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Abstract 

The 14‑3‑3 protein family with seven isoforms found in mammals is widely expressed in the brain and plays various 
roles in cellular processes. Several studies have reported that 14‑3‑3γ, one of the 14‑3‑3 protein isoforms, is associated 
with neurological and psychiatric disorders, but the role of 14‑3‑3γ in the pathophysiology of brain diseases is unclear. 
Although studies have been conducted on the relationship between 14‑3‑3γ protein and Parkinson’s disease (PD), a 
common neurodegenerative disorder with severe motor symptoms such as bradykinesia and rigidity, a direct connec‑
tion remains to be elucidated. We recently showed that adult heterozygous 14‑3‑3γ knockout mice are hyperactive 
and exhibit anxiety‑like behavior. In this study, we further characterized the molecular and behavioral changes in aged 
14‑3‑3γ heterozygous mice to investigate the role of 14‑3‑3γ in the brain. We observed decreased dopamine levels 
and altered dopamine metabolism in the brains of these mice, including changes in the phosphorylation of proteins 
implicated in PD pathology. Furthermore, we confirmed that they displayed PD symptom‑like behavioral deficits, such 
as impaired motor coordination and decreased ability to the nest‑building activity. These findings suggest an associa‑
tion between 14‑3‑3γ dysfunction and PD pathophysiology.
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Introduction
The 14-3-3 proteins were initially identified in bovine 
brain homogenates. They are widely expressed in the 
brain, accounting for approximately 1% of the total 

soluble proteins [1, 2]. The 14-3-3 family comprises 
seven isoforms, β, γ, ε, η, ζ, σ, and τ/θ, which have been 
reported in mammals [3–6]. The 14-3-3 proteins, which 
form homo- or hetero-dimers, bind to several partners 
and regulate their phosphorylation [3, 7–12]. The first 
identified function of these proteins is to modulate the 
degree of activation of tryptophan hydroxylase and tyros-
ine hydroxylase (TH) by regulating phosphorylation [13]. 
Through the interactions between the 14-3-3 proteins 
and their partners, these proteins play various roles in 
cellular processes such as cell cycle regulation, apoptosis, 
and intracellular signaling [14, 15].

Based on the abundance of 14-3-3 proteins in the 
brain, their functions in neurodegenerative and psychi-
atric diseases such as Creutzfeldt–Jakob disorder (CJD), 
Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
schizophrenia have been studied [16, 17]. The 14-3-3 
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proteins are used as markers in the cerebrospinal fluid for 
CJD diagnosis, with high sensitivity and specificity [18, 
19]. In the hippocampus of patients with AD, the 14-3-3 
proteins co-localize with neurofibrillary tangles (NFT) 
[20]. Moreover, the expression of several 14-3-3 isoforms 
is increased in these patients [21]. These findings indicate 
that 14-3-3 proteins may play an important role in the 
development of NFT in AD.

An association between 14-3-3γ and PD has been 
suggested in several reports, including the first identi-
fied function of 14-3-3γ as an activator of TH [13]. PD 
is well-known as a common neurodegenerative disorder. 
A decrease in dopamine levels due to the loss of dopa-
minergic neurons in the substantia nigra is a known 
cause of PD [22]. It generally presents with both motor 
and non-motor symptoms and typically exhibits symp-
toms of motor defects, such as resting tremors, bradykin-
esia, rigidity, and postural instability [23]. Similar to AD, 
14-3-3 proteins co-localize with the Lewy body (LB) by 
immunostaining [24, 25]. Additionally, the expression 
levels of 14-3-3γ and 14-3-3θ were significantly decreased 
in the α-synuclein (α-syn) overexpressed mice, an animal 
model of PD [26]. Moreover, researchers observed that 
overexpression of 14-3-3θ, 14-3-3ε, and 14-3-3γ reduces 
the toxicity in cells treated with 1-methyl-4-phenylpyri-
dinium (MPP +) to induce PD-like cytotoxicity [26]. 
These findings suggest that the 14-3-3γ protein may be 
involved in PD pathology.

A previous report [27] showed several behavioral 
effects of 14-3-3γ deficiency in the brain using 14-3-
3γ heterozygous knockout (HET) mice. The 14-3-3γ 
homozygous knockout mice we produced did not survive 
until postnatal day 21, which implies that 14-3-3γ plays 
a vital role in development. Moreover, the 14-3-3γ HET 
mice showed hyperactivity and depression-like behavior. 
Stress-sensitive behaviors were also observed in the 14-3-
3γ HET mice compared to the littermate wild-type con-
trol mice (CTL). Based on the behavioral data, we suggest 
that reduced 14-3-3γ levels may be involved in neuropsy-
chiatric diseases, such as attention deficit hyperactivity 
disorder (ADHD). Even though the phenotype of 14-3-
3γ deficient mice has been partially identified, it is still 
insufficient to investigate the functions of 14-3-3γ. In this 
study, we demonstrate the effect of 14-3-3γ deficiency on 
dopamine processes and motor behaviors in aged 14-3-
3γ HET mice.

Materials and methods
Animals
The 14-3-3γ deficient mouse was generated at Kuma-
moto University by random insertion of the gene trap 
vector pU-21  W into the exon 2 region of the Ywhag 
gene (Entrez Gene ID: 22628) located on the mouse 

chromosome 5qG2 [28]. In this study, we used the 14-3-
3γ HET mice and CTL mice. The mouse card ID was 
1462, and the strain name was B6;CB YwhagGt(pU-
21W)266Car. The website address of the database for 
exchangeable gene trap clones is http:// egtc. jp/ action/ 
access/ clone_ detail? id= 21- W266. The mice were housed 
in polycarbonate cages under standard laboratory con-
ditions (12-h light/dark cycle, 22 ± 2  °C, and 50 ± 5% 
humidity). Food and water were provided ad  libitum. 
After performing all the behavioral tests, the mice were 
sacrificed using  CO2 inhalation, and the brain tissue was 
collected. Collected samples were stored at 80  °C until 
analysis. All animal experiments followed the guidelines 
of the Institutional Animal Care and Use Committee of 
Sejong University and Korea University.

Genotyping
For mouse genotyping using polymerase chain reac-
tion (PCR), the following primer sequences were used: 
Knockout (KO) forward primer 5′-CTC AGG TGG TCT 
GAT GGC AG-3′ and KO reverse primer 5′-TGG GGT 
TCT CCA CAT TGA GC-3′ for Ywhag knockout mice, and 
wild-type (WT) forward primer 5′-TCA TCA GCA GCA 
TCG AGC AG-3′ and WT reverse primer 5′-ATG GCG 
TCG TCG AAGGC-3′ for CTL mice. PCR products were 
detected using 2% agarose gel electrophoresis in tris ace-
tate ethylene diamine tetra acetic acid (EDTA) buffer.

Quantitative reverse transcription‑polymerase chain 
reaction
Total RNA was extracted from the mouse brains using 
a Hybrid-RTM kit (Cat. No. 305-101, GeneAll, Seoul, 
Korea). The concentration and purity of RNA were meas-
ured at 260 nm and 280 nm, respectively, using Nanodrop 
2000 spectrophotometer (RRID: SCR_018042, Thermo 
Scientific, Waltham, MA, USA). The complementary 
DNA was reverse transcribed from the RNA using the 
EcoDryTM premix cDNA synthesis kit (Cat. No. 639543, 
TAKARA, SHIGA, JAPAN). The primer sequences were 
as follows: Ywhag reverse transcriptase (RT) forward 
primer 5′-CCT ACC GGG AGA AGA TCG AG-3′ and 
Ywhag RT reverse primer 5′-TAG TTG TCC AGC AGG 
CTC AG-3′ for Ywhag (NM_018871) gene and glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) RT for-
ward primer 5′-AAT GTG TCC GTC GTG GAT CT-3′ and 
GAPDH RT reverse primer 5′-AGA CAA CCT GGT CCT 
CAG TG-3′ for GAPDH (NM_001289726) gene. Reverse 
transcription-polymerase chain reaction (RT-PCR) was 
performed in 48-well plates using StepOne Real-Time 
PCR System (RRID: SCR_014281, Applied Biosystems, 
Waltham, MA, USA). Each sample was analyzed in trip-
licate. The expression levels of the target genes were 
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normalized with GAPDH as an endogenous reference. 
The results were calculated using the  2−ΔΔCt method [29].

Western blotting
Brain tissues were homogenized in 4  mL RIPA buffer, 
40 μL protease inhibitor cocktail, and 40 μL phosphate 
inhibitor cocktail and centrifuged at 4  °C at 13,000 rpm 
for 10  min. Protein concentrations were determined 
using the Bradford assay. Proteins were diluted to 3 mg/
mL with 5X sample buffer and RIPA buffer and then 
boiled at 95 °C for 5 min. Proteins were separated using 
10–15% sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis and transferred to polyvinylidene difluoride 
membranes. The membranes were blocked with 5% 
skim milk in tris buffered saline buffer with Tween 20 for 
50 min at 22  °C. They were then incubated overnight at 
4 °C with anti-14-3-3γ (1:1000, Cat. No. sc-398423, Santa 
Cruz Biotechnology, Dallas, TX, USA), anti-Tyrosine 
Hydroxylase (TH) (1:1000, Cat. No. MAB318, Millipore, 
Burlington, MA, USA), anti- phosphorylated TH (S31) 
(1:1000, Cat. No. 12041, Cell Signaling Technology, 
Danvers, MA, USA), anti-Leucine-rich repeat kinase 2 
(LRRK2) (1:500, Cat. No. ab133474, Abcam, Cambridge, 
UK), anti-phosphorylated LRRK2 (S910) (1:1000, Cat. 
No. ab133449, Abcam, Cambridge, UK), anti-phos-
phorylated LRRK2 (S935) (1:1000, Cat. No. ab133450, 
Abcam, Cambridge, UK), anti-dopamine transporter 
(DAT) (1:1000, Cat. No. DAT14-A, ALPHA DIAGNOS-
TIC, San Antonio, TX, USA), anti-glial fibrillary acidic 
protein (GFAP) (1:1000, Cat. No. 12389S, Cell Signal-
ing Technology, Danvers, MA, USA), and anti-β actin 
(1:1000, Cat. No. A2066, Sigma-Aldrich, St. Louis, MO, 
USA). After incubation with the primary antibodies, the 
membranes were washed and incubated with horserad-
ish peroxidase-conjugated secondary antibodies for 2  h. 
Protein bands were visualized using Fusion Solo software 
(RRID: SCR_016305, Vilber Lourmat, Collégien, France). 
Protein expressions were quantified using ImageJ soft-
ware (RRID: SCR_003070, National Institutes of Health, 
Bethesda, MD, USA) and normalized by β-actin.

Immunohistochemistry
For immunohistochemical staining, 40-week-old 14-3-
3γ HET and CTL mice were used. Mouse brains were 
fixed with 4% paraformaldehyde dissolved in phosphate-
buffered saline (PBS, pH 7.4) via intracardiac perfusion 
and dehydrated by immersing in 30% sucrose dissolved 
in PBS. Brain slices were obtained using CM1950 cry-
ostat (RRID; SCR_018061, Leica Biosystems, Wetzlar, 
Germany). The brain sections were permeabilized in 
PBS containing 0.5% Triton X-100 for 45 min after anti-
gen retrieval in Tris–EDTA (10 mM Tris, 1 mM EDTA, 
0.02% Tween 20; pH 9.0) solution at 80  °C for 30  min. 

After washing, the brain sections were blocked with 
PBS containing 10% normal goat serum and 5% bovine 
serum albumin at 22  °C for 2  h. They were incubated 
overnight at 4 °C with the following primary antibodies: 
anti-YWHAG (1:200, Cat. No. HPA026918, ATLAS anti-
bodies, Bromma, Sweden), anti-neuronal nuclei (NeuN) 
(1:1000, Cat. No. ab104224, Abcam, Cambridge, UK), 
anti-glial fibrillary acidic protein (GFAP) (1:500, Cat. 
No. PA1-10004, Invitrogen, Waltham, MA, USA), anti-
Dopamine transporter (DAT) (1:500, Cat. No. DAT14-A, 
Alpha Diagnostic, San Antonio, TX, USA), anti-Tyros-
ine Hydroxylase (TH) (1:500, Cat. No. MAB318, Mil-
lipore, Burlington, MA, USA), anti-phosphorylated TH 
(S31) (1:500, Cat. No. 13041, Cell Signaling Technology, 
Danvers, MA, USA). The brain sections were washed 
and were incubated with appropriate Alexa Fluor 488-, 
594-, or 647-conjugated secondary antibodies (1:400, 
Jackson ImmunoResearch, West Grove, PA, USA) for 
2  h at 22  °C. The washed brain sections were further 
incubated with 4,6-diamidino-2-phenylindole staining 
solution for 15  min, placed on a microscope slide, and 
fixed with a mounting solution (Cat. No. H-1400, Vec-
tor Laboratories, Burlingame, CA, USA). Images were 
obtained using Nikon Eclipse Ti2 confocal microscope 
(RRID: SCR_021068, Nikon, Tokyo, JAPAN). Immuno-
intensity was quantified using ImageJ software (RRID: 
SCR_003070, National Institutes of Health, Bethesda, 
MD, USA).

Quantitative Dopamine measurement assay
Dopamine ELISA Kit (Cat. No. ab285238, K4219, Abcam, 
Cambridge, UK) was used for quantitative identification 
of dopamine in brain homogenate. The experimental pro-
cedure follows the protocol suggested in the kit. Briefly 
summarized as follows; Reconstitute the lyophilized 
dopamine standard with Standard/Sample dilution buffer 
to make serial dilutions. The proposed standard points of 
100, 50, 25, 12.5, 6.25, 3.125, 1.56, and 0 ng/mL of dopa-
mine solution were reacted simultaneously with the sam-
ple to draw the standard curve. Brains are extracted from 
mice, and the tissue is rinsed with ice-cold phosphate-
buffered saline with a protease inhibitor to remove excess 
hemolytic blood. Homogenize the brain tissue using a 
glass homogenizer on ice. Centrifuge the brain homogen-
ate at 5000 g for 5 min to recover the supernatant. Allow 
the reagents to be prepared immediately before use to 
room temperature. Wash the plates provided in the kit 
with 1X wash buffer. Add 50 µL of standards, samples, 
and controls into the appropriate wells. Immediately add 
50 µL of Biotin-detection antibody working solution into 
each well. Cover with a plate sealer and gently pat to mix 
thoroughly, then incubate at 37 °C for 45 min. Discard the 
solution and wash it several times with 1 × wash solution. 
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After completely removing the washing solution, add 
0.1  mL of HRP-Streptavidin conjugate working solution 
into each well and incubate at 37 °C for 30 min. Discard 
the solution and wash it several times with 1X wash solu-
tion. After completely removing the wash solution, add 
90 µL of TMB substrate into each well and incubate in 
the dark at 37 °C. After 15 min, add 50 µL of stop solution 
into each well. Read the results at 450 nm using a micro-
plate reader Tecan infinite m200 pro (Tecan, Männedorf, 
Switzerland).

Behavioral tests
Hindlimb clasping test
The hindlimb clasping test (HCT) was performed to 
assess motor coordination. The mice were suspended by 
their tail, and the behavior of the hindlimb was recorded 
on video for 15 s. The clasping score of the mice was esti-
mated by at least two persons watching the videos. The 
standard score was based on a previous study [30]. Briefly, 
score 0 was given when both hindlimbs and toes were 
splayed; score 1, when one hindlimb was splayed and the 
other was not; score 2, when both hindlimbs were par-
tially retracted; and score 3, when both hindlimbs moved 
completely close to the abdomen and the toes shrank.

Balance beam test
The balance beam test (BBT) was performed to assess 
motor coordination. The apparatus consisted of beams 
and a goal box. The wide beam was 12  mm wide 
and 100  cm long, while the narrow beam was 6  mm 
wide and 100  cm long. The start and finish lines were 
located 10 cm from the ends of the beams, and the dis-
tance between the lines was 80  cm. A black goal box 
(5 cm × 4.5 cm × 5.5 cm) with fist-sized bedding and two 
or three chows was perceived as a safe place rather than 
the beams for the mice. The beams were placed 50  cm 
above the floor. The fabric was installed 7.5  cm above 
the bottom to prevent injury when the mice fell from the 
beams. The goal box was placed on the opposite side of 
the start line. The mice were expected to cross the beams 
from the start line to the finish line with a maximum cut-
off of 60 s. Tests were conducted for three trials for each 
beam with minimum 3-min intervals. When the mouse 
did not move on, the mouse’s rump was tapped to urge 
them to cross. Fifteen seconds after reaching the goal 
box, the mice were left to return to their cage. The tests 
were repeated until every mouse succeeded in three tri-
als on the wide beam, and that day was considered a test 
day. Several mice failed to cross on the narrow beam, and 
the graphs were created, excluding the failed trials. The 
following cases were considered a failure: falling off the 
beam, failing to cross in 60 s, hanging upside down when 

crossing a beam, crawling with the abdomen attached to 
the beam, and returning to the start line.

Rota‑rod test
A rota-rod test (RRT) was performed to assess basal 
motor activity. Before the training session began, the 
mice were placed for 60 s on a rotating rod (4 rpm, con-
stant speed) for adaptation and were returned to their 
home cage for at least 5 min. These adaptation sessions 
were repeated until none of the mice had fallen. After 
achieving adaptation, the mice were placed on the rotat-
ing rod for 300 s (4–40 rpm, gradual accelerating speed) 
for training. They were subjected to four trials with at 
least 5-min intervals and returned to their home cage 
between the trials. After 24 h, the tests were conducted 
again. The test conditions were identical to those of 
the training sessions. The latency to fall off the rod was 
recorded with a maximum cut-off of 300 s. For example, 
if the mouse withstood the rotating rod for 300  s, the 
latency to fall was recorded as 300 s. The recorded times 
were then averaged.

U‑shaped social interaction test
The U-shaped social interaction test (USIT) was used to 
assess social ability. An open-field apparatus was used 
for the USIT with modifications. The apparatus com-
prised a square arena (40  cm long) with 30  cm high 
walls, and a small wall (20  cm × 30  cm) was erected in 
the middle of one high wall. Thus, this small wall cre-
ated two partitioned square arenas (20 × 20  cm) and 
a neutral section  (40 × 20  cm). Of the two partitioned 
arenas, one was considered an interaction zone and the 
other an empty zone. The two partitioned arenas con-
tained an empty “holding cell” (10.16 cm in diameter and 
13.97 cm in height) at the corner during the habituation 
phase. Each mouse was placed in the neutral section and 
allowed to explore the entire apparatus for 5 min. After 
the habituation session, the mouse was returned to the 
cage, while a partner male mouse was placed under the 
holding cell (on a randomly selected side), and a triangle-
shaped object was placed under the other holding cell. 
The interaction zone was identified as the arena with 
the partner mouse, and the empty zone was identified 
as the arena with the object. During the test phase, each 
mouse was placed in the neutral section and allowed to 
explore the entire apparatus for 5  min. The ANY-maze 
video tracking system recorded the time spent by the 
test mouse in investigating the novel/stranger mouse or 
object. The investigation was defined as the test mouse’s 
nose touching the holding cell or sniffing within 1 cm of 
the target.
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Nestlet shredding test
The nestlet shredding test (NST) was performed to 
investigate nesting behavior indicative of PD. The ani-
mals were given one nestlet in their home cage weekly 
for acclimation. For the test, the mice were isolated in a 
single cage with clean bedding and received one nestlet, 
which was weighed beforehand. The other conditions 
were maintained similarly to those in their home cage. 
The next day, the nestlets were collected and weighed to 
assess the shredding. The mice were tested for two trials, 
and the data from the last trial was used for evaluation.

Nest building test
The nest building test (NBT) was performed to inves-
tigate nesting behaviors indicative of PD. The NST was 
considered as the training for NBT. The mice were sub-
jected to NBT a day after the NST. The conditions for 
the NBT were the same as those for the NST, except for 
the bedding. For the accuracy of measurement, the bed-
ding material used in the NBT was made with smaller 
particles than the daily bedding to prevent nesting using 
bedding and to induce nesting using only nestlets. After 
overnight incubation, each mouse was returned to its 
home cage. In the test cage, the height of the nest from 
the bottom to the top and the NBT score were measured. 
A standard score indicates how well the nest was built 
based on a previous study [31].

Statistical analysis
GraphPad Prism 8.0.2 (GraphPad Software Inc., La Jolla, 
California, CA, USA) was used for statistical analysis. 
Levene’s test was used to determine whether the two 
groups had similar variances. Statistical significances 
were analyzed using a two-tailed unpaired student’s 
t-test or Welch’s t-test, followed by post hoc Tukey’s 
multi-comparison test. According to the tests, P-val-
ues < 0.05, < 0.01, or < 0.001 were considered statistically 
significant.

Results
14‑3‑3γ is mainly expressed in neurons in the striatum 
and substantia nigra of the brain
The 14-3-3γ deficient mice were generated by random 
insertion of the gene trap pU-21 W vector into the exon 

2 region of the Ywhag gene encoding 14-3-3γ located 
on the mouse chromosome 5qG2 (Additional file 1: Fig. 
S1a). The generation of knockout mice was identified 
by PCR-based genotyping using DNA obtained from 
the tail of mice on postnatal day 7 (Additional file  1: 
Fig. S1b). A previous report [27] showed that homozy-
gous knockout mice died fatally. These findings indicate 
that HET 14-3-3γ knockout mice were expected to have 
developmental delays compared to the CTL mice. As 
abnormalities caused during development can lead to 
degenerative disorders and behavioral regression with 
age beyond developmental problems [32, 33], we inves-
tigated whether the 14-3-3γ levels in aged 14-3-3γ HET 
mice were still insufficiently maintained and whether 
there were changes in behavioral patterns in old age. 
Hence, the expression level of the Ywhag gene in the 
brains of 40-week-old aged 14-3-3γ HET mice was iden-
tified by quantitative RT-PCR (Additional file  1: Fig. 
S1c), and the expression level of 14-3-3γ protein was 
determined by western blotting (Additional file  1: Fig. 
S1d). The results confirmed that gene (Mean of HET, 
54.79%) and protein expression level (Mean of HET, 
39.67%) had been reduced by more than half in the aged 
14-3-3γ HET mice (Fig. 1c and e).

Several studies have reported that 14-3-3γ is impli-
cated in neurodegenerative disorders such as PD, AD, 
and CJD [16, 17]. Based on previously reported behav-
ioral abnormalities in the 14-3-3γ HET mice [27], we 
focused on the striatum and substantia nigra regions of 
the brain involved in the dopaminergic pathway. West-
ern blotting confirmed a significant reduction in 14-3-3γ 
expression in the striatum (Mean of HET, 42.33%) and 
the substantia nigra (Mean of HET, 55.33%) homogenates 
of 40-week-old 14-3-3γ HET mice (Fig. 1a–c). Moreover, 
immunohistochemistry showed that 14-3-3γ is predomi-
nantly co-localized with NeuN-positive cells, ensuring 
that it is mainly expressed in the neurons in these regions 
(Fig. 1d). It was also confirmed that the intensity of 14-3-
3γ was significantly reduced in neurons described as 
NeuN-positive cells in the striatum (Mean of HET, 76%) 
and substantia nigra (Mean of HET, 80%) of 14-3-3γ HET 
mice brain (Fig. 1e and f ).

(See figure on next page.)
Fig. 1 Ywhag knockout heterozygote mice identified with reduced expression of 14‑3‑3γ. a–c Representative western blotting image (a) and 
quantitative graph (b,c) show reduced expression of 14‑3‑3γ in the striatum (ST) and substantia nigra (SN) homogenates of the 14‑3‑3γ HET mice 
brain as compared to the CTL mice (n = 3 per group). d Immunohistochemistry results show that the 14‑3‑3γ immunostaining intensity in the ST 
and SN regions is mainly expressed in neurons indicated as NeuN ( +) cells, and a decrease in the 14‑3‑3γ intensity was detected in 14‑3‑3γ HET 
mice compared with CTL mice (scale bar: 0.2 μM). e, f Quantitative graphs of 14‑3‑3γ immunostaining intensity in NeuN ( +) cells in the ST (e) 
and the SN (f) regions of the 14‑3‑3γ HET mice brain and the CTL mice brain (n = 3 per group). Results are presented as means ± SEM; *P < 0.05, 
**P < 0.01 and ***P < 0.001. (CTL littermate wild‑type control, HET heterozygous, NeuN neuronal nuclei, DAPI 4,6‑diamidino‑2‑phenylindole, SEM 
standard error of mean)
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Fig. 1 (See legend on previous page.)
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Reduced 14‑3‑3γ levels affect dopamine metabolism
To identify the association between 14-3-3γ and PD, we 
investigated the expression levels of proteins related to 
dopamine metabolism. Other researchers have reported 
that 14-3-3γ binds to tyrosine hydroxylase (TH), an 
enzyme required for the biosynthesis of catechola-
mines, including dopamine, and stabilizes and main-
tains the phosphorylation of TH [13, 34, 35]. Therefore, 
we investigated the expression levels of phosphorylated 
TH (pTH) and total TH using western blotting (Fig. 2a). 
In the whole brains of 14-3-3γ HET mice, there was no 
difference in overall TH levels (Fig.  2c), but pTH lev-
els were significantly decreased (Mean of HET, 81.33%) 
(Fig.  2b). Furthermore, to investigate the degeneration 
of dopaminergic neurons and to determine whether 
there are differences in expression between PD-associ-
ated brain subregions, the levels of pTH and TH in the 
striatum and substantia nigra homogenates were con-
firmed using western blotting (Fig.  2e). As a result, a 
significant decrease in pTH was observed in both the 
striatum (Mean of HET, 77%) and substantia nigra (Mean 
of HET, 61%) of the 14-3-3γ HET mice brain, with a 
greater decrease in the substantia nigra than the striatum 
(Fig.  2f–i). In addition, there was no significant differ-
ence in the degree of TH intensity in the immunohisto-
chemical reaction of the 14-3-3γ HET mice brain and 
CTL mice brain (Fig. 2j–i), whereas the intensity of pTH 
was significantly decreased in both the striatum (Mean 
of HET, 66.75%) and substantia nigra (Mean of HET, 
83.25%) (Fig.  2m and n). These results suggest that the 
reduction in 14-3-3γ affects phosphorylation and activ-
ity of TH, although no significant degeneration of TH-
expressing dopaminergic neurons was observed in the 
brain of 40-week-old 14-3-3γ HET mice.

Next, to determine whether the reduction of 14-3-
3γ directly affects dopamine metabolic activity, as well 
as TH phosphorylation, dopamine levels in the brain 
of 14-3-3γ HET mice were measured by quantitative 
dopamine ELISA assay (Fig.  3a). As a result, the dopa-
mine level of the whole brain homogenate of the 14-3-3γ 

HET mice was decreased compared to the CTL mice, 
but there was no significance (Fig.  3b). However, a sig-
nificant decrease in dopamine levels was observed in the 
homogenates of the striatum (Mean of HET, 41.33%) and 
substantia nigra (Mean of HET, 56.67%) of 14-3-3γ HET 
mice (Fig. 3c and d).

Furthermore, significantly reduced expression of 
DAT, which maintains homeostasis by the reuptake 
of released dopamine into presynaptic neurons, was 
observed by western blotting in the 14-3-3γ HET mice 
brains (Mean of HET, 84.2%) (Fig.  3e and f ). Similarly, 
immunohistochemistry showed a significant decrease in 
DAT expression in the striatum (Mean of HET, 85.25%) 
and substantia nigra (Mean of HET, 75%) (Fig.  3g–i). 
However, significant neuronal degeneration was not 
observed in the striatum and substantia nigra in the 
brain of 40-week-old 14-3-3γ HET mice since there was 
no change in the number of neurons expressed as NeuN 
(Fig. 3j and k). These results show that dopamine synthe-
sis and reuptake processes are defect in the striatum and 
substantia nigra of aged 14-3-3γ HET mice.

14‑3‑3γ reciprocally affects the phosphorylation 
of leucine‑rich repeat kinase 2
To address the association between 14-3-3 protein and 
PD, leucine-rich repeat kinase 2 (LRRK2) is one of the 
important factors to be investigated. Previous stud-
ies have identified 14-3-3 protein as a binding protein 
for LRRK2, a risk factor for PD [35–37]. Several genetic 
studies have found mutations in the GTPase or serine/
threonine kinase domains of LRRK2 in both familiar and 
sporadic PD patients (Fig.  4a) [38, 39]. It has been sug-
gested that LRRK2 mutations result in changes in bio-
chemical activity and stabilization of the active state, 
resulting in abnormally excessive activity [40] and inap-
propriate interactions with binding partners in the pro-
tein–protein interaction domain (Fig.  4a) [41–44]. It is 
also associated with the clinical and pathological fea-
tures of PD patients. Among the 14-3-3 proteins, 14-3-
3γ is the isoform with the highest affinity for LRRK2 [36, 

Fig. 2 Decreased expression of phosphorylated tyrosine hydroxylase and insignificant change in expression of the tyrosine hydroxylase in the 
14‑3‑3γ heterozygous mice brain. a–c Representative western blotting images (a) and quantitative graphs (b, c) of the phosphorylated tyrosine 
hydroxylase (pTH)/the tyrosine hydroxylase (TH) ratio (b) and total TH expression (c) in whole brain homogenates of the 14‑3‑3γ HET mice and 
CTL mice (n = 3 per group). e‑i Representative western blotting images (e) and quantitative graphs (f‑i) of pTH/TH ratio (f,g) and TH expression 
(h,i) in the striatum (ST) and the substantia nigra (SN) homogenates of the 14‑3‑3γ HET mice brain and CTL mice brain (n = 3 per group). j 
Immunohistochemistry results show reduced expression of pTH but not TH in the ST and the SN regions of the 14‑3‑3γ HET mice brain and CTL 
mice brain (scale bar, 0.2 μM). k, l Quantitative graphs of TH immunostaining intensity in the ST (k) and the SN (l) regions of the 14‑3‑3γ HET mice 
brain and the CTL mice brain (n = 4 per group). m, n Quantitative graphs of pTH immunostaining intensity normalized by TH in the ST (m) and the 
SN (n) regions of the 14‑3‑3γ HET mice brain and CTL mice brain (n = 4 per group). Results are presented as means ± SEM; *P < 0.05, **P < 0.01 and 
***P < 0.001. (CTL littermate wild‑type control, HET heterozygous, pTH phosphorylated tyrosine hydroxylase, TH tyrosine hydroxylase, ST striatum, SN 
substantia nigra, NeuN neuronal nuclei, DAPI 4,6‑diamidino‑2‑phenylindole, SEM standard error of mean, ns non‑significant)

(See figure on next page.)



Page 8 of 18Cho et al. Molecular Brain            (2023) 16:2 

Fig. 2 (See legend on previous page.)



Page 9 of 18Cho et al. Molecular Brain            (2023) 16:2  

37]. Moreover, LRRK2 phosphorylation at Ser910 and 
Ser935 with high binding affinity to 14-3-3γ [45, 46] has 
been reported to be reduced in several mutant forms of 
LRRK2 associated with PD [47].

Therefore, we investigated the expression of total 
LRRK2 and phosphorylated LRRK2 at Ser910 and 
Ser935 in the whole brain, striatum, and substantia nigra 
homogenate of 14-3-3γ HET mice using western blot-
ting (Fig.  4b). As a result, phosphorylated LRRK2 at 
Ser910 was significantly reduced in homogenates of the 
whole brain (Mean of HET, 67.67%) (Fig. 4c), the striatum 
(Mean of HET, 64.67%) (Fig.  4d), and substantia nigra 
of 14-3-3γ HET mice (Mean of HET, 76.33%) (Fig.  4e). 
In addition, phosphorylated LRRK2 at Ser935 was not 
respectably different between the 14-3-3γ HET mice and 
CTL mice in the whole brain and striatum homogenate 
(Fig. 4f and g), but a significantly decreased was observed 
in the substantia nigra of 14-3-3γ HET mice (Mean of 
HET, 77%) (Fig.  4h). However, there was no difference 
in overall LRRK2 expression in the brains of 14-3-3γ 
HET mice compared to the CTL mice, suggesting that 
reduction in 14-3-3γ does not affect total LRRK expres-
sion (Fig. 4i–k). Therefore, it is suggested that 14-3-3γ is 
implicated in the signaling mechanisms and activation 
of LRRK2 after the gene expression. These results indi-
cate that not only LRRK2 phosphorylation at Ser910 and 
Ser935 is essential for phosphorylation-dependent bind-
ing of 14-3-3γ protein, but 14-3-3γ also affects phospho-
rylation of LRRK2 through mutual regulation in both 
directions, thereby regulating LRRK2 activity.

14‑3‑3γ heterozygous mice are implicated in astrogliosis
Besides dopaminergic neurotransmission abnormalities 
and changes in phosphorylation and activity of related 
signaling proteins, the inflammatory response is also one 
of the major pathological hallmarks of PD. The glial fibril-
lary acidic protein (GFAP), a marker of activated astro-
cytes, is increased in patients and animal models of PD 
[48–51]. Therefore, we identified the expression level of 
GFAP in the brains of 14-3-3γ HET mice to determine 
whether a lack of 14-3-3γ is involved in astrogliosis simi-
lar to PD symptoms. An increase in the expression level 

of GFAP in the brain of 14-3-3γ HET mice compared 
with the CTL mice was observed in western blotting 
results (Fig. 5a). This increase was confirmed to be signif-
icant by quantification (Mean of HET, 142.3%) (Fig. 5b). 
In addition, immunohistochemistry was used to investi-
gate the extent of GFAP expression in the striatum and 
substantia nigra of the 14-3-3γ HET mice and CTL mice 
(Fig. 5c). Our data show that GFAP levels are significantly 
increased, particularly in the substantia nigra of 14-3-3γ 
HET mice (Mean of HET, 156.3%) (Fig. 5d and e), indicat-
ing that a lack of 14-3-3γ may induce PD-like astrogliosis.

14‑3‑3γ heterozygous mice display defects in motor 
coordination
Next, we performed several behavioral tests to determine 
whether the 14-3-3γ HET mice exhibited aberrant motor 
behavior typical of PD. We conducted the Hindlimb 
Clasping Test (HCT) to determine whether the 14-3-3γ 
HET mice have motor coordination problems since the 
hindlimb clasping has been generally observed in neu-
rodegenerative diseases and can be used as a marker 
to assess disease progression stages [52–54]. Figure  6a 
shows representative images of the clasping scores rang-
ing from 0 to 3 in our study. The 14-3-3γ HET mice dis-
played significantly higher clasping scores than the CTL 
mice (Mean of CTL, 0.6250; HET, 2.125) (Fig.  6b). The 
Balance Beam Test (BBT) was also conducted to con-
firm motor coordination ability [55], where the 14-3-3γ 
HET mice and CTL mice crossed a wide beam (12 mm) 
and a narrow beam (6  mm) during three times experi-
ments. The latency time of the 14-3-3γ HET mice to 
cross increased for both wide (Mean of CTL, 5.753; HET, 
9.798) and narrow beam (Mean of CTL, 12.23; HET, 
21.32) (Fig.  6c and d). These results showed that the 
14-3-3γ HET mice had more problems with balance and 
delicate motor control than the CTL mice. Both 14-3-
3γ HET mice and CTL mice crossed the wide beam, but 
many 14-3-3γ HET mice failed to cross the narrow beam 
(CTL mice, one time, HET mice, nine times) (Fig.  6e). 
Thus, the 14-3-3γ HET mice failed to cross the narrow 
beam more and displayed a longer latency to cross the 
beams than the CTL mice.

(See figure on next page.)
Fig. 3 Decreased dopamine level and dopamine transporter expression in the 14‑3‑3γ heterozygous mice brain. a Schematic diagram of 
dopamine assay using competitive ELISA assay. b–d Results of dopamine levels in the whole brain (b), the striatum (ST) (c) and substantia nigra 
(SN) (d) homogenates of the 14‑3‑3γ HET mice brain and CTL mice brain (n = 3 per group). e, f Representative western blotting image (e) and 
quantitative graph (f) of the dopamine transporter (DAT) expression in brain homogenates of the 14‑3‑3γ HET mice and CTL mice (n = 4 per group). 
g Immunohistochemistry results showing reduced expression of DAT intensity in the ST and SN regions of the 14‑3‑3γ HET mice brain and CTL mice 
brain (scale bar, 0.2 μM). h, i Quantitative graphs of DAT immunostaining intensity in the ST (h) and SN (i) regions of the 14‑3‑3γ HET mice brain and 
CTL mice brain (n = 4 per group). Results are presented as means ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001. (CTL littermate wild‑type control, HET 
heterozygous, pTH phosphorylated tyrosine hydroxylase, TH tyrosine hydroxylase, DAT dopamine transporter, ST striatum, SN substantia nigra, NeuN 
neuronal nuclei, DAPI 4,6‑diamidino‑2‑phenylindole, SEM standard error of mean, ns non‑significant)
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Interestingly, the basal motor activity of 14-3-3γ HET 
mice was not altered. The Rota-Rod Test (RRT), which 
assesses the endurance of the mice on the accelerating 
rod, was performed to measure the basal motor activ-
ity. There was no statistically significant difference in the 
latency to fall between the 14-3-3γ HET mice and CTL 
mice in each trial (Fig.  6f ) and the average of the four 
tests (Fig.  6f and g, respectively). These results suggest 
that reduced 14-3-3γ levels may lead to direct difficulties 
in motor coordination rather than decreased basal motor 
activity.

14‑3‑3γ heterozygous mice display defects in nest‑building 
activity
The U-shaped Social Interaction Test (USIT), a modified 
three-chamber social interaction test, was conducted in 
an open field box to assess social ability. Both the 14-3-3γ 
HET mice and CTL mice groups showed improvement 
in the rate of interaction time with the stranger mice but 
without a significant difference (Fig. 7a).

Following the USIT, the Nest-Shredding Test (NST) 
and the Nest Building Test (NBT) were conducted 
to confirm PD-related behaviors. The nesting behav-
ior of rodents is sensitive to pathological disease states 
underlying changes in health or well-being. Therefore, 
it is known to have the potential as an early indicator of 
degenerative diseases, including PD. In this study, these 
tests were conducted in a single cage and scored indi-
vidually. The USIT did not show the difference in social 
ability between the 14-3-3γ HET mice and CTL mice. 
On the other hand, the NST and NBT revealed signifi-
cant differences in nesting-related behaviors between the 
14-3-3γ HET mice and CTL mice. In the NST, the degree 
of nestlet shredding (%) in 14-3-3γ HET mice remarkably 
decreased (Mean of CTL; 50.89, HET; 4.075) (Fig.  7b). 
In the NBT, half of the 14-3-3γ HET mice did not build 
a nest at all, whereas the other half constructed nests of 
lower quality than the CTL mice with respect to the nest 
scores (Mean of CTL; 2.625, HET; 0.75) and nest heights 
(Mean of CTL; 2.638, HET; 1.075) (Fig.  7c–e). Conse-
quently, the 14-3-3γ HET mice displayed PD-like behav-
ior associated with nesting activity.

Discussion
The 14-3-3 protein interacts with several partners and 
participates in various cellular processes. It regulates pro-
tein–protein or protein–DNA interactions and modu-
lates the phosphorylation of their partner proteins [3, 8, 
13]. As 14-3-3 proteins are abundant in the brain, they 
are associated with neurodegenerative diseases, includ-
ing PD [16]. As a member of the 14-3-3 family, 14-3-3γ is 
also associated with PD [17]. It was detected in the LB of 
PD patients and was expressed at low levels in the α-syn 
overexpressed mice [24–26]. Moreover, 14-3-3γ showed 
protective effects in PD-induced cells [26]. Although sev-
eral studies have suggested a correlation between 14-3-3γ 
and PD, the role of 14-3-3γ in PD remains unclear. In this 
study, we aimed to determine whether the 14-3-3γ reduc-
tion in vivo causes behavioral motor deficits and induces 
other molecular or metabolic changes associated with 
PD.

As a result, we found that reduced 14-3-3γ levels lead 
to a lower phosphorylated state of TH in the striatum and 
substantia nigra, but the total TH expression levels did 
not show any differences. These data suggest that 14-3-3γ 
is involved in regulating the phosphorylation levels of TH 
but not its expression levels. Our data corroborate the 
findings of other studies that the 14-3-3 proteins support 
the phosphorylation of TH and increase the activity and 
stability of TH [13, 34, 35]. As TH is a critical enzyme in 
the dopamine synthesis process, our results suggest that 
reduced 14-3-3γ levels might cause problems in thiamine 
synthesis. The 14-3-3γ HET mice also showed decreased 
dopamine levels and DAT expression levels in the brain. 
This could lead to insufficient dopamine reuptake and 
unstable dopamine homeostasis. Similar to our results, 
the 14-3-3ζ knockout mice showed abnormal motor 
behavior and decreased DAT [56], indicating that 14-3-3 
proteins, including the γ and ζ forms, might be in regu-
lating expression levels and motor activity. These data 
also suggest that reduced 14-3-3γ levels may induce dys-
functional dopamine metabolism.

Mutations and altered activity of LRRK2 are closely 
related to the pathophysiology of familial and sporadic PD 
[38, 39], and this is suggested to be involved in the loca-
tion and degree of LRRK2 phosphorylation [35]. Previ-
ous studies have reported that all 14-3-3 proteins except 

Fig. 4 Decreased expression of the phosphorylated leucine‑rich repeat kinase 2, but not total leucine‑rich repeat kinase 2 expression in the 14‑3‑3γ 
heterozygous mice brain. a Schematic diagram of the domain structure of leucine‑rich repeat kinase 2 (LRRK2) b Representative western blotting 
images of the pLRRK2 at S910, at S935, and LRRK2 expression in the whole brain, the striatum (ST), and substantia nigra (SN) homogenates of the 
14‑3‑3γ HET mice and CTL mice. c–k Quantitative graphs of pLRRK S910 (c–e), S935 (f–h), and LRRK2 (i–k) expression in the whole brain, the ST, 
and SN homogenates of the 14‑3‑3γ HET mice and CTL mice (n = 3 per group). Results are presented as means ± SEM; *P < 0.05, **P < 0.01 and 
***P < 0.001. (CTL littermate wild‑type control, HET heterozygous, P-P I protein–protein interaction, pLRRK phosphorylated leucine‑rich repeat kinase 
2, LRRK2 leucine‑rich repeat kinase 2, ST striatum, SN substantia nigra, SEM standard error of mean, ns non‑significant)

(See figure on next page.)
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14-3-3σ can bind to LRRK2, but 14-3-3γ and -η show the 
highest affinity [36]. In addition, the binding of 14-3-3γ 
to LRRK2 has also been reported [45]. In our results, the 
decrease in LRRK2 phosphorylation observed in the brains 
of the 14-3-3γ HET mice suggests that simultaneous inter-
actions between 14-3-3γ and LRRK2 may result in syner-
gistic affinity values. In addition, our results show that the 

dissociation of 14-3-3γ from LRRK2 induces dephospho-
rylation at S910/S935 of LRRK2. This result suggests that 
reducing 14-3-3γ may increase the opportunity for other 
proteins to competitively bind to the site where LRRK2 
binds to 14-3-3γ [45]. In addition, reduced binding of 14-3-
3γ triggers the cytoplasmic accumulation of LRRK2, which 
may induce intracellular re-localization of LRRK2 [37].

Fig. 5 Increased expression of the glial fibrillary acidic protein in the substantia nigra of the 14‑3‑3γ heterozygous mice. a, b Representative 
western blotting image (a) and quantitative graph (b) of the glial fibrillary acidic protein (GFAP) in brain homogenates of the 14‑3‑3γ HET mice 
and CTL mice (n = 4 per group). c Immunochemistry results for GFAP expression enhanced in the substantia nigra (SN) region and not significantly 
enhanced in the striatum (ST) region in the 14‑3‑3γ HET mice brain and the CTL mice brain (scale bar, 0.2 μM). d, e Quantitative graphs of GFAP 
immunostaining intensity in the ST (d) and SN (e) regions of the 14‑3‑3γ HET mice brain and the CTL mice brain (n = 4 per group). Results are 
presented as means ± SEM; *P < 0.05, **P < 0.01 and ***P < 0.001. (CTL littermate wild‑type control, HET heterozygous, GFAP glial fibrillary acidic 
protein, ST striatum, SN substantia nigra, DAPI 4,6‑diamidino‑2‑phenylindole, SEM standard error of mean, ns non‑significant)
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Consequently, a decrease in 14-3-3γ could lead to an 
increase in the activity of LRRK2, similar to PD patients. 
Indeed, reduced 14-3-3 protein and LRRK2 interaction 
and increased LRRK2 kinase activity was observed in the 
brains of PD rodent models and postmortem PD patients 
[57]. Therefore, our results suggest that 14-3-3γ regulates 
the activity of LRRK2 by reciprocally interacting with the 
phosphorylation of the binding sites, thereby contribut-
ing to the pathological characteristics of PD. Conversely, 
the binding of 14-3-3γ may induce structural or chemi-
cal changes in LRRK2, converting the LRRK2 kinase to 
an inactive form. For 14-3-3γ to modulate the activity of 
LRRK2 and become a new strategy to treat Parkinson’s 
disease, a better understanding of the functional network 
of 14-3-3γ and further research into the molecular pro-
cesses of its interactions with key partners is required.

The 14-3-3γ HET mice also exhibit motor control 
problems. The HCT showed retraction of the hindlimbs 
and shrinking of the toes in the 14-3-3γ HET mice in our 
study. This is indicated by the clasping scores, and the 
14-3-3γ HET mice showed a higher clasping score than 
the CTL mice. In the BBT, the 14-3-3γ HET mice dis-
played defects in motor control, such as a long time to 
cross the beams and more failed trials compared to the 
CTL mice. However, they did not show decreased basal 
motor function during RRT. These behavioral character-
istics in the 14-3-3γ HET mice seem to mimic bradykine-
sia and rigidity, among the motor symptoms of PD. These 
data indicate that the 14-3-3γ HET mice have defects in 
the motor coordination ability but not in the basal motor 
activity and strength. It is also expected that the behav-
ioral abnormalities caused by the decrease of 14-3-3γ 
in 40-week-old heterogeneous mice will show a pattern 
close to the initial PD symptoms. Since the reduction in 
the 14-3-3γ level leads to motor coordination deficiency, 
one possibility is that dopamine synthesis or reuptake by 
the nerve terminals in the striatum is decreased due to 
reduced 14-3-3γ levels.

Additionally, 14-3-3γ deficiency leads to degraded 
behavioral activity in nest building. Building nests is 
extremely important in nature for protection, maintain-
ing body temperature, and reproduction. Deficiencies 
in nesting activities represent diminished well-being or 
decreased social ability [58, 59]. However, in addition 

to motor impairment behaviors, some researchers have 
found that the PD model mice do not build nests [60–62]. 
Although the detailed mechanism remains unknown, 
researchers have suggested that reduced dopamine 
impairs reward circuitry and motor control ability [62, 
63]. These changes may make the patients less likely to 
feel the need to build a nest or may reduce their ability to 
build nests. Making a nest is a known dopamine-depend-
ent behavior and requires delicate forelimb movement 
[60–62]. The 14-3-3γ HET mice showed decreased nest-
let-shredding behavior and deficient nest-building activ-
ity. In the USIT, both the 14-3-3γ HET and CTL mice 
showed normal social abilities, which indicates that the 
impaired nest-building activity is not related to social 
interaction problems but is caused by defects in the 
dopamine process.

GFAP, a marker of activated astrocytes, is generally 
highly expressed in injured brain regions. In postmor-
tem brain tissues of patients with PD, enhanced GFAP 
expression has been observed in the substantia nigra, 
frontal cortex, and caudate nucleus [48–50]. In other 
studies, animal PD models, such as 6-hydroxydopamine 
or MPP + treated rats, displayed increased GFAP levels 
in the substantia nigra [50, 51]. We found that the 14-3-
3γ HET mice showed remarkably increased GFAP pro-
tein levels in the substantia nigra. Our data are consistent 
with data on astrogliosis in PD patients and animal mod-
els of PD. These results suggest that reduced 14-3-3γ lev-
els activated the astrocytes and damaged them, leading 
to astrogliosis in the brains of 14-3-3γ HET mice. How-
ever, other researchers presented no correlation between 
PD and activated astrocytes [64, 65]. Therefore, further 
research is needed regarding the association between 
14-3-3γ, astrogliosis, and PD.

Our previous report found that the 14-3-3γ HET mice 
exhibited hyperactivity and depression-like and stress-
sensitive behaviors compared to the CTL mice [27]. Pre-
viously, we suggested that 14-3-3γ might be involved in 
neuropsychiatric diseases and that the 14-3-3γ HET mice 
could be a model for ADHD. In this study, we also found 
a relation between 14-3-3γ and PD. We demonstrated 
molecular alterations related to dopamine processes 
and astrogliosis in mice with 14-3-3γ haploinsufficiency. 
They also exhibited PD-like behaviors, such as motor 

Fig. 6 Defect in the motor coordination of 14‑3‑3γ heterozygous mice without a decrease in the basal motor activity. a Representative image 
showing the standard scoring system for the hindlimb clasping test (HCT). b The 14‑3‑3γ HET mice show a significant increase in the clasping scores 
(n = 8 per group). c, d Crossover latency in the 14‑3‑3γ HET mice was significantly increased for both wide and narrow beams in the balance beam 
test (BBT) (n = 24 CTL and n = 21 HET). e Images showing the failed trials of the 14‑3‑3γ HET mice on the narrow beam. f Fall latency was recorded 
for the 14‑3‑3γ HET and CTL mice on a rotating rod moving in an accelerated manner in four rota‑rod tests (RRT) experiments (n = 8 CTL and n = 7 
HET). g The mean of the data from the four trials presented here showed no significant difference in basal motor activity between groups. Results 
are presented as means ± SEM; *P < 0.05 and **P < 0.01. (CTL littermate wild‑type control, HET heterozygous, SEM standard error of the mean)

(See figure on next page.)
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Fig. 6 (See legend on previous page.)
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incoordination and defects in nest-building activity. 
Thus, our data provide evidence that reduced 14-3-3γ 
levels contribute to the impairment of dopamine metabo-
lism and motor behavior deficits associated with PD.

Conclusion
Our results indicate that reduced 14-3-3γ levels in  vivo 
cause PD-related molecular changes and behaviors. 
These findings provide insight into the relationship 

between 14-3-3γ and PD. Thus, the 14-3-3γ HET mice 
may be a valuable model for studying the role of 14-3-3γ 
in PD. However, further studies are required to deter-
mine the direct effect of 14-3-3γ deficiency on PD, such 
as assessing whether PD drugs (e.g., levodopa) are effec-
tive in recovering the motor symptoms in the 14-3-3γ 
HET mice.

Fig. 7 Nest building impairment without a social deficit in the 14‑3‑3γ heterozygous mice. a There was no significant difference in the interaction 
time (%) in the U‑shaped social interaction test (USIT, interaction time [%] = Time in the stranger mouse area

Time in the triangle-shaped object me area
 × 100, n = 7 per group). b The 14‑3‑3γ 

HET mice shred fewer nestlets than the CTL mice in the nest‑shredding test (NST, nestlet shredding [%] = Nestlet weight [before−after]
Nestlet weight [before]

 × 100, n = 8 per 
group). c, d The nest score (c) and nest height (d) were significantly decreased in the 14‑3‑3γ HET mice as compared to the CTL mice (n = 7 per 
group). e Representative pictures of the results for the 14‑3‑3γ HET mice and CTL mice in the nest‑building test (NBT). Results are presented as 
means ± SEM; *P < 0.05 and **P < 0.01. (HET heterozygous, CTL littermate wild‑type control, SEM standard error of the mean)
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Additional file 1: Figure S1. Generation strategy and validation of Ywhag 
knockout mice. a Schematic diagram of the gene targeting strategy for 
generating Ywhag knockout (14‑3‑3γ KO) mice. Gene trap vector pU‑21 W 
was inserted into the exon 2 region of Ywhag located in the mouse chro‑
mosome 5qG2. b Genotyping result of the 14‑3‑3γ HET mice and the CTL 
mice. The 14‑3‑3γ KO mice are prenatally lethal. c Comparison of Ywhag 
mRNA expression by qRT‑PCR in the brains of the 14‑3‑3γ HET mice and 
the CTL mice (n = 3 CTL and n = 5 HET). d,e Representative western blot‑
ting image (d) and quantitative graph (e) of 14‑3‑3γ protein expression in 
brain homogenates of the 14‑3‑3γ HET mice and the CTL mice (n = 3 per 
group). Results are presented as means ± SEM; *P < 0.05 and **P < 0.01. 
(CTL, littermate wild‑type control; HET, heterozygous; qRT‑PCR, quantita‑
tive reverse transcription‑polymerase chain reaction; SEM, standard error 
of mean)

Acknowledgements
We thank all the authors for their feedback on the manuscript and fruitful 
discussion.

Author contributions
HW Kim and J‑Y Park contributed to the study conception and design. J. Park 
and E. Cho performed material preparation, data collection, and analysis. 
JP and EC wrote the first draft of the manuscript. EMH commented on 
previous versions of the manuscript. All authors read and approved the final 
manuscript.

Funding
This work was supported by the National Research Foundation (NRF) of Korea 
(NRF‑ 2017R1A2B3012502, 2017M3C7A1079694, and 2017M3A9C4092979 for 
J‑Y Park and NRF‑2021R1F1A1059574 for HW Kim).

Availability of data and materials
The datasets generated during the current study are available from the cor‑
responding authors upon reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures involving mice were approved by the ethical 
committee at the Sejong University and Korea University, Republic of Korea, 
and carried out according to Korean laws and regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 21 June 2022   Accepted: 19 December 2022

References
 1. Moore BW. Specific acidic proteins of the nervous system. Physio Bio‑

chem Aspects Nervous Integr. 1967:343–59.
 2. Boston PF, Jackson P, Kynoch PA, Thompson RJ. Purification, properties, 

and immunohistochemical localisation of human brain 14‑3‑3 protein. J 
Neurochem. 1982;38(5):1466–74.

 3. Aitken A. 14‑3‑3 proteins: a historic overview. Semin Cancer Biol. 
2006;16(3):162–72.

 4. Rosenquist M. 14‑3‑3 proteins in apoptosis. Braz J Med Biol Res. 
2003;36(4):403–8.

 5. Martin H, Patel Y, Jones D, Howell S, Robinson K, Aitken A. Antibod‑
ies against the major brain isoforms of 14–3–3 protein. An antibody 
specific for the N‑acetylated amino‑terminus of a protein. FEBS Lett. 
1993;331(3):296–303.

 6. Dougherty MK, Morrison DK. Unlocking the code of 14‑3‑3. J Cell Sci. 
2004;117(Pt 10):1875–84.

 7. Cornell B, Toyo‑Oka K. 14‑3‑3 proteins in brain development: neurogen‑
esis, neuronal migration and neuromorphogenesis. Front Mol Neurosci. 
2017;10(318):318.

 8. Mackintosh C. Dynamic interactions between 14‑3‑3 proteins and phos‑
phoproteins regulate diverse cellular processes. Biochem J. 2004;381(Pt 
2):329–42.

 9. Aitken A. Functional specificity in 14–3–3 isoform interactions through 
dimer formation and phosphorylation. Chromosome location of mam‑
malian isoforms and variants. Plant Mol Biol. 2002;50(6):993–1010.

 10. Chaudhri M, Scarabel M, Aitken A. Mammalian and yeast 14‑3‑3 isoforms 
form distinct patterns of dimers in vivo. Biochem Biophys Res Commun. 
2003;300(3):679–85.

 11. Aitken A. Post‑translational modification of 14‑3‑3 isoforms and regula‑
tion of cellular function. Semin Cell Dev Biol. 2011;22(7):673–80.

 12. Fu H, Subramanian RR, Masters SC. 14–3–3 proteins: structure, function, 
and regulation. Annu Rev Pharmacol Toxicol. 2000;40:617–47.

 13. Ichimura T, Isobe T, Okuyama T, Yamauchi T, Fujisawa H. Brain 14‑3‑3 
protein is an activator protein that activates tryptophan 5‑monooxy‑
genase and tyrosine 3‑monooxygenase in the presence of Ca2+, 
calmodulin‑dependent protein kinase II. FEBS Lett. 1987;219(1):79–82.

 14. Freeman AK, Morrison DK. 14‑3‑3 Proteins: diverse functions in 
cell proliferation and cancer progression. Semin Cell Dev Biol. 
2011;22(7):681–7.

 15. Aghazadeh Y, Papadopoulos V. The role of the 14‑3‑3 protein family 
in health, disease, and drug development. Drug Discovery Today. 
2016;21(2):278–87.

 16. Berg D, Holzmann C, Riess O. 14‑3‑3 proteins in the nervous system. 
Nat Rev Neurosci. 2003;4(9):752–62.

 17. Cho E, Park JY. Emerging roles of 14‑3‑3gamma in the brain disorder. 
BMB Rep. 2020;53(10):500–11.

 18. Beaudry P, Cohen P, Brandel JP, Delasnerie‑Laupretre N, Richard S, 
Launay JM, et al. 14‑3‑3 protein, neuron‑specific enolase, and S‑100 
protein in cerebrospinal fluid of patients with Creutzfeldt‑Jakob dis‑
ease. Dement Geriatr Cogn Disord. 1999;10(1):40–6.

 19. Hsich G, Kenney K, Gibbs CJ, Lee KH, Harrington MG. The 14‑3‑3 brain 
protein in cerebrospinal fluid as a marker for transmissible spongiform 
encephalopathies. N Engl J Med. 1996;335(13):924–30.

 20. Layfield R, Fergusson J, Aitken A, Lowe J, Landon M, Mayer RJ. Neurofi‑
brillary tangles of Alzheimer’s disease brains contain 14‑3‑3 proteins. 
Neurosci Lett. 1996;209(1):57–60.

 21. Fountoulakis M, Cairns N, Lubec G. Increased levels of 14–3–3 gamma 
and epsilon proteins in brain of patients with Alzheimer’s disease and 
Down syndrome. J Neural Transm Suppl. 1999;57:323–35.

 22. Beitz JM. Parkinson’s disease: a review. Front Biosci (Schol Ed). 2014. 
https:// doi. org/ 10. 2741/ s415.

 23. Eriksen JL, Wszolek Z, Petrucelli L. Molecular pathogenesis of Parkinson 
disease. Arch Neurol. 2005;62(3):353–7.

 24. Kawamoto Y, Akiguchi I, Nakamura S, Honjyo Y, Shibasaki H, Budka H. 
14‑3‑3 proteins in Lewy bodies in Parkinson disease and diffuse Lewy 
body disease brains. J Neuropathol Exp Neurol. 2002;61(3):245–53.

 25. Ubl A, Berg D, Holzmann C, Kruger R, Berger K, Arzberger T, et al. 14‑3‑3 
protein is a component of Lewy bodies in Parkinson’s disease‑mutation 
analysis and association studies of 14‑3‑3 eta. Brain Res Mol Brain Res. 
2002;108(1–2):33–9.

 26. Yacoubian TA, Slone SR, Harrington AJ, Hamamichi S, Schieltz JM, Cald‑
well KA, et al. Differential neuroprotective effects of 14‑3‑3 proteins in 
models of Parkinson’s disease. Cell Death Dis. 2010;1(1): e2.

 27. Kim DE, Cho CH, Sim KM, Kwon O, Hwang EM, Kim HW, et al. 14‑3‑
3gamma haploinsufficient mice display hyperactive and stress‑sensi‑
tive behaviors. Exp Neurobiol. 2019;28(1):43–53.

 28. Kurogi S, Sekimoto T, Funamoto T, Ota T, Nakamura S, Nagai T, et al. 
Development of an efficient screening system to identify novel 

https://doi.org/10.1186/s13041-022-00990-z
https://doi.org/10.1186/s13041-022-00990-z
https://doi.org/10.2741/s415


Page 18 of 18Cho et al. Molecular Brain            (2023) 16:2 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

bone metabolism‑related genes using the exchangeable gene trap 
mutagenesis mouse models. Sci Rep. 2017;7:40692.

 29. Livak KJ, Schmittgen TD. Analysis of relative gene expression data 
using real‑time quantitative PCR and the 2(‑Delta Delta C(T)) Method. 
Methods (San Diego, Calif ). 2001;25(4):402–8.

 30. Zhu JW, Li YF, Wang ZT, Jia WQ, Xu RX. Toll‑like receptor 4 deficiency 
impairs motor coordination. Front Neurosci. 2016;10:33.

 31. Gaskill BN, Karas AZ, Garner JP, Pritchett‑Corning KR. Nest building as 
an indicator of health and welfare in laboratory mice. J Vis Exp JoVE. 
2013;82:51012.

 32. Ling ZD, Chang Q, Lipton JW, Tong CW, Landers TM, Carvey PM. 
Combined toxicity of prenatal bacterial endotoxin exposure and 
postnatal 6‑hydroxydopamine in the adult rat midbrain. Neuroscience. 
2004;124(3):619–28.

 33. Stolp HB, Dziegielewska KM, Ek CJ, Potter AM, Saunders NR. Long‑term 
changes in blood‑brain barrier permeability and white matter follow‑
ing prolonged systemic inflammation in early development in the rat. 
Eur J Neurosci. 2005;22(11):2805–16.

 34. Ghorbani S, Szigetvari PD, Haavik J, Kleppe R. Serine 19 phosphoryla‑
tion and 14‑3‑3 binding regulate phosphorylation and dephosphoryla‑
tion of tyrosine hydroxylase on serine 31 and serine 40. J Neurochem. 
2020;152(1):29–47.

 35. Giusto E, Yacoubian TA, Greggio E, Civiero L. Pathways to Parkin‑
son’s disease: a spotlight on 14‑3‑3 proteins. NPJ Parkinson’s Dis. 
2021;7(1):85.

 36. Manschwetus JT, Wallbott M, Fachinger A, Obergruber C, Pautz S, Berti‑
netti D, et al. Binding of the human 14‑3‑3 isoforms to distinct sites in the 
leucine‑rich repeat kinase 2. Front Neurosci. 2020;14:302.

 37. Nichols RJ, Dzamko N, Morrice NA, Campbell DG, Deak M, Ordureau 
A, et al. 14‑3‑3 binding to LRRK2 is disrupted by multiple Parkinson’s 
disease‑associated mutations and regulates cytoplasmic localization. 
Biochem J. 2010;430(3):393–404.

 38. Monfrini E, Di Fonzo A. Leucine‑Rich Repeat Kinase (LRRK2) Genetics and 
Parkinson’s Disease. In: Springer International Publishing; 2017. p. 3–30.

 39. Healy DG, Falchi M, O’Sullivan SS, Bonifati V, Durr A, Bressman S, et al. 
Phenotype, genotype, and worldwide genetic penetrance of LRRK2‑
associated Parkinson’s disease: a case‑control study. Lancet Neurol. 
2008;7(7):583–90.

 40. West AB, Moore DJ, Biskup S, Bugayenko A, Smith WW, Ross CA, et al. 
Parkinson’s disease‑associated mutations in leucine‑rich repeat kinase 2 
augment kinase activity. Proc Natl Acad Sci U S A. 2005;102(46):16842–7.

 41. Biosa A, Trancikova A, Civiero L, Glauser L, Bubacco L, Greggio E, et al. 
GTPase activity regulates kinase activity and cellular phenotypes of Par‑
kinson’s disease‑associated LRRK2. Hum Mol Genet. 2013;22(6):1140–56.

 42. Iannotta L, Biosa A, Kluss JH, Tombesi G, Kaganovich A, Cogo S, et al. 
Divergent effects of G2019S and R1441C LRRK2 mutations on LRRK2 and 
Rab10 phosphorylations in mouse tissues. Cells. 2020;9(11):2344.

 43. Lewis PA, Greggio E, Beilina A, Jain S, Baker A, Cookson MR. The R1441C 
mutation of LRRK2 disrupts GTP hydrolysis. Biochem Biophys Res Com‑
mun. 2007;357(3):668–71.

 44. Liao J, Wu C‑X, Burlak C, Zhang S, Sahm H, Wang M, et al. Parkinson 
disease‑associated mutation R1441H in LRRK2 prolongs the “active state” 
of its GTPase domain. Proc Natl Acad Sci. 2014;111(11):4055–60.

 45. Civiero L, Cogo S, Kiekens A, Morganti C, Tessari I, Lobbestael E, et al. PAK6 
phosphorylates 14–3–3gamma to regulate steady state phosphorylation 
of LRRK2. Front Mol Neurosci. 2017;10:417.

 46. Dzamko NDM, Hentati F, Reith AD, Prescott AR, Alessi DR, Nichols RJ. Inhi‑
bition of LRRK2 kinase activity leads to dephosphorylation of Ser(910)/
Ser(935), disruption of 14‑3‑3 binding and altered cytoplasmic localiza‑
tion. Biochemical J. 2010;430(3):405–13.

 47. Li X, Wang QJ, Pan N, Lee S, Zhao Y, Chait BT, et al. Phosphorylation‑
dependent 14‑3‑3 binding to LRRK2 is impaired by common mutations 
of familial Parkinson’s disease. PLoS ONE. 2011;6(3): e17153.

 48. Lastres‑Becker I, Ulusoy A, Innamorato NG, Sahin G, Rábano A, Kirik D, 
et al. α‑Synuclein expression and Nrf2 deficiency cooperate to aggravate 
protein aggregation, neuronal death and inflammation in early‑stage 
Parkinson’s disease. Hum Mol Genet. 2012;21(14):3173–92.

 49. Mythri RB, Venkateshappa C, Harish G, Mahadevan A, Muthane UB, Yasha 
TC, et al. Evaluation of markers of oxidative stress, antioxidant function 
and astrocytic proliferation in the striatum and frontal cortex of Parkin‑
son’s disease brains. Neurochem Res. 2011;36(8):1452–63.

 50. Nam JH, Park ES, Won SY, Lee YA, Kim KI, Jeong JY, et al. TRPV1 on astro‑
cytes rescues nigral dopamine neurons in Parkinson’s disease via CNTF. 
Brain. 2015;138(Pt 12):3610–22.

 51. Su RJ, Zhen JL, Wang W, Zhang JL, Zheng Y, Wang XM. Time‑course 
behavioral features are correlated with Parkinson’s disease‑associated 
pathology in a 6‑hydroxydopamine hemiparkinsonian rat model. Mol 
Med Rep. 2018;17(2):3356–63.

 52. Fernagut PO, Diguet E, Bioulac B, Tison F. MPTP potentiates 3‑nitropro‑
pionic acid‑induced striatal damage in mice: reference to striatonigral 
degeneration. Exp Neurol. 2004;185(1):47–62.

 53. Lieu CA, Chinta SJ, Rane A, Andersen JK. Age‑related behavioral pheno‑
type of an astrocytic monoamine oxidase‑B transgenic mouse model of 
Parkinson’s disease. PLoS ONE. 2013;8(1): e54200.

 54. Jawhar S, Trawicka A, Jenneckens C, Bayer TA, Wirths O. Motor deficits, 
neuron loss, and reduced anxiety coinciding with axonal degeneration 
and intraneuronal Abeta aggregation in the 5XFAD mouse model of 
Alzheimer’s disease. Neurobiol Aging. 2012;33(1):196.

 55. Carter RJ, Lione LA, Humby T, Mangiarini L, Mahal A, Bates GP, et al. 
Characterization of progressive motor deficits in mice transgenic for the 
human Huntington’s disease mutation. J Neurosci. 1999;19(8):3248–57.

 56. Ramshaw H, Xu X, Jaehne EJ, McCarthy P, Greenberg Z, Saleh E, et al. 
Locomotor hyperactivity in 14‑3‑3zeta KO mice is associated with dopa‑
mine transporter dysfunction. Transl Psychiatry. 2013;3(12): e327.

 57. Di Maio R, Hoffman EK, Rocha EM, Keeney MT, Sanders LH, De Miranda 
BR, et al. LRRK2 activation in idiopathic Parkinson’s disease. Sci Transl Med. 
2018;10(451):eaar5429.

 58. Jirkof P. Burrowing and nest building behavior as indicators of well‑being 
in mice. J Neurosci Methods. 2014;234:139–46.

 59. Lijam N, Paylor R, McDonald MP, Crawley JN, Deng CX, Herrup K, et al. 
Social interaction and sensorimotor gating abnormalities in mice lacking 
Dvl1. Cell. 1997;90(5):895–905.

 60. Sedelis M, Hofele K, Auburger GW, Morgan S, Huston JP, Schwarting 
RK. MPTP susceptibility in the mouse: behavioral, neurochemical, and 
histological analysis of gender and strain differences. Behav Genet. 
2000;30(3):171–82.

 61. Hofele K, Sedelis M, Auburger GW, Morgan S, Huston JP, Schwarting 
RK. Evidence for a dissociation between MPTP toxicity and tyrosinase 
activity based on congenic mouse strain susceptibility. Exp Neurol. 
2001;168(1):116–22.

 62. Sager TN, Kirchhoff J, Mork A, Van Beek J, Thirstrup K, Didriksen M, et al. 
Nest building performance following MPTP toxicity in mice. Behav Brain 
Res. 2010;208(2):444–9.

 63. Hall ZJ, Healy SD, Meddle SL. A role for nonapeptides and dopamine in 
nest‑building behaviour. J Neuroendocrinol. 2015;27(2):158–65.

 64. Tong J, Ang LC, Williams B, Furukawa Y, Fitzmaurice P, Guttman M, et al. 
Low levels of astroglial markers in Parkinson’s disease: relationship to 
alpha‑synuclein accumulation. Neurobiol Dis. 2015;82:243–53.

 65. Knott C, Wilkin GP, Stern G. Astrocytes and microglia in the substantia 
nigra and caudate‑putamen in Parkinson’s disease. Parkinsonism Relat 
Disord. 1999;5(3):115–22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	14-3-3γ haploinsufficiency leads to altered dopamine pathway and Parkinson’s disease-like motor incoordination in mice
	Abstract 
	Introduction
	Materials and methods
	Animals
	Genotyping
	Quantitative reverse transcription-polymerase chain reaction
	Western blotting
	Immunohistochemistry
	Quantitative Dopamine measurement assay
	Behavioral tests
	Hindlimb clasping test
	Balance beam test
	Rota-rod test
	U-shaped social interaction test
	Nestlet shredding test
	Nest building test

	Statistical analysis

	Results
	14-3-3γ is mainly expressed in neurons in the striatum and substantia nigra of the brain
	Reduced 14-3-3γ levels affect dopamine metabolism
	14-3-3γ reciprocally affects the phosphorylation of leucine-rich repeat kinase 2
	14-3-3γ heterozygous mice are implicated in astrogliosis
	14-3-3γ heterozygous mice display defects in motor coordination
	14-3-3γ heterozygous mice display defects in nest-building activity

	Discussion
	Conclusion
	Acknowledgements
	References


