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Proteinaceous inclusions, called Lewy bodies (LBs), are used as a pathological
hallmark for Parkinson’s disease (PD). Recent studies suggested a prion-like spreading
mechanism for α-synucleinopathy where early neuropathological deposits occur, among
others, in the olfactory bulb (OB) and amygdala. LBs contain insoluble α-synuclein and
many other ubiquitinated proteins, suggesting a role of protein degradation system
failure in PD pathogenesis. Therefore, we wanted to study the effects of a proteasomal
inhibitor, lactacystin, on the aggregability and transmissibility of α-synuclein in the
OB and amygdala. We performed injections of lactacystin in the OB and amygdala
of wild-type mice. Motor behavior, markers of neuroinflammation, α-synuclein, and
dopaminergic integrity were assessed by immunohistochemistry. Overall, there were
no differences in the number of neurons and α-synuclein expression in these regions
following injection of lactacystin into either the OB or amygdala. Microglial and astroglial
labeling appeared to be correlated with surgery-induced inflammation or local effects of
lactacystin. Consistent with the behavior and pathological findings, there was no loss of
dopaminergic cell bodies in the substantia nigra and terminals in the striatum. Our data
showed that long-term lactacystin injections in extra nigrostriatal regions may not mimic
spreading aspects of PD and reinforce the special vulnerability of dopaminergic neurons
of the substantia nigra pars compacta (SNc).

Keywords: Parkinson’s disease, proteasome inhibition, lactacystin, neuroinflammation, neurodegeneration

INTRODUCTION

Although it is the second most prevalent neurodegenerative disorder worldwide, the primary cause
of Parkinson’s disease (PD) is currently unknown (Del Rey et al., 2018). The appearance of classical
PD motor symptoms, such as tremor, rigidity, and bradykinesia, are intrinsically associated with
loss of dopaminergic neurons in the substantia nigra pars compacta (SNc) and subsequent depletion
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of dopamine (DA) in the striatum. Other non-motor features,
such as rapid eye movement sleep behavior disorder,
constipation, and hyposmia, are also frequent, although
the correlation between these clinical manifestations and
pathological findings is far from straightforward.

Parkinson’s disease is also neuropathologically characterized
by the presence of insoluble proteinaceous inclusions named
Lewy bodies (LBs) and Lewy neurites, consisting of a wide
range of proteins, such as α-synuclein (α-syn), ubiquitin, and
neurofilaments (Spillantini et al., 1998). Lewy pathology is found
in many brain regions and has been suggested to follow a
progressive and predictable staging pattern (Braak et al., 2003)
where Lewy pathology would appear first in regions such as
the dorsal motor nucleus of the vagus, olfactory bulb (OB)
and amygdala. This would fit well with the manifestation of
early non-motor symptoms such as constipation or olfactory
dysfunction. Then, α-syn would spread in a prion-like manner
until it reached the SNc. This prion-like hypothesis is based on
different conformational changes through a seeding mechanism
and subsequent spreading process (Goedert, 2015). Considerable
in vitro and in vivo data regarding α-syn spreading have been
obtained in several species, and several mechanisms have been
proposed for axonal and transneuronal transport ultimately
leading to nigrostriatal degeneration (Luk et al., 2012a,b;
Mougenot et al., 2012; Masuda-Suzukake et al., 2013; Recasens
et al., 2014; Sacino et al., 2014; Paumier et al., 2015; Peelaerts
et al., 2015; Dehay et al., 2016; Trigo-Damas et al., 2018; Kim
et al., 2019). Usually, α-syn pathology appears in brain regions
anatomically connected to the injection site. Noteworthy, several
studies in rodents have demonstrated neural transmission from
or to the OB and amygdala after exogenous and intracerebral
injection of a-syn from different species (Mason et al., 2016;
Rey et al., 2016, 2018, 2019; Cersosimo, 2018; Niu et al., 2018;
Burtscher et al., 2020; Kulkarni et al., 2020; Stoyka et al., 2020).

However, the basis of α-syn aggregation is undetermined.
Several neurodegenerative diseases, such as PD, are characterized
by proteasomal dysfunction, which results in the accumulation
of aggregation-prone proteins. Thus, proteasomal dysfunction,
which leads to aberrant protein turnover and buildup of
misfolded or damaged proteins, might be linked to the
accumulation of α-syn and other proteins in patients with PD
(McNaught and Jenner, 2001; McNaught et al., 2001; Martins-
Branco et al., 2012; Poewe et al., 2017). Consistent with this
hypothesis, proteasome inhibition in vivo and in vitro reproduces
key hallmarks of PD neuropathology namely, LB-like inclusions
and neurodegeneration (Bedford et al., 2008; Ebrahimi-Fakhari
et al., 2011; McKinnon et al., 2020). Particularly, lactacystin,
a proteasomal inhibitor, causes accumulation of α-syn and
death of cells in vitro (Machiya et al., 2010; Bir et al., 2014;
Bentea et al., 2017). Injection of lactacystin to the SNc, striatum
or medial forebrain bundle (MFB) induces a PD-like motor
phenotype in mice, rats, and pigs that is correlated with loss of
dopaminergic neurons in the SNc and dopaminergic terminals
in the striatum, striatal DA depletion, and α-syn upregulation
in neurons (McNaught et al., 2002a; Ahn and Jeon, 2006; Niu
et al., 2009; Vernon et al., 2010; Lorenc-Koci et al., 2011; Mackey
et al., 2013; Bentea et al., 2015, 2017; Pienaar et al., 2015a,b; Elson

et al., 2016; Savolainen et al., 2017; Lillethorup et al., 2018a).
However, despite accumulating evidence for the possible role
of the proteasome system in α-syn aggregation, relatively few
studies have examined its role in extra nigrostriatal regions such
as the OB or amygdala.

Considering all these facts, we hypothesized whether injection
of lactacystin would lead to similar synucleinopathy in the OB
and amygdala as described in the SNc. The concrete objectives
of this study were to analyze behavioral changes, α-syn, and
neuronal and glial (microglia and astroglia) involvement after
lactacystin injections in the OB and basolateral amygdala (BLA)
of wild-type (WT) mice.

MATERIALS AND METHODS

Experimental Design
Thirty-six male C57BL6/C mice (9 weeks old at the start of the
experiments) were purchased from Charles River. All procedures
involving animals were carried out in accordance with the
European Communities Council Directive (2010/63/UE) and
Spanish legislation (RD53/2013) on animal experiments and had
approval from the Ethical Committee on Animal Welfare and
Care for our institution. All efforts were made to minimize
suffering and pain in the animals; thus, all the animals were
monitored throughout the whole study. The animals were
randomly distributed to cages by a technician of the animal
facilities. Before any procedure, the cages were randomized to
each group by a person not involved in the study. The animals
were randomly divided into six groups (six mice per group), with
three of them assigned as AMY: AMY SHAM (mice injected in
the left BLA with 0.9% NaCl), AMY LAC-3M (mice injected in
the left BLA with lactacystin (LAC) and sacrificed at 3 months),
and AMY LAC-6M (mice injected in the left BLA with LAC
and sacrificed at 6 months) groups. The remaining three were
assigned as the OB: OB SHAM (mice injected in the left OB with
0.9% NaCl), OB LAC-3M (mice injected in the left OB with LAC
and sacrificed at 3 months), and OB LAC-6M (mice injected into
the left OB with LAC and sacrificed at 6 months) groups. All
the experiments were blinded, and investigators responsible for
data collection and analysis were blinded. The animals were left
to acclimate for 15 days before basal behavioral assessments, and
15 days after the surgery, postoperative behavioral analysis was
conducted. The animals were sacrificed at various time points 3
or 6 months post injection. The sham animals were sacrificed at
6 months of age.

Unilateral Lactacystin Injection in the
Olfactory Bulb or Basolateral Amygdala
The surgery was carried out on male C57/BL6/J mice weighing
27–35 g at the start of the experiment. The mice were
anesthetized with a solution of ketamine 90 mg/kg and xylazine
9 mg/kg diluted in 0.9% NaCl. The solution was injected at a
concentration of 0.02 ml/g.

The animals were secured in a stereotaxic frame and injected
with lactacystin in the left hemisphere (Cayman, reference
70980) at a final concentration of 2 µg/µl (in 0.9% NaCl). The
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lactacystin solution was always prepared fresh before the surgery
and maintained on ice. The coordinates of injection were as
follows: (mm from bregma and dura) for the OB (2 µl with
a rate of 0.5 µl/ml; coordinates AP + 4,5; ML + 0,75; DV -
1) and for the BLA (1 µl with a rate of 0.2 µl/ml; AP -1,4;
ML + 2,6; DV -4,5) (Franklin and Paxinos, 2003). The sham
animals were only injected with 0.9% NaCl. After each injection,
the needle was left in place for 5 min and then slowly withdrawn.
To evaluate the long-term effect of lactacystin injection,
immunohistochemistry against ubiquitin was performed and
quantified as detailed in sections “Brain Immunohistochemistry”
and “Immunohistochemical Quantification in the Basolateral
Amygdala and Olfactory Bulb.” No increased levels of ubiquitin
in the BLA or OB were observed after 3 and 6 months
(Supplementary Figure 1).

Fixation and Tissue Processing
The mice were deeply anesthetized with a lethal dose of sodium
pentobarbital and transcardially perfused with 0.9% saline
followed by 4% paraformaldehyde in 0.1 M phosphate buffer
(pH 7.4). Whole brains were removed and post-fixed in the same
fixative solution overnight at 4◦C. The brains were cryoprotected
in a 30% sucrose solution. The solution was changed every
3 days until the brains sank and were ready for processing. This
process lasted around 1 week; if the brains were not immediately
processed, they were stored in a cryoprotected solution at−20◦C.
Finally, the brains were cut in the coronal plane on a freezing
microtome at 30 µm to produce 10 matched series.

Brain Immunohistochemistry
Coronal free-floating 30-µm thick sections were washed with
Tris buffer (TB) and treated with citrate buffer (pH 6) for 30 min
at 37◦C for antigen retrieval. The inhibition of endogenous
peroxidase activity was performed using a mixture of 10%
methanol and 3% concentrated H2O2 for 20 min. Normal serum
from the same species as the secondary antibody (normal goat
serum or normal horse serum) was applied for 3 h to block
non-specific binding sites.

The sections were immunostained at 4◦C for a duration
of 72 h using primary antibodies directed against ionized
calcium-binding adapter molecule 1 (IBA1, 1:1,000, rabbit;
Wako, Osaka, Japan) as microglial marker, glial fibrillary acidic
protein (GFAP, 1:500, mouse; Sigma, St. Louis, United States)
as an astroglial marker, tyrosine hydroxylase (TH, 1:1,000,
mouse; Chemicon, Burlington, United States), α-synuclein
(α-syn, 1:1,000, rabbit; Abcam, Cambridge, United Kingdom),
phosphoSer129-α-synuclein (pS129-α-syn, 1:4,000, rabbit;
Abcam, Cambridge, United Kingdom), and ubiquitin (1:250,
rabbit; Sigma, St. Louis, United States). The sections were washed
with Tris-buffered saline (TBS) and transferred for 2 h to a
solution containing the corresponding secondary biotinylated
antibody (goat anti-rabbit, 1:400; Chemicon, Burlington,
United States; or horse anti-mouse, 1:400; Vector Laboratories,
Burlingame, United States). Then, the sections were incubated
for 45 min with the avidin-biotin-peroxidase (PK-6100, ABC
Vectastain; Vector Laboratories, Burlingame, United States)
complex. Immunohistochemical reactions were visualized by

incubating the sections with 0.05% 3, 3′-diaminobenzidine
(DAB, Sigma, St. Louis, United States) and 0.003% H2O2. The
sections were then dehydrated with graded ethyl alcohol (EtOH)
and cleared in two changes of xylene before being mounted in
dibutylphthalate polystyrene xylene (DPX) and applying glass
coverslips.

Omission of the primary antibody resulted in non-staining
(images not shown).

Immunohistochemical Quantification in
the Basolateral Amygdala and Olfactory
Bulb
Images were photographically recorded under an optical
microscope (DM 2500; Leica, Wetzlar, Germany) and quantified
using the image analysis software Image-Pro Plus 6.0.0.26 (Media
Cybernetics, Inc., Rockville, MD, United States).

For the analysis of microglial activation, eight to sixteen
40× fields (0.074 mm2) were used per animal, and the perimeter
of microglial cells was quantified as in Hovens et al. (2014). Two
sections were used per animal. Briefly, all the images were first
converted from pixel into µm using a microscope calibration
scale bar. Then, applying an intensity threshold (histogram-based
manual intensity range selection) and size filter (area filter range),
only the microglial cells were selected. In our case, the threshold
of intensity was 0–180, and the size of the filter was 150-infinity
µm2. The average perimeter of all microglia in the selected area
was measured, and the results were expressed in µm, being lower
in the amoeboid activated microglia.

The analysis of astrocyte activation was performed on the
BLA and OB using the Image-Pro Plus 6.0.0.260 software. Nine
randomly selected 10 × fields (1.18 mm2) were used per section.
Two sections per animal were used. Applying an intensity
threshold (0–180) filter, the GFAP + cells were selected, and
no filter size was applied. The results were expressed as the
percentage of GFAP-covered areas, being higher in the case
of astrogliosis.

The analysis of α-syn expression was performed on the BLA
and OB using the Image-Pro Plus 6.0.0.260 software. The entire
area of the BLA and OB was analyzed by 10 × (covering an
area of 1.18 mm2) and 5 × (covering an area of 4.72 mm2)
microscope magnification, respectively. Two sections were used
per animal. In both areas, cells expressing α-syn were filtered
applying an intensity threshold (0–220) and filter size (10–
150 µm2). The average optical density for each image was
recorded, and the results were normalized to the contralateral
control hemisphere.

The analysis of pS129-α-syn and ubiquitin expression was
performed on the BLA and OB using the Image-Pro Plus
6.0.0.260 software. The entire area of the BLA and OB was
analyzed by 10 × (covering an area of 1.18 mm2) and
5 × (covering an area of 4.72 mm2) microscope magnification,
respectively. Two sections were used per animal. In both
areas, the region of interest was outlined using the freehand
selection function, the average optical density for each image was
recorded, and the results were normalized to the contralateral
control hemisphere.
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Dopaminergic innervation in the striatum was studied by
immunohistochemical localization of TH. The relative optical
densities of TH-ir fibers in the striatum were quantified using
computer-assisted image analysis techniques (ImageJ 1.41o;
National Institutes of Health, Bethesda, United States). Images
were captured in black and white 8-bit monochrome using a
digital camera (AxioCam HRc; Zeiss, Jena, Germany) attached
to a Nikon Multiphot microphotography system (Melville,
United States). Digital images were captured under the same
exposure settings for all experimental cases. Five rostro-caudal
sections, regularly spaced at intervals of 120 µm, were examined
for each animal. The optical density of a 0.08-µm2 region of
white matter in the corpus callosum of the same section was
subtracted as background. The percent reduction of each marker
was determined as percent loss in treated animals compared with
the value of controls in the same region.

Stereological Analysis of TH
Immunopositive Cells in the Substantia
Nigra
The total number of dopaminergic (TH+) neurons in the
SNc was assessed by stereology with the optical fractionator
method in regularly spaced 30-µm thick sections (every forth)
covering the entire rostro-caudal axis of the SNc (Izco et al.,
2019, 2020). Nine sections were used per animal. This method
was carried out using a computer-assisted image analysis
system consisting of a microscope (Olympus BX3, Shinjuku,
Japan) equipped with a computer controlled motorized stage, a
camera, and the StereoInvestigator software (Stereo Investigator
2017; MicroBrightField, Williston, VT, United States). The
identification of the SNc region of each section to be counted
was outlined at ×2 magnification, and immunolabeled cells
were counted with a ×100 oil immersion objective (counting
frame, 50 µm × 50 µm; sampling grid, 100–125 µm). The
first section was randomly selected. Cells exhibiting a neuronal
phenotype, with clear nuclear membrane, distinct nucleolus, and
TH immunoreactivity in the cytoplasm were counted through
the entire thickness of the tissue by a researcher “blinded” to
the treatment regimen of each experimental animal assessed.
After the counting was finished, the total number of neurons
was automatically calculated by the software using the formula
described by West (1993).

Analysis of Neuronal Density in
Nissl-Stained Sections
Sections were processed as previously described and incubated
in 70% ethanol overnight. The next day, after a quick wash in
distilled water, they were incubated at 45◦C in agitation with
cresyl violet for 5 min. Following another quick wash in distilled
water, the sections were incubated in sequential solutions of 70%
ethanol for 1 min, 96% ethanol for 1 min, and chloroform for
10 min (in agitation), and then washed in 100% ethanol. Finally,
the slices were incubated in the differentiation solution under
visual control and rapidly washed in ethanol 100% before being
incubated in clean xylol 9 × 5 min and coverslipped using DPX
as a mounting medium.

Neuronal density in the BLA and OB of Nissl-stained sections
was quantified using the Image-Pro Plus 6.0.0.260 software. For
the BLA, the entire area was photographed by 10 × microscope
magnification (covering an area of 1.18 mm2). One or two
sections were used per animal. Neuronal cells were discriminated
from glial cells by first applying an intensity threshold (0–
180) and then a filter size (60-infinity µm2). For the OB, the
entire area was photographed by × 5 microscope magnification
(covering an area of 4.72 mm2). One or two sections were used
per animal. An intensity threshold (0–180) and a filter size
(15-infinity µm2) were applied to discriminate neuronal cells
from glial cells.

In both regions, cell density was quantified using the “count
adjusted” function, and the results were expressed in cells/mm2.

Longitudinal Assessment of Motor
Coordination and Balance
Motor coordination and balance were assessed using a rotarod
apparatus (PanLab/Harvard Apparatus, Barcelona, Spain). First,
the mice were trained to walk against the motion of a rotating
drum at a constant speed of 12 rotations per minute (RPM) for
a maximum of 2 min. In total, the training was performed for
3 days (3 trials per day). Mice falling off during a training trial
were put back on the rotating drum. For the test, three trials per
day were performed using an accelerating speed level (4–40 RPM)
mode of the apparatus for a maximum of 5 min. The apparatus
was wiped with a 70% ethanol solution and dried before each trial.
The latency to fall off the rotarod was recorded, and the mean of
three trials was calculated.

Movement alterations were also assessed by pole test as
described in Matsuura et al. (1997). Briefly, the mice were
placed with head upward on the top of a vertical rough-
surfaced pole (diameter 8 mm; height 57 cm), and the time,
until it descended to the floor, was recorded with a maximum
duration of 120 s.

For both behavioral tests, a total of 8 tests (1/week) were
performed before the surgery (BASAL), and 13 days of tests
(1/week) were performed after the surgery (POST). The only two
exceptions were on POST1 (the first day of test after the surgery)
and POST 9 (the first day of test after the sacrifice at 3 months)
when the test was performed 2 weeks after the previous one.

Statistical Analysis
The results are expressed as the mean ± SEM. All statistical
analyses were performed using the GraphPad Prism software.
For all immunohistochemistry, a two-way ANOVA and
Bonferroni multiple comparisons were performed to
determine which pairs were significantly different, and
a two-tailed unpaired Student’s t-test was performed to
determine differences between two hemispheres of the
same experimental group. A confidence level of 95% was
accepted as significant.

Behavioral data were analyzed by a two-way ANOVA, and
Bonferroni multiple comparisons were performed to determine
which pairs were significantly different. A confidence level of 95%
was accepted as significant.
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RESULTS

Proteasome Inhibition With Lactacystin
in the Basolateral Amygdala or Olfactory
Bulb Does Not Impair Balance and Motor
Coordination in Mice
The effects of proteasome inhibition with lactacystin (LAC in the
figures) in the BLA or OB on balance and motor coordination
were assessed by rotarod and pole tests, as detailed in methods.
No behavioral changes were observed in the rotarod test between
LAC and control groups in both injected regions (Figures 1A,B).
A slight but significant difference (p < 0.05) was observed in the
pole test comparing the LAC-6M and control group mice that
were injected in the BLA. The LAC-6M group showed higher
latency to climb down in the POST 7, 8, and 10 time points in
comparison with the control group (Figure 1C). No differences
between the LAC-3M and control groups injected in the BLA
were observed in the rotarod test (Figure 1C). Similarly, no
differences between the LAC and control groups injected in the
OB at any time point were observed in the pole test (Figure 1D).

Proteasome Inhibition Induces
Neuroinflammation but Does Not Alter
Neuronal Density in the Basolateral
Amygdala and Olfactory Bulb
Brain sections were examined under light microscopy and
histological analysis revealed the tips of injection needles. To
assess whether LAC induces a neuronal loss in the injected
areas, neuronal density in BLA and OB was analyzed. No
changes in neuronal density were observed in the injected
hemisphere of BLA of LAC-3M (Figures 2B,D) or LAC-6M
mice (Figures 2C,D) compared with non-injected hemisphere
or control mice (Figures 2A,D). Also, no changes in neuronal
density were observed in the OB-injected groups (Figures 2E–H).

Next, the effects of LAC on microglia and astrocyte physiology
were assessed. A decrease of microglial perimeter (Figure 3D;
p < 0.01), reflecting microglial activation, was already
observed in the BLA injected hemisphere of LAC-3M mice
(Figure 3B) in comparison with no injected side or control
group (Figures 3A,D). At 6 months, microglia remained
activated (p < 0.001; Figure 3D) as observed in the LAC-6M
group showing one more activated and amoeboid morphology
(Figure 3C) compared with more ramified surveillant microglia
observed in non-injected hemispheres and control mice
(Figures 3A,D).

Similar results were observed in mice injected in the OB.
LAC already induced a tendential decrease of the microglial
perimeter in the LAC-3M mice (Figures 3F,H) that became clear
and significant at 6 months (p < 0.01; Figures 3G,H). Resting
microglia were predominantly observed in the non-injected
hemispheres and control mice (Figures 3E,H).

A slight but not significant astrocyte activation (GFAP) was
observed in the hemisphere of LAC-3M mice injected with LAC
in comparison with the healthy hemispheres or control mice
(Figure 4B). Indeed, significant astrocyte activation was only

observed in the injected BLA of LAC-6M mice, showing a much
more GFAP-stained area (p < 0.05; Figures 4C,D) than the
control mice and non-injected hemispheres (Figures 4A,D).

A similar trend and results between groups were observed
in the expression of GFAP in the animals injected in the OB
(Figures 4E–H).

Proteasome Inhibition Does Not Increase
α-Synuclein and Phosphoser129-α-
Synuclein in the Basolateral Amygdala or
Olfactory Bulb
To study whether the inhibition of proteasome with
LAC leads to the accumulation of α-syn or pS129-α-syn,
immunohistochemistry against both proteins in the BLA
(Figures 5A–D, 6A–D) and OB (Figures 5E–H, 6E–H) was
performed and quantified as detailed in methods. As a positive
control, sections of A53T transgenic (Tg) mice overexpressing
α-synuclein were included (Figures 6D,H). In both regions,
no changes in the expression of α-syn or pS129-α-syn between
the LAC and control groups were observed (Figures 5D,H,
6I,J), whereas the levels of pS129-α-syn staining in such groups
were significantly lower when compared with sections of the
BLA and OB of A53T-Tg mice overexpressing pS129-α-syn
(Figures 6I,H, respectively).

Expression of Nigrostriatal Dopamine
Remains Unaltered After Lactacystin
Injection in the Basolateral Amygdala or
Olfactory Bulb
Finally, the effects of proteasome inhibition on neurons in the
SNc and its dopaminergic terminals in the striatum were assessed.
No changes in striatal dopaminergic terminals were observed in
either of the injected groups. Optical density analysis revealed
similar values between the LAC and control groups of mice
injected in the BLA (Figures 7A–D) or OB (Figures 7I–L).

Similarly, proteasome inhibition with LAC does not
produce alterations in DA neurons in the SN. In fact, the
stereological analysis showed no differences in the number
of TH + immunopositive cells between the LAC and control
groups of mice injected in the BLA (Figures 7E–H) or OB
(Figures 7M–P).

DISCUSSION

Proteasomal dysfunction has been long proposed to be
involved as a potential contributor to neurodegeneration in
PD (McNaught and Jenner, 2001; McNaught et al., 2002b,
2003; Tofaris et al., 2003; Grünblatt et al., 2004; Lim and
Tan, 2007; Bukhatwa et al., 2010; Ebrahimi-Fakhari et al.,
2012). Dysfunctional proteasomes can result in aberrant protein
turnover and accumulation of misfolded proteins, such as α-
syn (McNaught et al., 2001; Olanow and McNaught, 2006;
Ebrahimi-Fakhari et al., 2012). Testing for proteasome inhibition
typically requires the use of highly specific and potent
inhibitors. One of the most used is LAC (Bentea et al., 2017;
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FIGURE 1 | Proteasome inhibition with lactacystin in the basolateral amygdala (BLA) or olfactory bulb (OB) does not impair motor coordination in mice. Motor
coordination and balance were assessed by rotarod and pole test in the (A,C) BLA and (B,D) OB groups. For both behavioral tests, a total of 8 tests (1/week) were
performed before the surgery (BASAL), and 13 tests (1/week) were POST. The only two exceptions were on POST1 (the first day of test after the surgery) and POST
9 (the first day of test after the sacrifice at 3 months) when the test was performed 2 weeks after the previous one. Six animals were used per group. A two-way
ANOVA and Bonferroni multiple comparisons were performed to determine which pairs were significantly different. A confidence level of 95% was accepted as
significant. *p < 0.05 vs. saline group; **p < 0.01 vs. saline group.

FIGURE 2 | Proteasome inhibition does not induce neuronal density alterations in the BLA and OB. Representative images of Nissl-stained hemispheres injected
with saline or lactacystin in the (A–C) BLA or (E–G) OB are shown. In both groups, no changes in cellular density were observed (D,H). Six animals were used per
group. A two-way ANOVA and Bonferroni multiple comparisons were performed to determine which pairs were significantly different (p < 0.05), and a two-tailed
unpaired Student’s t-test was performed to determine differences (p < 0.05) between two hemispheres of the same experimental group. A confidence level of 95%
was accepted as significant. No significant differences (p < 0.05) between two hemispheres of the same experimental group or injected hemisphere and its
corresponding sham group was observed.

Ômura and Crump, 2019). LAC has been proven to lead to α-
syn pathology in vitro and in vivo (McNaught et al., 2002a;
Miwa et al., 2005; Vernon et al., 2010; Mackey et al., 2013;

Pienaar et al., 2015b; McKinnon et al., 2020). Correspondingly,
proteasomal inhibitors given in combination with other classic
PD neurotoxins, such as MPP+, rotenone, or 6-OHDA, enhance
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FIGURE 3 | Lactacystin induces microglial activation in the BLA and OB. Representative images of microglial cells stained with IBA-1 in the injected (A–C) BLA or
(E–G) OB are shown. In the BLA and OB, microglial activation at 3 (B,F, respectively) and 6 months (C,G, respectively) was observed. This change is reflected by a
decrease in perimeter, as shown in (D,H). Six animals were used per group. A two-way ANOVA and Bonferroni multiple comparisons were performed to determine
which pairs were significantly different (p < 0.05), and a two-tailed unpaired Student’s t-test was performed to determine differences (p < 0.05) between two
hemispheres of the same experimental group. A confidence level of 95% was accepted as significant. *Is for p < 0.05; **is for p < 0.01; ***is for p < 0.001.

FIGURE 4 | Expression of glial fibrillary acidic protein (GFAP) is increased in the BLA and OB after lactacystin injection. Representative images of astrocytes in the
injected (A–C) BLA or (E–G) OB are shown. In the BLA and OB, an increased GFAP expression at (C,G, respectively) 6 months but not at (B,F, respectively)
3 months was observed. This change was quantified in (D,H). Six animals were used per group. A two-way ANOVA and Bonferroni multiple comparisons were
performed to determine which pairs were significantly different (p < 0.05), and a two-tailed unpaired Student’s t-test was performed to determine differences
(p < 0.05) between two hemispheres of the same experimental group. A confidence level of 95% was accepted as significant. *Is for p < 0.05; **is for p < 0.01; ***is
for p < 0.001.

the formation of α-syn-positive inclusions in dopaminergic
neurons (Sawada et al., 2004; Inden et al., 2005).

Previous evidence has shown that LAC could lead to
retrograde accumulation of α-syn in vivo (Laser et al., 2003; Miwa
et al., 2005) and ubiquitin- and α-syn-positive inclusions in both
TH+ and non-TH+ neurons in vitro and in vivo, suggesting
that the accumulation of α-syn can occur in non-dopaminergic

neurons after injection of LAC or other proteasome inhibitors
(Rideout et al., 2005; Ebrahimi-Fakhari et al., 2011; Bentea
et al., 2015). In the same way, intranasal administration of high
levels of LAC led to a decrease in the number of dopaminergic
neurons in the OB and SNc of rats (Ekimova et al., 2016;
Ekimova and Plaksina, 2017). Thus, we hypothesized whether
long-term proteasome inhibition in regions of the brain of
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FIGURE 5 | Proteasome inhibition does not increase α-synuclein (α-syn) in the BLA and OB. Representative images of hemispheres injected with saline or lactacystin
in the (A–C) BLA or (E–G) OB and stained with α-syn are shown. In both groups, no changes in α-syn expression were observed (D,H). Six animals were used per
group. A two-way ANOVA and Bonferroni multiple comparisons were performed to determine which pairs were significantly different (p < 0.05), and a two-tailed
unpaired Student’s t-test was performed to determine differences (p < 0.05) between two hemispheres of the same experimental group. A confidence level of 95%
was accepted as significant. No significant differences (p < 0.05) between two hemispheres of the same experimental group or injected hemisphere and its
corresponding sham group was observed.

FIGURE 6 | Proteasome inhibition does not increase α-syn phosphorylation in the BLA and OB. Representative images of hemispheres injected with saline or
lactacystin in the (A–C) BLA or (E–G) OB and stained with phosphoSer129-α-synuclein are shown. In both groups, no changes in phosphoSer129-α-synuclein
expression were observed (I,J). As a positive control, images of A53T transgenic (Tg) mice overexpressing α-syn in (D) BLA and (H) OB are shown. A two-way
ANOVA and Bonferroni multiple comparisons were performed to determine which pairs were significantly different (p < 0.05), and a two-tailed unpaired Student’s
t-test was performed to determine differences (p < 0.05) between two hemispheres of the same experimental group. A confidence level of 95% was accepted as
significant. No significant differences (p < 0.05) between two hemispheres of the same experimental group or injected hemisphere and its corresponding sham
group was observed.
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FIGURE 7 | Expression of nigrostriatal dopamine (DA) remains unaltered after lactacystin injection in the BLA or OB. Representative images and graphs showing no
changes in striatal dopaminergic terminals in mice injected into the (A–D) BLA or (I–L) OB are shown. No differences were also observed in dopaminergic neurons in
the SNc in mice injected in the (E–H) BLA or (M–P) OB. Six animals were used per group. A two-way ANOVA and Bonferroni multiple comparisons were performed
to determine which pairs were significantly different (p < 0.05), and a two-tailed unpaired Student’s t-test was performed to determine differences (p < 0.05)
between two hemispheres of the same experimental group. A confidence level of 95% was accepted as significant. No significant differences (p < 0.05) between
two hemispheres of the same experimental group or injected hemisphere and its corresponding sham group was observed.

patients with PD that are more disposed to α-syn pathologies,
such as the OB and amygdala, could lead to long-term α-
syn accumulation and dopaminergic degeneration, as has been
described with other toxic species (monomers, oligomers, fibrils,
AAV-based, etc.) (Flores-Cuadrado et al., 2019; Heras-Garvin and
Stefanova, 2020; Fares et al., 2021).

In this proof-of-concept study, injection in the OB and
BLA did not produce any parkinsonian-related pathological
effects on the WT mice up to 6 months post-injection. We
did not observe changes in neuronal density, ubiquitin, or
significant accumulation of α-syn at the sites of injection up to
6 months. In several studies, increased α-syn has been observed
1 week after LAC injection in the SNc (Bentea et al., 2015;
Savolainen et al., 2017), whereas in this study we waited up
to 3 and 6 months. While we were expecting a significant
gradual increase in the effect of α-syn accumulation over time,
it may also be that those acute pathological effects occurring
early (weeks) disappeared or were resolved or compensated
after a long period of time. The degradation of numerous
proteins, such as α-syn, linked to neurodegenerative diseases was
not significantly retarded by proteasomal inhibitors, suggesting
that after an initial delay, the degradation of some proteins
could take alternative routes (Hakim et al., 2016). For example,
proteasome inhibition can induce a compensatory activation of
the autophagy-lysosomal pathway, which would diminish the

long-term effects of LAC injections (Ding and Keller, 2003;
Rideout et al., 2004; Shen et al., 2013). Consistent with this,
recent studies with intracerebroventricular injections in minipigs
showed transient dopaminergic effects observed by PET that
was not sustained at 6 months. In addition, no differences in
α-syn accumulation or dopaminergic markers at the striatum,
SNc, or locus coeruleus up to 6 months were observed, but
there was mild inflammation, all in agreement with our results
(Lillethorup et al., 2018a). Similarly, systemic administration of
PSI only transiently decreased brain proteasome activity in the
absence of any evidence of lesions of nigrostriatal dopamine
neurons or locomotor activity (Mathur et al., 2007). It is also
possible that neurons in the SNc are more vulnerable to LAC-
induced α-syn accumulation. Preferential toxicity of proteasomal
inhibitors toward dopaminergic cells has been demonstrated
before (Mytilineou et al., 2004; Reaney et al., 2006). Supporting
this concept, structural and functional defects in the 26/20S
proteasome seems to be specific for the SNc, and do not occur
in other regions such as the striatum or various cortical regions,
where there is no neuronal loss in patients with PD (Furukawa
et al., 2002; Tofaris et al., 2003; Grünblatt et al., 2004). Other
studies did not find significant α-syn accumulation after systemic
LAC administration or local injections in regions other than the
SNc (Lorenc-Koci et al., 2011; Bentea et al., 2017). For example,
Lorenc-Koci compared intranigral and intrastriatal injection of
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lactacystin in rats, showing absence of alterations in the latter
(Lorenc-Koci et al., 2011).

Importantly, we observed increased inflammation measured
as astroglial and microglial cell activation in both the OB and
BLA, which is in agreement with previous reports showing
neuroinflammation after local LAC injections (Bentea et al., 2015;
Elson et al., 2016; Savolainen et al., 2017; Lillethorup et al., 2018b;
Deneyer et al., 2019). Interestingly, we observed increasingly
significant neuroinflammation at 3 and 6 months, probably
indicating long-term effects of local proteasome inhibition or a
combined effect of defective proteasome system with aging. We
eventually analyzed the integrity of the nigrostriatal pathway,
showing that there was no loss of dopaminergic neurons in the
SNc or striatal fibers in the striatum, which is in agreement
with the behavioral analysis, where no motor signs were
obvious up to 6 months. Intriguingly, decreased number of
dopaminergic neurons in the OB and SNc without any motor
behavior disorders were observed in one study after intranasal
administration of LAC in rats (Ekimova et al., 2016). However,
the doses used in that study were much higher, 500 µg, and
administered over a longer period, while we only used 4 µg for
a single injection. Noteworthy, the paradigm used in this study
regarding lactacystin concentration and volume of injection are
in the range of those that produce pathology in the SNc in
other studies (Lorenc-Koci et al., 2011; Bentea et al., 2015).
It might be that different ways of administration, the region
injected, and differences between species are crucial to cause
neurodegeneration.

Overall, we could not find significant parkinsonian-related
changes after LAC injections in the OB and BLA after 6 months.
Before, proteasome inhibition as the model for PD has led to
conflicting results especially when the injection was administered
systemically (Bentea et al., 2017). While some studies showed
an increase in α-syn, others found that α-syn protein levels in
the SNc were not affected even by high doses of LAC injected
intrastriatally (Lorenc-Koci et al., 2011). Even more, some studies
showed that proteasome inhibitors protect against other toxins
such as MPTP or 6-OHDA (Inden et al., 2005; Oshikawa et al.,
2009). Similarly, while some studies suggest that inhibition of
proteasome activity in the amygdala impairs long-term memory
(Lopez-Salon et al., 2001; Artinian et al., 2008; Jarome et al.,
2011), others have found that proteasome inhibitors have no
effect (Lee et al., 2008) or even enhance memory (Yeh et al., 2006;
Felsenberg et al., 2012).

This study has some limitations: First, sex can be a biological
variable. In the current experimental design, we used male mice
because most of the studies using similar approaches involved
male mice. Sexual dimorphism in proteasomal inhibition
remains an area for future investigations. Second, for the same
reason, we decided to perform unilateral injections in order
to use the contralateral hemisphere as control. It could be
that a bilateral paradigm would induce significant behavioral
differences, although this was out of the scope of this preliminary
study, and the motor tests were consistent with the fact that the
mice did not have dopaminergic deficits. The fact that there is
an increase of inflammation markers only in the structure of
the hemispheres injected with LAC and not with saline probably

indicates that LAC was well injected, as inflammation has been
widely demonstrated after LAC injections (Bentea et al., 2015;
Elson et al., 2016; Savolainen et al., 2017; Lillethorup et al.,
2018b; Deneyer et al., 2019). Finally, in this exploratory study,
we have chosen the OB and amygdala as extra-striatal regions,
because both of them exhibit high α-syn pathology consistently
in all patients with PD, and there is plenty of literature involving
these regions in other α-syn models. However, it is possible that
injections in other structures, as what happens in the SNc, might
behave differently; therefore, our results might not be generalized
to all peripheral structures.

Here, we add to the increasing body of literature showing that
LAC injections in extra-nigrostriatal regions may not be useful in
modeling certain specific aspects of PD such as α-syn spreading
after a long period of time. By showing the different vulnerability
of distinctive regions, this study also reinforces the especial and
extraordinary vulnerability of the dopaminergic neurons of the
SNc to diverse insults.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by HM CINAC
Ethical Committee on Animal Welfare and Care.

AUTHOR CONTRIBUTIONS

JB and IT-D designed the study. NL-GR, TB, LM-R, and CS-R
performed and analyzed the experiments. NL-GR, TB, IT-D, AR-
F, LA-E, and JB interpreted the data and wrote the manuscript.
All authors critically revised the manuscript, read and agreed to
the published version of the manuscript.

FUNDING

This study was supported by Instituto de Salud Carlos III
(ISCIII), Ministerio de Ciencia, Innovacion y Universidades
(PI20/00496), EU-LAC T010047, Fundación BBVA and
Fundación Tatiana Pérez de Guzmán el Bueno. JB and LA-E
were supported by the Miguel Servet contracts from ISCIII
(CP19/00200 and CP15/00200). NL-GR was currently funded
by grant S2017/BMD-3700 (NEUROMETAB-CM) from
Comunidad de Madrid co-financed by the Structural Funds of
the European Union.

ACKNOWLEDGMENTS

We wish to thank Rafael Rodriguez-Rojas for the statistical
technical assistance and Raquel Márquez López and Maria

Frontiers in Aging Neuroscience | www.frontiersin.org 10 October 2021 | Volume 13 | Article 698979

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-698979 October 16, 2021 Time: 15:13 # 11

del Rey et al. UPS Inhibition in Extranigral Regions

Ciorraga for the skillful histological processing. We thank Laura
Arenas for her continuous support and motivation, without
which this study would not have been possible.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2021.698979/full#supplementary-material

Supplementary Figure 1 | The expression of ubiquitin remains unaltered in
basolateral amygdala and olfactory bulb after 3 and 6 months of lactacystin
injection. Representative images of ubiquitin in the injected BLA (A–C) or OB
(E–G) are shown. In both groups, no changes in ubiquitin expression were
observed (D and H). 6 animals per group were used. A two-way ANOVA and
Bonferroni multiple comparisons were used to determine which pairs were
significantly different (p < 0.05) and a two-tailed unpaired Student’s t-test was
used to determine differences (p < 0.05) between two hemispheres of the same
experimental group. A confidence level of 95% was accepted as significant. No
significant differences (p < 0.05) between two hemispheres of the same
experimental group or injected hemisphere and its correspondent sham groups
were observed.

REFERENCES
Ahn, T.-B., and Jeon, B. S. (2006). Protective role of heat shock and heat shock

protein 70 in lactacystin-induced cell death both in the rat substantia nigra and
PC12 cells. Brain Res. 1087, 159–167. doi: 10.1016/j.brainres.2006.02.097

Artinian, J., McGauran, A.-M. T., De Jaeger, X., Mouledous, L., Frances, B.,
and Roullet, P. (2008). Protein degradation, as with protein synthesis, is
required during not only long-term spatial memory consolidation but also
reconsolidation. Eur. J. Neurosci. 27, 3009–3019. doi: 10.1111/j.1460-9568.2008.
06262.x

Bedford, L., Hay, D., Devoy, A., Paine, S., Powe, D. G., Seth, R., et al.
(2008). Depletion of 26S proteasomes in mouse brain neurons causes
neurodegeneration and Lewy-like inclusions resembling human pale bodies.
J. Neurosci. 28, 8189–8198. doi: 10.1523/JNEUROSCI.2218-08.2008

Bentea, E., Van der Perren, A., Van Liefferinge, J., El Arfani, A., Albertini, G.,
Demuyser, T., et al. (2015). Nigral proteasome inhibition in mice leads to motor
and non-motor deficits and increased expression of Ser129 phosphorylated
α-synuclein. Front. Behav. Neurosci. 9:68. doi: 10.3389/fnbeh.2015.00068

Bentea, E., Verbruggen, L., and Massie, A. (2017). The Proteasome Inhibition
Model of Parkinson’s Disease. J. Parkinsons Dis. 7, 31–63. doi: 10.3233/JPD-
160921

Bir, A., Sen, O., Anand, S., Khemka, V. K., Banerjee, P., Cappai, R., et al.
(2014). α-Synuclein-induced mitochondrial dysfunction in isolated preparation
and intact cells: implications in the pathogenesis of Parkinson’s disease.
J. Neurochem. 131, 868–877. doi: 10.1111/jnc.12966

Braak, H., Del Tredici, K., Rüb, U., de Vos, R. A. I., Jansen Steur, E. N. H., and
Braak, E. (2003). Staging of brain pathology related to sporadic Parkinson’s
disease. Neurobiol. Aging 24, 197–211. doi: 10.1016/s0197-4580(02)00
065-69

Bukhatwa, S., Zeng, B.-Y., Rose, S., and Jenner, P. (2010). A comparison of changes
in proteasomal subunit expression in the substantia nigra in Parkinson’s disease,
multiple system atrophy and progressive supranuclear palsy. Brain Res. 1326,
174–183. doi: 10.1016/j.brainres.2010.02.045

Burtscher, J., Copin, J.-C., Sandi, C., and Lashuel, H. A. (2020). Pronounced
α-Synuclein pathology in a seeding-based mouse model is not sufficient to
induce mitochondrial respiration deficits in the striatum and amygdala. eNeuro
7:ENEURO.0110-20.2020. doi: 10.1523/ENEURO.0110-20.2020

Cersosimo, M. G. (2018). Propagation of alpha-synuclein pathology from the
olfactory bulb: possible role in the pathogenesis of dementia with Lewy bodies.
Cell Tissue Res. 373, 233–243. doi: 10.1007/s00441-017-2733-2736

Dehay, B., Decressac, M., Bourdenx, M., Guadagnino, I., Fernagut, P.-O.,
Tamburrino, A., et al. (2016). Targeting α-synuclein: therapeutic options. Mov.
Disord. 31, 882–888. doi: 10.1002/mds.26568

Del Rey, N. L.-G., Quiroga-Varela, A., Garbayo, E., Carballo-Carbajal, I.,
Fernández-Santiago, R., Monje, M. H. G., et al. (2018). Advances in Parkinson’s
disease: 200 years later. Front. Neuroanat. 12:113. doi: 10.3389/fnana.2018.
00113

Deneyer, L., Albertini, G., Bentea, E., and Massie, A. (2019). Systemic LPS-induced
neuroinflammation increases the susceptibility for proteasome inhibition-
induced degeneration of the nigrostriatal pathway. Parkinsonism. Relat. Disord.
68, 26–32. doi: 10.1016/j.parkreldis.2019.09.025

Ding, Q., and Keller, J. N. (2003). Does proteasome inhibition play a role
in mediating neuropathology and neuron death in Alzheimer’s disease?
J. Alzheimers Dis. 5, 241–245. doi: 10.3233/jad-2003-5307

Ebrahimi-Fakhari, D., Cantuti-Castelvetri, I., Fan, Z., Rockenstein, E., Masliah,
E., Hyman, B. T., et al. (2011). Distinct roles in vivo for the ubiquitin-
proteasome system and the autophagy-lysosomal pathway in the degradation
of α-synuclein. J. Neurosci. 31, 14508–14520. doi: 10.1523/JNEUROSCI.1560-
11.2011

Ebrahimi-Fakhari, D., Wahlster, L., and McLean, P. J. (2012). Protein degradation
pathways in Parkinson’s disease: curse or blessing. Acta Neuropathol. 124,
153–172. doi: 10.1007/s00401-012-1004-1006

Ekimova, I. V., and Plaksina, D. V. (2017). Effects of quercetin on
neurodegenerative and compensatory processes in the nigrostriatal system in
a model of the preclinical stage of Parkinson’s disease in rats. Neurosci. Behav.
Phys. 47, 1029–1036. doi: 10.1007/s11055-017-0508-x

Ekimova, I. V., Simonova, V. V., Guzeev, M. A., Lapshina, K. V., Chernyshev,
M. V., and Pastukhov, Y. F. (2016). Changes in sleep characteristics of rat
preclinical model of Parkinson’s disease based on attenuation of the ubiquitin—
proteasome system activity in the brain. J. Evol. Biochem. Phys. 52, 463–474.
doi: 10.1134/S1234567816060057

Elson, J. L., Yates, A., and Pienaar, I. S. (2016). Pedunculopontine cell loss and
protein aggregation direct microglia activation in parkinsonian rats. Brain
Struct. Funct. 221, 2319–2341. doi: 10.1007/s00429-015-1045-1044

Fares, M. B., Jagannath, S., and Lashuel, H. A. (2021). Reverse engineering Lewy
bodies: how far have we come and how far can we go? Nat. Rev. Neurosci. 22,
111–131. doi: 10.1038/s41583-020-00416-416

Felsenberg, J., Dombrowski, V., and Eisenhardt, D. (2012). A role of protein
degradation in memory consolidation after initial learning and extinction
learning in the honeybee (Apis mellifera). Learn. Mem. 19, 470–477. doi: 10.
1101/lm.026245.112

Flores-Cuadrado, A., Saiz-Sanchez, D., Mohedano-Moriano, A., Martinez-Marcos,
A., and Ubeda-Bañon, I. (2019). Neurodegeneration and contralateral α-
synuclein induction after intracerebral α-synuclein injections in the anterior
olfactory nucleus of a Parkinson’s disease A53T mouse model. Acta
Neuropathol. Commun. 7:56. doi: 10.1186/s40478-019-0713-717

Franklin, K., and Paxinos, G. (2003). The Mouse Brain in Stereotaxic Coordinates,
Compact, 5th Edn. Cambridge, MA: Academic Press.

Furukawa, Y., Vigouroux, S., Wong, H., Guttman, M., Rajput, A. H., Ang, L., et al.
(2002). Brain proteasomal function in sporadic Parkinson’s disease and related
disorders. Ann. Neurol. 51, 779–782. doi: 10.1002/ana.10207

Goedert, M. (2015). NEURODEGENERATION. Alzheimer’s and Parkinson’s
diseases: the prion concept in relation to assembled Aβ, tau, and α-synuclein.
Science 349:1255555. doi: 10.1126/science.1255555

Grünblatt, E., Mandel, S., Jacob-Hirsch, J., Zeligson, S., Amariglo, N., Rechavi,
G., et al. (2004). Gene expression profiling of parkinsonian substantia nigra
pars compacta; alterations in ubiquitin-proteasome, heat shock protein, iron
and oxidative stress regulated proteins, cell adhesion/cellular matrix and vesicle
trafficking genes. J. Neural Transm. (Vienna) 111, 1543–1573. doi: 10.1007/
s00702-004-0212-211

Hakim, V., Cohen, L. D., Zuchman, R., Ziv, T., and Ziv, N. E. (2016). The effects
of proteasomal inhibition on synaptic proteostasis. EMBO J. 35, 2238–2262.
doi: 10.15252/embj.201593594

Heras-Garvin, A., and Stefanova, N. (2020). From synaptic protein to prion:
the long and controversial journey of α-Synuclein. Front. Synaptic Neurosci.
12:584536. doi: 10.3389/fnsyn.2020.584536

Hovens, I. B., Nyakas, C., and Schoemaker, R. G. (2014). A novel method
for evaluating microglial activation using ionized calcium-binding adaptor

Frontiers in Aging Neuroscience | www.frontiersin.org 11 October 2021 | Volume 13 | Article 698979

https://www.frontiersin.org/articles/10.3389/fnagi.2021.698979/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2021.698979/full#supplementary-material
https://doi.org/10.1016/j.brainres.2006.02.097
https://doi.org/10.1111/j.1460-9568.2008.06262.x
https://doi.org/10.1111/j.1460-9568.2008.06262.x
https://doi.org/10.1523/JNEUROSCI.2218-08.2008
https://doi.org/10.3389/fnbeh.2015.00068
https://doi.org/10.3233/JPD-160921
https://doi.org/10.3233/JPD-160921
https://doi.org/10.1111/jnc.12966
https://doi.org/10.1016/s0197-4580(02)00065-69
https://doi.org/10.1016/s0197-4580(02)00065-69
https://doi.org/10.1016/j.brainres.2010.02.045
https://doi.org/10.1523/ENEURO.0110-20.2020
https://doi.org/10.1007/s00441-017-2733-2736
https://doi.org/10.1002/mds.26568
https://doi.org/10.3389/fnana.2018.00113
https://doi.org/10.3389/fnana.2018.00113
https://doi.org/10.1016/j.parkreldis.2019.09.025
https://doi.org/10.3233/jad-2003-5307
https://doi.org/10.1523/JNEUROSCI.1560-11.2011
https://doi.org/10.1523/JNEUROSCI.1560-11.2011
https://doi.org/10.1007/s00401-012-1004-1006
https://doi.org/10.1007/s11055-017-0508-x
https://doi.org/10.1134/S1234567816060057
https://doi.org/10.1007/s00429-015-1045-1044
https://doi.org/10.1038/s41583-020-00416-416
https://doi.org/10.1101/lm.026245.112
https://doi.org/10.1101/lm.026245.112
https://doi.org/10.1186/s40478-019-0713-717
https://doi.org/10.1002/ana.10207
https://doi.org/10.1126/science.1255555
https://doi.org/10.1007/s00702-004-0212-211
https://doi.org/10.1007/s00702-004-0212-211
https://doi.org/10.15252/embj.201593594
https://doi.org/10.3389/fnsyn.2020.584536
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-698979 October 16, 2021 Time: 15:13 # 12

del Rey et al. UPS Inhibition in Extranigral Regions

protein-1 staining: cell body to cell size ratio. Neuroimmunol. Neuroinflamm.
1, 82–88. doi: 10.4103/2347-8659.139719

Inden, M., Kondo, J.-I., Kitamura, Y., Takata, K., Nishimura, K., Taniguchi, T.,
et al. (2005). Proteasome inhibitors protect against degeneration of nigral
dopaminergic neurons in hemiparkinsonian rats. J. Pharmacol. Sci. 97, 203–211.
doi: 10.1254/jphs.fp0040525

Izco, M., Blesa, J., Schleef, M., Schmeer, M., Porcari, R., Al-Shawi, R., et al. (2019).
Systemic exosomal delivery of shRNA minicircles prevents parkinsonian
pathology. Mol. Ther. 27, 2111–2122. doi: 10.1016/j.ymthe.2019.08.010

Izco, M., Blesa, J., Verona, G., Cooper, J. M., and Alvarez-Erviti, L. (2020). Glial
activation precedes alpha-synuclein pathology in a mouse model of Parkinson’s
disease. Neurosci Res. 170, 330–340. doi: 10.1016/j.neures.2020.11.004

Jarome, T. J., Werner, C. T., Kwapis, J. L., and Helmstetter, F. J. (2011). Activity
dependent protein degradation is critical for the formation and stability of
fear memory in the amygdala. PLoS One 6:e24349. doi: 10.1371/journal.pone.
0024349

Kim, S., Kwon, S.-H., Kam, T.-I., Panicker, N., Karuppagounder, S. S., Lee, S., et al.
(2019). Transneuronal propagation of pathologic α-synuclein from the gut to
the brain models Parkinson’s disease. Neuron 103, 627–641.e7. doi: 10.1016/j.
neuron.2019.05.035

Kulkarni, A. S., Del Mar, Cortijo, M., Roberts, E. R., Suggs, T. L., Stover, H. B., et al.
(2020). Perturbation of in vivo neural activity following α-Synuclein seeding
in the olfactory bulb. J. Parkinsons Dis. 10, 1411–1427. doi: 10.3233/JPD-20
2241

Laser, H., Mack, T. G. A., Wagner, D., and Coleman, M. P. (2003). Proteasome
inhibition arrests neurite outgrowth and causes “dying-back” degeneration in
primary culture. J. Neurosci. Res. 74, 906–916. doi: 10.1002/jnr.10806

Lee, S.-H., Choi, J.-H., Lee, N., Lee, H.-R., Kim, J.-I., Yu, N.-K., et al.
(2008). Synaptic protein degradation underlies destabilization of retrieved fear
memory. Science 319, 1253–1256. doi: 10.1126/science.1150541

Lillethorup, T. P., Glud, A. N., Alstrup, A. K. O., Mikkelsen, T. W., Nielsen, E. H.,
Zaer, H., et al. (2018a). Nigrostriatal proteasome inhibition impairs dopamine
neurotransmission and motor function in minipigs. Exp. Neurol. 303, 142–152.
doi: 10.1016/j.expneurol.2018.02.005

Lillethorup, T. P., Glud, A. N., Alstrup, A. K. O., Noer, O., Nielsen, E. H. T., Schacht,
A. C., et al. (2018b). Longitudinal monoaminergic PET imaging of chronic
proteasome inhibition in minipigs. Sci. Rep. 8:15715. doi: 10.1038/s41598-018-
34084-34085

Lim, K.-L., and Tan, J. M. M. (2007). Role of the ubiquitin proteasome system in
Parkinson’s disease. BMC Biochem. 8(Suppl. 1):S13. doi: 10.1186/1471-2091-8-
S1-S13

Lopez-Salon, M., Alonso, M., Vianna, M. R. M., Viola, H., Souza, T. M. E.,
Izquierdo, I., et al. (2001). The ubiquitin–proteasome cascade is required for
mammalian long-term memory formation. Eur. J. Neurosci. 14, 1820–1826.
doi: 10.1046/j.0953-816x.2001.01806.x

Lorenc-Koci, E., Lenda, T., Antkiewicz-Michaluk, L., Wardas, J., Domin,
H., Smiałowska, M., et al. (2011). Different effects of intranigral and
intrastriatal administration of the proteasome inhibitor lactacystin on typical
neurochemical and histological markers of Parkinson’s disease in rats.
Neurochem. Int. 58, 839–849. doi: 10.1016/j.neuint.2011.03.013

Luk, K. C., Kehm, V., Carroll, J., Zhang, B., O’Brien, P., Trojanowski, J. Q.,
et al. (2012a). Pathological α-Synuclein transmission initiates parkinson-like
neurodegeneration in non-transgenic mice. Science 338, 949–953. doi: 10.1126/
science.1227157

Luk, K. C., Kehm, V. M., Zhang, B., O’Brien, P., Trojanowski, J. Q., and Lee,
V. M. Y. (2012b). Intracerebral inoculation of pathological α-synuclein initiates
a rapidly progressive neurodegenerative α-synucleinopathy in mice. J. Exp.
Med. 209, 975–986. doi: 10.1084/jem.20112457

Machiya, Y., Hara, S., Arawaka, S., Fukushima, S., Sato, H., Sakamoto, M., et al.
(2010). Phosphorylated alpha-synuclein at Ser-129 is targeted to the proteasome
pathway in a ubiquitin-independent manner. J. Biol. Chem. 285, 40732–40744.
doi: 10.1074/jbc.M110.141952

Mackey, S., Jing, Y., Flores, J., Dinelle, K., and Doudet, D. J. (2013). Direct
intranigral administration of an ubiquitin proteasome system inhibitor in rat:
behavior, positron emission tomography, immunohistochemistry. Exp. Neurol.
247, 19–24. doi: 10.1016/j.expneurol.2013.03.021

Martins-Branco, D., Esteves, A. R., Santos, D., Arduino, D. M., Swerdlow, R. H.,
Oliveira, C. R., et al. (2012). Ubiquitin proteasome system in Parkinson’s

disease: a keeper or a witness? Exp. Neurol. 238, 89–99. doi: 10.1016/j.expneurol.
2012.08.008

Mason, D. M., Nouraei, N., Pant, D. B., Miner, K. M., Hutchison, D. F., Luk, K. C.,
et al. (2016). Transmission of α-synucleinopathy from olfactory structures deep
into the temporal lobe. Mol. Neurodegener. 11:49. doi: 10.1186/s13024-016-
0113-114

Masuda-Suzukake, M., Nonaka, T., Hosokawa, M., Oikawa, T., Arai, T., Akiyama,
H., et al. (2013). Prion-like spreading of pathological α-synuclein in brain. Brain
136, 1128–1138. doi: 10.1093/brain/awt037

Mathur, B. N., Neely, M. D., Dyllick-Brenzinger, M., Tandon, A., and Deutch,
A. Y. (2007). Systemic administration of a proteasome inhibitor does not cause
nigrostriatal dopamine degeneration. Brain Res. 1168, 83–89. doi: 10.1016/j.
brainres.2007.06.076

Matsuura, K., Kabuto, H., Makino, H., and Ogawa, N. (1997). Pole test is a
useful method for evaluating the mouse movement disorder caused by striatal
dopamine depletion. J. Neurosci. Methods 73, 45–48. doi: 10.1016/S0165-
0270(96)02211-X

McKinnon, C., De Snoo, M. L., Gondard, E., Neudorfer, C., Chau, H., Ngana,
S. G., et al. (2020). Early-onset impairment of the ubiquitin-proteasome system
in dopaminergic neurons caused by α-synuclein. Acta Neuropathol. Commun.
8:17. doi: 10.1186/s40478-020-0894-890

McNaught, K. S., and Jenner, P. (2001). Proteasomal function is impaired in
substantia nigra in Parkinson’s disease. Neurosci. Lett. 297, 191–194. doi: 10.
1016/s0304-3940(00)01701-1708

McNaught, K. S., Olanow, C. W., Halliwell, B., Isacson, O., and Jenner, P. (2001).
Failure of the ubiquitin-proteasome system in Parkinson’s disease. Nat. Rev.
Neurosci. 2, 589–594. doi: 10.1038/35086067

McNaught, K. S. P., Belizaire, R., Isacson, O., Jenner, P., and Olanow, C. W. (2003).
Altered proteasomal function in sporadic Parkinson’s disease. Exp. Neurol. 179,
38–46. doi: 10.1006/exnr.2002.8050

McNaught, K. S. P., Björklund, L. M., Belizaire, R., Isacson, O., Jenner, P., and
Olanow, C. W. (2002a). Proteasome inhibition causes nigral degeneration with
inclusion bodies in rats. Neuroreport 13, 1437–1441. doi: 10.1097/00001756-
200208070-200208018

McNaught, K. S. P., Mytilineou, C., Jnobaptiste, R., Yabut, J., Shashidharan, P.,
Jennert, P., et al. (2002b). Impairment of the ubiquitin-proteasome system
causes dopaminergic cell death and inclusion body formation in ventral
mesencephalic cultures. J. Neurochem. 81, 301–306. doi: 10.1046/j.1471-4159.
2002.00821.x

Miwa, H., Kubo, T., Suzuki, A., Nishi, K., and Kondo, T. (2005). Retrograde
dopaminergic neuron degeneration following intrastriatal proteasome
inhibition. Neurosci. Lett. 380, 93–98. doi: 10.1016/j.neulet.2005.01.024

Mougenot, A.-L., Nicot, S., Bencsik, A., Morignat, E., Verchère, J., Lakhdar, L.,
et al. (2012). Prion-like acceleration of a synucleinopathy in a transgenic mouse
model. Neurobiol. Aging 33, 2225–2228. doi: 10.1016/j.neurobiolaging.2011.06.
022

Mytilineou, C., McNaught, K. S. P., Shashidharan, P., Yabut, J., Baptiste, R. J.,
Parnandi, A., et al. (2004). Inhibition of proteasome activity sensitizes
dopamine neurons to protein alterations and oxidative stress. J. Neural Transm.
(Vienna) 111, 1237–1251. doi: 10.1007/s00702-004-0167-162

Niu, C., Mei, J., Pan, Q., and Fu, X. (2009). Nigral degeneration with inclusion
body formation and behavioral changes in rats after proteasomal inhibition.
Stereotact. Funct. Neurosurg. 87, 69–81. doi: 10.1159/000202972

Niu, H., Shen, L., Li, T., Ren, C., Ding, S., Wang, L., et al. (2018). Alpha-
synuclein overexpression in the olfactory bulb initiates prodromal symptoms
and pathology of Parkinson’s disease. Trans. Neurodegeneration 7:25. doi: 10.
1186/s40035-018-0128-126

Olanow, C. W., and McNaught, K. S. P. (2006). Ubiquitin-proteasome system and
Parkinson’s disease. Mov. Disord. 21, 1806–1823. doi: 10.1002/mds.21013

Ômura, S., and Crump, A. (2019). Lactacystin: first-in-class proteasome inhibitor
still excelling and an exemplar for future antibiotic research. J. Antibiot. (Tokyo)
72, 189–201. doi: 10.1038/s41429-019-0141-148

Oshikawa, T., Kuroiwa, H., Yano, R., Yokoyama, H., Kadoguchi, N., Kato, H., et al.
(2009). Systemic administration of proteasome inhibitor protects against MPTP
neurotoxicity in mice. Cell Mol. Neurobiol. 29, 769–777. doi: 10.1007/s10571-
009-9402-9406

Paumier, K. L., Luk, K. C., Manfredsson, F. P., Kanaan, N. M., Lipton, J. W., Collier,
T. J., et al. (2015). Intrastriatal injection of pre-formed mouse α-synuclein fibrils

Frontiers in Aging Neuroscience | www.frontiersin.org 12 October 2021 | Volume 13 | Article 698979

https://doi.org/10.4103/2347-8659.139719
https://doi.org/10.1254/jphs.fp0040525
https://doi.org/10.1016/j.ymthe.2019.08.010
https://doi.org/10.1016/j.neures.2020.11.004
https://doi.org/10.1371/journal.pone.0024349
https://doi.org/10.1371/journal.pone.0024349
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.1016/j.neuron.2019.05.035
https://doi.org/10.3233/JPD-202241
https://doi.org/10.3233/JPD-202241
https://doi.org/10.1002/jnr.10806
https://doi.org/10.1126/science.1150541
https://doi.org/10.1016/j.expneurol.2018.02.005
https://doi.org/10.1038/s41598-018-34084-34085
https://doi.org/10.1038/s41598-018-34084-34085
https://doi.org/10.1186/1471-2091-8-S1-S13
https://doi.org/10.1186/1471-2091-8-S1-S13
https://doi.org/10.1046/j.0953-816x.2001.01806.x
https://doi.org/10.1016/j.neuint.2011.03.013
https://doi.org/10.1126/science.1227157
https://doi.org/10.1126/science.1227157
https://doi.org/10.1084/jem.20112457
https://doi.org/10.1074/jbc.M110.141952
https://doi.org/10.1016/j.expneurol.2013.03.021
https://doi.org/10.1016/j.expneurol.2012.08.008
https://doi.org/10.1016/j.expneurol.2012.08.008
https://doi.org/10.1186/s13024-016-0113-114
https://doi.org/10.1186/s13024-016-0113-114
https://doi.org/10.1093/brain/awt037
https://doi.org/10.1016/j.brainres.2007.06.076
https://doi.org/10.1016/j.brainres.2007.06.076
https://doi.org/10.1016/S0165-0270(96)02211-X
https://doi.org/10.1016/S0165-0270(96)02211-X
https://doi.org/10.1186/s40478-020-0894-890
https://doi.org/10.1016/s0304-3940(00)01701-1708
https://doi.org/10.1016/s0304-3940(00)01701-1708
https://doi.org/10.1038/35086067
https://doi.org/10.1006/exnr.2002.8050
https://doi.org/10.1097/00001756-200208070-200208018
https://doi.org/10.1097/00001756-200208070-200208018
https://doi.org/10.1046/j.1471-4159.2002.00821.x
https://doi.org/10.1046/j.1471-4159.2002.00821.x
https://doi.org/10.1016/j.neulet.2005.01.024
https://doi.org/10.1016/j.neurobiolaging.2011.06.022
https://doi.org/10.1016/j.neurobiolaging.2011.06.022
https://doi.org/10.1007/s00702-004-0167-162
https://doi.org/10.1159/000202972
https://doi.org/10.1186/s40035-018-0128-126
https://doi.org/10.1186/s40035-018-0128-126
https://doi.org/10.1002/mds.21013
https://doi.org/10.1038/s41429-019-0141-148
https://doi.org/10.1007/s10571-009-9402-9406
https://doi.org/10.1007/s10571-009-9402-9406
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-698979 October 16, 2021 Time: 15:13 # 13

del Rey et al. UPS Inhibition in Extranigral Regions

into rats triggers α-synuclein pathology and bilateral nigrostriatal degeneration.
Neurobiol. Dis. 82, 185–199. doi: 10.1016/j.nbd.2015.06.003

Peelaerts, W., Bousset, L., Van der Perren, A., Moskalyuk, A., Pulizzi, R., Giugliano,
M., et al. (2015). α-Synuclein strains cause distinct synucleinopathies after local
and systemic administration. Nature 522, 340–344. doi: 10.1038/nature14547

Pienaar, I. S., Gartside, S. E., Sharma, P., De Paola, V., Gretenkord, S., Withers, D.,
et al. (2015a). Pharmacogenetic stimulation of cholinergic pedunculopontine
neurons reverses motor deficits in a rat model of Parkinson’s disease. Mol.
Neurodegeneration 10:47. doi: 10.1186/s13024-015-0044-45

Pienaar, I. S., Harrison, I. F., Elson, J. L., Bury, A., Woll, P., Simon, A. K., et al.
(2015b). An animal model mimicking pedunculopontine nucleus cholinergic
degeneration in Parkinson’s disease. Brain Struct. Funct. 220, 479–500. doi:
10.1007/s00429-013-0669-665

Poewe, W., Seppi, K., Tanner, C. M., Halliday, G. M., Brundin, P., Volkmann, J.,
et al. (2017). Parkinson disease. Nat. Rev. Dis. Primers 3:17013. doi: 10.1038/
nrdp.2017.13

Reaney, S. H., Johnston, L. C., Langston, W. J., and Di Monte, D. A. (2006).
Comparison of the neurotoxic effects of proteasomal inhibitors in primary
mesencephalic cultures. Exp. Neurol. 202, 434–440. doi: 10.1016/j.expneurol.
2006.07.010

Recasens, A., Dehay, B., Bové, J., Carballo-Carbajal, I., Dovero, S., Pérez-Villalba,
A., et al. (2014). Lewy body extracts from Parkinson disease brains trigger α-
synuclein pathology and neurodegeneration in mice and monkeys. Ann. Neurol.
75, 351–362. doi: 10.1002/ana.24066

Rey, N. L., Bousset, L., George, S., Madaj, Z., Meyerdirk, L., Schulz, E., et al.
(2019). α-Synuclein conformational strains spread, seed and target neuronal
cells differentially after injection into the olfactory bulb. Acta Neuropathol.
Commun. 7:221. doi: 10.1186/s40478-019-0859-853

Rey, N. L., George, S., Steiner, J. A., Madaj, Z., Luk, K. C., Trojanowski, J. Q.,
et al. (2018). Spread of aggregates after olfactory bulb injection of α-synuclein
fibrils is associated with early neuronal loss and is reduced long term. Acta
Neuropathol. 135, 65–83. doi: 10.1007/s00401-017-1792-1799

Rey, N. L., Steiner, J. A., Maroof, N., Luk, K. C., Madaj, Z., Trojanowski, J. Q., et al.
(2016). Widespread transneuronal propagation of α-synucleinopathy triggered
in olfactory bulb mimics prodromal Parkinson’s disease. J. Exp. Med. 213,
1759–1778. doi: 10.1084/jem.20160368

Rideout, H. J., Dietrich, P., Wang, Q., Dauer, W. T., and Stefanis, L. (2004). alpha-
synuclein is required for the fibrillar nature of ubiquitinated inclusions induced
by proteasomal inhibition in primary neurons. J. Biol. Chem. 279, 46915–46920.
doi: 10.1074/jbc.M405146200

Rideout, H. J., Lang-Rollin, I. C. J., Savalle, M., and Stefanis, L. (2005).
Dopaminergic neurons in rat ventral midbrain cultures undergo selective
apoptosis and form inclusions, but do not up-regulate iHSP70, following
proteasomal inhibition. J. Neurochem. 93, 1304–1313. doi: 10.1111/j.1471-4159.
2005.03124.x

Sacino, A. N., Brooks, M., Thomas, M. A., McKinney, A. B., Lee, S., Regenhardt,
R. W., et al. (2014). Intramuscular injection of α-synuclein induces CNS α-
synuclein pathology and a rapid-onset motor phenotype in transgenic mice.
Proc. Natl. Acad. Sci. U S A. 111, 10732–10737. doi: 10.1073/pnas.1321785111

Savolainen, M. H., Albert, K., Airavaara, M., and Myöhänen, T. T. (2017). Nigral
injection of a proteasomal inhibitor, lactacystin, induces widespread glial cell

activation and shows various phenotypes of Parkinson’s disease in young and
adult mouse. Exp. Brain Res. 235, 2189–2202. doi: 10.1007/s00221-017-4962-z

Sawada, H., Kohno, R., Kihara, T., Izumi, Y., Sakka, N., Ibi, M., et al. (2004).
Proteasome mediates dopaminergic neuronal degeneration, and its inhibition
causes alpha-synuclein inclusions. J. Biol. Chem. 279, 10710–10719. doi: 10.
1074/jbc.M308434200

Shen, M., Schmitt, S., Buac, D., and Dou, Q. P. (2013). Targeting the ubiquitin-
proteasome system for cancer therapy. Expert Opin. Ther. Targets 17, 1091–
1108. doi: 10.1517/14728222.2013.815728

Spillantini, M. G., Crowther, R. A., Jakes, R., Hasegawa, M., and Goedert, M. (1998).
alpha-Synuclein in filamentous inclusions of Lewy bodies from Parkinson’s
disease and dementia with lewy bodies. Proc. Natl. Acad. Sci. U S A. 95,
6469–6473. doi: 10.1073/pnas.95.11.6469

Stoyka, L. E., Arrant, A. E., Thrasher, D. R., Russell, D. L., Freire, J., Mahoney,
C. L., et al. (2020). Behavioral defects associated with amygdala and cortical
dysfunction in mice with seeded α-synuclein inclusions. Neurobiol. Dis.
134:104708. doi: 10.1016/j.nbd.2019.104708

Tofaris, G. K., Razzaq, A., Ghetti, B., Lilley, K. S., and Spillantini, M. G. (2003).
Ubiquitination of alpha-synuclein in Lewy bodies is a pathological event not
associated with impairment of proteasome function. J. Biol. Chem. 278, 44405–
44411. doi: 10.1074/jbc.M308041200

Trigo-Damas, I., Del Rey, N. L.-G., and Blesa, J. (2018). Novel models for
Parkinson’s disease and their impact on future drug discovery. Expert Opin.
Drug Discov. 13, 229–239. doi: 10.1080/17460441.2018.1428556

Vernon, A. C., Johansson, S. M., and Modo, M. M. (2010). Non-invasive
evaluation of nigrostriatal neuropathology in a proteasome inhibitor rodent
model of Parkinson’s disease. BMC Neurosci. 11:1. doi: 10.1186/1471-2202-
11-11

West, M. J. (1993). New stereological methods for counting neurons. Neurobiol.
Aging 14, 275–285. doi: 10.1016/0197-4580(93)90112-o

Yeh, S.-H., Mao, S.-C., Lin, H.-C., and Gean, P.-W. (2006). Synaptic expression
of glutamate receptor after encoding of fear memory in the rat amygdala. Mol.
Pharmacol. 69, 299–308. doi: 10.1124/mol.105.017194

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 del Rey, Balzano, Martin-Rodriguez, Salinas-Rebolledo, Trigo-
Damas, Rojas-Fernandez, Alvarez-Erviti and Blesa. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 13 October 2021 | Volume 13 | Article 698979

https://doi.org/10.1016/j.nbd.2015.06.003
https://doi.org/10.1038/nature14547
https://doi.org/10.1186/s13024-015-0044-45
https://doi.org/10.1007/s00429-013-0669-665
https://doi.org/10.1007/s00429-013-0669-665
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1016/j.expneurol.2006.07.010
https://doi.org/10.1016/j.expneurol.2006.07.010
https://doi.org/10.1002/ana.24066
https://doi.org/10.1186/s40478-019-0859-853
https://doi.org/10.1007/s00401-017-1792-1799
https://doi.org/10.1084/jem.20160368
https://doi.org/10.1074/jbc.M405146200
https://doi.org/10.1111/j.1471-4159.2005.03124.x
https://doi.org/10.1111/j.1471-4159.2005.03124.x
https://doi.org/10.1073/pnas.1321785111
https://doi.org/10.1007/s00221-017-4962-z
https://doi.org/10.1074/jbc.M308434200
https://doi.org/10.1074/jbc.M308434200
https://doi.org/10.1517/14728222.2013.815728
https://doi.org/10.1073/pnas.95.11.6469
https://doi.org/10.1016/j.nbd.2019.104708
https://doi.org/10.1074/jbc.M308041200
https://doi.org/10.1080/17460441.2018.1428556
https://doi.org/10.1186/1471-2202-11-11
https://doi.org/10.1186/1471-2202-11-11
https://doi.org/10.1016/0197-4580(93)90112-o
https://doi.org/10.1124/mol.105.017194
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Lack of Parkinsonian Pathology and Neurodegeneration in Mice After Long-Term Injections of a Proteasome Inhibitor in Olfactory Bulb and Amygdala
	Introduction
	Materials and Methods
	Experimental Design
	Unilateral Lactacystin Injection in the Olfactory Bulb or Basolateral Amygdala
	Fixation and Tissue Processing
	Brain Immunohistochemistry
	Immunohistochemical Quantification in the Basolateral Amygdala and Olfactory Bulb
	Stereological Analysis of TH Immunopositive Cells in the Substantia Nigra
	Analysis of Neuronal Density in Nissl-Stained Sections
	Longitudinal Assessment of Motor Coordination and Balance
	Statistical Analysis

	Results
	Proteasome Inhibition With Lactacystin in the Basolateral Amygdala or Olfactory Bulb Does Not Impair Balance and Motor Coordination in Mice
	Proteasome Inhibition Induces Neuroinflammation but Does Not Alter Neuronal Density in the Basolateral Amygdala and Olfactory Bulb
	Proteasome Inhibition Does Not Increase α-Synuclein and Phosphoser129-α- Synuclein in the Basolateral Amygdala or Olfactory Bulb
	Expression of Nigrostriatal Dopamine Remains Unaltered After Lactacystin Injection in the Basolateral Amygdala or Olfactory Bulb

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


