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Dopaminergic neurodegeneration in the substantia nigra is
associated with olfactory dysfunction in mice models of
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Olfactory dysfunction represents a prodromal stage in Parkinson’s disease (PD). However, the mechanisms underlying hyposmia are
not specified yet. In this study, we first observed an early olfactory dysfunction in mice with intragastric rotenone administration,
consistent with dopaminergic neurons loss and a-synuclein pathology in the olfactory bulb. However, a much severer olfactory
dysfunction was observed without severer pathology in olfactory bulb when the loss of dopaminergic neurons in the substantia
nigra occurred. Then, we established the mice models by intrastriatal a-synuclein preformed fibrils injection and demonstrated the
performance in the olfactory discrimination test was correlated to the loss of dopaminergic neurons in the substantia nigra, without
any changes in the olfactory bulb analyzed by RNA-sequence. In mice with intranasal ferric ammonium citrate administration, we
observed olfactory dysfunction when dopaminergic neurodegeneration in substantia nigra occurred and was restored when
dopaminergic neurons were rescued. Finally we demonstrated that chemogenetic inhibition of dopaminergic neurons in the
substantia nigra was sufficient to cause hyposmia and motor incoordination. Taken together, this study shows a direct relationship
between nigral dopaminergic neurodegeneration and olfactory dysfunction in PD models and put forward the understandings that

olfactory dysfunction represents the early stage of neurodegeneration in PD progression.
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INTRODUCTION
Olfactory dysfunction is commonly considered as a prodromal
stage in Parkinson’s disease (PD), affecting 75-90% of the patients
[1, 2]. Due to the sensitivity, inexpensivity and feasibility features,
olfactory testing has been applied commonly in the initial
diagnose of newly diagnosed patients with PD [3]. It was reported
that hyposmia increased the risk of dementia in the follow up
period of PD patients, suggesting its broader application in the
evaluation of PD progression [4]. More recently in a multicenter
study, hyposmia was reported in 159/263 (60.5%) idiopathic rapid
eye movement sleep behavior disorder subjects, which was much
higher than the occurrence of constipation (111/263, 42.2%) [5].
This reinforces the prevalence of olfactory dysfunction in PD
diagnosis, even in the preclinical stages of PD. However, the
mechanisms underlying hyposmia are not fully specified yet in PD.
Olfactory bulb (OB) is the primary olfactory center in the brain.
OB is also described as an early affected area in the Braak Staging,
and aggregation of a-synuclein was usually believed to be
associated the early non-motor symptom (hyposmia) [6]. It is
reasonable to apply a-synuclein aggregates in the OB, or via the
olfactory epithelium to investigate a-synuclein spreading and PD
pathogenesis in a prion-like manner [7-9]. Similarly, when double-
mutant human a-synuclein were overexpressed and aggregated

specifically in the OB by an adeno-associated viral vector, the
olfactory dysfunction was detected in those mice. The sponta-
neous activity and odor-evoked firing rates of single mitral/tufted
cells were increased, and this hyperactivity might explain the
neural circuit mechanisms underlying olfactory dysfunction
induced by a-synuclein aggregates [10, 11]. However, in light of
the early preclinical onset of olfactory dysfunction in many
neurodegenerative diseases, olfactory function is complicated and
not be explained only by OB involvements [12]. Even in the
normal aged individuals, neither OB tau, AB or a-synuclein
significantly predict olfactory performance, according to a recent
large autopsy study, further suggesting the involvement of other
brain regions [13]. Interestingly, functional magnetic resonance
imaging analysis revealed that about 0.6% women remains
olfaction in the absence of anatomically defined OB [14], raising
the possibility that olfactory dysfunction is not necessarily
dependent solely on pathological alterations in the OB.
Rotenone is an active ingredient of hundreds of pesticides and
pesticides, considered to be one of the environmental neurotoxins
implicated in etiopathogenesis of PD. As a naturally inhibitor of
mitochondrial complex |, intragastric administration of rotenone is
believed to almost reproduce the typical pathological features of
PD, that is, accumulated a-synuclein spreading from the enteric
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nervous system to the central nervous system and the loss of
dopaminergic neurons. They also replicate several clinical features,
that is, the gastrointestinal and olfactory dysfunction as well as
motor incoordination [15-17]. In the present study, we first
established rotenone mice models to evaluate olfactory function.
An impaired olfactory discrimination was observed early, con-
sistent with a-synuclein pathology in the OB. Unexpectedly, a
severer olfactory dysfunction was observed when the loss of
dopaminergic neurons in the substantia nigra pars compacta
(SNpc) occurred. We then used mice models with intrastriatal a-
synuclein pre-formed fibrils (PFFs) injection, intranasal ferric
ammonium citrate (FAC) administration or chemogenetic inhibi-
tion of nigral dopaminergic neurons to further investigate the
relationship between the damage of dopaminergic neurons in the
SNpc and olfactory dysfunction. We demonstrated that the
impaired performance in olfactory discrimination test was
correlated with the loss of nigral dopaminergic neurons and
restored when neurodegeneration was fully recued. This study
shows a direct relationship between nigral dopaminergic neuro-
degeneration and olfactory dysfunction, and reinforces the
current understanding that olfactory dysfunction represents an
early event in PD progression.

RESULTS

Severer olfactory dysfunction is not associated with lesions in
the OB of rotenone induced PD mice model

Rotenone is a neurotoxin extensively used to model PD, as a
common experimental model induced PD, replicating the
degeneration of dopaminergic neurons in the SN [18]. Consistent
with the previous publications [17, 19], we observed the loss of
TH-immunopositive neurons in the SN of mice with intragastric
rotenone administration for 2 months. However, no obvious
neuronal loss was observed at 1 month after rotenone adminis-
tration (Fig. 1a-c). We applied an olfactory discrimination test to
evaluate the olfactory function in rotenone models. We observed
the accumulated duration spent in familiar compartments
decreased in mice with rotenone administration for 1 month
indicating an impaired olfaction. Unexpectedly, a further reduc-
tion was observed in mice with rotenone administration for
2 months when compared to the 1-month group (Fig. 1d, e). In the
rotenone models, the number of TH-immunopositive cells in the
OB was decreased and meanwhile, the number of phosphorylated
a-synuclein-immunopositive cells was increased, suggesting the
lesion in the OB might be involved in the olfactory dysfunction.
However, no differences were found in the rotenone-treated mice
between 1 month and 2 months groups (Fig. 1f-i), suggesting that
the damage of dopaminergic neurons and a-synuclein accumula-
tion were not further aggravated. Therefore, we speculated
severer olfactory dysfunction in rotenone models might not be
associated with lesions in the OB.

Nigral dopaminergic neurodegeneration is associated with
olfactory dysfunction in mice model with intrastriatal a-
synuclein PFFs injection

We then established mice model with a single injection of a-
synuclein PFFs in the CPu [20, 21] (Fig. 2a). The olfactory
discrimination test was applied at every month after a-synuclein
PFFs injection. There was no difference in the accumulating
duration spent in familiar compartments between a-synuclein
PFFs and saline-injected groups at the first 3 months. A significant
decrease of accumulating duration starts to appear at the fourth
month and remains obvious at the twelfth month (Fig. 2b, c). At
this point, as analyzed by transcriptome profiling in the OB, there
were almost none differentially expressed gene in the OB virtually
(adjusted P < 0.05, Fig. 3), suggesting almost nothing identified in
the OB although there was a clear olfactory dysfunction. However,
recognized by anti-a-synuclein filament antibody [MJFR-14-6-4-2]-
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Conformation-Specific, we observed that the integrated optical
density (IOD) value of a-synuclein were increased definitely,
indicated a-synuclein aggregates in the SNpc of mice 5 months
after PFFs injection (Fig. 2d, f). Meanwhile, a 24.3% reduction in
the number of TH-immunopositive cells was observed (Fig. 2d, e).
More importantly, there was correlations between the accumu-
lated duration spent in familiar compartments and the number of
TH-immunopositive cells in the SNpc (Pearson’s correlation
coefficient R*=047, p=0.029, Fig. 2g), suggesting nigral
dopaminergic neurodegeneration is associated with olfactory
dysfunction in intrastriatal PFFs-inoculated mice.

Nigral dopaminergic neurodegeneration is associated with
olfactory dysfunction in mice model with intranasal FAC
administration

We further established mice models with intranasal FAC admin-
istration to investigate whether olfactory dysfunction is related to
neurodegeneration in the SN (Fig. 4a). In mice with FAC
administration for 3 weeks, we have not seen differences in the
accumulated duration spent in familiar compartments between
FAC and saline-administrated groups (Fig. 4b, c), indicating no
significant alteration of olfaction at this time. The protein levels of
light chain ferritin (L-ferritin) were upregulated by 151% in FAC
group compared to the saline group, demonstrating iron deposits
in the OB. Accordingly, the protein TH (marker for dopaminergic
neurons), rather than GAD (marker for GABAergic neurons)
(Fig. 4d-g), robustly decreased 61%, possibly due to the
vulnerability of dopaminergic neurons to iron. Elevated insoluble
a-synuclein indicated the existence of a-synuclein aggregation
(Fig. 4m), although we did not observe the alterations of total a-
synuclein levels (Fig. 4h). Despite of the obvious lesion in the OB,
there is no nigral iron deposition yet, as indicated by the results
that protein levels of L-ferritin (Fig. S1a, b) and the number of iron-
positive cells (Fig. S1c, d) are unchanged in the SN. Accordingly,
the number of TH-immunopositive cells in the SNpc is comparable
to the saline-administrated group (Fig. Sle, f), indicating no
neurodegeneration in the SN occurs.

Intranasal FAC administration was then applied for 6 weeks and
more iron deposits in the OB as expected. A robust up-regulation
of L-ferritin (245%) and a sever dopaminergic neurons loss (85%)
(Fig. 4h-k), as well as the elevation of insoluble a-synuclein
(Fig. 4n) were observed in the OB, although total a-synuclein
levels remained unchanged (Fig. 4l). Meanwhile, mice with FAC,
rather than saline administration exhibit an obvious decrease of
accumulating duration in familiar compartments, indicating an
impaired olfaction (Fig. 5a). A visible increase in the number of
iron-positive cells by the Perl's-DAB staining (Fig. 5e, f) and
decrease in the number of TH-immunopositive cells (Fig. 5h, i)
were observed in the SN, suggested an apparent iron deposition
and dopaminergic neurodegeneration of these mice. Interestingly,
Pearson’s correlation coefficients revealed a negative correlation
between the accumulated time spent in familiar compartments
and the number of Perl’s-DAB positive cells (Fig. 5g), as well as a
positive correlation between the accumulated time spent in
familiar compartments and TH-immunopostive cell bodies in the
SN (Fig. 5j). These results suggested nigral dopaminergic
neurodegeneration is associated with olfactory dysfunction in
intranasal FAC administrated mice.

Rescuing nigral dopaminergic neurodegeneration restores
olfactory function in mice with PLX5622-formulated diet for 6
weeks

To further demonstrate the association between nigral dopami-
nergic neurons and olfaction, we tried to figure out whether the
olfactory dysfunction could be restored when dopaminergic
neurons are rescued. PLX5622-formulated diet was applied 3 days
prior to intranasal FAC administration and continued for 6 weeks.
PLX5622 is reported to ablate 99% microglia by pharmacologically
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Fig. 1 Olfactory dysfunction and dopaminergic neurodegeneration in the SNpc and OB of mice with rotenone administration.

a Schematic model of intragastric administration of rotenone. Representative images of immunohistochemistry staining (b) and histogram of
the number of TH positive cells (c) in the SNpc of mice (n=5,6,56, P <0.001). d Representative images of track visualization in the olfactory
discrimination test. e Quantification of the accumulated duration in familiar compartments of mice (n = 16,18,17,16, "P < 0.05, P < 0.001).
Representative images of immunohistochemistry staining and histogram of the average number of TH (f, g) and phosphorylated a-synuclein
positive cells (h, i) in the OB of mice (n =5,6,6,6, P<0.05, " P<0.001). Scale bar = 200 pm. Two-tailed Student’s t test was applied and data

were presented as mean + SEM.

inhibiting colony-stimulating factor 1 receptor [22]. As expected,
nigral iron deposition (Fig. 5e, f) and the loss of dopaminergic
neurons was fully blocked (Fig. 5h, i). We found the olfactory
function was restored in these mice (Fig. 5a), however, there has
been no amelioration in terms of the regulation of L-ferritin and
TH in the OB induced by FAC treatment, indicating that PLX5622
did not exert any blocking effects of iron deposition and the loss
of dopaminergic neurons in the OB (Fig. 5b-d). That means, the
mice exhibit almost normal performance in the olfactory
discrimination test, which is ascribable to the maintenance of
nigral dopaminergic neurons.

Cell Death Discovery (2023)9:388

Chemogenetic inhibition of nigral dopaminergic neurons
resulted in olfactory dysfunction

To observe the effect of transient chemogenetic inhibition of
dopaminergic neurons in the SN on olfaction, we established
mice model with bilateral injection of hM,D or GFP virus in the SN
(Fig. 6a). The virus was successfully fused with dopaminergic
neurons in the SNpc (Fig. 6b). One hour after intraperitoneal CNO
injection, the mice showed elevated run duration (Fig. 6d) and
decreased run speed (Fig. 6e) in the Catwalk test; meanwhile, the
decreased stride length of all four paws (Fig. 6¢, f) were observed.
In the pole test, time to turn was prolonged (Fig. 6g). The above
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Fig. 2 Olfactory dysfunction and nigral dopaminergic neurodegeneration in mice with a-synuclein PFFs injection. a Schematic model of
stereotaxic injection of a-synuclein PFFs in the striatum. b Representative images of track visualization in the olfactory discrimination test.
¢ Quantification of the accumulated duration in familiar compartments of mice at different timepoints (1-12 months) after a-synuclein PFFs
intrastriatal injection (n=6, "P<0.01) d-f Representative images and quantification of immunofluorescence staining of TH-positive cells
(green, n = 5) and a-synuclein filaments (red, n =6,5) and nucleus (DAPI) in the SN at 5 months after a-synuclein PFFs injection (‘P < 0.05).
Scale bar =200 pm. g Pearson’s correlation analysis between the accumulated duration in familiar compartments and the number of TH-
immunopostive cells in the SN at five months after a-synuclein PFFs injection. Two-tailed Student’s t test was applied and data were presented

as mean = SEM.

suggested that the inactivation of dopaminergic neurons caused
motor deficits. As we expected, olfactory discrimination test
results showed that, the accumulated time spent in familiar
compartments was longer after the intraperitoneal injection of
CNO (2 mg/kg) compared to that before injection (Fig. 6h, i). None
of the above changes was observed in the GFP group mice with
the control virus administration, which ruled out the effect of CNO.

DISCUSSION
In this study, we first used mice model with intragastric rotenone
administration and demonstrated that further impairment of
olfactory function wasn't accompanied by further damage in the
OB, however, associated with the loss of dopaminergic neurons in
the SNpc. The relationships between olfactory function and nigral
dopaminergic neurons was further supported by the data from
mice models with intrastriatal a-synuclein PFFs injection, intrana-
sal FAC administration or chemogenetic inhibition of nigral
dopaminergic neurons. A neuroanatomical basis from the SNpc
to OB was demonstrated in rats via axonal tracing and 6-
hydroxydopamine, which destroyed nigral dopaminergic neurons,
reduced these dopaminergic projections [23], our study provides
functional lines of evidence that dopaminergic neurodegeneration
in the SNpc is associated with olfactory dysfunction in PD models.
OB is supposed to be early involved in a-synuclein pathology in
Braak Staging, which is usually believed to be associated the early
occurrence of non-motor symptom (hyposmia) before the onset of
motor symptom in PD [6]. The olfactory vector hypothesis is
supported in this scenario, by the evidence from both PD cases
and mice models. A lower global glomerular voxel volume is
defined in the OB and correlates with high phosphorylated a-
synuclein immunoreactivity in PD cases [24]. In the mice with local
a-synuclein overexpression in the OB, olfactory perception is
impaired as indicated by the buried food pellet test and olfactory
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preference/avoidance test [10]. Consistent with these previous
observations, our study implicates that impaired olfactory
discrimination and phosphorylated a-synuclein immunoreactivity
in the OB of rotenone induced PD models.

In the present study, we also observed the loss of dopaminergic
neurons in the OB of rotenone induced PD models. As for
dopaminergic neurons in the OB, it was reported that local
6-hydroxydopamine injection in the OB was able to decrease the
number of dopaminergic neurons and produce olfactory impair-
ment in rodents, suggesting that the latter is likely linked to the
loss of dopaminergic neurons [25]. However, there is evidence
that PD patients showed a 100% increase in dopaminergic
neurons in the OB, and the authors claimed hyposmia might be
due to the increase of dopaminergic neurons [26]. Another study
revealed PD subjects had no significant changes in dopaminergic
neurons in glomerular layer, although fewer mitral/tufted neurons
and calretinin expressing interneurons [27]. Upon these incon-
sistent data, we suppose it is hard to conclude whether the
number of dopaminergic neurons in the OB is associated with
olfactory function. Further evidence was demonstrated in the
present study that in mice with intranasal FAC administration for 3
weeks, an obvious down-regulation of TH protein levels was
observed, however, no alteration was observed in olfactory
discrimination test of these mice. Therefore, olfactory functions
in rotenone models and iron-overload models are not necessarily
dependent on dopaminergic neurons in the OB.

Of note, we observed a much severer impairment in olfactory
discrimination test in mice with rotenone administration for
2 months when compared to those for 1 month. However, the loss
of dopaminergic neurons and a-synuclein pathology (accumula-
tion of phos-a-synuclein) were not aggravated in the OB.
Therefore, we speculate that the further deterioration in olfactory
discrimination test in rotenone models might not be due to the
further pathological alterations in the OB. Consistent with the

Cell Death Discovery (2023)9:388
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Fig. 3 Transcriptome profiling of RNA-seq analyses in the OB of mice with a-synuclein PFFs injection. a, b Box plots of gene expression
date and principal components analysis of OB tissues from the mice 12 months after intrastrital single injection of a-synuclein PFFs. ¢, d There
is almost none differentially expressed gene in total of 18,623 genes detected (adjusted P < 0.05). e The correlation of expression profiles of

individual OB tissues. Gene expressions are highly correlated. n = 4,6.

previous reports that rotenone is able to cause dopaminergic
neurodegeneration in the SN [15, 28], we observed the number of
dopaminergic neurons in the SNpc began to decrease at the
timepoint of 2 months. Therefore, we hypothesized the loss of
nigral dopaminergic neurons might be associated with olfactory
functions based on the dopaminergic projections from the SN to
OB [23]. As the current clinical studies showed, reduced dopamine
transporter uptake of the bilateral caudates was observed in
hyposmic PD compared with the normosmic PD patients [29],
although another study showed olfactory dysfunction in early PD
is not correlated with dopamine uptake (as a measure for
dopaminergic degeneration), but with dopamine turnover (as a
marker for dopaminergic presynaptic compensatory processes)
[30]. A more recent study reported olfactory dysfunction was
correlated with striatal dopamine uptake only in the tremor-
dominant subtype [31], suggesting the relationship between
olfactory dysfunction and dopaminergic degeneration might be
affected by PD subtypes. We then established the mice models
with intrastriatal a-synuclein PFFs injection, and we observed an
impaired olfactory discrimination at 4-12 months after the single
injection. Alpha-synuclein PFFs has been widely used for
investigating the intercellular transmission of the pathological
protein [20, 32, 33]. As expected, a-synuclein aggregates are
observed in the dopaminergic neurons of SNpc, as well as loss of
of dopaminergic neurons in the SNpc. The correlation between
the performance in olfactory discrimination test and the number
of nigral dopaminergic neurons is analyzed, meanwhile, as
analyzed by transcriptome profiling in the OB, there were almost
no differentially expressed gene in the OB virtually. These data
provide strong evidence that dopaminergic neurodegeneration in
the SNpc is associated with olfactory dysfunction.

Intranasally administrated iron might deposit first in the
olfactory epithelium and translocate to the OB via the axons of
the olfactory sensory neurons [34]. Decreased TH levels, rather
than GAD levels, indicated the loss of dopaminergic neurons in

Cell Death Discovery (2023)9:388

the OB of mice with FAC administration for 3 weeks, further
supporting the fact that dopaminergic neuron is particularly
susceptible to iron [35]. Iron deposition and dopaminergic
neurodegeneration were much severer in the OB of mice with
intranasal FAC administration for 6 weeks, which is reasonable
considering iron definitely translocated more to the OB with
longer exposure. However, the total a-synuclein levels, as well as
the a-synuclein pathology (as indicated by Triton-insoluble a-
synuclein levels) are comparable between 3 weeks and 6 weeks.
Meanwhile, we identified an apparent hyposmia in these mice,
and we then ask the question that whether FAC administration for
6 weeks is sufficient to induce dopaminergic neurodegeneration
in the SN. As we expected, the number of dopaminergic neurons
in the SNpc in mice with FAC administration for 3 weeks was
unchanged, indicating no neurodegeneration in the SN occurs at
this time. Mice with FAC administration for 6 weeks exhibit
apparent iron deposition and dopaminergic neurodegeneration in
the SN. Moreover, olfactory dysfunction was fully rescued by the
PLX5622 administration, which also fully restored the number of
dopaminergic neurons in the SNpc. However, there is still severe
iron deposition and dopaminergic neurodegeneration in the OB.
Namely, the olfactory performance in discrimination test is
impaired when SN damage occurred, and is restored when SN
damage is rescued. More strikingly, Pearson’s correlation coeffi-
cients revealed olfactory discrimination correlates well with
dopaminergic neurodegeneration in the SN of mice. This
reinforces the idea that in mice with intranasal administration of
FAC, dopaminergic neurodegeneration in the SN is associated
with olfactory dysfunction.

We notice that in a novel a-synuclein BAC transgenic mice
model of prodromal PD, the mice showed hyposmia at 9 months
of age, and the authors interpreted the data as consistent with
the aggregation of a-synuclein in the OB [36]. However, there is
an apparent loss of TH-immunopositive cell bodies in the SNpc
of these mice at 9 months of age. Actually, triton-soluble

SPRINGER NATURE
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Fig. 4 Evaluation of olfactory discrimination and OB lesions in mice with FAC administration for 3 weeks or 6 weeks. a Schematic model
of intranasal FAC administration. b Representative images of track visualization in the olfactory discrimination test. ¢ Quantification of the
accumulated duration in familiar compartments of mice (n = 10,13,12,15, "P < 0.05). d—h Western blots were used to detect the protein levels
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truncated a-synuclein levels in the OB were already increased at
3 months of age, which seems not sufficient to cause olfactory
dysfunction at that time. So one could not exclude the
possibility olfactory dysfunction is associated with the loss of
dopaminergic neurons in the SN, even in the presence of a-
synuclein pathology in the OB, considering the a-synuclein
pathology might be extensive/unspecific in certain regions in
such a model with genetic manipulations. We then applied

SPRINGER NATURE

chemogenetic approaches to investigate the direct relationship
between the function of nigral dopaminergic neurons and
olfaction. The data demonstrated that hyposmia appeared
when CNO was injection to induce transient inactivation of
dopaminergic neurons. Motor deficits were observed concur-
rently, strongly supported the idea that dopaminergic neuro-
degeneration in the SNpc is associated with olfactory
dysfunction in PD.
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Fig. 5 Effects of PLX5622-formulated diet on olfactory discrimination, OB lesions and SN lesions in mice with FAC administration.
a Quantification of the accumulated duration in familiar compartments to evaluate the oIfactory discrimination of mice (n=89,9,8, "P<0.05,

P <0.001). Western blots were used to detect the protein levels of TH (b, ¢) and L-ferritin (b, d) in the OB (n=6, “P < 0.001). Representative
images (e) and quantification (f) of Perl's-DAB staining of iron positive cells in the SN of mice (n = 6,8,7,6, "P<0.01). g Pearson’s correlation
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intranasal FAC administration for 6 weeks. Representative i images (h) and quantification (i) of immunofluorescence staining of TH- positive cells
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There are complex neural projection links between the OB and associated Lewy bodies pathology and conceptual progression in PD,

other brain regions, these projections constitute a complicated dopaminergic neurons in the SN are inevitably the most affected
network of olfactory information processing [37, 38], although the parts [40]. In the present study, we put forward the understandings in
regions/lesions responsible for hyposmia are not fully specified yet. our models that dopaminergic neurodegeneration in the SN is
Actually, once hyposmia occurred in PD progression, no studies have associated with olffactory dysfunction in PD, the latter as the
shown that it can be restored, even with the levodopa therapy [26]. prodromal symptom indicating the early stage of neurodegeneration.

While loss of smell recovered fast under other conditions such as Considering that 50-80% of dopaminergic cells are already lost when
Corona Virus Disease 2019 [39]. Despite of the differential regions motor symptoms occurred, olfactory dysfunction, as the prodromal
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Fig. 6 Motor deficits and olfactory dysfunction in mice with transient chemogenetic inhibition of dopaminergic neurons in the SN.

a Schematic model of stereotaxic injection of virus in the SN. b Representative images of immunofluorescence staining of TH-positive cells
(green) and AAV-EF1a-DIO-hM4Di-mCherry (hM,4D) virus (red) (bar = 50 pm). ¢ Representative images of paws’ print visualization in the Catwalk
test. Duration (d) and speed (e) of mice crossing the monitoring area, stride length of all four paws (f) in the Catwalk test. (LF left front, LH left
hind, RF right front, RH right hind). g Time to turn in the pole test. Representative images of track visualization in the olfactory discrimination test
(h) and quantification of the accumulated duration in familiar compartments (i) of mice. (n=9, P<0.05, P <0.01). Paired t test was applied.

symptom indicating the early stage of nigral dopaminergic neurode-
generation, representing a slight perturbation in the SN possibly, is
therapeutical

worthy of more emphasis in

studies of PD.

SPRINGER NATURE

diagnosis and

MATERIALS AND METHODS
Animals

All procedures to maintain and use mice were in accordance with the NIH

Guide for the Care and Use of Laboratory Animals and were approved by
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the Institutional Animal Care and Use Committee at the Qingdao University
(QDU-AEC-2021334). All mice were maintained in standard conditions of
controlled room temperature and humidity under12 h light/dark cycle and
free access to water and food. Mice were randomly assigned to different
experimental groups. Sample sizes were based in standard protocols in the
field and no sample or animal was excluded.

Eight-month-old C57BL/6 J male mice from Beijing Vital River Laboratory
Animal Technology Co., Ltd (China) and maintained until twelve-month-
old. These mice were administered orally once daily (5 days per week) at a
dose of 6.25mg/kg/d rotenone for 1 month and 2 months. Rotenone
solution was prepared as follows. 0.72 g NaCl and 3.2 g Carboxymethyl-
cellulose sodium were added to 79 ml ddH,O for full dissolution, followed
by 1 ml chloroform pre-dissolved 50 mg rotenone, and then thoroughly
mixed. Twelve-month-old C57BL/6J male mice in the control group
received only the vehicle without rotenone.

Eight-week-old C57BL/6J male mice from GemPharmatech (China)
weighing 19-23 g were also maintained in standard conditions described
above. For intracerebral injection experiments, mice were applied with a
single injection of 5 ug a-synuclein PFFs into the caudate putamen (CPu) and
the control mice were applied with a single injection of saline accordingly.
For intranasal administration experiments, mice were randomly picked and
administrated with FAC (Sigma, USA) with a dosage of 200 mg/kg for three or
six weeks, and the control mice were intranasally administrated with saline
accordingly. For colony-stimulating factor 1 receptor inhibitor PLX5622 (Med
Chem Express, USA) diet, 1200 PPM was added to normal chow. One week
prior to FAC administration, PLX5622 diet was given and continued to apply
in the period of FAC administration for 6 weeks.

Tyrosine hydroxylase (TH)-Cre transgenic mice (B6.Cg-7630403G23RikTg
(Th-cre) 1Tmd/J) were obtained from The Jackson Laboratory (USA) and
maintained on a C57BL/6 J background. For virus administration, male and
female heterozygous mice, aged 8-20 weeks, were randomly picked
and used.

Assembly of a-synuclein monomers into fibrils

Alpha-syn PFFs were generated by incubating human recombinant a-syn
(rPeptide, USA) to a 5mg/mL solution (buffered with 50 mM Tris-HCl,
150 mM KCl, pH = 7.4) at 37 °C with constant shaking at 1000 rpm for 7 days.
During the incubation, the solution becomes turbid and the typical filaments
of the fibrils were observed with a transmission electron microscope. The a-
syn PFFs were subpackaged, frozen at —80°C and ultrasonicated in water
bath with working fluid concentration for 1 min before injection.

Stereotaxic surgery

For bilateral a-synuclein PFFs administration, anesthetized mice were
placed into a stereotaxic device and either a-synuclein PFFs or sterile
saline. The bilateral infusion of 1puL of PFFs (5ug/uL) or saline were
injected into the CPu by electronic infusion pump at a rate of 0.1 yL/min
for 10 min. Coordinates to bregma for injection were +0.4mm (AP),
+1.8 mm (ML) and —3.5 mm (DV). For bilateral virus administration, 100 nL
of AAV-EF1a-DIO-hM4Di-mCherry (hMyD, virus diluted at 1:2) was injected
into the SN. Coordinates to bregma for injection were —2.92 mm (AP),
+1.15mm (ML) and —4.64 mm (DV). Virus pAAV-GAD67-hSyn-GFP-3Flag
(GFP, virus diluted at 1:2) was chosen as control vector. Vector and virus
were purchased from OBiO Technology Company (Shanghai, China). The
needle was left in place for 10 minutes after each injection before being
removed. All animals were recovered on heating pads at 37°C and
monitored regularly.

Olfactory discrimination test

Olfactory function was examined using the accumulated time spent in
familiar compartments. The test was done in a transparent acrylic box
(30 cmx20 cmx20 cm) with two compartments equally divided, and an
arched passage for the mice to walk through freely. Before the test, the
animals were habituated to the environment for 2 min, with clean
paddings on one side of the box (non-familiar compartments), old
paddings in which the mice remained live for 3-5d before testing on the
other side of the box (familiar compartments). In the test, each mouse was
placed in the middle of arched passage and recorded the accumulated
time spent in each compartment for 3 min by the system of Ethvision XT7.

Motor behavior tests
CatWalk XT gait analysis system (Noldus) was used to automatically record
and analyze the gait pattern of the mice [41]. Mice were familiarized with
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the test environment one day before recording. In the recording, mice
walked freely through the glass walkway and were captured through a high-
speed camera under the walkway. Several static and dynamic parameters
were analyzed to describe and assess the symptomatic motor deficits.

In the pole test [42], a metallic pole wrapped with medical tape with a
diameter of 0.5cm and height of 50 cm was placed vertically in a cage
(40 cm x 60 cm) and covered with bedding in the cage to protect the mice
from injury by falling. A tape covered rubber ball was glued on top of the
pole. Mice were pre-trained three times to learn how to climb down one
day before the formal test. Segmented timing the time to turn around and
the time it took for the mice to get from the top to the bottom after turn.
Three measurements were made and average values were taken for
statistics. The duration, especially the time to turn, reflects the change of
motor coordination in mice.

Clozapine N-oxide (CNO) injection

Three weeks after virus injection with stereotaxic surgery (virus fused with
neurons), 2 mg/kg CNO was injected intraperitoneally. Olfactory discrimi-
nation test and motor behavior tests were performed before injection and
30-120 min after injection respectively.

Immunofluorescence staining

Mice were euthanized and perfused with saline and then ice-cold 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS) for 12-24 h,
then the brains were placed in 30% sucrose solution for 24 h and cut into
20 um slices by machine of frozen slicer (Leica CM1950). For immunofluor-
escence, sections are fixed in 4% PFA for 10 min and rinsed in PBS for 10 min
each time for three times. Subsequently, sections are permeabilized in 5%
donkey serum (Jackson Immuno Research, USA) containing 0.3% Triton X-100
(Biosharp, South Korea) at room temperature and incubated at 4°C
overnight. TH primary antibody (1:1000, Abcam, UK) and anti-a-synuclein
filament antibody [MJFR-14-6-4-2]-Conformation-Specific (1:5000 Abcam, UK)
were diluted in 0.01 M PBST. The sections were incubated with a secondary
antibody (1:500 Invitrogen, USA) for fluorescence staining at room
temperature for 2 h. The sections were then mounted onto glycerin-coated
slides and cover slipped. The images were obtained by a confocal
microscope (Olympus VS120, Japanese) and quantifications were performed
by the software OlyVIA\xvViewer and ImageJ.

Perl’s- 3,3’-Diaminobenzidine (DAB) staining

Iron deposition was detected with Perl’s-DAB staining. Briefly, after fixation
in 4% PFA, the sections were incubated for 30 min in a mixture containing
1% HCI-1% potassium ferrocyanide (sigma, USA) and then were rinsed in
PBS. After that, the sections were incubated in 3% H,O, of methanol
solution for 20 min. After washing in PBS, the sections were incubated with
DAB for 10 min and placed in ddH20 finally. The sections were then
mounted onto gelatin containing xylene coated slides and cover slipped
after dehydration. The images were obtained by a microscope (Olympus
VS120, Japanese) and quantifications were performed by the software
OlyVIA\xvViewer.

Western Blot

The OB and SN were collected and lysed in were lysed with RIPA lysis
buffer (Beyotime, China) and protease inhibitor (Roche, USA). The
protein concentration was determined using the BCA protein assay kit
(CWBIO, USA) and. The samples of 15ug were electrophoresed and
separated on 10% sodium dodecyl sulfate-polyacrylamide gel. The
proteins were then transferred to polyvinylidene difluoride membrane
(Millipore, USA) for 90 min. After blocking for 2 h with 5% non-fat milk in
TBST at room temperature (RT), the membranes were incubated with
primary antibodies against TH (1:3000, Millipore, USA), L-ferritin (1:1000,
Abcam, UK), glutamic acid decarboxylase (GAD, 1:10000, Abcam, UK),
GAPDH (1:20000, absin, China), B-actin (1:10000, Bioss, China) overnight
at 4°C. After washing in PBS, the membranes were incubated with
horseradish peroxidase-conjugated secondary antibodies (1:10000,
absin, China) were applied for 1 h at RT. Immunoreactive bands were
detected and visualized with Fusion system (UVP, USA). The band
intensities were normalized to those of -actin or GAPDH.

RNA-seq
RNA-sequencing is performed by Beijing Genomics Institute (BGI). Total
RNA was extracted from the tissues using Trizol (Invitrogen, Carlsbad, CA,
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USA) according to manual instruction. Finally, 25 uL~ 100 uL of DEPC-
treated water was added to dissolve the RNA. Subsequently, total RNA was
qualified and quantified using a Nano Drop and Agilent 2100 bioanalyzer
(Thermo Fisher Scientific, MA, USA). Oligo(dT)-attached magnetic beads
were used to purified mRNA. The cDNA fragments obtained from previous
step were amplified by PCR, and products were purified by Ampure XP
Beads, then dissolved in EB solution. The final library was amplified with
phi29 to make DNA nanoball (DNB) which had more than 300 copies of
one molecular, DNBs were loaded into the patterned nanoarray and single
end 50 bases reads were generated on BGlseq500 platform (BGI-Shenzhen,
China). A gene was considered to be differentially regulated when Q or
P <0.05.

Statistical analysis

Data are presented as mean=S.E.M. Detailed n values for each panel in the
figures were stated in the corresponding legends. All statistical analyses
were performed by GraphPad Prism 8.0 Software. P values were calculated
with a two tailed Student’s unpaired t test for two groups. One-way
analysis of variance (ANOVA) with Newman-Keuls multiple-comparison
test was used for comparisons within multiple groups. Paired t-test was
used for comparisons before and after CNO injection. P values of <0.05
indicated statistically significant differences. The investigators were
blinded to experiments and outcome assessment.

DATA AVAILABILITY

All data that support the findings of this study are available upon reasonable request
from the corresponding author. The RNA-seq datasets generated for this study can
be found in the SRA metadata under accession PRINA1001165.

REFERENCES

1. Doty RL. Olfactory dysfunction
2012;8:329-39.

2. Dan X, Wechter N, Gray S, Mohanty JG, Croteau DL, Bohr VA. Olfactory dys-
function in aging and neurodegenerative diseases. Ageing Res Rev.
2021;70:101416.

3. Lo C, Arora S, Ben-Shlomo Y, Barber TR, Lawton M, Klein JC, et al. Olfactory
Testing in Parkinson Disease and REM Behavior Disorder: A Machine Learning
Approach. Neurology. 2021;96:€2016-€2027.

4. Domellof ME, Lundin KF, Edstrom M, Forsgren L. Olfactory dysfunction and
dementia in newly diagnosed patients with Parkinson’s disease. Parkinsonism
Relat Disord. 2017;38:41-47.

5. Arnaldi D, Chincarini A, Hu MT, Sonka K, Boeve B, Miyamoto T, et al. Dopami-
nergic imaging and clinical predictors for phenoconversion of REM sleep beha-
viour disorder. Brain. 2021;144:278-87.

6. Braak H, Bohl JR, Muller CM, Rub U, de Vos RA, Del Tredici K. Stanley Fahn Lecture
2005: The staging procedure for the inclusion body pathology associated with
sporadic Parkinson’s disease reconsidered. Mov Disord. 2006;21:2042-51.

7. Rey NL, Bousset L, George S, Madaj Z, Meyerdirk L, Schulz E, et al. alpha-Synuclein
conformational strains spread, seed and target neuronal cells differentially after
injection into the olfactory bulb. Acta Neuropathol Commun. 2019;7:221.

8. Rey NL, Wesson DW, Brundin P. The olfactory bulb as the entry site for prion-like
propagation in neurodegenerative diseases. Neurobiol Dis. 2018;109:226-48.

9. Guo JJ, Yue F, Song DY, Bousset L, Liang X, Tang J, et al. Intranasal administration
of alpha-synuclein preformed fibrils triggers microglial iron deposition in the
substantia nigra of Macaca fascicularis. Cell Death Dis. 2021;12:81.

10. Chen F, Liu W, Liu P, Wang Z, Zhou Y, Liu X, et al. alpha-Synuclein aggregation in
the olfactory bulb induces olfactory deficits by perturbing granule cells and
granular-mitral synaptic transmission. NPJ Parkinsons Dis. 2021;7:114.

11. Xu H, Geng C, Hua X, Liu P, Xu J, Li A. Distinct Characteristics of Odor-evoked
Calcium and Electrophysiological Signals in Mitral/Tufted Cells in the Mouse
Olfactory Bulb. Neurosci Bull. 2021;37:959-72.

12. Doty RL. Olfactory dysfunction in neurodegenerative diseases: is there a common
pathological substrate? Lancet Neurol. 2017;16:478-88.

13. Tremblay C, Serrano GE, Intorcia AJ, Sue LI, Wilson JR, Adler CH, et al. Effect of
olfactory bulb pathology on olfactory function in normal aging. Brain Pathol.
2022;32:13075.

14. Weiss T, Soroka T, Gorodisky L, Shushan S, Snitz K, Weissgross R, et al. Human
Olfaction without Apparent Olfactory Bulbs. Neuron. 2020;105:35-45.

15. Nemutlu Samur D, Akcay G, Yildirim S, Ozkan A, Ceker T, Derin N, et al. Vor-
tioxetine ameliorates motor and cognitive impairments in the rotenone-induced
Parkinson’s disease via targeting TLR-2 mediated neuroinflammation. Neuro-
pharmacology. 2022;208:108977.

in Parkinson disease. Nat Rev Neurol.

SPRINGER NATURE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

. Klingelhoefer L, Reichmann H. Pathogenesis of Parkinson disease-the gut-brain

axis and environmental factors. Nat Rev Neurol. 2015;11:625-36.

. Pan-Montojo F, Anichtchik O, Dening Y, Knels L, Pursche S, Jung R, et al. Pro-

gression of Parkinson’s disease pathology is reproduced by intragastric admin-
istration of rotenone in mice. PLoS One. 2010;5:e8762.

. Jiang P, Dickson DW. Parkinson’s disease: experimental models and reality. Acta

Neuropathol. 2018;135:13-32.

. Jia F, Song N, Zhao C, Xie J, Jiang H. Unexpected improvements of spatial

learning and memory abilities in chronic rotenone intoxicated mice. PLoS One.
2014;9:e91641.

Luk KC, Kehm V, Carroll J, Zhang B, O'Brien P, Trojanowski JQ, et al. Pathological
a-synuclein transmission initiates Parkinson-like neurodegeneration in non-
transgenic mice. Science. 2012;338:949-53.

Yang Z, Wang Y, Wei M, Li S, Jia C, Cheng C, et al. Intrastriatal injection of
Parkinson’s disease intestine and vagus lysates initiates alpha-synucleinopathy in
rat brain. Cell Death Dis. 2023;14:4.

Huang Y, Xu Z, Xiong S, Sun F, Qin G, Hu G, et al. Repopulated microglia are solely
derived from the proliferation of residual microglia after acute depletion. Nat
Neurosci. 2018;21:530-40.

Hoglinger GU, Alvarez-Fischer D, Arias-Carrion O, Djufri M, Windolph A, Keber U,
et al. A new dopaminergic nigro-olfactory projection. Acta Neuropathol.
2015;130:333-48.

Zapiec B, Dieriks BV, Tan S, Faull RLM, Mombaerts P, Curtis MA. A ventral glo-
merular deficit in Parkinson’s disease revealed by whole olfactory bulb recon-
struction. Brain. 2017;140:2722-36.

Lazarini F, Gabellec MM, Moigneu C, de Chaumont F, Olivo-Marin JC, Lledo PM.
Adult neurogenesis restores dopaminergic neuronal loss in the olfactory bulb. J
Neurosci. 2014;34:14430-42.

Huisman E, Uylings HB, Hoogland PV. A 100% increase of dopaminergic cells in
the olfactory bulb may explain hyposmia in Parkinson’s disease. Mov Disord.
2004;19:687-92.

Cave JW, Fujiwara N, Weibman AR, Baker H. Cytoarchitectural changes in the
olfactory bulb of Parkinson’s disease patients. NPJ Parkinsons Dis.
2016;2:16011.

Dong WL, Zhong JH, Chen YQ, Xie JF, Qin YY, Xu JP, et al. Roflupram protects
against rotenone-induced neurotoxicity and facilitates alpha-synuclein degra-
dation in Parkinson'’s disease models. Acta Pharm Sin. 2021;42:1991-2003.

Oh YS, Kim JS, Hwang EJ, Lyoo CH. Striatal dopamine uptake and olfactory
dysfunction in patients with early Parkinson’s disease. Parkinsonism Relat Disord.
2018;56:47-51.

Lohle M, Wolz M, Beuthien-Baumann B, Oehme L, van den Hoff J, Kotzerke J, et al.
Olfactory dysfunction correlates with putaminal dopamine turnover in early de
novo Parkinson’s disease. J Neural Transm (Vienna). 2020;127:9-16.

Nabizadeh F, Sodeifian F, Pirahesh K. Olfactory dysfunction and striatal dopamine
transporter binding in motor subtypes of Parkinson’s disease. Neurol Sci.
2022;43:4745-52.

Uemura N, Yagi H, Uemura MT, Hatanaka Y, Yamakado H, Takahashi R. Inoculation
of alpha-synuclein preformed fibrils into the mouse gastrointestinal tract induces
Lewy body-like aggregates in the brainstem via the vagus nerve. Mol Neurode-
gener. 2018;13:21.

Lloyd GM, Dhillon JS, Gorion KM, Riffe C, Fromholt SE, Xia Y, et al. Collusion of
alpha-Synuclein and Abeta aggravating co-morbidities in a novel prion-type
mouse model. Mol Neurodegener. 2021;16:63.

Lochhead JJ, Thorne RG. Intranasal delivery of biologics to the central nervous
system. Adv Drug Deliv Rev. 2012;64:614-28.
Hare DJ, Double KL. Iron and dopamine: a toxic couple. Brain.

2016;139:1026-35.

Taguchi T, lkuno M, Hondo M, Parajuli LK, Taguchi K, Ueda J, et al. alpha-
Synuclein BAC transgenic mice exhibit RBD-like behaviour and hyposmia: a
prodromal Parkinson’s disease model. Brain. 2020;143:249-65.

Mori K, Sakano H. How is the olfactory map formed and interpreted in the
mammalian brain? Annu Rev Neurosci. 2011;34:467-99.

Nagayama S, Homma R, Imamura F. Neuronal organization of olfactory bulb
circuits. Front Neural Circuits. 2014;8:98.

McWilliams MP, Coelho DH, Reiter ER, Costanzo RM. Recovery from Covid-19
smell loss: Two-years of follow up. Am J Otolaryngol. 2022;43:103607.

Surmeier DJ, Obeso JA, Halliday GM. Selective neuronal vulnerability in Parkinson
disease. Nat Rev Neurosci. 2017;18:101-13.

Meszaros L, Riemenschneider MJ, Gassner H, Marxreiter F, von Horsten S, Hoff-
mann A, et al. Human alpha-synuclein overexpressing MBP29 mice mimic func-
tional and structural hallmarks of the cerebellar subtype of multiple system
atrophy. Acta Neuropathol Commun. 2021;9:68.

Zhang QS, Heng Y, Mou Z, Huang JY, Yuan YH, Chen NH. Reassessment of
subacute MPTP-treated mice as animal model of Parkinson'’s disease. Acta Pharm
Sin. 2017;38:1317-28.

Cell Death Discovery (2023)9:388



ACKNOWLEDGEMENTS

This work was supported by the National Natural Science Foundation of China
(32170984 and 31871049), the Excellent Innovative Team of Shandong Province, the
Taishan Scholars Construction Project, and Natural Science Foundation of Shandong
Province (ZR2023QH110).

AUTHOR CONTRIBUTIONS

YY and XM performed experiments and composed the first draft, XM, LQ, ML and ML, YW
performed experiments, NS guided the experiment, polished and finalized the article, JX
conceived and directed the project. All authors read and approved the final manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41420-023-01684-8.

Correspondence and requests for materials should be addressed to Ning Song or
Junxia Xie.

Cell Death Discovery (2023)9:388

Y. Yuan et al.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

[ Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE

11


https://doi.org/10.1038/s41420-023-01684-8
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Dopaminergic neurodegeneration in the substantia nigra is associated with olfactory dysfunction in mice models of Parkinson&#x02019;s disease
	Introduction
	Results
	Severer olfactory dysfunction is not associated with lesions in the OB of rotenone induced PD mice model
	Nigral dopaminergic neurodegeneration is associated with olfactory dysfunction in mice model with intrastriatal α-synuclein PFFs injection
	Nigral dopaminergic neurodegeneration is associated with olfactory dysfunction in mice model with intranasal FAC administration
	Rescuing nigral dopaminergic neurodegeneration restores olfactory function in mice with PLX5622-formulated diet for 6 weeks
	Chemogenetic inhibition of nigral dopaminergic neurons resulted in olfactory dysfunction

	Discussion
	Materials and methods
	Animals
	Assembly of α-synuclein monomers into fibrils
	Stereotaxic surgery
	Olfactory discrimination test
	Motor behavior tests
	Clozapine N-oxide (CNO) injection
	Immunofluorescence staining
	Perl&#x02019;s- 3,3&#x02019;-Diaminobenzidine (DAB) staining
	Western Blot
	RNA-seq
	Statistical analysis

	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




