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Abstract
Parkinson disease is a multi-system neurodegenerative disease characterized by both

motor and non-motor symptoms. Hyposmia is one of the early non-motor symptoms occur-

ring in more than 90% of Parkinson disease cases, which can precede motor symptoms

even several years. Up to now, the relationship between hyposmia and Parkinson disease

remains elusive. Lack of proper animal models of hyposmia restricts the investigation. In

this study we assessed olfactory function in Prp-A53T-α-synuclein transgenic (αSynA53T)

mice which had been reported to show age-dependent motor impairments and intracyto-

plasmic inclusions. We also examined cholinergic and dopaminergic systems in olfactory

bulb of αSynA53T mice by immunofluorescent staining, enzyme linked immunosorbent

assay and western blot. We found that compared to wild type littermates, αSynA53T mice at

6 months or older displayed a deficit of odor discrimination and odor detection. No signifi-

cant changes were found in olfactory memory and odor habituation. Furthermore compared

to wildtype littermates, in olfactory bulb of αSynA53T mice at 10 months old we detected a

marked decrease of cholinergic neurons in mitral cell layer and a decrease of acetylcholin-

esterase activity, while dopaminergic neurons were found increased in glomerular layer, ac-

companied with an increase of tyrosine hydroxylase protein. Our studies indicate that

αSynA53T mice have olfactory dysfunction before motor deficits occur, and the cholinergic

and dopaminergic disturbance might be responsible for the Parkinson disease-related

olfactory dysfunction.
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Introduction
Parkinson’s disease (PD) is one of the most popular neurodegenerative disease with approxi-
mately 1–2% of the population over 65 years suffering from this disease [1]. It is clinically man-
ifested by motor symptoms and non-motor symptoms, with progressive loss of dopaminergic
(DAergic) neurons in substantia nigra (SN) and formation of Lewy bodies (LBs) in surviving
cells as its hallmarks [2,3]. It was firstly reported by Ansari and Jonson in 1975 that PD patients
might suffer from impairment of odor detection compared to patients of other neurologic dis-
eases such as stroke, epilepsy and cranial injury [4]. Later Ward et al. described that PD pa-
tients were defective in both odor detection threshold and discrimination [5]. Multiple studies
on olfaction in PD have documented that hyposmia is prevalent in PD patients and it could
precede motor symptoms several years [6–10]. However studies on the mechanisms of hypos-
mia in PD did not draw a coherent view how olfactory dysfunction is affected in PD [11,12].
The paucity of ideal animal models which could mimic olfaction deficiency at the early stage of
the disease imposes restriction on the explorations into hyposmia in PD.

It is known that α-synuclein (αSyn) is the main composition of LBs [13]. Various point mu-
tations (A53T, A30P and E46K) in the gene coding αSyn have been found to result in domi-
nant familial PD [2,14–16]. It seems that mutant αSyn has an increased propensity to form
filamous inclusion bodies than wt αSyn [17]. Accordingly, Giasson and colleagues generated
transgenic (tg) mice overexpressing human A53T αSyn under the mouse prion protein (PrP)
gene promoter, and documented that these mice developed age-dependent motor deficits and
intracellular αSyn inclusion bodies [17]. In addition to the fibrillar form of αSyn, which is
mostly detected in LBs, other forms of αSyn such as oligomers and protofibrils could also pos-
sibly contribute to the toxicity of αSyn [18]. Based on these, we assumed that the prefibrillar
forms of αSyn possibly participated in the early non-motor symptoms such as hyposmia. Here
we took advantage of this tg mouse model to evaluate if the mice carrying human A53TαSyn
could manifest hyposmia similar to early PD and then to further explore its
possible mechanisms.

In our study, we first evaluated motor function and DAergic neurons in SN of tg mice and
wild type (wt) littermates at 10 months (m) old. Then we assessed olfactory functions of tg
mice and their littermates at younger age from 3 m old to 10 m old. We found that tg mice dis-
played a deficit of odor discrimination and odor detection at 6 m old. Based on these, we fur-
ther examined the pathology of olfactory bulb (OB) and documented a marked decrease of
cholinergic neurons in mitral cell layer and an increase of DAergic neurons in glomerular layer
of 10-m-old tg mice. Our studies indicate that αSynA53T mice have olfactory dysfunction before
motor deficits and could be used as a research model for hyposmia.

Materials and Methods

Ethics Statements
Our experiments were approved by the Experimental Animal Center at Shanghai Jiao Tong
University School of Medicine. All procedures in our experiments were performed strictly in
accordance with the guidelines of the National Institutes of Health (NIH) for animal care.
Every effort was made to minimize suffering and number of animals used. Chloral hydrate was
used to anesthetize the animals.

Animals
Prp-αSynA53T tg mice were bought from Jackson’s Lab (J004479) and maintained at the Exper-
imental Animal Center at Shanghai Jiao Tong University School of Medicine, in accordance
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with special pathogen free (SPF) standards. Mice were maintained on a B6/C3H background.
All animals were housed in their home cages and maintained on a reverse day/night cycle by
artificially changing the light of the room. All tests were performed at the night cycle of animals
in an undisturbed room. Standard rodent food and water were available ad libitum except spe-
cific experiment period. Room temperature was maintained at 22±1°C, and relative humidity
was set at 50±10%. At 1 month, the offspring were genotyped by semi-quantitative polymerase
chain reaction (PCR) assay of DNA extracted from tails to discriminate tg mice from wt ones.
Then these heterozygous tg mice were crossed to generate homozygous tg mice and quantita-
tive PCR was used to differentiate homozygotes from heterozygotes. We selected male homo-
zygous tg mice and wt littermates for our experiment. At 3 m old, 6 m old and 10 m old, tg
(n = 30) and wt littermates (n = 30) were tested on olfactory function including social scent dis-
crimination, non-social scent discrimination, odor memory and odor detection. A rater blind
to genotype measured the sniffing time of each mouse and the latency to find the pellet. At 6 m
old, wt (n = 12) and tg (n = 12) mice were sacrificed for cholinergic and DAergic staining
(n = 3 per group), acetylcholine esterase (AchE) activity (n = 4 per group) and western blot
(n = 5 per group) randomly. At 10 m old, wt (n = 13) and tg (n = 13) mice were sacrificed for
cholinergic and DAergic staining (n = 4 per group), AchE activity (n = 4 per group) and west-
ern blot (n = 5 per group) randomly. The data were analyzed by an observer who was blind
to genotype.

Locomotor activity
Rotarod task was used to evaluate locomotor activity according to the previous study with
small modifications [19]. Rotating speed was started at 4 rpm with an acceleration of 10 rpm/
minute (min) and the terminal speed must be no more than 40 rpm. Task was ended when the
mouse fell down or continuously ran on the rod more than 5 min. During the training period,
mice were trained 3 times a day with an interval of 1 hour (h) for 5 consecutive days (d). After
one day off, the mice were tested and the time on the rod was recorded and analyzed.

Olfactory function
Social-scent discrimination. A modified block test was designed for assessing discrimina-

tion of social scents according to the previous study [20]. Wooden blocks (1.8 cm× 1.8 cm× 1.8
cm) were separately sealed with 5 g of animal beddings from the home cages of test animals in
50 ml of centrifugal tubes for 24 h, so that the blocks took on the odors from animals respec-
tively. In each trial, the test mouse was exposed to one block with its own odor and another
block with another mouse’s odor which was totally unfamiliar for the test mouse. A rater blind
to genotype measured the time of each mouse spent on sniffing each block in a 120-second (s)
trial with a stopwatch (accurate to 0.01 s).

Non-social scent discrimination. As previously described [20,21], two glass plates were
placed in the home cage. Scent solutions of cinnamon or paprika (100 ng/ml) were freshly pre-
pared and filtered. 25 μl of scent solution was dropped on a small piece of filter paper and put
onto the glass plate for the experiment every time. Each mouse was presented with cinnamon
solution on one plate and distilled water (control) on the other plate for five successive 3-min
trials, separated by a 15-min interval. At the 6th trial, cinnamon solution was replaced with pa-
prika. The whole test process was videotaped with a camera and the time spent on sniffing
water or scent solution was respectively recorded. Sniffing was defined as the animal’s nose lo-
cated 1 cm or less from the odor. The decrease of sniffing time from trial-1 to trial-5 indicates
odor habituation or short-term olfactory memory, while a reinstatement of sniffing when pre-
sented with a novel odor is defined as dishabituation or odor discrimination.
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Odor memory. The odor memory was conducted as follows [21]. Test animals were ex-
posed to the same scent twice for 5 min with an inter-trial interval of 20 min, 60 min, or
100 min. The inter-trial interval and odors used in the experiments (banana, peach, or sweet
corn, 1:100 dilution, McCormick, MD, USA) were matched randomly. Each experiment was
conducted at least 2 days apart. The relative ratio of sniffing time of trial-2 to trial-1 (trial 2/
trial 1) was calculated and analyzed.

Odor detection. Buried pellet test (bpt) was carried out to evaluate odor detection, which
could reflect olfaction threshold in a sense. It was performed as previously described [22]. In-
dividually housed animals were food-restricted on a diet (0.2 g chow per mouse/24 h) from 2
days prior to test and during the experimental period. Body weight was monitored during the
period and maintained at 80%~90% of the original body weight. The bpt was performed for 5
consecutive days and each mouse received one trial per day. A 1-g food pellet was buried ap-
proximately 0.5 cm below the surface of a 3-cm-deep bedding in the test cage (45 cm × 24 cm
× 20 cm). The location of the food pellet was changed daily at random. In each trial, test
mouse was placed in the center of the cage. The latency to dig up and eat the buried food
pellet was recorded with a stopwatch. If the mouse did not locate the food pellet within 5 min,
it would be removed and recorded as 5 min. The bedding in the test chamber was changed
between trials. On the 6th day, a visual pellet test (vpt) was carried out to make sure that
the animals did not suffer from altered locomotor activity or motivation. The vpt was con-
ducted in a similar way as the bpt except that the food pellet was placed on the surface of
the bedding.

Immunostaining
Animals were anesthetized with chloral hydrate, and perfused with 30 ml of phosphate buffer
solution (PBS, 0.1M, pH7.2) followed by 30 ml of 4% (w/v) paraformaldehyde fixative (phos-
phate buffered; 0.1 M, pH7.2). Brains were postfixed in paraformaldehyde overnight and dehy-
drated gradually in 15% (w/v), 30% (w/v) sucrose solutions. Then the tissue was coronally
sectioned (8 μm for the OB and 12 μm for the midbrain) using a freezing microtome. For
immunostaining, sections were added with 1% (v/v) hydrogen peroxide (H2O2) to remove en-
dogenous hydrogen peroxidase and then blocked with goat serum for 30 min. After being incu-
bated at 4°C with rabbit anti-tyrosine hydroxylase (TH; 1:800; Millipore, Billerica, MA, USA)
antibody overnight, the slices were sequentially incubated with biotinylated secondary anti-
body (1:200; Westang, Shanghai, PRC) for 1 h and avidin-biotin reagent (Vector Labs, Burlin-
game, CA) for 1 h and then visualized with DAB (Vector Labs). For immunofluorescent
staining, sections were incubated with mouse anti-TH (1:800; Sigma, St. Louis, MO, USA) and
rabbit anti-choline acetyltransferase (ChAT; 1:1000; Abcam, Cambridge, UK) antibody at 4°C
overnight, and then incubated with secondary antibodies conjugated with Alexa Fluor-488 or
555 (1:400; Invitrogen, Carlsbad, CA, USA) for 1 h and with DAPI for 1–2 min. Sections were
viewed and photographed with a fluorescent microscopy (Olympus IX81). For counting DAer-
gic neurons in SN, TH+ neurons were counted in every 4 slices from AP-2.7 to AP-4.0 mm and
the sum multiplied by 4 was taken as the total number of TH+ neurons in SN. For counting
neurons in OB, the positive neurons were counted in every 6 slices from AP 4.2 to AP 3.2 mm
and the average number was analyzed. For statistical analysis, at least 3 wt and 3 tg mice were
counted. The number of ChAT+ neurons in OB were counted in the view of 10×objective and
the TH+ neurons in OB were counted in the view of 20×objective. Cell counting was conducted
by an observer who was blind to the genotyping.
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Western blot
Different tissues of brains from wt and tg mice were weighed and homogenized in RIPA
(10 μl/ mg tissue) plus 1% (v/v) PMSF on ice. Protein concentration was measured with the
BCA Protein Assay Kit (Pierce, Rockford, IL, USA). Thirty mg of total protein per sample was
loaded to 12.5% (w/v) acrylamide gels and after electrophoresis transferred to PVDF mem-
branes. These membranes were blocked with 5% (w/v) skim milk in TBST for 1 h at room tem-
perature, and then incubated with mouse anti-TH antibody (1:2000; Sigma), mouse anti-αSyn
(1:3000; Abcam) or rabbit anti-phosphorylated (ser129) αSyn (p-αSyn, 1:5000; Abcam) over-
night at 4°C. After extensive washing, the membranes were incubated with horseradish peroxi-
dase (HRP) conjugated anti-mouse or anti-rabbit secondary antibody (1:2000; Cell Signaling,
Danvers, MA, USA) for 2 h at room temperature and detected with the SuperSignal Detection
Kit (Pierce).

AchE activity
AchE activity was measured in a colorimetric method with the AchE activity kit (Jiancheng
Bioengineering Institute, Nanjing, PRC). First, the OB and frontal cortex were weighed and ho-
mogenized in 0.9% (w/v) sodium chloride solution (9 μL/mg tissue). Then samples were centri-
fuged at 2500 g at 4°C and the supernatant was collected for measurement. After that, the
samples were incubated with a reaction mixture that contained acetylcholine and sulfhydryl
chromogenic agent at 37°C for 6 min. Then the reaction was ended and optical density (OD)
was measured at 412 nm with a microplate reader. One unit of AchE activity was defined as the
number of micromoles of acetylcholine hydrolyzed per mg of protein per min.

Statistical analysis
Results were presented as the mean±SEM. Cell counts between wt and tg mice were analyzed
by Student’s t-test. Quantative data of olfactory function, AchE activity and TH proteins were
analyzed by two-way ANOVA with Bonferroni’s post hoc analysis. Levels of significance were
set at 0.05.

Results

αSynA53T mice did not have nigral DAergic neuron loss nor locomotor
deficit
The morphology and number of TH+ neurons in SN showed no difference between wt and tg
mice at 10 m old (Fig. 1A). There was also no difference of rotarod performance between the
two groups, indicating that locomotor function is not obviously affected in 10-m-old tg mice
(Fig. 1B). Therefore, we consider that tg mice below 10 m old to be asymptomatic of motor dys-
function. We also measured the expression levels of αSyn and p-αSyn in different tissues of
brains from 10-m-old wt and tg mice by western blot and found tg mice expressed high levels
of αSyn and p-αSyn throughout the brain including OB and piriform cortex (Fig. 2)

αSynA53T mice showed olfactory impairment
In the social scent discrimination task, tg mice seemed to sniff the novel scent less than wt mice
at 6 m and 10 m old, but as wt littermates did, tg mice of all ages (3 m, 6 m and 10 m old) spent
more time sniffing the novel block than the block which took on its own scent, which reflects a
relatively normal function in the social scent discrimination (Fig. 3).
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In the non-social scent discrimination task, the sniffing time of wt and tg mice both de-
creased from trial-1 to trial-5, which indicates normal odor habituation or short-term olfactory
memory. No significant difference of contacting time in trial-5 was recorded between wt and tg
mice (Fig. 4). At 3 m old, both wt and tg mice spent more time on the new odor than the odor
they had been familiarized, indicating normal dishabituation and non-social odor discrimina-
tion. There was no significant difference in the contacting time of trial-6 (novel scent) between
wt and tg mice. However at 6 and 10 m old, tg mice did not spend more time sniffing the novel

Fig 1. TH staining and locomotor activity. A (a, b, c): TH immunostaining in SN of wt (n = 4, a) and tg
(n = 5, b) mice showed no significant difference at 10 m old. B: Time on the rod in the rotarod test showed no
difference between tg (n = 11) and their wt littermates (n = 11) at 10 m old. The quantitative data were
expressed as mean±SEM and analyzed by Student’s t-test.

doi:10.1371/journal.pone.0119928.g001

Fig 2. Expression levels of αSyn and phosphorylated αSyn (ser129) in brains of wt and tg mice at 10
m old. A, B: Tg mice expressedmore αSyn and phosphorylated αSyn (p-αSyn) in frontal cortex than wt mice
(n = 3 per group). ** p< 0.01, tg vs wt. The quantitative data were expressed as mean±SEM and analyzed by
Student’s t-test. C, D: Compared to wt littermates, tg mice showed much higher αSyn and p-αSyn in different
tissues of brain including the striatum, frontal cortex, OB, hippocampus and piriform cortex. ** p<0.01, tg vs
wt. The quantitative data were expressed as mean±SEM and analyzed by two-way ANOVA. Str: striatum;
cot: frontal cortex; OB, olfactory bulb; hip: hippocampus; pir: piriform cortex.

doi:10.1371/journal.pone.0119928.g002
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scent (trial-6) than the familiar scent (trial-5) as wt mice did, implying an impaired non-social
scent discrimination in tg mice (Fig. 4).

In the odor memory test, the ratio of trial-2 to trial-1(trial 2/trial 1) was used to evaluate
odor memory. When inter-trial intervals were set at 20 or 60 min, both wt and tg mice spent
less time sniffing the previously encountered odor. However, when the trial interval was in-
creased to 100 min, unlike wt mice tg mice sniffed the odor at the second exposure more than
the first exposure, with the average trial 2/trial 1 more than 1. Although the difference was not
statistically significant, tg mice tended to have worse olfactory memory performance than wt
mice at 10 m old (Fig. 5).

In the bpt, the latency to find the pellet did not differ significantly between wt and tg mice at
3 m old, whereas at 6 m and 10 m old more time was needed for tg mice to locate the buried
food than wt mice, indicating an impaired odor detection (Fig. 6A). In the vpt which was set to
exclude the possible influence of motor function or motivation, the two groups behaved simi-
larly (Fig. 6B).

Fig 3. Social scent discrimination. Both wt and tg mice spent more time on a block with other mouse’s
scent than the block carrying its own scent. 3 m old: wt n = 3, tg n = 3; 6 m old: wt n = 3, tg n = 3; 10 m old: wt
n = 3, tg n = 4. * p<0.05, ** p<0.01, time on novel scent vs own scent. ΔΔ p< 0.01, tg vs wt on novel scent.
The quantitative data were expressed as mean±SEM and analyzed by two-way ANOVA.

doi:10.1371/journal.pone.0119928.g003

Fig 4. Odor habituation and discrimination on a non-social scent. A, B and C: As trials progressed, all
mice spent gradually reduced time on contacting with a non-social odor. 3 m old: wt n = 3, tg n = 3; 6 m old: wt
n = 4, tg n = 4; 10 m old: wt n = 3, tg n = 4. ** p<0.01, trial-5 (T5) vs trial-1 (T1). No significant difference of
contacting time in trial-5 was present between wt and tg mice. D, E and F: At 3 m old, both wt and tg mice
spent more time on a novel scent (trial-6) than the familiar scent (trial-5). However, at 6 m and 10 m old, tg
mice did not sniff the novel scent (trial-6) more than the familiar scent (trial-5). * p< 0.05, time on novel scent
vs familiar scent. ΔΔ p< 0.01, tg vs wt on novel scent. The quantitative data were expressed as mean±SEM
and analyzed by two-way ANOVA.

doi:10.1371/journal.pone.0119928.g004
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Decreased cholinergic neurons and cholinergic activity in OB of
αSynA53T mice
Cholinergic neurons were detected with immunofluorescent staining of ChAT. Compared with
wt mice, the number of cholinergic neurons in tg mice showed a mild trend to decrease at 6 m
old, yet no significant difference existed between wt and tg mice (S1 Fig.). At 10 m old a signifi-
cant decline of ChAT+ neurons in mitral layer of OB was found in tg mice compared with wt
littermates (Fig. 7A, B).

AchE activity of OB in wt and tg mice was measured by enzyme linked immunosorbent
assay (ELISA). Significantly lower AchE activity was found in tg mice than wt mice at 6 and
10 m old, whereas no difference was found in cortex before 10 m old, implying that in tg mice
decline of AchE activity in OB precedes that in cortex (Fig. 7C, D).

Increased DAergic neurons and TH protein levels in OB of αSynA53T

mice
Immunofluorescent staining provides a credit evidence of DAergic alteration in OB. We found
an increased number of TH+ neurons in glomerular layer of 10-m-old tg mice than wt

Fig 5. Odor memory test. Tg mice at 10 m old seem to spend slightly more time than age-matched wt mice
at all intervals on an odor encountered before, but the statistical analysis showed no significant difference
between tg (n = 16) and wt (n = 9) controls. The ratios of trial 2/trial 1 were squared, expressed as mean±SEM
and analyzed by two-way ANOVA.

doi:10.1371/journal.pone.0119928.g005

Fig 6. Performance in the odor detection task. A: In the buried pellet test (bpt), tg mice at 6 m old showed a
longer latency to find the pellet than wt mice, and the time got much longer when they grew up to 10 m old. 3
m old: wt n = 15, tg n = 15; 6 m old: wt n = 15, tg n = 15; 10 m old: wt n = 10, tg n = 17. * p< 0.05, ** p< 0.01,
tg vs wt. B: All the animals performed well in the visual pellet test (vpt). No significant difference was found in
the visual pellet test between wt and tg mice. 3 m old: wt n = 15, tg n = 15; 6 m old: wt n = 15, tg n = 15; 10 m
old: wt n = 10, tg n = 17. The quantitative data were expressed as mean±SEM and analyzed by two-way
ANOVA.

doi:10.1371/journal.pone.0119928.g006
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littermates (Fig. 8A, B). Consistent with this, TH protein in OB of tg mice was moderately in-
creased at 10 m old (Fig. 8C, D). Although TH protein in OB of 6-m-old tg mice already had a
moderate increase, tg mice at 6 m old did not show significantly more DAergic neurons in OB
than wt littermates, suggesting functional changes may occur at 6 m old, prior to the morpho-
logical change of the neurons (S1 Fig.).

Discussion
In this study we found that αSynA53T mice at 10 m old displayed partial olfactory dysfunction
without any motor deficit and nigral DAergic neuron loss, which resembles the observation
that olfactory dysfunction usually precedes motor deficits in PD patients [8–10]. Hereby we be-
lieve that the αSynA53T mice could be a proper rodent model to mimic olfactory dysfunction at
the early stage of PD. Based on this animal model, we further documented the cholinergic and
DAergic disturbance in OB of αSynA53T mice.

Olfactory dysfunction in mice expressing human αSynA53T

Olfactory function could be evaluated from different domains including odor identification,
discrimination, odor threshold and odor memory [23]. Different from humans, rodents have
two olfactory pathways: main olfactory system and accessory olfactory system, both of which
are involved in the detection of odors. Although the roles of the two systems seem to be partly

Fig 7. Cholinergic denervation in OB of tg mice. A and B: ChAT+ cells were decreased in mitral cell layer of OB in tg mice (n = 4) at 10 m old than wt
littermates (n = 4). * p<0.05 tg vs wt. Scale bar: 100 μm. Arrows indicate the ChAT+ cells. The quantitative data were expressed as mean±SEM and were
analyzed by Student’s t-test. C: AchE activity in OB of tg mice (n = 4 in each age group) declined from 6 m old compared with wt mice (n = 4 in each age
group). ** p<0.01, tg vs wt. The quantitative data were expressed as mean±SEM and were analyzed by two-way ANOVA. D: In cerebral cortex, AchE
activity did not change between tg (n = 4 in each age group) and wt controls (n = 4 in each age group) at 10 m old. The quantitative data were expressed as
mean±SEM and analyzed by two-way ANOVA.

doi:10.1371/journal.pone.0119928.g007
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overlapping, the main olfactory system has been generally thought to detect common odors in
the environment and accessory olfactory system plays a main role in pheromones perception
[24]. Based on this, odor discrimination comprises of social scent and non-social scent discrim-
ination. In our study we found that αSynA53T mice at 6 m old exhibited a subtle deficiency in
distinguishing non-social odor, which was gradually worse with ages. However, in the block
test designed to evaluate the social scent discrimination, both wt and tg mice spent much more
time on other mouse’s scent compared to their own. The social and non-social discrimination
tests suggest that at the early stage of the disease, the main olfactory system might be predomi-
nantly dysfunctional and the accessory OB system might be spared.

Odor detection reflects olfactory threshold. Alteration of threshold was the first olfactory
deficits identified in PD patients [4]. Hummel et al found odor thresholds declined most dra-
matically with age compared to odor identification and odor discrimination [25]. Multiple
odors could be used to test olfactory threshold, in which ascending or descending concentra-
tions of odors are presented to the subject in order to find the lowest concentration the subject
could detect [23]. In our study, we used a much simpler and also quite common method to test
the olfactory threshold. We found that αSynA53T mice at 6 m old already showed reduced abili-
ty to locate the hidden pellet, implying that the alteration of threshold was among the earliest
olfactory deficits in this model. It is unlikely that the declined ability is attributed to lack of mo-
tivation or impaired motor function, because tg mice spent the same time to find the visual pel-
let as wt mice did.

Odor memory consists of short-term memory and long-term memory. Distinct pathways
are involved in short-term memory and long-term memory. Generally, short-term memory
formation needs an extensive neural network, in which the entorhinal cortex plays a pivotal
role, whereas once memory consolidates a limited working network (the OB and piriform cor-
tex) is needed for long-term memory recall [26]. In our study we examined the short-term
memory which demanded more extensive neural function. In the non-social scent discrimina-
tion test, the gradual decline of trial-5 to trial-1 indicates a normal short-term memory at 5-
min delay. In the olfactory memory test, when trial interval was set to be 20 min or 60 min,

Fig 8. Increased DAergic neurons and TH level in OB of tg mice. A and B: TH+ neurons were increased in
glomerular layer of OB in tg mice (n = 4) at 10 m old than wt littermates (n = 4). ** p<0.01, tg vs wt. Scale bar:
30 μm. Arrows indicate the TH+ cells. The quantitative data were expressed as mean±SEM and analyzed by
Student’s t-test. C and D: Higher TH protein level was found in OB of tg mice (n = 5 in each age group) after
6 m old than wt mice (n = 5 in each age group). * p< 0.05, ** p< 0.01, tg vs wt. The quantitative data were
expressed as mean±SEM and analyzed by two-way ANOVA.

doi:10.1371/journal.pone.0119928.g008
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both wt and tg mice could recognize the previously encountered scent and the average trial 2/
trial 1 was below 1, indicating that the memory formation in αSynA53T mice was not impaired
and the scent information could be maintained for at least 60 min at 10-m-old wt and tg mice.
When trial interval was increased to 100 min, the average trial 2/trial 1 of tg mice increased to
be more than 1, while the average ratio of wt mice still remained below 1. However the differ-
ence was not statistically significant, which we consider could be ascribed to the limited sample
size, or insufficient sensitivity of the method.

Mice expressing human αSynA53T might mimic early sign of PD
It is generally recognized that when PD patients develop motor symptoms, at least 60% of
DAergic neurons in SN have been lost [2]. Before this advanced period, a large range of non-
motor symptoms have already appeared, among which hyposmia is one of the earliest symp-
toms in PD [3]. According to Braak’s staging of PD, OB is also one of the earliest involved re-
gions in stage 1 [27,28]. Intriguingly, olfactory tract could bypass blood-brain barrier and
project to multiple central structures [29]. Based on these, some researchers believe that olfac-
tory dysfunction is not only an early sign of PD, but also a potential culprit behind PD [11,12].
So far it still remains elusive whether the olfactory system is the initiation site of PD pathology.
Lack of proper animal models limits the relevant researches at this point. To address this ques-
tion, numerous models based on genetic mutations have been generated, but few reports about
hyposmia in these models have been presented.

Our findings in αSynA53T mice are of interest to detect the early sign and progression of PD.
These αSynA53T mice at 10 m old did not display motor dysfunction and obvious DAergic neu-
ron degeneration, although they expressed 3–5 fold higher αSyn and much higher p-αSyn
(ser129) throughout the brain than wt mice. The homozygous Prp-αSynA53T tg mice were re-
ported in Giasson’s study to develop motor impairments from 8 m old [17]. However in our
lab, the homozygous Prp-αSynA53T tg mice behaved normally in the rotarod test at 10 m old.
In another study, homozygous Prp-αSynA53T tg mice and wt mice behaved no differently in
the ratorod test at 12 m old, which is in accordance with our data [30]. Instead, these mice
showed olfactory deficits, implying that the overexpression of mutant αSyn could lead to olfac-
tory dysfunction and olfactory system could be more vulnerable to the toxicity of mutant αSyn.
Consistently, partial olfactory deficits have been reported in wt αSyn tg mice under the Thy1
promoter or mouse αSyn promoter [31,32], providing evidence that either mutant αSyn or wt
αSyn is sufficient to result in olfactory impairments. However, in their study, mice transgenic
for wt αSyn under the control of mouse αSyn promoter showed some olfactory dysfunction at
10–11 m old. The authors did not detect younger mice [32]. Our research provided detailed
and comprehensive evaluation of olfactory function from 3 m to 10 m old. Mice overexpressing
wt αSyn under the Thy1 promoter did not show obvious motor deficits [31]. Differently, αSy-
nA53T mice used in our study exhibited age-dependent motor symptoms and pre-motor symp-
toms accompanied by high level of αSyn in OB and other brain regions, which may better
assembly the features of human PD. More importantly, we performed neuropathology and
found a significant changes of cholinergic and DAergic neurons in the olfactory bulb. There-
fore we think the Prp-A53T-α-synuclein mice in our study are suitable for the future researches
of pre-motor olfactory dysfunction. However, other study yielded contradictory result that no
profound olfactory dysfunction was seen in mice transgenic for artificial chromosomes con-
taining A53T αSyn at 12 m old [33]. We believe this inconsistency could be due to different tg
mice and olfaction assessment methods. For example, in the latter study, neither odor discrimi-
nation nor odor memory was evaluated and their mouse line did not exhibit any αSyn aggrega-
tions even at 22 m old [33].
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Alteration of cholinergic and DAergic system in OBmay be related to
hyposmia in αSynA53T mice
The mechanisms of hyposmia in PD are not clear yet. Olfactory nerve atrophy, loss of olfactory
neurons, formation of Lewy body in olfactory system [34], alteration of neural transmitters [35–
37], decreased olfactory neurogenesis [38], declination of metabolism in piriform cortex and
amygdale [39], and atrophy in limbic and paralimbic cortex [40] have been suggested to be asso-
ciated with hyposmia. Hyposmia has been reported to be irrelevant to disease severity, duration
and levodopa administration [7,41,42]. It would not get worsen as PD progresses, at least at the
symptomatic period, which raises the question whether other pathophysiological mechanisms
than DAergic loss in striatum contribute to hyposmia in PD. Increasing evidences highlight the
importance of cholinergic loss in pathophysiological changes of non-motor symptoms in PD
[43]. The nucleus basalis of Meynert in basal forebrain projects the majority of cholinergic input
to cerebral cortex [44]. This nucleus was shown to undergo severe degeneration in patients of
PD [45]. In a positron emission tomography (PET) study, a positive association between limbic
AchE activity and olfactory function was documented [37]. Shimada et al used PET to measure
brain AchE activity in PD patients and found AchE activity was significantly decreased in the ce-
rebral cortex, whereas there was no difference between the early PD and advanced PD in the ex-
tent of reduction, indicating that the cholinergic system defect starts early in PD [46]. This
phenomenon is compatible with the observation that hyposmia occurs early and does not get
worse as the disease advances [7,46]. Animal studies also provided evidences for the involve-
ment of cholinergic system in olfactory processing. For example, it has been reported that dis-
ruption of cholinergic system with acetylcholine receptor antagonist can cause impaired odor
memory and odor discrimination [47–50], which could be alleviated by AchE inhibitor [49].
Administration of AchE inhibitor could enhance odor discrimination performance of normal
rats in a complex odor discrimination task [51]. However, there is little known about the cholin-
ergic alteration in OB in PD patients or animal models. In our study we found cholinergic neu-
rons existed in mitral cell layer of OB and decreased in olfaction-impaired tg mice. For a long
period, the existence of intrinsic cholinergic interneurons in OB remains controversial. In a re-
cent study, Krosnowski et al. took advantage of the ChAT(BAC)-eGFP tg mice to visualize
ChAT+ cells and found a large number of cholinergic neurons in OB, which resided in all layers
of OB, suggesting that OB receives not only the modulation of central cholinergic projection,
but also the local cholinergic networks [52]. Given that axons of mitral cells make up the main
output of OB and acetylcholine receptors (AchRs) exist on mitral cells [29,53], it is inferred that
cholinergic interneurons in mitral cell layer could possibly play a direct modulation and the
changes of these interneurons could influence the olfactory performance.

In our study, we also found that DAergic neurons were moderately increased in glomerular
layer of OB in the PD mouse model. A similar increase of periglomerular DAergic neurons has
also been reported in other studies with PD post-mortem tissues [54,55] and in animals chroni-
cally exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [56]. As the neuro-
transmitter of periglomerular cells, DA exerts an inhibitory effect on mitral cells, the axons of
which constitute the main output of OB [29]. Previous study showed that dopamine receptor 2
(D2) agonist quinpirole decreased the odor detection performance of rats, while pretreatment
of D2 antagonist spiperone blocked this effect [57]. Hsia et al. reported that DA receptor activa-
tion in OB depressed the synaptic transmission between olfactory receptor neurons and mitral
cells [58]. Hereby we infer that the increased DAergic periglomerular neurons might inhibit ol-
factory transmission and contribute to the declined olfactory function in our experiment.

The mechanisms for the disturbance of cholinergic and DAergic systems in OB of tg mice
remain unresolved. We infer that the toxicity of mutant αSyn could possibly play a role. αSyn
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was reported to share structural and functional homology with 14–3–3 protein and overexpres-
sing mutant αSynA53T may have more toxicity by binding with 14–3–3 associating proteins
than wt αSyn [59]. 14–3–3 protein could also interact directly with neuronal nicotinic AchRs
and this interaction was reported to increase the steady-state level of AchRs [60]. Since the nic-
otinic AchRs exist in the periglomerular interneurons and mitral cells [53], it is possible that
mutant αSyn may disturb the function of periglomerular interneurons and mitral cells. Besides,
a possible link between the cholinergic system and DAergic system in OB may exist [60]. For
example by immunostaining, muscarinic AchRs were found to express in DAergic neurons of
OB [61]. Administration of acetylcholine could cause a reduced spontaneous firing of periglo-
merular DAergic interneurons, which could be blocked by atropine and mimicked by the M2
agonist oxotremorine [62]. Therefore we could not exclude the possibility that the increase of
DAergic neurons might be a compensation of the reduced innervation of cholinergic interneu-
rons. Although the function of local cholinergic network remains unclear, it is likely that it
could connect into different circuit and play an important regulatory role[52].

Since it remains to be elucidated whether the cholinergic or DAergic neuron disturbance in
our mouse model takes the initial and pivotal role in the pathogenesis of hyposmia, further ef-
forts should be made in this model to interfere with cholinergic and DAergic systems respec-
tively to see if the PD-related hyposmia would be altered. The αSynA53T mice will be useful for
further insights into the mechanisms of hyposmia and to screen for potential interventions.

Supporting Information
S1 Fig. Immunostaining of cholinergic and DAergic neurons in OB of 6-m-old mice. A and
B: Immunofluorescent staining of ChAT (A) and TH (B) showed no significant difference be-
tween wt and tg mice at 6 m old (n = 3 for each group). Scale bar in A: 200μm. Scale bar in B:
50μm. Arrows indicate the ChAT+ cells. C and D: Statistical analysis of the number of ChAT+

cells (C) and TH+ cells (D) in OB found no significant difference between 6-m-old wt and tg
mice. The quantitative data were expressed as mean±SEM and analyzed by Student’s t-test.
(TIF)

Author Contributions
Conceived and designed the experiments: WL SZ QX. Performed the experiments: SZ QX. An-
alyzed the data: SZ QX. Contributed reagents/materials/analysis tools: WL. Wrote the paper:
WL QX SZ.

References
1. de Lau LM, Breteler M. Epidemiology of Parkinson's disease. The Lancet Neurology. 2006; 5: 525–535.

PMID: 16713924

2. Dauer W, Przedborski S. Parkinson's disease: mechanisms and models. Neuron. 2003; 39: 889–909.
PMID: 12971891

3. Chaudhuri KR, Naidu Y. Early Parkinson’s disease and non-motor issues. Journal of neurology. 2008;
255: 33–38. doi: 10.1007/s00415-008-5006-1 PMID: 18787880

4. Ansari K, Johnson A. Olfactory function in patients with Parkinson's disease. Journal of chronic dis-
eases. 1975; 28: 493–497. PMID: 1176578

5. Ward CD, HessWA, Calne DB. Olfactory impairment in Parkinson's disease. Neurology. 1983; 33:
943–943. PMID: 6683381

6. Haehner A, Boesveldt S, Berendse H, Mackay-Sim A, Fleischmann J, Silburn PA, et al. Prevalence of
smell loss in Parkinson's disease—a multicenter study. Parkinsonism & related disorders. 2009; 15:
490–494.

7. Doty RL, Deems DA, Stellar S. Olfactory dysfunction in parkinsonism A general deficit unrelated to neu-
rologic signs, disease stage, or disease duration. Neurology. 1988; 38: 1237–1237. PMID: 3399075

Olfactory Dysfunction and Possible Mechanisms in Prp-αSynA53T Mice

PLOS ONE | DOI:10.1371/journal.pone.0119928 March 23, 2015 13 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119928.s001
http://www.ncbi.nlm.nih.gov/pubmed/16713924
http://www.ncbi.nlm.nih.gov/pubmed/12971891
http://dx.doi.org/10.1007/s00415-008-5006-1
http://www.ncbi.nlm.nih.gov/pubmed/18787880
http://www.ncbi.nlm.nih.gov/pubmed/1176578
http://www.ncbi.nlm.nih.gov/pubmed/6683381
http://www.ncbi.nlm.nih.gov/pubmed/3399075


8. Ross GW, Petrovitch H, Abbott RD, Tanner CM, Popper J, Masaki K, et al. Association of olfactory dys-
function with risk for future Parkinson's disease. Annals of neurology. 2008; 63: 167–173. PMID:
18067173

9. Haehner A, Hummel T, Hummel C, Sommer U, Junghanns S, Reichmann H. Olfactory loss may be a
first sign of idiopathic Parkinson's disease. Movement disorders. 2007; 22: 839–842. PMID: 17357143

10. Ponsen MM, Stoffers D, Booij J, van Eck-Smit BL, Wolters EC, Berendse HW. Idiopathic hyposmia as
a preclinical sign of Parkinson's disease. Annals of neurology. 2004; 56: 173–181. PMID: 15293269

11. Doty RL. The olfactory vector hypothesis of neurodegenerative disease: is it viable? Annals of neurolo-
gy. 2008; 63: 7–15. doi: 10.1002/ana.21327 PMID: 18232016

12. Hawkes C, Shephard B, Daniel S. Is Parkinson's disease a primary olfactory disorder? Qjm. 1999; 92:
473–480. PMID: 10627864

13. Spillantini MG, Schmidt ML, Lee VM-Y, Trojanowski JQ, Jakes R, Goedert M. α-Synuclein in Lewy bod-
ies. Nature. 1997; 388: 839–840. PMID: 9278044

14. Zarranz JJ, Alegre J, Gómez-Esteban JC, Lezcano E, Ros R, Ampuero I, et al. The newmutation, E46K,
of α-synuclein causes parkinson and Lewy body dementia. Annals of neurology. 2004; 55: 164–173.
PMID: 14755719

15. Polymeropoulos MH, Lavedan C, Leroy E, Ide SE, Dehejia A, Dutra A, et al. Mutation in the α-synuclein
gene identified in families with Parkinson's disease. Science. 1997; 276: 2045–2047. PMID: 9197268

16. Kruger R, KuhnW, Muller T, Woitalla D, Graeber M, Kosel S, et al. Ala30Pro mutation in the gene en-
coding alpha-synuclein in Parkinson's disease. Nat Genet. 1998; 18: 106–108. PMID: 9462735

17. Giasson BI, Duda JE, Quinn SM, Zhang B, Trojanowski JQ, Lee VM-Y. Neuronal α-synucleinopathy with
severe movement disorder in mice expressing A53T human α-synuclein. Neuron. 2002; 34: 521–533.
PMID: 12062037

18. Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of α-synuclein: from structure and toxic-
ity to therapeutic target. Nature Reviews Neuroscience. 2013; 14: 38–48. doi: 10.1038/nrn3406 PMID:
23254192

19. Graber TG, Ferguson-Stegall L, Kim J-H, Thompson LV. C57BL/6 neuromuscular healthspan scoring
system. The Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 2013; 68:
1326–1336. doi: 10.1093/gerona/glt032 PMID: 23585418

20. Tillerson JL, Caudle WM, Parent JM, Gong C, Schallert T, Miller GW. Olfactory discrimination deficits in
mice lacking the dopamine transporter or the D2 dopamine receptor. Behavioural brain research. 2006;
172: 97–105. PMID: 16765459

21. Gheusi G, Cremer H, McLean H, Chazal G, Vincent J-D, Lledo P-M. Importance of newly generated
neurons in the adult olfactory bulb for odor discrimination. Proceedings of the National Academy of Sci-
ences. 2000; 97: 1823–1828. PMID: 10677540

22. Nathan BP, Yost J, Litherland MT, Struble RG, Switzer PV. Olfactory function in apoE knockout mice.
Behavioural brain research. 2004; 150: 1–7. PMID: 15033273

23. Eibenstein A, Fioretti A, Lena C, Rosati N, Amabile G, Fusetti M. Modern psychophysical tests to as-
sess olfactory function. Neurological Sciences. 2005; 26: 147–155. PMID: 16086127

24. Restrepo D, Arellano J, Oliva AM, Schaefer ML, Lin W. Emerging views on the distinct but related roles
of the main and accessory olfactory systems in responsiveness to chemosensory signals in mice. Hor-
mones and behavior. 2004; 46: 247–256. PMID: 15325226

25. Hummel T, Kobal G, Gudziol H, Mackay-Sim A. Normative data for the “Sniffin’Sticks” including tests of
odor identification, odor discrimination, and olfactory thresholds: an upgrade based on a group of more
than 3,000 subjects. European Archives of Oto-Rhino-Laryngology. 2007; 264: 237–243. PMID:
17021776

26. Sánchez-Andrade G, James BM, Kendrick KM. Neural encoding of olfactory recognition memory. The
Journal of reproduction and development. 2005; 51: 547. PMID: 16284449

27. Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K. Stages in the development of Parkinson’s
disease-related pathology. Cell and tissue research. 2004; 318: 121–134. PMID: 15338272

28. Braak H, Tredici KD, Rüb U, de Vos RA, Jansen Steur EN, Braak E. Staging of brain pathology related
to sporadic Parkinson’s disease. Neurobiology of aging. 2003; 24: 197–211. PMID: 12498954

29. Doty RL. Olfaction in Parkinson's disease and related disorders. Neurobiology of disease. 2012; 46:
527–552. doi: 10.1016/j.nbd.2011.10.026 PMID: 22192366

30. Paumier KL, Sukoff Rizzo SJ, Berger Z, Chen Y, Gonzales C, Kaftan E, et al. Behavioral characteriza-
tion of A53T mice reveals early and late stage deficits related to Parkinson's disease. PLoS One. 2013;
8: e70274. doi: 10.1371/journal.pone.0070274 PMID: 23936403

Olfactory Dysfunction and Possible Mechanisms in Prp-αSynA53T Mice

PLOS ONE | DOI:10.1371/journal.pone.0119928 March 23, 2015 14 / 16

http://www.ncbi.nlm.nih.gov/pubmed/18067173
http://www.ncbi.nlm.nih.gov/pubmed/17357143
http://www.ncbi.nlm.nih.gov/pubmed/15293269
http://dx.doi.org/10.1002/ana.21327
http://www.ncbi.nlm.nih.gov/pubmed/18232016
http://www.ncbi.nlm.nih.gov/pubmed/10627864
http://www.ncbi.nlm.nih.gov/pubmed/9278044
http://www.ncbi.nlm.nih.gov/pubmed/14755719
http://www.ncbi.nlm.nih.gov/pubmed/9197268
http://www.ncbi.nlm.nih.gov/pubmed/9462735
http://www.ncbi.nlm.nih.gov/pubmed/12062037
http://dx.doi.org/10.1038/nrn3406
http://www.ncbi.nlm.nih.gov/pubmed/23254192
http://dx.doi.org/10.1093/gerona/glt032
http://www.ncbi.nlm.nih.gov/pubmed/23585418
http://www.ncbi.nlm.nih.gov/pubmed/16765459
http://www.ncbi.nlm.nih.gov/pubmed/10677540
http://www.ncbi.nlm.nih.gov/pubmed/15033273
http://www.ncbi.nlm.nih.gov/pubmed/16086127
http://www.ncbi.nlm.nih.gov/pubmed/15325226
http://www.ncbi.nlm.nih.gov/pubmed/17021776
http://www.ncbi.nlm.nih.gov/pubmed/16284449
http://www.ncbi.nlm.nih.gov/pubmed/15338272
http://www.ncbi.nlm.nih.gov/pubmed/12498954
http://dx.doi.org/10.1016/j.nbd.2011.10.026
http://www.ncbi.nlm.nih.gov/pubmed/22192366
http://dx.doi.org/10.1371/journal.pone.0070274
http://www.ncbi.nlm.nih.gov/pubmed/23936403


31. Fleming SM, Tetreault NA, Mulligan CK, Hutson CB, Masliah E, Chesselet MF. Olfactory deficits in mice
overexpressing human wildtype α-synuclein. European Journal of Neuroscience. 2008; 28: 247–256.
doi: 10.1111/j.1460-9568.2008.06346.x PMID: 18702696

32. Petit GH, Berkovich E, Hickery M, Kallunki P, Fog K, Fitzer-Attas C, et al. Rasagiline ameliorates olfac-
tory deficits in an alpha-synuclein mouse model of Parkinson's disease. PLoS One. 2013; 8: e60691.
doi: 10.1371/journal.pone.0060691 PMID: 23573275

33. KuoY-M, Li Z, Jiao Y, Gaborit N, Pani AK, Orrison BM, et al. Extensive enteric nervous system abnormal-
ities in mice transgenic for artificial chromosomes containing Parkinson disease-associated α-synuclein
gene mutations precede central nervous system changes. Humanmolecular genetics. 2010; 19:
1633–1650. doi: 10.1093/hmg/ddq038 PMID: 20106867

34. Pearce R, Hawkes C, Daniel S. The anterior olfactory nucleus in Parkinson's disease. Movement Disor-
ders. 1995; 10: 283–287. PMID: 7651444

35. Fletcher ML, Wilson DA. Experience modifies olfactory acuity: acetylcholine-dependent learning de-
creases behavioral generalization between similar odorants. The Journal of neuroscience: the official
journal of the Society for Neuroscience. 2002; 22: RC201.

36. Bohnen NI, Gedela S, Herath P, Constantine GM, Moore RY. Selective hyposmia in Parkinson disease:
association with hippocampal dopamine activity. Neuroscience letters. 2008; 447: 12–16. doi: 10.
1016/j.neulet.2008.09.070 PMID: 18838108

37. Bohnen NI, Müller ML, Kotagal V, Koeppe RA, Kilbourn MA, Albin RL, et al. Olfactory dysfunction, central
cholinergic integrity and cognitive impairment in Parkinson’s disease. Brain. 2010; 133: 1747–1754. doi:
10.1093/brain/awq079 PMID: 20413575

38. Marxreiter F, Nuber S, Kandasamy M, Klucken J, Aigner R, Burgmayer R, et al. Changes in adult olfac-
tory bulb neurogenesis in mice expressing the A30Pmutant form of alpha-synuclein. European Journal
of Neuroscience. 2009; 29: 879–890. doi: 10.1111/j.1460-9568.2009.06641.x PMID: 19291219

39. Baba T, Takeda A, Kikuchi A, Nishio Y, Hosokai Y, Hirayama K, et al. Association of olfactory dysfunc-
tion and brain. Metabolism in Parkinson's disease. Movement Disorders. 2011; 26: 621–628. doi: 10.
1002/mds.23602 PMID: 21284041

40. Wattendorf E, Welge-Lüssen A, Fiedler K, Bilecen D, Wolfensberger M, Fuhr P, et al. Olfactory im-
pairment predicts brain atrophy in Parkinson's disease. The Journal of Neuroscience. 2009; 29:
15410–15413. doi: 10.1523/JNEUROSCI.1909-09.2009 PMID: 20007465

41. Quinn N, Rossor M, Marsden C. Olfactory threshold in Parkinson's disease. Journal of Neurology, Neu-
rosurgery & Psychiatry. 1987; 50: 88–89.

42. Doty RL, Stern MB, Pfeiffer C, Gollomp SM, Hurtig HI. Bilateral olfactory dysfunction in early stage treat-
ed and untreated idiopathic Parkinson's disease. Journal of Neurology, Neurosurgery & Psychiatry.
1992; 55: 138–142.

43. Bohnen NI, Albin RL. The cholinergic system and Parkinson disease. Behavioural brain research.
2011; 221: 564–573. doi: 10.1016/j.bbr.2009.12.048 PMID: 20060022

44. Ezrin-Waters C, Resch L. The nucleus basalis of Meynert. The Canadian journal of neurological sci-
ences Le journal canadien des sciences neurologiques. 1986; 13: 8–14. PMID: 2937514

45. Rogers JD, Brogan D, Mirra SS. The nucleus basalis of Meynert in neurological disease: a quantitative
morphological study. Annals of neurology. 1985; 17: 163–170. PMID: 3883886

46. Shimada H, Hirano S, Shinotoh H, Aotsuka A, Sato K, Tanaka N, et al. Mapping of brain acetylcholines-
terase alterations in Lewy body disease by PET. Neurology. 2009; 73: 273–278. doi: 10.1212/WNL.
0b013e3181ab2b58 PMID: 19474411

47. Hunter A, Murray T. Cholinergic mechanisms in a simple test of olfactory learning in the rat. Psycho-
pharmacology. 1989; 99: 270–275. PMID: 2508165

48. Ravel N, Elaagouby A, Gervais R. Scopolamine injection into the olfactory bulb impairs short-term ol-
factory memory in rats. Behavioral neuroscience. 1994; 108: 317. PMID: 8037875

49. Mandairon N, Ferretti CJ, Stack CM, Rubin DB, Cleland TA, Linster C. Cholinergic modulation in the ol-
factory bulb influences spontaneous olfactory discrimination in adult rats. European Journal of Neuro-
science. 2006; 24: 3234–3244. PMID: 17156384

50. Ravel N, Vigouroux M, Elaagouby A, Gervais R. Scopolamine impairs delayed matching in an olfactory
task in rats. Psychopharmacology. 1992; 109: 439–443. PMID: 1365859

51. Doty RL, Bagla R, Kim N. Physostigmine enhances performance on an odor mixture discrimination
test. Physiology & behavior. 1998; 65: 801–804.

52. Krosnowski K, Ashby S, Sathyanesan A, LuoW, Ogura T, Lin W. Diverse populations of intrinsic cholin-
ergic interneurons in the mouse olfactory bulb. Neuroscience. 2012; 213: 161–178. doi: 10.1016/j.
neuroscience.2012.04.024 PMID: 22525133

Olfactory Dysfunction and Possible Mechanisms in Prp-αSynA53T Mice

PLOS ONE | DOI:10.1371/journal.pone.0119928 March 23, 2015 15 / 16

http://dx.doi.org/10.1111/j.1460-9568.2008.06346.x
http://www.ncbi.nlm.nih.gov/pubmed/18702696
http://dx.doi.org/10.1371/journal.pone.0060691
http://www.ncbi.nlm.nih.gov/pubmed/23573275
http://dx.doi.org/10.1093/hmg/ddq038
http://www.ncbi.nlm.nih.gov/pubmed/20106867
http://www.ncbi.nlm.nih.gov/pubmed/7651444
http://dx.doi.org/10.1016/j.neulet.2008.09.070
http://dx.doi.org/10.1016/j.neulet.2008.09.070
http://www.ncbi.nlm.nih.gov/pubmed/18838108
http://dx.doi.org/10.1093/brain/awq079
http://www.ncbi.nlm.nih.gov/pubmed/20413575
http://dx.doi.org/10.1111/j.1460-9568.2009.06641.x
http://www.ncbi.nlm.nih.gov/pubmed/19291219
http://dx.doi.org/10.1002/mds.23602
http://dx.doi.org/10.1002/mds.23602
http://www.ncbi.nlm.nih.gov/pubmed/21284041
http://dx.doi.org/10.1523/JNEUROSCI.1909-09.2009
http://www.ncbi.nlm.nih.gov/pubmed/20007465
http://dx.doi.org/10.1016/j.bbr.2009.12.048
http://www.ncbi.nlm.nih.gov/pubmed/20060022
http://www.ncbi.nlm.nih.gov/pubmed/2937514
http://www.ncbi.nlm.nih.gov/pubmed/3883886
http://dx.doi.org/10.1212/WNL.0b013e3181ab2b58
http://dx.doi.org/10.1212/WNL.0b013e3181ab2b58
http://www.ncbi.nlm.nih.gov/pubmed/19474411
http://www.ncbi.nlm.nih.gov/pubmed/2508165
http://www.ncbi.nlm.nih.gov/pubmed/8037875
http://www.ncbi.nlm.nih.gov/pubmed/17156384
http://www.ncbi.nlm.nih.gov/pubmed/1365859
http://dx.doi.org/10.1016/j.neuroscience.2012.04.024
http://dx.doi.org/10.1016/j.neuroscience.2012.04.024
http://www.ncbi.nlm.nih.gov/pubmed/22525133


53. Castillo PE, Carleton A, Vincent JD, Lledo PM. Multiple and opposing roles of cholinergic transmission
in the main olfactory bulb. J Neurosci. 1999; 19: 9180–9191. PMID: 10531421

54. Huisman E, Uylings H, Hoogland PV. A 100% increase of dopaminergic cells in the olfactory bulb may
explain hyposmia in Parkinson's disease. Movement Disorders. 2004; 19: 687–692. PMID: 15197709

55. Mundiñano I-C, Caballero M-C, Ordóñez C, Hernandez M, DiCaudo C, Marcilla I, et al. Increased dopa-
minergic cells and protein aggregates in the olfactory bulb of patients with neurodegenerative disor-
ders. Acta neuropathologica. 2011; 122: 61–74. doi: 10.1007/s00401-011-0830-2 PMID: 21553300

56. Belzunegui S, Sebastián WS, Garrido-Gil P, Izal-azcárate A, Vázquez-Claverie M, Lopez B, et al. The
number of dopaminergic cells is increased in the olfactory bulb of monkeys chronically exposed to
MPTP. Synapse. 2007; 61: 1006–1012. PMID: 17853434

57. Doty RL, Risser JM. Influence of the D-2 dopamine receptor agonist quinpirole on the odor detection per-
formance of rats before and after spiperone administration. Psychopharmacology. 1989; 98: 310–315.
PMID: 2568654

58. Hsia AY, Vincent J-D, Lledo P-M. Dopamine depresses synaptic inputs into the olfactory bulb. Journal
of Neurophysiology. 1999; 82: 1082–1085. PMID: 10444702

59. Ostrerova N, Petrucelli L, Farrer M, Mehta N, Choi P, Hardy J, et al. alpha-Synuclein shares physical
and functional homology with 14–3–3 proteins. J Neurosci. 1999; 19: 5782–5791. PMID: 10407019

60. Jeanclos EM, Lin L, Treuil MW, Rao J, DeCoster MA, Anand R. The chaperone protein 14–3–3eta inter-
acts with the nicotinic acetylcholine receptor alpha 4 subunit. Evidence for a dynamic role in subunit sta-
bilization. J Biol Chem. 2001; 276: 28281–28290. PMID: 11352901

61. Crespo C, Blasco-Ibanez JM, Brinon JG, Alonso JR, Dominguez MI, Martinez-Guijarro FJ. Subcellular
localization of m2 muscarinic receptors in GABAergic interneurons of the olfactory bulb. Eur J Neurosci.
2000; 12: 3963–3974. PMID: 11069592

62. Pignatelli A, Belluzzi O. Cholinergic modulation of dopaminergic neurons in the mouse olfactory bulb.
Chemical senses. 2008; 33: 331–338. doi: 10.1093/chemse/bjm091 PMID: 18209017

Olfactory Dysfunction and Possible Mechanisms in Prp-αSynA53T Mice

PLOS ONE | DOI:10.1371/journal.pone.0119928 March 23, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/10531421
http://www.ncbi.nlm.nih.gov/pubmed/15197709
http://dx.doi.org/10.1007/s00401-011-0830-2
http://www.ncbi.nlm.nih.gov/pubmed/21553300
http://www.ncbi.nlm.nih.gov/pubmed/17853434
http://www.ncbi.nlm.nih.gov/pubmed/2568654
http://www.ncbi.nlm.nih.gov/pubmed/10444702
http://www.ncbi.nlm.nih.gov/pubmed/10407019
http://www.ncbi.nlm.nih.gov/pubmed/11352901
http://www.ncbi.nlm.nih.gov/pubmed/11069592
http://dx.doi.org/10.1093/chemse/bjm091
http://www.ncbi.nlm.nih.gov/pubmed/18209017

