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Abstract
Mutations in PARK15, which encodes for the F-box protein FBXO7 have been associ-
ated with Parkinsonian Pyramidal syndrome, a rare and complex movement disorder 
with Parkinsonian symptoms, pyramidal tract signs and juvenile onset. Our previous 
study showed that systemic loss of Fbxo7 in mice causes motor defects and prema-
ture death. We have also demonstrated that FBXO7 has a crucial role in neurons 
as the specific deletion in tyrosine hydroxylase-positive or glutamatergic forebrain 
neurons leads to late-onset or early-onset motor dysfunction, respectively. In this 
study, we examined NEX-Cre;Fbxo7fl/fl mice, in which Fbxo7 was specifically deleted 
in glutamatergic projection neurons. The effects of FBXO7 deficiency on striatal in-
tegrity were investigated with HPLC and histological analyses. NEX-Cre;Fbxo7fl/fl 
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1  |  INTRODUC TION

Parkinson disease (PD) and parkinsonism-related disorders have 
been associated with genetic mutations in PARK loci. Among those, 
mutations in PARK15 which encodes for FBXO7, have been asso-
ciated with a recessive and complicated subtype of parkinsonism 
termed Parkinsonian Pyramidal syndrome (PPS) or PARK15 syn-
drome (Correa-Vela et al., 2020; Di Fonzo et al., 2009; Jin et al., 2020; 
Lohmann et al.,  2015; Lorenzo-Betancor et al.,  2020; Shojaee 
et al.,  2008; Wang et al.,  2021; Wei et al.,  2018; Yalcin-Cakmakli 
et al., 2014; Yoo et al., 2020; Zhao et al., 2020). Affected individuals 
with PARK15 mutations develop the disease as early as in their teens 
and present with a wide spectrum of signs and symptoms. The clin-
ical manifestations, described in aforementioned case reports, are 
characterized by classical PD motor deficits, dysfunctions of the py-
ramidal tract such as Babinski sign, spasticity and hyperactive deep 
tendon reflexes. Further symptoms comprise dysarthria, dysphagia, 
cognitive deficits and mental retardation.

It is well described that the basal ganglia are responsible for 
proper motor coordination. The striatum (consisting of caudate nu-
cleus and putamen) is an integral area of the basal ganglia, where 
glutamatergic corticostriatal neurons and dopaminergic neurons 
emanating from the substantia nigra make synaptic contact with 
medium spiny neurons (MSNs) to form circuits for proper motor con-
trol. Here, dopamine acts as a critical modulator of the corticostri-
atal synapse and a regulator of synaptic plasticity as medium spiny 
neurons harbor both glutamate and dopamine receptors (Calabresi 
et al., 2007; Gerfen & Surmeier, 2011; Lovinger, 2010). MSNs, ex-
pressing D1 dopamine receptor (DRD1) or D2 dopamine receptor 
(DRD2), then project to GABAergic neurons in the globus pallidus 
internal or external, respectively. These pathways are also referred 
to as direct or indirect pathway.

Mounting evidence demonstrated synaptic pathologies in both 
humans and mouse models and led to the characterization of PD as 
synaptopathy in the prodromal stage of the disease. Indeed, synap-
tic dysfunction together with an axonal dying-back mechanism have 

been described in association with α-synuclein (Calo et al.,  2016). 
Various genetic mouse models without obvious motor defects, 
showed molecular and physiological changes of the synapse which 
include alterations in dopamine transmission of the nigrostriatal pro-
jections and in the functioning of the corticostriatal synapse (Calo 
et al., 2016; Imbriani et al., 2022; Schirinzi et al., 2016).

Whether or not PARK15 has underlying synaptopathological 
changes is unclear, but since the response to levodopa replacement 
therapy was variable in PARK15 patients, synaptic changes are 
likely. The studies by Fonzo et al., Shojaee et al., and Correa-Vela 
et al., demonstrated a positive response to treatment, while Yalcin-
Cakmakli et al., reported that levodopa replacement therapy had 
little benefit and was accompanied with strong side effects such as 
dyskinesias, indicating a hypersensitivity to dopamine or was not 
tolerated at all (Correa-Vela et al., 2020; Di Fonzo et al., 2009; Sho-
jaee et al., 2008; Yalcin-Cakmakli et al., 2014). Alternative treatment 
with dopamine receptor agonist triggered psychiatric side effects 
including agitation, repetitive behavior, aggression and psychotic 
episodes (Yalcin-Cakmakli et al., 2014). Other reports showed that 
the examined patients developed delusions, addictive behavior, im-
pulse control disorder or aggression upon levodopa treatment, while 
two other patients showed a good response to medication but with 
treatment-induced dyskinesias (Lorenzo-Betancor et al., 2020; Yoo 
et al.,  2020). Studies that performed tomographic imaging studies 
on PARK15 patients to determine the availability of dopamine trans-
porter as a marker for nigrostriatal integrity, reported presynaptic 
defects as the amount of dopamine uptake was significantly reduced 
(Di Fonzo et al., 2009; Yoo et al., 2020). Neuroimaging techniques 
including SPECT and PET performed on PD patients in general 
have shown a progressive decrease in DAT (dopamine transporter), 
which reflects synapse malfunction or degeneration of the dopami-
nergic nerve endings (Bidesi et al., 2021; Eshuis et al., 2009; Hilker 
et al., 2005).

To understand the complexity of PARK15 syndrome, we have 
previously generated several mouse models and reported that sys-
temic loss of Fbxo7 in mice led to motor defects and premature death 

mice revealed an increase in striatal dopamine concentrations, changes in the gluta-
matergic, GABAergic and dopaminergic pathways, astrogliosis and microgliosis and 
little or no neuronal loss in the striatum. To determine the effects on the integrity of 
the synapse, we purified synaptic membranes, subjected them to quantitative mass 
spectrometry analysis and found alterations in the complement system, endocytosis 
and exocytosis pathways. These neuropathological changes coincide with alterations 
in spontaneous home cage behavior. Taken together, our findings suggest that FBXO7 
is crucial for corticostriatal projections and the synaptic integrity of the striatum, and 
consequently for proper motor control.

K E Y W O R D S
FBXO7, PARK15, parkinsonism, synapse, synaptopathy
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during the fourth week of age (Vingill et al., 2016). To gain further 
insight into the role of neuronal FBXO7 in the brain, we deleted 
Fbxo7 in areas relevant to PD and motor control, namely the fore-
brain and the substantia nigra. While the deletion in glutamatergic 
forebrain neurons using the NEX-Cre driver line resulted in strong 
hind limb clasping and early-onset motor dyscoordination, the dele-
tion of Fbxo7 in TH-positive neurons with the TH-Cre driver line led 
to progressive, late-onset motor dysfunctions (Vingill et al., 2016). 
Importantly, the latter mouse model displayed markedly reduced 
levels of striatal dopamine prior to the onset of motor defects (Vin-
gill et al., 2016).

In this study, we carried out behavioral and histopathological 
analyses of the PARK15 mouse model, in which we deleted Fbxo7 
in glutamatergic forebrain neurons (NEX-Cre+/−;Fbxo7fl/fl, short: 
Fbxo7 cKO). We report abnormal spontaneous home cage behavior 
such as hyperactivity and circling, and an increase in striatal dopa-
mine concentrations. In addition, we report alterations in the stria-
tum in general and specific changes of the striatal synapse including 
increased levels of complement 1q (C1q) and the down-regulation 
of protein networks regulating exocytosis and endocytosis. Taken 
together, we have identified FBXO7 as a crucial player in the synap-
tic integrity of the striatum in mice which suggests that prodromal 
stages of parkinsonism and PARK15 syndrome are associated with 
major synaptic deficits.

2  |  MATERIAL S AND METHODS

2.1  |  Antibodies used in immunohistochemistry

Mouse α-NeuN (1:1000 dilution; Millipore Cat# MAB377, 
RRID:AB_2298772), rabbit α-parvalbumin (1:500 dilution; Syn-
aptic Systems Cat# 195002, RRID:AB_2156474), mouse α-
GFAP (1:200 dilution; Leica Biosystems Cat# NCL-GFAP-GA5, 
RRID:AB_563739), rabbit α-Iba1 (1:1000 dilution; FUJIFILM 
Wako Shibayagi Cat# 019-19741, RRID:AB_839504), mouse α-
synaptophysin (1:500 dilution; Synaptic Systems Cat# 101011, 
RRID:AB_887824), rabbit α-Homer1 (1:500 dilution; Synaptic Sys-
tems Cat# 160002, RRID:AB_2120990), mouse α-VGAT (1:500 
dilution; Synaptic Systems Cat# 131011, RRID:AB_887872), rab-
bit α-VGluT1 (1:1000 dilution; Synaptic Systems Cat# 135302, 
RRID:AB_887877), rabbit α-tyrosine hydroxylase (1:500 dilution; 
Zytomed Systems Cat# 620-0336, RRID:AB_2924666), rabbit α-
DAT (1:200 dilution; Millipore Cat# AB1591P, RRID:AB_90808), 
rabbit α-DRD1 (1:250 dilution; Synaptic Systems Cat# 376002, 
RRID:AB_2631217), rabbit α-DRD2 (1:500 dilution; Synap-
tic Systems Cat# 376203, RRID:AB_2636918), rabbit α-C1qa 
(1:500 dilution; Abcam Cat# ab182451, RRID:AB_2732849), 
rabbit α-amphiphysin (1:250 dilution; Synaptic Systems Cat# 
120002, RRID:AB_887690), rabbit α-endophilin (1:100 dilu-
tion; Synaptic Systems Cat# 159002, RRID:AB_887757), mouse 
α-epsin1 (1:250 dilution; Santa Cruz Biotechnology Cat# sc-
55 564, RRID:AB_831278), mouse α-α/β synuclein (1:250 

dilution; Synaptic Systems Cat# 128011, RRID:AB_2619808), 
rabbit α-complexin1/2 (1:250 dilution; Synaptic Systems Cat# 
122003, RRID:AB_2619793), rabbit α-YKT6 (1:50 dilution; Novus 
Cat# NBP1-87439, RRID:AB_11014022).

HRP-conjugated secondary antibodies, goat α-rabbit (1:1000; Di-
anova), goat α-mouse (1:1000; Dianova), Cy3/Alexa488-conjugated 
secondary antibodies were goat α-rabbit and goat α-mouse (1:1000; 
Dianova).

2.2  |  Animal ethics statement

All experiments involving live animals have been conducted accord-
ing to the animal protocol approved by LANUV (81.02.04.2021.
A474, 81.02.042017.A210) and LAVES. Mice were kept in groups of 
3–4 in individually ventilated cages and under specific pathogen-free 
conditions in the animal facility of the University Hospital RWTH 
Aachen, on a 12-h dark/light cycle, with food and water ad libitum.

2.3  |  Transgenic mice

NEX-Cre+/−;Fbxo7fl/fl mice (referred to as Fbxo7 cKO in results sec-
tion) have been generated on a C67B/6 N background as described 
previously (Vingill et al., 2016). Briefly, FBXO7-deficient mice were 
generated by homologous recombination in C57BL/6 mouse JM8.
N4 embryonic stem cells (Fbxo7tm1a(EUCOMM)Hmgu). Here, 
exon 4 of Fbxo7 gene was exchanged with a neomycin/lacZ cas-
sette driven by the L1L2_Bact_P promoter. Chimeras were gener-
ated by injection of the aforementioned embryonic stem cells into 
C57BL/6N blastocysts. Homozygous transgene mice were then 
bred to 129S4/SvJaeSor-Gt(ROSA)26Sortm1(FLP1)Dym/J result-
ing in Fbxo7fl/fl knockout mouse line, which were further bred to 
NEX-Cre driver line (Goebbels et al.,  2006). A total of 129 mice 
were used.

2.4  |  Experimental design

Except from the LABORAS and HPLC analysis, which included 
males only. Both female and male mice were examined in the re-
maining analyses. The weight of the animals ranged from 18 to 
23 g for younger cohorts (8 weeks) and 22–27 g for the older co-
hort (13 weeks). The age of the mice used in the experiment as 
well as the sample size are indicated in the figure legends. The 
experiments comprised at least one other control group (NEX-Cre, 
Fbxo7fl/fl, or NEX-Cre;Fbxofl/fl). Since we analyzed different geno-
types, we could not use a randomization method to assign these 
mice into groups, but resorted to a blinding method. To blind the 
experiments, we have split the tasks of genotyping and the per-
formance of experiments (behavior and HPLC analysis). For the 
quantitative mass spectrometry analyses, we needed a critical 
net weight of striatum to successfully run the sucrose gradient. 
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Hence, we calculated how many mice we needed to have the re-
quired brain mass. The collaborative party was handed over the 
purified synaptosomes not knowing which sample belonged to 
which group. For immunohistochemistry, we used G-power to cal-
culate the number of animals to support our findings with an inde-
pendent analysis. The brain sections were blinded, then subjected 
to immunohistochemical analyses and quantification, prior to un-
blinding. The experiments comprised different outcome measures, 
which are indicated in the figure legends. All animals sacrificed 
for the experiments were included in the analyses. Animal suffer-
ing caused by genetic mutations was reduced due to limitation of 
life span to 13 weeks prior to analyses. During this period of time, 
control and cKO mice cannot be distinguished in the cage. The 
suffering of the mice prior to the analyses is limited to one-time 
injection of anesthetics or rapid cervical dislocation.

2.5  |  Laboratory animal behavior observation, 
registration and Analysis system (LABORAS)

The LABORAS home cage behavioral monitoring system (Metris b.v., 
Hoofddorp, The Netherlands) harbors a mechanosensitive platform 
that is mounted on two force transducers, attached to an underlying 
plate (Dere et al., 2014; El-Kordi et al., 2013). Mouse home cages 
were placed on the sensor platform, with the grid suspended above. 
Vibrations of different frequencies and amplitudes caused by spe-
cific animal movements were transformed into electrical signals and 
digitized. These signals were then translated into specific behavioral 
categories and the dominating behavior at the time was quantified 
by the LABORAS software. Time spent performing a behavior and 
its frequency were quantified. Animals (male mice NEX-Cre (n = 5), 
Fbxo7fl/fl (n = 5) or NEX-Cre;Fbxo7fl/fl (n = 6)) were acclimatized to 
the system for 1 h, and recordings were conducted for 15 h during 
the dark cycle.

2.6  |  Open field

Open field analysis was conducted in a circular open field (60 cm di-
ameter). The exploratory behavior of the mouse was recorded using 
an automatized tracking-software (Viewer2, Biobserve, Germany). 
The track of the animals' ambulatory behavior has been recorded 
continuously using x,y coordinates and locomotor patterns indica-
tive for thigmotaxis behavior or excessive circling behavior have 
been determined by visual inspection of the total open field area 
covered and by determining clusters respectively “hot zones” with 
repeated crossings of movement tracks that are indicative of exces-
sive circling behavior. Animals (11 male mice NEX-Cre, 14 Fbxo7fl/fl 
(n = 14) or 15 NEX-Cre;Fbxo7fl/fl) were acclimatized to the behavior 
room for 1 h, and recordings were conducted for 7 min during the 
light cycle.

2.7  |  Neurochemical analysis of dopamine and 
metabolites

HPLC analysis was conducted as previously described (Tonges 
et al., 2012). Male mice NEX-Cre (n = 5), Fbxo7fl/fl (n = 6) and NEX-
Cre;Fbxo7fl/fl (n = 10) were sacrificed via cervical dislocation and 
striata were immediately dissected on ice. Striatal tissue of each 
mouse was homogenized separately in a bead mill homogenizer 
(Precellys 24®, Peqlab, Erlangen, Germany) with 50 μL of 0.1 M 
perchloric acid per mg of tissue. Samples were subjected to cen-
trifugation (13.4 g, 5 min), supernatant transferred to a clean tube 
and subjected to further centrifugation (13.4 g, 10 min, 4°C). 20 μL 
of supernatant was injected onto a C18 reverse-phase HR-80 cat-
echolamine column (ESA). Dopamine, 3,4-dihydroxyphenylacetic 
acid (DOPAC), and homovanillic acid (HVA) levels were quanti-
fied by HPLC with electrochemical detection. The mobile phase 
(pH = 4.3) consisted of 6.9 g/L sodium acetate, 48 mg/L EDTA, 
7.3 g/L citric acid, 105 mg/L octane sulfonic acid, and 10% metha-
nol. Flow rate was 0.4 mL/min. Peaks were detected by an ESA Cou-
lochem III with a model 5010 detector (E1 = 50 mV, E2 = 400 mV). 
Data were collected and processed using the Chromeleon com-
puter system (DioNEX, Idstein, Germany).

2.8  |  Transcardial perfusion

To perfuse a mouse, the animal was weighed and anesthetized by 
intraperitoneal injection with 10 μL/g of Ketamine/Xylazine solu-
tion, a standard anesthetic used prior to perfusion. Thereafter, 
the mouse was tested for the absence of reflexes or twitching. 
The mouse was mounted onto a styrofoam surface and an inci-
sion through the skin and abdominal wall beneath the rib cage 
was made to expose the heart. Another incision in the diaphragm 
and a continuous cut along the rib cage were made to expose the 
pleural cavity. Finally, lateral cuts up to the collar bone were made 
and the rib cage was lifted and fixed with needle. The connec-
tive tissue around the heart was carefully trimmed, prior to in-
sertion of the 27G butterfly cannula into the left ventricle of the 
heart and fixation with a bulldog clamp. The peristaltic pump was 
switched on and a small incision in the right atrium was made. The 
mouse was perfused with approx. 10 mL of PBS (5 weeks of age) 
or 15–20 mL of PBS (13 weeks of age). The peristaltic pump was 
stopped and switched to 4% PFA for perfusion. Again, the mouse 
was perfused with approx. 10 mL or 15-20 mL of 4% PFA for 5-
week or 13-week-old mice. The transcardial perfusion was suc-
cessful when the mouse was stiff and inner organs, e.g. the liver, 
were pale and spongy to the touch. The brains were dissected for 
further processing. Both male and female mice NEX-Cre,Fbxo7fl/+ 
(n = 6) or NEX-Cre;Fbxo7fl/fl (n = 6), age 5 weeks and 13 weeks were 
included in the striatum analysis, and Fbxo7fl/fl (n = 3) or NEX-
Cre;Fbxo7fl/fl (n = 3), age 12 weeks, for the cortical analysis.
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2.9  |  Immunohistochemistry

Isolated brains from perfused mice were postfixed in 4% PFA over 
night at 4°C, washed once in PBS and then incubated in a 30% su-
crose solution over night at 4°C. Brains were then embedded in 
OCT: 30% sucrose/PBS (1:2) and stored at −80°C. 30 μm sections 
of the striatum and cortex were cut on a Cryostat and stored in 
PBS/0.04%NaN3 at 4°C. Three coronal sections from each brain 
were incubated in blocking buffer for 30 min (10% goat serum, 3% 
BSA, 0.3% Triton X100 in PBS) before adding primary antibody in 
blocking buffer for 24 or 48 h. Fluorophore-conjugated secondary 
antibody and the nuclear dye DAPI (1:8000) were applied for 1 h at 
RT. Sections were mounted on poly-lysine slides (Thermo Scientific) 
with Moviol mounting medium.

Images were obtained using the Carl Zeiss confocal microscope 
with the Andor DU-88 Camera and a 20× (NeuN, PV, GFAP and 
Iba1) or a 63× (others) objective. Customized macros designed by 
Ippolito & Eroglu (Ippolito & Eroglu, 2010) were used to analyze and 
quantify fluorescence images. The threshold was specifically set in 
each macro to separate and to count the number of immunostaining-
positive neurons, the percentage of glial cell- positive area or the 
number of immunostaining-positive puncta. Four striatal areas and 
two cortical areas for each hemisphere were quantified per sec-
tion. According to previous experiments analyzing synptophysin 
(puncta/10 000 µm2), we calculated (G*power) with the following 
parameters to determine sample size (7 mice per group). Effect size: 
min1.0, actual power: 0.833. p < 0.05. Control mice (mean: 975, var: 
16786, StdDev: 129), cKO mice (mean: 1197, var: 27963, StdDev: 
167).

2.10  |  Purification of synaptic membranes

Striata from 22 NEX-Cre,Fbxo7fl/+ and 22 NEX-Cre,Fbxo7fl/fl mice 
(with equal numbers of males and females in each group, 8 weeks), 
killed via cervical dislocation, were isolated and homogenized with 
3 mL solution A (0.32 M sucrose, 1 mM NaHCO3) using a Dounce 
homogenizer and a glass pestle. Homogenization was performed 
by pressing down and lifting the pestle 30 times, resulting in the 
lysate (homogenate H). The homogenate was applied to a dis-
continuous sucrose density gradient consisting of 0.85, 1.0 or 
1.2 M sucrose. After centrifugation at 82 500 g for 2 h at 4°C, the 
interphase between 1.0–1.2 M sucrose was harvested and resus-
pended with solution A, then centrifuged at 100 000 g for 20 min. 
500 μL were set aside as soluble (S) fraction. The pellet was resus-
pended in 2.5 mL of 6 mM Tris-Cl, pH 8 using 21G and 27G needles 
and incubated for 45 min at 4°C to obtain the synaptosome frac-
tion (SF). Then, 2 mL of P2C was centrifuged at 32 800 g for 20 min 
to separate the synaptic membrane from the synaptosomes. The 
supernatant was harvested as synaptic cytoplasm and coarse syn-
aptic vesicles (SC/CSV) fraction, and the pellet was harvested as 
coarse synaptic membrane (CSM) fraction. Subsequently, the CSM 
fraction was applied to a second discontinuous sucrose density 

gradient with 0.85 M, 1.0 or 1.2 M sucrose. After centrifugation at 
82 500 g for 2 h at 4°C, the interphase between 1.0 and 1.2 M su-
crose was harvested and resuspended with solution A, then cen-
trifuge 100 000 g for 20 min, and 500 μL was set aside as soluble 
fraction (S2). The pellet was resuspended in 0.5 mL of 6 mM Tris-
Cl, pH 8 using 21G and 27G needles to obtain the purified synap-
tic membrane (SM) fraction. The purified fractions were run on a 
4–12% gradient SDS-PAGE gel and subjected to Coomassie Bril-
liant Blue G-250 staining prior to quantitative mass spectrometry 
analyses.

2.11  |  Immunoblot analysis

Mouse tissue was lysed in TX100 buffer (150 mM NaCl, 50 mM 
Tris–HCl pH 7.5, 1 mM EDTA, 1% Triton X100, protease inhibi-
tors), samples were run on a 4–12% SDS-PAGE gel and proteins 
were transferred to a nitrocellulose membrane (Amersham). The 
membrane was blocked for 30 min using 4% milk powder in PBS/
Tween20. Primary antibody was diluted in 3% bovine serum albu-
min applied over night at 4°C or for 1 h at room temperature (RT). 
Membranes were subjected to secondary HRP-conjugated antibod-
ies diluted in 4% milk powder in PBS/Tween20 for 45 min at RT. Pro-
tein bands were detected by enhanced chemiluminescence (Thermo 
Scientific) using camera operating by ALLIANCE.

2.12  |  Quantitative mass spectrometry analyses

Synaptosomes from 22 NEX-Cre,Fbxo7fl/+ (control) and 22 NEX-
Cre,Fbxo7fl/fl (cKO) mice (equal numbers of males and females) 
were separated into three biological replicates, which were sepa-
rated on SDS-gels and stained with Coomassie Brilliant Blue. Five 
bands per gel lane (resulting in 30 samples) were excised and pro-
teolytically digested “in-gel” with trypsin as described previously 
(von Kriegsheim et al.,  2008). The resulting tryptic peptides were 
desalted using homemade C18 columns, lyophilized, resuspended 
in 10% formic acid and analyzed by liquid chromatography-coupled 
mass spectrometry. Peptides were initially trapped on a precolumn 
(Acclaim PepMap100, C18, 5 μm, 100 Å, 300-μm inner diameter 
× 5 mm, Thermo Scientific) in Buffer A (0.1% formic acid in water) 
for 10 min. Subsequently, the samples were separated on an ana-
lytical column (Easyspray E802, 25 cm length, 40°C column oven 
temperature, 2 kV; Thermo Scientific) using a 140-min gradient (0–
10 min, 5% buffer B (80% acetonitrile, 0.1% formic acid); 10–104 min, 
5–35% buffer B; 104–114 min, 35–45% buffer B; 114–119 min, 99% 
buffer B; 119–120 min, 95–5% buffer B; 120–140 min, 5% buffer B) 
at 300 nL/min and injected into the mass spectrometer. The pep-
tides were then analyzed on an Q Exactive Plus instrument (Thermo 
Scientific) in data-dependent mode. A top20 method was used, with 
a full scan mass range of 350–1600 and 70 k resolution. Fragmen-
tation was carried out at 17500 resolution an isolation window of 
1.8 m/z and a collision energy of 27%.
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The resulting raw data files were analyzed using the MaxQuant 
software suite (version 1.6.10.43; Tyanova et al.,  2016) with the 
label-free quantification algorithm and the built-in Andromeda 
search engine. The resulting spectra were searched against the 
mouse UniProt database version 02/2019.with default mass tol-
erance settings. Trypsin was set as the protease (with two missed 
cleavages allowed). Fixed modification: carbamidomethylation 
(Cys); variable modifications: oxidation (Met), and N-terminal pro-
tein acetylation. False discovery rate (FDR) was kept at the default 
settings (0.01 for both peptides and proteins); minimum peptide 
length: seven amino acids.

The resulting MaxQuant file “proteinGroups.txt” was then ana-
lyzed and filtered using Perseus (version 1.6.14.0 (PMID: 27348712)). 
The protein entry list was filtered for entries corresponding to “re-
verse”, “only identified by site” and “potential contaminants”, which 
were all removed. To be considered for further evaluation, a protein 
had to be identified (a) with at least two unique peptides and (b) in 
all samples of at least one condition. Value imputation based on nor-
mal distribution was performed after the last filtering step using the 
default values in Perseus. Finally, a t-test was performed and results 
were plotted in a volcano-type graph with the X-axis displaying log2 
fold change and thresholds at −0.5 and 0.5; and the Y-axis displaying 
log10 p-value and threshold at p < 0.05. The mass proteomics data 
have been deposited to the ProteomeXchange Consortium (Deutsch 
et al., 2023) via the PRIDE (Perez-Riverol et al., 2022) partner repos-
itory with the dataset identifier PXD044119. Project DOI: 10.1111/
jnc15962.

2.13  |  Statistical analyses

GraphPad PRISM 9 was used to perform all statistical analyses using 
one-way ANOVA followed by Bonferroni-corrected multiple com-
parison post-hoc test or the Student's t-test for independent samples 
(=two-tailed, unpaired). Shapiro–Wilk test revealed normal distribu-
tion for LABORAS in Figure 1 and HPLC in Figure 2 data. Normal 
and lognormal distribution was verified using Shapiro–Wilk test or 
D'Agostino & Pearson test for immunohistochemistry analyses. The 
sample size of each group is depicted as dots in the individual bar 
graphs of each figure. Degrees of freedom, F-values, t-values and 
p-values are shown in Tables S1–S3. Reported p-values are always 
two-tailed and considered significant if p < 0.5.

3  |  RESULTS

FBXO7 is crucial for proper neuronal functioning. Transgenic mice, 
in which we deleted Fbxo7 in glutamatergic neurons of the forebrain 
(NEX-Cre;Fbxo7 fl/fl, short: Fbxo7 cKO), displayed hind limb clasp-
ing not only severe early-onset motor coordination defects on the 
rotarod and balance beam (Vingill et al., 2016). Despite the mice's 
motor defects, we observed that they were hyperactive. This ob-
servation prompted us to delve into further examinations including 

behavioral tests, HPLC, immunohistochemistry and quantitative 
mass spectrometry analyses (Table 1).

To examine whether or not the hyperactivity was due to a novel 
environment, we used the LABORAS (Laboratory Animal Behavior 
Observation Analysis System) system to monitor spontaneous be-
havior of mice in their home cage over a period of 15 h. We found 
that the distance traveled and the running speed of Fbxo7 cKO mice 
was significantly higher as compared to the control groups (NEX-
Cre and Fbxo7fl/fl), (Figure 1a,b; Table S1). Fbxo7 cKO mice were also 
more active at any given time, that is during the light (inactive) and 
dark (active) periods of the day (Figure 1c; Table S1), and were con-
sequently less immobile (Figure 1d; Table S1).

Strikingly, Fbxo7 cKO mice showed excessive circling behavior 
during the short-term examination in the open field arena, which we 
did not observe in any of the control groups (Figure 1e; Table S1). 
The analysis of the time spent in the periphery, intermediate zone 
and center of the open field arena also revealed differences as Fbxo7 
cKO mice tended to spend less time in the periphery and more time 
in the intermediate zone and center than control groups, indicating a 
difference in thigmotactic behavior (Figure 1f; Table S1). LABORAS 
conclusively confirmed the presence of behavioral stereotypies as 
Fbxo7 cKO mice showed excessive circling behavior during the 15h 
surveillance (Figure 1g; Table S1). There was no within-group pref-
erence for clockwise/counter-clockwise circling (Figure 1h; Table S1) 
that would be indicative of a lateralized neuropathology. While 
Fbxo7 cKO mice showed no difference in grooming behavior (Fig-
ure 1i; Table S1), they displayed other behavioral abnormalities such 
as enhanced rearing (Figure 1j; Table S1) and scratching (Figure 1k; 
Table  S1). These results indicate that loss of Fbxo7 in glutamater-
gic neurons of the forebrain triggers hyperactivity and stereotypic 
behavior.

Since the loss of Fbxo7 in TH+ neurons led to a decrease in 
striatal dopamine concentrations (Vingill et al.,  2016), we won-
dered whether or not loss of Fbxo7 in glutamatergic forebrain 
neurons had any effect on dopamine levels in the striatum 
as well. Using HPLC analysis, we found a significant increase 
in Fbxo7 cKO mice as compared to control groups (Figure  2a; 
Table S2), while we found no changes in its metabolites DOPAC 
(3,4-Dyhydroxyphenylacetic acid) and HVA (Homovanillic acid) 
(Figure 2b,c; Table S2), but a significant change in the metabolite 
ratio (Figure 2d; Table S3).

We have previously shown that there was no significant increase 
in TUNEL+ cells in the cortex of Fbxo7 cKO mice (Vingill et al., 2016), 
which was consistent with only marginal changes in the number 
of NeuN+ neurons in the cortex of 12-week-old mice (Figure  3a; 
Table  S3), confirming that deletion of Fbxo7 in the glutamatergic 
forebrain neurons (including corticostriatal neurons) did not lead to 
noticeable cell death. Hence, we raised the question of how loss of 
Fbxo7 in corticostriatal neurons together with the increase in striatal 
dopamine affected the structural and synaptic integrity of the stria-
tum. We focused on the examination of the striatum (putamen) and 
additionally the globus pallidus internal and external, the output re-
gions of the MSNs (Figure 3b). We carried out immunohistochemical 
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analyses at adolescent age (5 weeks) and at a young adult stage 
(13 weeks) to uncover alterations and to monitor the dynamics of 
the changes. In the analyses, we refer simply to globus pallidus as 
the confocal imaging following the immunohistochemistry made it 
difficult to discern the external and the internal regions. In addition, 
owing to a progressive deterioration of Fbxo7 cKO mice beyond 13–
14 weeks of age and to ensure animal welfare, we refrained from 
assessing older mice with more severe neurological symptoms.

The analyses showed no significant loss of NeuN+ neurons or PV 
(parvalbumin) + interneurons in Fbxo7 cKO mice compared to control 

NEX-Cre;Fbxo7fl/+ littermates in any of the analyzed regions or at 
any age (Figure 3c,d; Table S3). However, we observed an increase 
in GFAP+ and Iba1+ areas in Fbxo7 cKO mice in both globus pallidus 
and the putamen at all ages (Figure  3e,f; Table  S3). These results 
indicate that while there was little or no cell death, inflammatory 
processes (astrogliosis and microgliosis) were triggered as a result of 
FBXO7 loss. These results also suggest that the neuropathology is 
still at an early stage.

PD is a neurodegenerative disorder but also a synaptopathy, 
which prompted us to analyze synaptic marker proteins to establish 

F I G U R E  1  Deletion of Fbxo7 in the forebrain causes hyperactivity and stereotypic behavior. (a–d) 8-week-old, male NEX-Cre (n = 5), 
Fbxo7fl/fl (n = 5) or NEX-Cre;Fbxo7fl/fl (n = 6) mice were analyzed with in the LABORAS system for 15 h. Distance traveled (a), average 
velocity (b) locomotion duration (c), time spent immobile (d) were assessed. One-way ANOVA (Bonferroni), **p < 0.01, ***p < 0.001, 
mean ± SEM. (e) Representative tracks of movement of NEX-Cre and circling pattern of NEX-Cre;Fbxo7fl/fl mice in open field arena. (f) 
8-week-old, male NEX-Cre (n = 11), Fbxo7fl/fl (n = 14) or NEX-Cre;Fbxo7fl/fl (n = 15) mice were analyzed with in the Open Field arena for 7 min. 
Time spent in periphery, intermediate zone and center were assessed. Two-way ANOVA (Bonferroni), p < 0.05, **p < 0.01, mean ± SEM. (g–k) 
Quantification of circling (g) and circling direction (h), grooming (i) rearing (j) and scratching (k) behavior of 8-week-old, male NEX-Cre (n = 5), 
Fbxo7fl/fl (n = 5) or NEX-Cre;Fbxo7fl/fl (n = 6) from LABORAS system. One-way ANOVA (Bonferroni), **p < 0.01, ***p < 0.001, mean ± SEM.
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whether or not there is a change in the number of synapses as there 
is little or no cell death in the striatum. The quantification however 
showed no change in the presynaptic marker protein synaptophysin 
or the postsynaptic marker protein homer1 (Figure 4a,b, Table S3). 
We also quantified the colocalization of synaptophysin and homer1 
as a measure of synapse number and found no change in the narrow 
time window, in which the cKO mice can be analyzed before their 
condition is starting to deteriorate (Figure  4c, Table  S3). We also 
examined both VGluT1 and VGAT, vesicular transport proteins re-
quired to load glutamate and GABA into vesicles, respectively. Here, 
we detected no change in VGluT1 in globus pallidus but a significant 
decrease in Fbxo7 cKO mice in the putamen at both ages (Figure 4d, 
Table S3). In contrast, VGAT was significantly increased in the globus 
pallidus at both ages without any change in the putamen (Figure 4e, 
Table S3). Of note, PV+ neurons are GABAergic interneurons, whose 
number did not change. These findings suggest a differential effect 
on the glutamatergic and GABAergic transmitter system in Fbxo7 
cKO mice.

Since striatal dopamine levels were increased, we raised the 
question as to how the dopamine transporter and dopamine re-
ceptors were affected. We first assessed the levels of TH, the rate-
limiting enzyme in dopamine synthesis expressed by nigrostriatal 
neurons and found that there was an increase in older Fbxo7 cKO 
mice both in the globus pallidus and putamen (Figure 5a; Table S3). 
Interestingly, we also observed that DAT (dopamine transporter) was 
significantly up-regulated in the areas of interest at both ages (Fig-
ure 5b, Table S1). While we found little or no change of D1 dopamine 
receptor (DRD1) (Figure 5c, Table S3), D2 dopamine receptor (DRD2) 
was up-regulated in the brain regions examined at all ages and all 
regions (Figure 5d, Table S3). Taken together, loss of FBXO7 not only 

affects striatal dopamine levels but also proteins of the dopaminer-
gic pathway.

Next, we decided to take a closer look at the protein compo-
sition of the striatal synapse using a quantitative mass spectrom-
etry approach. In a proof-of-principle experiment, we performed 
sucrose density gradient centrifugation to purify synaptic mem-
branes from brain followed by quantitative mass spectrometry 
(qMS) and gene ontology analyses to ensure the enrichment of 
proteins characteristic for their synaptic localization. We carried 
out gene ontology of the identified proteins and found that a large 
percentage of proteins were allocated to synaptic function-related 
groups (Figure S6).

Encouraged by these results, we isolated striata from male 
and female Fbxo7 cKO and control mice (NEX-Cre;Fbxo7fl/+) at 
8 weeks of age and purified synaptic membranes from the stria-
tum, followed by qMS. We verified the presence of the presynaptic 
marker VGluT1 and the postsynaptic marker PSD95 in the synaptic 
membrane fraction using immunoblotting (Figure 6a). The quanti-
tative comparison of the identified proteins from Fbxo7 cKO and 
control mice revealed changes but also a large number of proteins 
that did not show any difference (mass spectrometry data have 
been deposited to ProteomeXchange consortium; Table  S4). The 
major changes that fit the criteria of the qMS analysis are depicted 
in a volcano plot (Figure 6b). We next carried out STRING analy-
ses (strin​g-db.org) of up-regulated and down-regulated proteins in 
Fbxo7 cKO mice to identify protein networks as it provides reliable 
clues about biological processes affected by FBXO7 loss and hence 
its functional implications. We examined the top 60 up-regulated 
proteins (log2(FC) > 0.9) with STRING and found several networks. 
Here, we identified C1qb and c among the proteins that displayed 

F I G U R E  2  NEX-Cre; Fbxo7fl/fl mice 
show an increase in dopamine in the 
striatum. (a–d) Striatal tissues from 
8-week-old NEX-Cre (n = 5), Fbxo7fl/
fl (n = 6) and NEX-Cre;Fbxo7fl/fl (n = 10) 
were subjected separately to HPLC 
analysis for dopamine (a), DOPAC (b) and 
HVA (c). Metabolism is shown as ratio 
of HVA and DOPAC to dopamine (d). 
One-way ANOVA (Bonferroni), *p < 0.05, 
***p < 0.001, mean ± SEM.

TA B L E  1  “Experimental design of the 
study” Method Age of mice Number and biological sex of mice

1. LABORAS 8 weeks 16 males

2. HPLC of striata 8 weeks 21 males

3. General Immunohistochemistry 5 and 13 weeks Total of 24, 17 males and 7 females

4. Quantitative mass 
spectrometry (qMS)

8 weeks Total of 44, equal numbers of males 
and females

4a. Immunohistochemistry to 
validate qMS

5 and 13 weeks Same 24 mice that were analyzed 
in 3
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the largest change (Figure  6c). Interestingly, C1b and c are com-
ponents of a multi-protein complex involved in synaptic pruning 
(Stevens et al., 2007).

With immunohistochemical analyses, we validated the changes 
revealed by qMS and examined the expression and dynamics of the 
candidates in 5- and 13-week-old mice. We found that C1q was sig-
nificantly up-regulated in the putamen and also in the globus palli-
dus at both ages (Figure 7a; Table S3). Owing to the role in synaptic 
pruning, we analyzed the colocalization of C1q and synaptophysin. 
While there was no localization in the control group, we observed 
a significant colocalization in the Fbxo7 cKO mice in the putamen 
of 13-week-old mice (Figure  7b, Table  S3). These results indicate 
that the up-regulation of C1q is associated with an increase in syn-
aptic localization of this protein at a more progressive stage of the 
disease.

Among the down-regulated proteins (log2FC < −0.5), we ana-
lyzed 200 proteins using STRING and several networks appeared. 
Strikingly more than 15% of these proteins were associated with en-
docytosis or exocytosis. For our analyses, we singled out function-
ally and biochemically related proteins that were at the core of the 
network and which we sought to validate with immunohistochemi-
cal analyses (Figure 8a,b).

We selected proteins of the exocytosis network and examined α-
synuclein, which is involved in SNARE complex assembly and whose 
mutations have been are causative for an autosomal-dominant 
variant of Parkinson disease (Burré et al.,  2010; Polymeropoulos 
et al., 1997). We found a significant reduction in both regions at both 
ages (Figure 9a; Table S3). Furthermore, we included YKT6, which 
was originally described as a SNARE protein (McNew et al., 1997). 
YKT6 displayed a significant decrease in the globus pallidus at 
5 weeks of age, but merely a downward trend at 13 weeks of age, 
while YKT6 levels in the putamen were significantly reduced at both 
ages (Figure  9b; Table  S3). To test the idea that SNARE-mediated 
exocytosis was impaired, we examined complexin1/2, a regulator of 
a late step in exocytosis (Reim et al., 2001). While this protein had 
been included in previous analyses of the qMS data, state-of-the-art 
stringency of the analysis left it just below the cut-off. Our histologi-
cal analyses however painted a clear picture of complexin1/2 down-
regulation and revealed a significant decrease in the globus pallidus 
of Fbxo7 cKO mice at 5 and 13 weeks of age. The putamen showed 

a significant decrease at 5 weeks and a downward trend at 13 weeks 
of age (Figure 9c; Table S3).

Finally, we aimed at validating the down-regulated protein net-
work involved in endocytosis. We examined the levels of amphiph-
ysin, which has been described in clathrin-mediated endocytosis 
(Takei et al.,  1999), and found a robust down-regulation in globus 
pallidus and putamen in both 5- and 13-week-old Fbxo7 cKO mice 
(Figure 10a; Table S3). Endophilin A1, originally described as essential 
for the formation of synaptic vesicles (Schmidt et al., 1999), showed 
the same significant down-regulation in the globus pallidus at both 
ages. In the putamen however an initial downward trend at 5 weeks of 
age developed into a significant effect at 13 weeks of age (Figure 10b; 
Table  S3). For epsin-1, a core component of the endocytic clathrin 
machinery (Hawryluk et al., 2006), we observed a significant down-
regulation in both brain regions at both ages (Figure 10c; Table S3). 
Collectively, our results support the view that FBXO7 plays a crucial 
role in endocytosis and exocytosis protein networks at the striatal 
synapse of glutamatergic projections neurons.

4  |  DISCUSSION

In this study, we have dissected the functional contribution of 
FBXO7 in glutamatergic projections neurons of the forebrain in par-
kinsonism using a mouse model in which Fbxo7 was deleted using 
the NEX-Cre driver line. We then investigated the behavioral effects 
of the Fbxo7 cKO mice and observed hyperactivity and stereotypies 
together with an increase in striatal dopamine levels. Upon examina-
tion of the striatum as integral area of corticostriatal and nigrostri-
atal projections, we found astro- and microgliosis as well as changes 
in the glutamatergic, GABAergic and dopaminergic pathway. Quan-
titative analysis of striatal synaptic material revealed significant 
up-regulation of complement 1q and the down-regulation of endo-
cytosis and exocytosis networks.

While we have previously reported motor dysfunctions in 
the Fbxo7 cKO mice that comprise hind limp clasping and defi-
cits in motor coordination (Vingill et al., 2016), analysis of home 
cage behavior revealed excessive activity and circling behavior. 
Hyperactivity has also been found in DAT−/− mice, which dis-
played increased extracellular levels of dopamine (Gainetdinov 

F I G U R E  3  No loss of neurons but astrogliosis and microgliosis in the striatum. (a) Coronal cryosections of 12-week-old Fbxo7fl/fl (3 mice 
per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains were subjected to immunostaining with the NeuN antibody. NeuN+ 
neurons in the cortex were included in the analysis using an ImageJ-based macro. Dots per graph represent the sum of non-overlapping 
images of a section (cortex) per mouse. Student's t-test (mean ± SEM). (b) Sagittal view of representative brain section used in analyses. 
Circles and squares indicate the regions within the striatum and the globus pallidus, respectively, where the immunopositive puncta or areas 
were counted. (c, d) Coronal cryosections of 5- and 13-week-old NEX-Cre,Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per 
age group) forebrains that were subjected to immunostaining with the NeuN (b) or PV (c) antibody, respectively. NeuN+ or PV+ neurons in 
the putamen or globus pallidus per animal were included in the analysis. 24 dots per graph represent the sum of 4 non-overlapping images 
of a section (of putamen or globus pallidus) per mouse. Student's t-test (mean ± SEM). (e, f) Representative images of coronal cryosections of 
5- and 13-week-old NEX-Cre, Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to 
immunostaining with the GFAP (d) or Iba1 (e) antibody, respectively. GFPA+ or Iba1+ cells in the putamen or globus pallidus per animal were 
included in the analysis. 24 dots per graph represent the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per 
mouse. Student's t-test (*p < 0.05, **p < 0.01, ***p < 0.001, mean ± SEM). Magnification 20×, scale bar = 50 μm.
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et al., 1998; Giros et al., 1996). DAT−/− rats underscored the ef-
fects of elevated dopamine as animals displayed hyperactivity 
and circling (Cinque et al., 2018; Leo et al., 2018). Hyperactivity is 
also reminiscent of a mouse model overexpressing DRD2 (Kramer 
et al., 2011). Furthermore, circling behavior and hyperlocomotion 
are phenotypes that were observed in rats that have undergone 
unilateral lesions of the substantia nigra followed by dopamine 
agonist (apomorphine) or levodopa treatment (Glick et al., 1974; 
Ungerstedt & Arbuthnott,  1970). Repetitive behavior was also 
reported in a PARK15 patient in response to dopamine agonist 
treatment (Yalcin-Cakmakli et al.,  2014). In general, approxi-
mately 10% of the levodopa-treated PD patients develop impulse 
control and repetitive behavior disorders (ICRBs) with punding 
being a well-defined stereotyped behavior (Evans et al.,  2004; 
Lee et al., 2010). The behavioral abnormalities established in the 
Fbxo7 cKO mice together with the observed increase in DAT, TH 
and DRD2 support the notion that loss of Fbxo7 in glutamater-
gic neurons has a severe impact on dopamine homeostasis and 
results in an adaptive response of the dopaminergic pathway in 
the striatum that leads to aberrant psychomotor behavior. It is 
conceivable that there is a selective response in DRD2-expressing 
neurons over DRD1-expressing neurons in our animal model. Such 
a response has been shown in mice that were previously lesioned 
with 6-OHDA and treated with L-DOPA. Here, DRD2 MSNs had 
their spine density restored while D1R-MSNs did not (Suarez 
et al., 2014, 2016).

While there are no obvious signs of cell death in the Fbxo7 cKO 
mice, we found microgliosis, increased levels of C1q and astrogli-
osis that may precede extensive cell loss as the neuropathology 
progresses. Gliosis has been observed in many neurodegenerative 
diseases and corresponding animal models (Verkhratsky et al., 2019). 
Microglia are pathology-sensing macrophages, that constantly scan 
the brain. Pathological changes or damage represent stimuli that 
trigger the transition of microglia from a resting to an activated 
state, in which they are able to remove cellular debris and secrete 
pro- and anti-inflammatory factors. In PD patients, PET tracers have 
been used to detect and monitor microglia and uncovered microglia 
activation in the early phase of the disease and found stable levels in 
later phases of the disease (Ho, 2019; Weiss et al., 2022). With Iba1 
staining, we observed a significant increase in activated microglia in 

response to FBXO7 loss, underscoring the response of microglia to 
PD-inducing mechanisms.

Our quantitative synaptic analyses also uncovered complement 
1q as an abnormally up-regulated factor upon loss of Fbxo7. C1q is the 
most upstream component of the complement cascade that ultimately 
leads to the formation of the membrane attack complex but also che-
motactic and phagocytic signaling, and in synaptic pruning (Perry & 
O'Connor,  2008). Stevens and colleagues demonstrated this unex-
pected role for complement proteins in synapse elimination during 
development and, at the same time, found aberrant complement 
activation in the early phase of neurodegenerative disease models 
such as glaucoma and Alzheimer's disease (Hong et al., 2016; Stevens 
et al., 2007). Here, the authors demonstrated that microglia together 
with complement facilitated the removal of synapses and identified 
complement as a sensor for impending synaptic dysfunction or mal-
function. Not only has C1q been associated with activation of pro-
inflammatory microglia in the substantia nigra (SN), a newly published 
study compared the proteome of the SN from PD patients to healthy 
individuals and revealed the up-regulation of several complement 
proteins including C1q (Depboylu et al., 2011; Jang et al., 2022). While 
we observed up-regulated C1q, we did not observe any synaptic loss 
during the first 3 months in the lives of Fbxo7 cKO mice as demon-
strated by the synaptophysin/homer1 colocalization experiment. It is 
likely that the activation of complement and microglia will have an 
effect on synapses later in the disease as we found an increase in the 
localization of C1q at the synapses. Because of breeding restrictions 
however, we cannot analyze the mice at a more advanced stage.

Astrocytes are multifunctional cells and have been found to be 
crucial to brain homeostasis and neuronal functioning as they pro-
vide metabolic support. Astrocytes remove excess neurotransmitter 
and are involved in the proper formation of synapses and synaptic 
signaling. Astrocytes become reactive upon stimulation, which in-
clude pathological conditions of the brain such as trauma, neurode-
generation, or ischemia. They also play a role in PD by either directly 
contributing to the disease progression or by being activated in the 
course of the disease. Many studies observed an increase in astro-
gliosis in postmortem PD brain and in particular in areas of neurode-
generation and also in different mouse models (Niranjan, 2014; Rizor 
et al.,  2019; Weiss et al.,  2022). Interestingly, astrocytes receive 
input from activated microglia via cytokines (Liddelow et al., 2017). 

F I G U R E  4  No change in synapse number upon loss of Fbxo7 but changes in glutamatergic and GABAergic pathways. (a, b) Representative 
images of coronal cryosections of 5- and 13-week-old NEX-Cre,Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age 
group) forebrains that were subjected to immunostaining with the synaptophysin (a) or homer1 (b) antibody, respectively. Synaptophysin 
+ or homer1+ puncta in the putamen or globus pallidus per animal were included in the analysis using an ImageJ-based macro. 24 dots per 
graph represent the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Student's t-test (mean ± SEM). 
Magnification 63x, scale bar = 20 μm. (c) ImageJ-based macro was used to quantify the number of co-localized synaptophysin+ and homer1+ 
puncta of 5- and 13-week-old NEX-Cre,Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) mice. 24 dots per graph 
represent the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Statistical analysis was performed 
using Student's t-test (mean ± SEM). (d, e) Representative images of coronal cryosections of 5- and 13-week-old NEX-Cre,Fbxo7fl/+ (6 mice 
per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to immunostaining with the VGluT1 (d) or VGAT 
(e) antibody, respectively. VGluT1+ or VGAT+ puncta in the putamen or globus pallidus per animal were included in the analysis using an 
ImageJ-based macro. 24 dots per graph represent the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per 
mouse. Student's t-test (**p < 0.01, ****p < 0.0001, mean ± SEM). Magnification 63×, scale bar = 20 μm.
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F I G U R E  5  Examination of the dopaminergic pathway. (a–d) Representative images of coronal cryosections of 5- and 13-week-old NEX-
Cre,Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to immunostaining with 
the TH (a), DAT (b), DRD1 (c) or DRD2 (d) antibody, respectively. TH+, DAT+, DRD1+ or DRD2+ puncta in the putamen or globus pallidus 
per animal were included in the analysis using an ImageJ-based macro. 24 dots per graph represent the sum of 4 non-overlapping images 
of a section (of putamen or globus pallidus) per mouse. Student's t-test (*p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001, mean ± SEM). 
Magnification 63x, scale bar = 20 μm.

F I G U R E  6  Quantitative mass spectrometry of striatal synaptic membranes in the Fbxo7 cKO striatum (up-regulated proteins). (a) 
Striata from Fbxo7 cKO or control mice were subjected to sucrose density gradient centrifugation to purify synaptic membranes followed 
by qMS. Fractions were analyzed with immunoblotting with the PSD95 and VGluT1 antibodies. H = homogenate, S = soluble fraction, 
SF = synaptosome fraction, SC/CSV = synaptic cytoplasm and coarse synaptic vesicles, CSM = coarse synaptic membrane, S2 = soluble 
fractions 2, SM = synaptic membranes. (b) Volcano plot displays quantified proteins of synaptic membrane fraction from Fbxo7 cKO striata 
compared with control striata. X-axis displays log2 fold change of upregulated proteins (blue group) and downregulated proteins (red group) 
with vertical dashed lines representing threshold at −0.5 and 0.5. Y-axis displays log10 p-value with dashed line representing threshold at 
p < 0.05. Proteins with statistically significant change lie above the dashed line. Singled out upregulated and downregulated proteins are the 
basis for analyses shown in Figures 7, 9 and 10. (c) STRING analysis of top 60 up-regulated proteins in Fbxo7 cKO mice and fold change of 
complement 1qb and c.
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Pro-inflammatory cytokines in particular can result in reactive as-
trocytes (astrogliosis) that up-regulate GFAP and release e.g. tumor 
necrosis factor (TNF)-α (Niranjan, 2014; Rizor et al., 2019). In which 
way astrocytes contribute to the progression of the pathology in 
Fbxo7 cKO mice remains elusive.

Aside from the reported changes in the dopaminergic pathway 
in the Fbxo7 cKO mice, we also established changes in the gluta-
matergic and GABAergic pathway. We demonstrated the decrease 
in VGluT1 solely in the putamen, a change that is most certainly 
a direct effect of the genetic manipulations in the glutamatergic 
neurons. While we singled out the genetic manipulation of gluta-
matergic neurons in our study, alterations in glutamatergic trans-
mission are common pathological features of PD, as the increase 
of VGluT1 has been also observed in postmortem putamen of PD 
patients as well as in the MPTP-treated monkey PD model (Kashani 
et al., 2007; Raju et al., 2008). The effect on VGluT1 levels in PD 
patients or the MPTP model is contrary to the findings in the Fbxo7 

cKO mice. But it is of note that our specific manipulation results 
in the increase in dopamine while brains of PD patients as well 
as MPTP models are characterized by low amounts of dopamine. 
Hence, the levels of VGluT1 and dopamine might be inversely 
correlated, which points to a homeostatic adaption in either sys-
tem. Homeostatic plasticity has been demonstrated in a study by 
Fieblinger and colleagues who examined the corticostriatal con-
nections in the 6-OHDA (hydroxydopamine) toxin model that is 
associated with dopamine depletion. Here, the direct and indirect 
pathway MSNs displayed differential changes in their excitability 
and indicated pathological changes of the glutamatergic synapse 
(Fieblinger et al., 2014).

The observed up-regulation of VGAT in the globus pallidus 
in the Fbxo7 cKO mice might be secondary to the changes in the 
glutamatergic neurons and to the increased levels of dopamine 
and hence an adaptive response of the system. Plastic changes 
in the globus pallidus are also a consequence of PD treatment 

F I G U R E  7  Significant up-regulation of C1q. (a) Representative images of coronal cryosections of 5- and 13-week-old NEX-Cre,Fbxo7fl/+ 
(6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to immunostaining with the pan C1q 
antibody. C1q + puncta in the putamen or globus pallidus per animal were included in the analysis using an ImageJ-based macro. 24 dots 
per graph represent the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Student's t-test (*p < 0.5, 
***p < 0.001, ****p < 0.0001, mean ± SEM). Magnification 63×, scale bar = 20 μm. (b) Representative images of coronal cryosections of 5- and 
13-week-old NEX-Cre,Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to co-
immunostaining with the pan C1q antibody together with the synaptophysin antibody. C1q + and synaptophysin+ puncta in the putamen or 
globus pallidus per animal were included in the co-localization analysis using an ImageJ-based macro. 24 dots per graph represent the sum of 
24 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Student's t-test (*p < 0.5, mean ± SEM). Magnification 63×, 
scale bar = 20 μm.
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with levodopa, which is on the one hand effective medication for 
Parkinson patients and on the other hand prone to cause side ef-
fects including levodopa-induced dyskinesia (LID). In a rat dyski-
nesia model, subjected to 6-OHDA lesioning followed by levodopa 
treatment, the researchers found hypertrophy of the globus pal-
lidus areas after remittent administration of levodopa and in ad-
dition, an increase in GABA release in the globus pallidus upon 
acutely administered levodopa (Nishijima et al., 2020; Tomiyama 
et al.,  2004). Interestingly, an optogenetics approach in mice, 
where GABAergic neurons of the globus pallidus were stimulated 
with a laser, resulted in hyperactivity and stereotypic behavior 
including circling and licking (Tian et al.,  2018). Hence, it is rea-
sonable to assume that a potential overactivation of GABAergic 
neurons in the globus pallidus in Fbxo7 cKO mice contributes to 
the abnormal behavior.

Considering that the corticostriatal input into the striatum 
is critical to the function of the basal ganglia, it is not surprising 
that major processes of synaptic transmission are affected in the 
Fbxo7 cKO striatum. We uncovered the down-regulation of the 
protein networks involved in exocytosis and endocytosis in these 
mice. Both deficits in exocytosis and endocytosis have been pre-
viously implicated in Parkinson disease (Zou et al.,  2021) (Huang 
et al.,  2019). Exocytosis at the presynaptic terminal facilitates the 
release of neurotransmitters from synaptic vesicles. Incoming action 

potentials induce calcium influx, which activates the SNARE com-
plex. Components of the SNARE complex ultimately mediate the 
fusion of a specific pool of docked and primed synaptic vesicles, the 
so-called readily releasable pool (RRP), and the plasma membrane 
(Südhof, 2004). Among the changes in the exocytosis network, we 
validated the down-regulation of complexin1/2, α- and β-synuclein 
and YKT6.

Complexin1/2 are the two major isoforms expressed in the 
brain that bind to the SNARE complex and have been implicated 
in the priming of the RRP and calcium-dependent vesicle release 
(Yang et al., 2013). Although there is no direct genetic link of com-
plexin1/2 with PD, different approaches in man and mouse re-
vealed changes in complexin-1 levels and expression, respectively 
(Basso et al., 2004; Gispert et al., 2015). Also, loss of complexin-1 
in mice has a clear effect on motor coordination and locomotion 
(Glynn et al., 2005).

α- and β-synuclein are present in presynaptic terminals and 
owing to their homology are likely to have redundant functions. 
SNCA/SNCB dKO mice revealed no essential role for these proteins 
in exocytosis machinery but did affect the level of striatal dopamine, 
so the authors came to the conclusion that α- and β-synuclein rather 
play a role in the long-term maintenance of the synapse and, in ad-
dition α-synuclein appears to act as a chaperone in SNARE complex 
assembly (Jacqueline Burré et al., 2014; Chandra et al., 2004). Aside 

F I G U R E  8  Quantitative mass spectrometry of striatal synaptic membranes in the Fbxo7 cKO striatum (down-regulated proteins). (a) 
STRING analysis of top 200 down-regulated proteins in Fbxo7 cKO mice. (b) Fold change of exocytosis- and endocytosis-regulating proteins 
identified in top 200 down-regulated proteins.
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from disease-causing mutations, SNCA has also been identified as 
a risk gene for PD in GWAS (Chang et al., 2017; Nalls et al., 2014).

YKT6 acts as a v-SNARE in the vesicle transport from ER to Golgi 
and has an interesting functional relationship with α-synuclein. 
Two studies have shown that YKT6 relieves α-synuclein-triggered 
blockage of ER-Golgi trafficking (Cooper et al.,  2006; Thayanidhi 
et al.,  2010). During proteostasis, when aggregated or accumu-
lated proteins require clearance, YKT6 was found to enhance the 

clearance process, while α-synuclein was found to counteract this 
process by binding to YKT6 in PD neurons (Cuddy et al., 2019).

The validated down-regulated proteins involved in endocyto-
sis were amphiphysin, endophilin A1 and epsin-1. Endocytosis at 
the presynaptic terminal serves the retrieval of synaptic vesicles. 
While there are different routes of vesicles retrieval (Chanaday 
et al., 2019), the proteins that we have identified in the qMS anal-
ysis participate in clathrin-mediated endocytosis, a process that is 

F I G U R E  9  Down-regulation of exocytosis network in NEX-Cre;Fbxo7fl/fl mice. Representative images of coronal cryosections of 5- and 
13-week-old NEX-Cre, Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to 
immunostaining with the α/β-synuclein (a), YKT6 (b) or complexin1/2 (c) antibody, respectively. α/β-synuclein+, YKT6+ or complexin1/2+ 
puncta in the putamen or globus pallidus per animal were included in the analysis using an ImageJ-based macro. 24 dots per graph represent 
the sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Student's test (*p < 0.5, **p < 0.01 ***p < 0.001, 
****p < 0.0001, mean ± SEM). Magnification 63×, scale bar = 20 μm.
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initiated by the coating of the membrane with clathrin. Epsin-1 is 
an alternative adaptor for clathrin-mediated membrane invagination 
(Chen et al., 1998; Itoh & De Camilli, 2006). The activity of amphiph-
ysin and endophilin A1 drives the progression of endocytosis (Zou 
et al.,  2021) as both proteins harbor BAR domains, which induce 
membrane curvature and mediate binding to curved membranes. 
In addition, amphiphysin is a binding partner of endophilin (Mi-
cheva et al., 1997). Endophilin A1 has been implicated in Parkinson 

disease due to the identification of SH3GL2 as PD risk loci (Chang 
et al., 2017). Interestingly, endophilin-1 is also a substrate of LRRK2, 
a kinase whose mutations are causative for a genetic variant of Par-
kinson disease (Arranz et al., 2015).

As a consequence of deletion of Fbxo7 in glutamatergic forebrain 
neurons in mice, behavioral changes go hand in hand with changes in 
different neurotransmitter systems and with molecular changes at the 
striatal synapse. FBXO7 acts as the substrate-recruiting subunit of an 

F I G U R E  1 0  Down-regulation of endocytosis network in NEX-Cre;Fbxo7fl/fl mice. Representative images of coronal cryosections of 5- 
and 13-week-old NEX-Cre, Fbxo7fl/+ (6 mice per age group) or NEX-Cre;Fbxo7fl/fl (6 mice per age group) forebrains that were subjected to 
immunostaining with the amphiphysin (a), endophilin (b) or epsin-1 (c) antibody, respectively. Amphiphysin+, endophilin+ or epsin-1 + puncta 
in the putamen or globus pallidus per animal were included in the analysis using an ImageJ-based macro. 24 dots per graph represent the 
sum of 4 non-overlapping images of a section (of putamen or globus pallidus) per mouse. Student's t-test (*p < 0.5,**p < 0.01 ***p < 0.001, 
****p < 0.0001, mean ± SEM). Magnification 63×, scale bar = 20 μm.
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SCF (Skp1/cullin-1/F-box protein)-type E3 ubiquitin ligase and the lack 
of ubiquitination of specific substrates might have adversarial effects 
on pathways the substrates are intertwined with. While we can exclude 
an association with α- or β-synuclein, YKT6, endophilin A1, epsin-1 and 
amphiphysin (unpublished data), it is conceivable that other proteins of 
the networks are substrates of FBXO7. Future research is required to 
address the question of how loss of the biochemical activity of the E3 
ubiquitin ligase FBXO7-SCF leads to these massive changes.

In conclusion, the results of the present study suggest that FBXO7 
is crucial for corticostriatal projections, the synaptic integrity of the 
striatum and the nigrostriatal dopamine system in the mouse. The 
neuropathological changes observed in the striatum in Fbxo7 cKO 
mice are associated with general hyperactivity and behavioral ste-
reotypies resembling the psychomotor and psychiatric signs seen in 
PARK15 patients or PD patients receiving levodopa treatment.
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