2 has potential in ameliorating 
dysregulated neurogenesis and depressive behavior. Thus, 
ERRγ could be a new therapeutic target for regulating PD-
associated NMS, such as depression, prior to the onset of 
motor dysfunction.

Fig. 5  HPB2 upregulated BDNF/TrkB and p-CREB expression in 
the hippocampus of young female LRRK2-G2019S mice. (a–d) 
Western blot analysis shows BDNF, TrkB and NeuN expression in 
the hippocampus. Alpha-tubulin and β-actin were loading controls. 
Data were quantified using densitometric analysis (n = 6 animals). 
(e, f) Immunohistochemistry of BDNF and BDNF intensity in the 
hippocampus (n ≥ 6 animals); scale bar = 500  μm. (g, h) Immuno-
histochemistry of p-CREB and p-CREB-positive cells were counted 
in the DG (n ≥ 10 animals); scale bar = 100 μm. All data are shown 
as the mean ± standard error of the mean. *p < 0.05, ***p < 0.001; 
WT, wild-type; GS, LRRK2-G2019S; CON, control; HPB2, (E)-4-
hydroxy-N'-(4-(phenylethynyl)benzylidene)benzohydrazide; BDNF, 
brain-derived neurotrophic factor; TrkB, tropomyosin receptor 
kinase B; NeuN, neuronal nuclei; CREB, cAMP-response element 
binding protein; DG, dentate gyrus

◂

Fig. 6  ERR selectivity assay. Luciferase activities of ERRα, ERRβ 
and ERRγ were measured using a reporter gene assay (n = 6). Cells 
were treated with indicated concentration of HPB2 for a day. Data 
are shown as the mean ± standard error of the mean. ****p < 0.0001. 
ERR, estrogen-related receptor; HPB2, (E)-4-hydroxy-N'-(4-
(phenylethynyl)benzylidene)benzohydrazide

Table 1   In vitro ERR 
selectivity

Compound Structure Concentration 
(μM)

ERRγ/ERRβ 
luciferase 
activity ratio

GSK4716 1 0.96 ± 0.05

10 1.06 ± 0.02

HPB2 1 1.29 ± 0.07

10 1.86 ± 0.19

50 2.29 ± 0.15
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