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Abstract
Genetic mutations associated with α-synuclein (α-Syn) are implicated in the pathogenesis of
Parkinson’s disease (PD). PD is primarily a movement disorder, but patients are known to
experience anxiety and other mood disorders. In this study, we examined the effect of the hA53T
mutation during development by analyzing the protein expression of norepinephrine (NET),
serotonin (SERT), and dopamine (DAT) transporters in addition to assessing locomotor and
anxiety-like behavior. We observed significant decreases in DAT expression at 8 months in
transgenic animals compared with normal and younger mice. We used the elevated plus maze,
open-field test, and rotarod apparatus to evaluate wild-type and hA53T hemizygous mice at 2, 8,
and 12 months of age. Our results showed that 12-month-old transgenic mice spend more time in
the open arms and display a greater number of open entries of the elevated plus maze compared
with wild-type controls and younger mice. Open-field test results showed that 12-month-old mice
travel a greater distance overall and travel more in the inner zone than either wild-type or younger
mice. Rotarod testing showed that 8- and 12-month-old transgenic mice perform better than either
wild-type controls or younger mice. Overall, 8–12-month-old transgenic mice showed a trend
toward reduced anxiety-like behavior and increased hyperactivity. These results indicate a possible
role of the A53T α-Syn mutation in anxiety-like and hyperactive behaviors in a PD mouse model,
suggesting that these behaviors might be comorbid with this disease.
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Parkinson’s disease (PD) is a common neurodegenerative movement disorder affecting
approximately 1% of the elderly population. Clinical manifestations reflect a loss of
dopaminergic (DA) neurons in the substania nigra pars compacta and include bradykinesia,
resting tremor, stiffness, postural instability, and periods of freezing (Simuni and Hurtig,
2000). One of the most common histopathological features of PD is the Lewy body (LB), a
proteinaceous fibrillar cytoplasmic inclusion present in the neuronal perikarya. Recent
evidence shows that the main components of LB’s are amyloid-like fibrils composed of
αsynuclein (α-Syn) protein. α-Syn is a small acidic protein (~14 kD) composed of 140
amino acids and is expressed predominantly in the presynpatic terminals, particularly in the
neocortex, hippocampus, striatum, thalamus, and cerebellum (Iwai et al., 1995). The amino
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acid sequence of α-Syn can be subdivided into three domains: the highly conserved lipid
binding amino-terminal domain (amphipathic region: 1–65 aa), the central NAC domain
known as the non-α β amyloid component of Alzheimer’s disease senile plaques
(hydrophobic region: 66–95 aa), and the acidic carboxyl-terminal domain (hydrophilic
region: 96–140 aa). Recent biochemical studies show functional interactions between α-Syn
and dopaminergic neurotransmitter system, including the regulation of dopamine synaptic
availability and homeostasis, modulation of dopamine release, and synthesis and targeting of
the dopamine transporter to the plasma membrane (Davidson et al., 1998; Jensen et al.,
1998; Murphy et al., 2000; Abeliovich et al., 2000; Stefanis et al., 2001; Lee at al, 2001;
Perez et al., 2002; Cabin et al., 2002; Wersinger et al., 2003a,b). In addition, α-Syn is
involved in modulating serotonergic and noradrenergic neurotransmission through
trafficking of the serotonin and norepinephrine transporter to and from the plasma
membrane, thereby regulating cell surface expression of the transporters, as well as through
direct binding to the transporters decreasing transporter activity (Wersinger et al., 2006a,b;
Jeannotte and Sidhu, 2007).

Although the exact physiological function of α-Syn is still being investigated, biochemical
and genetic studies have provided valuable insight into the functional role of wild-type and
mutant forms of α-Syn. The importance of α-Syn in PD is evident from genetic and
biochemical studies that have identified disease-causing missense mutations (A53T and
A30P) in the α-Syn gene that are associated with cases of early-onset PD in families of
European origin (Recchia et al., 2004). The A53T mutation (Kotzbauer, 2004) has been
especially important in the Contrusi kindred of PD (Duda, 2002) and in diffuse Lewy body
disease with the A53T mutation (Yamaguchi et al., 2005). In addition to PD, aberrant
aggregation of the α-Syn protein has been detected in a large number of other
neurodegenerative diseases, classified as synucleopathies (Hamilton, 2000; Simuni and
Hurtig, 2000; Arai et al., 2001; Jellinger, 2004; Nemes et al., 2004; Galpren and Lang, 2006;
Griffin et al., 2006).

Homozygous mice expressing the A53T mutant human α-Syn under the control of the
mouse prion promoter develop and display severe motor impairments with accumulation of
α-Syn in the brain, similar to patients with the A53T mutation (Giasson et al., 2002).
Homozygous A53T mutant mice have also been used to show decreased anxiety in 2-month-
old animals (George, 2008) and increased locomotor activity and altered dopaminergic
neurotransmission in 7–19-month-old mice (Unger et al., 2006). We decided to investigate
whether mood disorders could also occur in the hemizygous strain of the A53T mouse. In
this study, we show that late adult transgenic mice exhibit reduced anxiety-like behaviors on
the elevated plus maze and increased hyperactivity on the open-field test. Moreover, we
report a behavior phenotype of the A53T mutant human α-Syn mice characterized by both
reduced anxiety-like behavior and locomotor hyperactivity.

MATERIALS AND METHODS
Animals

Mice used in accordance with the Georgetown University Animal Care and Use Committee
approval were bred and maintained in University-approved animal facilities and handled by
trained personnel. Mice were group housed (2–5 animals/cage) in temperature- and
humidity-controlled rooms under a 12-hr light/dark cycle and fed an ad libitum diet of
standard mouse chow. Mice were originally obtained in breeding pairs from Jackson
Laboratories (Bar Harbor, ME) to generate a stable breeding colony. A breeding colony of
transgenic mice that carry the hA53T mutation driven by the mouse prion promoter was
established according to previously characterized mice (Giasson et al., 2002). Mice
hemizygous for the hA53T mutation were bred on a mixed C57B1/6 × C3H background to
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produce transgenic and nontransgenic littermates. In all cases, 2-, 8-, and 12-month-old
transgenic mice were directly compared with age-matched nontransgenic (wild-type)
littermates. To identify transgenic mice, PCR amplifications were performed on 1 µl of
proteinase K-digested (Promega, Madison, WI) tail DNA samples using a sense (5′-
TGTAGGCTCCAAAACCAAGG-3′) and an antisense (5′-
TGTCAGGATCCACAGGCATA-3′) primer. PCRs (30 µl) consisted of 10× NH4 buffer
(Bioline, London, United Kingdom), 1.5 mM MgCl2, 0.05 mM each dNTP, 0.4 pM of each
primer, and 0.1 units of Taq DNA polymerase (Bioline). Reactions were denatured at 95°C
for 5 min and then subjected to 35 cycles of 95°C for 45 sec, 61°C for 1 min, 72°C for 1
min, and 72°C for 2 min. A 30-µl aliquot from each reaction was analyzed by gel
electrophoresis in a 1% agarose gel for the presence of a 248-base-pair band. To confirm
further the genotype of transgenic and nontransgenic littermates, tail DNA samples were
processed by Charles River Genetic Testing Services (Troy, NY).

Western Blot
Striatum tissues from 2- and 8-month-old wild-type and transgenic mice were removed and
homogenized with lysis buffer (10 mM Tris-HCl, pH 7.4,, 100 mM NaCl, 1 mM EDTA, pH
8.0, 1 mM EGTA, pH 8.0) containing 1 mM PMSF, 0.1% SDS, 0.5% sodium deoxycholate,
1% NP-40, 10% glycerol, phosphatase inhibitor cocktail (Halt Phosphatase Inhibitor
Cocktail; Thermo Scientific, Rockford, IL), and protease inhibitor cocktail tablets (Complete
Mini, EDTA-free; Roche Diagnostics, Mannheim, Germany). Lysates were left on ice for 15
min and sonicated with a Branson Sonifer 250. Protein concentrations were determined with
a Bradford assay kit (Bio-Rad, Hercules, CA). Lysates containing 25 µg of proteins were
separated on 4–12% gradient Bis-Tris gels (Invitrogen, Carlsbad, CA) and then transferred
onto PVDF membranes (Bio-Rad; 162-0177). The blots were probed with either monoclonal
anti-NET (1:500 dilution; Mab Technologies, Inc.; NET05-2), monoclonal anti-SERT
(1:500 dilution; Santa Cruz Biotechnology, Santa Cruz, CA; sc-4678), and monoclonal anti-
DAT (1:500 dilution; MAB369; Millipore, Billerica, MA). Secondary antibodies used were
goat anti-mouse (1:3,000 dilution) and goat anti-rat (1:3,000 dilution; Bio-Rad). Membranes
were then washed with stripping solution (Restore Western Blot Stripping Buffer). Blots
were next probed with a polyclonal β-actin antibody (1:500 dilution; Santa Cruz
Biotechnology; catalog No. sc-1616), and the resulting signal was used to normalize for
protein loading. Membranes were detected with enhanced chemiluminescence (Perkin
Elmer) and exposed to film. Protein bands were scanned with an EPSON Perfection 4870
Photo Scanner and quantitatively analyzed in Scion Image.

Elevated Plus-Maze Test
Tests were spaced at least 1 week apart, and the order of testing was chosen such that tests
involving lower stress levels (elevated plus-maze and open-field) preceded those involving
higher stress levels (rotarod). The elevated plus-maze was performed before all tests,
because it is especially sensitive to previous testing history (Bailey et al., 2007). The
elevated plus-maze test was assessed as described previously (Masood et al., 2003). The
elevated plus-maze (Stoelting, Wood Dale, IL) apparatus was elevated 40 cm above the
floor and consisted of four arms measuring 35 cm in length × 5 cm in width. Two of the
arms (closed) were enclosed with 15-cm-high walls, and two arms had no walls (open).
Testing was conducted in a quiet (50–55 dB ambient noise), dedicated room, which was
dimmed to provide adequate testing. During the 5-min test session of free exploration, the
time spent and the total number of entries into the open and closed arms for each animal
when all four paws of the mouse moved into either the open or the closed arms was recorded
by a blind observer not aware of genotype. The maze was sponged clean between each trial.
Elevated plus maze behavior for each animal was analyzed using the ANY-maze video
tracking system (Stoelting).
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Open-Field Test
Normal (wild-type) and hA53T transgenic mouse locomotor activity was assessed using the
open field test (Stoelting). The animal were placed in the center of the activity field arena,
which is a transparent plexi cage (40 cm in width × 40 cm in diameter × 35 cm in height)
equipped with a camera above to record activity. All animals were allowed 2 min of free
exploration prior to testing. Testing lasted for 20 min per animal. The exploratory behavior
for each animal was analyzed using the ANY-maze video tracking system (Stoelting). The
analysis included distinguishing activity within an outer and inner zone of the open field to
assess thigmotaxis.

Rotarod
The rotarod apparatus (IITC Life Sciences, Wood Hills, CA) was used to measure balance
and motor coordination. During the training period, mice were allowed to explore the
rotarod for 2 min without rotation. The drum was slowly accelerated to a speed of 4–40 rpm
for a maximum of 300 sec. The latency to fall off the rotarod within this time period was
recorded. Mice received three trials each day for 3 consecutive days. The mean latency to
fall off the rotarod for the 3-day trial period was recorded and used for analysis. The
cylinder of the rotarod was 71 cm long and its diameter was 3.2 cm. The mouse was placed
on the rotarod with its head in the direction of rotation and so it had to turn to the opposite
direction first. During the test the mice had to remain on the rod for as long as they could.
The length of time for which the animal remained on the rod was recorded (a 300-sec
maximal trial was used for each test).

Statistical Analysis
Behavior parameters were assessed by applying one-way independent parametric ANOVA,
followed where appropriate by pairwise post hoc comparisons (Tukey HSD). All data are
represented as mean ± SEM. Differences were regarded as statistically significant at P <
0.05. The number of animals (n) for each age group with respect to genotype was 25.

RESULTS
To assess whether monoamine transporter protein expression levels were altered in the
A53T mice during development, striatal lysates were prepared and analyzed by Western
blots (Fig. 1A). At 2 months, we noticed a 16% increase in norepinephrine transporter
expression in transgenics compared with wild-type animals (Fig. 1B). However at 8 months,
we did not detect changes in NET protein expression between transgenic and wild-type
groups. We also noticed a modest increase in serotonin transporter expression in 2-month-
old transgenics, and by 8 months a 27% increase in protein expression was observed in
transgenic animals. Dopamine transporter protein expression levels increased by 15% in 2-
month-old transgenic animals; however, for the 8-month-old transgenics, we noticed a
significant decrease (34%) in total DAT expression (Fig. 1B).

To examine anxiety-like behavior, 2-, 8-, and 12-month-old mice were observed in an
elevated plus maze (Fig. 2A). At 2 and 8 months, the hA53T transgenic mice spent less time
in the open arms compared with wild-type mice. Although both groups displayed similar
behaviors on the elevated plus maze, values were significant only at 2 month of age. At 12
months, hA53T transgenic mice spent significantly more time in the open arms (Fig. 2A).
Analysis of the percentage of number of open arm entries/total entries showed fewer open
entries at 2 and 8 months in transgenic animals in comparison with wild-type mice (Fig. 2B).
At 12 months, we observed no difference in the percentage of open arm entries/total entries
among wild-type and transgenic groups. No differences in the total entries into the open
arms between the transgenics and the wild-type mice were seen in the 2-month-old animals
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(Fig. 2C). For both the 8- and 12-month-old animals, by contrast, there was a decrease in
total overall arm entries in the hA53T mice compared with wild-type animals, which
reached statistical significance in the 12-month-old animals (Fig. 2C).

To determine changes in locomotor activity during development, the open field analysis was
performed in 2-, 8-, and 12-month-old transgenic and age-matched wild-type animals. At 2
and 12 months, transgenic animals travel at significantly greater distances compared with
wild-type animals (Fig. 3A). At 8 months, transgenic animals traveled the same distance as
wild-type animals. During the 20 min of free exploratory activity, the 2-month-old hA53T
animals had significantly fewer entries in the inner zone compared with normal age-matched
control mice (Fig. 3B). At 8 months, the distance traveled in the inner zone was virtually
identical in wild-type and transgenic mice. At 12 months, transgenic animals showed a
significant increase in the distance traveled in the inner zone compared with normal mice
(Fig. 3B). The increased time spent in the inner zone is a reversal of the behavior seen at 2
months of age, when the opposite effect was seen.

At all ages, we observed no difference between transgenic and wild-type animals in the
distance traveled within the outer zone (data not shown). At 2 and 12 months, transgenic
animals traveled at a significantly greater speed than wild-type controls (Fig. 3C). At 8
months, no difference was observed between transgenic and control groups. At 8 and 12
months of age, transgenic animals displayed significantly more rearing events compared
with normal aged-matched controls (Fig. 3D). At 2 months, our results show less rearing in
transgenic animals compared with wild-type controls.

Because several animal models of PD are characterized by decreased locomotor activity,
particularly at increased ages, it was essential to estimate whether these mice had reduced
locomotion that might confound previous behaviors. We therefore measured locomotor
activity in the 2-, 8-, and 12-month-old animals by rotarod, which measures balance and
motor coordination. During rotarod tests, 2-month-old hA53T mice had significantly shorter
latency to fall than normal mice (Fig. 4). By 8 months, transgenic animals showed slightly
better motor coordination and balance than wild-type controls. At 12 months, transgenic
mice showed better motor coordination performance than wild-type animals (Fig. 4);
however, mean latencies of falls were significantly longer in 12 month A53T tg animals than
in wild-type animals (P < 0.05).

DISCUSSION
In this study, we analyzed NET, SERT, and DAT protein expression during development in
the A53T transgenic mice. We show that, at 2 and 8 months, NET and SERT protein
expression levels are not significantly altered between transgenic and wild-type animals
(Fig. 1). DAT, one of the most important proteins involved in the etiology of PD, was
significantly decreased at 8 months in transgenic animals compared with normal and 2-
month-old animals. We show that mice hemizygous for the A53T form of human ±-Syn
develop an age-related increase in both locomotor activity and reduced anxiety-like
phenotype. By 12 months of age, transgenic animals display decreased anxiety-like behavior
on the elevated plus maze compared with either wild-type controls or younger transgenic
animals (Fig. 2A). Previous studies have shown that homozygous A53T transgenic animals
display a reduced anxiety-like phenotype at 2 months of age (George, 2008). In our study,
we show that reduced anxiety is absent from young 2-month-old mice and is also not evident
in the 8-month-old mice. Indeed, we do not observe any decreased anxiety-like behavior
until the mice are 12 months of age.
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The observation of increased exploratory and locomotor activity in the open field test and
increased balance and motor coordination on the rotarod shows that these animals are
hyperactive compared with either wild-type controls or younger mice. At 2 and 12 months,
transgenic mice traveled a greater distance and faster than wild-type controls in the open-
field test (Fig. 3). At 12 months, reduced anxiety-like phenotype of A53T mice is also
apparent in the open-field test, which showed greater inner zone distance traveled (Fig. 3B)
and significantly increased rearing in 12-month-old transgenics compared with wild-type
controls (Fig. 3D). We found that the 2-month-old transgenic mice performed poorly on the
rotarod compared with wild-type controls (Fig. 4). Rotarod performance improved by 8
months of age, and by 12 months transgenic mice showed better motor coordination than
wild-type controls and younger animals. These data from hemizygous mice are consistent
with previous reports showing that A53T transgenic mice are hyperactive only between 7
and 19 months of age, before the onset of motor dysfunction (Unger et al., 2006).

Numerous reports suggest that anxiety is comorbid with PD (Menza et al., 1993; Shiba et al.,
2000; Marinus et al., 2002). Symptoms of anxiety are known to manifest before the onset of
motor symptoms (Shiba et al., 2000). In our study, the hA53T transgenic mice show the
phenotype of both reduced anxiety-like behavior and increased locomotor activity in the
same animal, compared with other studies that have identified these behavioral phenotypes
separately (Unger et al., 2006; George, 2008). Moreover, these previous studies were
conducted on homozygous mice (George, 2008) in addition to various hA53T transgenic
lines at different ages (Unger et al., 2006) compared with those used in our study. In our
studies, it is interesting to note that several of the behaviors we studied in the 2-month-old
transgenic mouse were opposite those seen in the 12-month-old animal, suggestive of a
“switch” that may occur between these ages, reversing these behaviors. Thus, in general,
results of the elevated plus maze test and the rotarod in the 2-month-old animals were
opposite those of the 12-month-old animals. In the open field test, opposite results were also
seen when measuring time spent in the inner zone (Fig. 3B), in which the 2-month-old
animal spent less time in the inner zone, suggestive of increased anxiety-like behavior,
consistent with our results obtained from the elevated plus maze.

The exact mechanisms involved in altered behavior in the elevated plus maze and increased
locomotor activity in the open-field tests remains unclear. The neurotransmitter dopamine
has been implicated in anxiety-like behaviors (Pogorelov et al., 2005). In our study, α-Syn-
mediated effects on the dopaminergic system may be involved in the reduced anxiety-like
phenotype observed in our mice. In the 7–19-month-old A53T transgenic mice, DAT
expression is reduced in the nucleus accumbens and the striatum and was associated with
reduced dopamine uptake in the striatum and increased hyperactivity in the A53T mice
(Unger et al., 2006). In the 2-month-old homozygous A53T mutant animal, DAT expression
was not measured (George, 2008), but our data suggest that reduced DAT expression and
abnormalities in dopaminergic neurotransmission may also underlie the reduced anxiety-like
behavior that we observe in our studies. In addition, dysregulated dopaminergic signaling
may also occur through mechanisms independent of DAT expression levels, involving a
dysregulation of DAT by the A53T mutant of α-Syn. Indeed, we have previously shown in
cotransfected cells that the A53T mutant α-Syn is completely unable to traffick and regulate
the reuptake functional activity of dopamine via DAT (Wersinger and Sidhu, 2005). Thus,
the expression of the A53T mutant may lead to dysregulation of DAT, leading to
hyperactivity in a mechanism reminiscent of that seen in the DAT knockout animal (Giros et
al., 1996; Uhl et al., 1996). Although the effect of the A53T mutant on SERT trafficking and
function is not known, it is likely that the A53T α-Syn mutation may cause a dysregulation
of SERT. Although an overexpression of SERT may be predicted to lead to depressive
behavior, due to reduced serotonin in the synapse and increased reuptake, we have not
observed any depressive-like behavior in these mice at any age (data not shown).
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In conclusion, late-adult hA53T transgenic mice show hypoanxiety-like behaviors on the
elevated plus maze and increased locomotor activity on the open-field test and the rotarod.
These mice will provide further valuable scientific information on the function of α-Syn-
mediated effects on the brain with regard to PD and changes in behavior.
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Fig 1.
Western blot. The protein expression levels of NET, SERT, and DAT were examined by
Western blot using striatum lysates from 2- and 8-month-old wild-type and transgenic
animals. A: Analysis of relative levels of protein expression was performed on samples with
25 µg of protein per lane. B: Means for three independent samples per age normalized to β-
actin before net intensity levels of expression were compared. Data represent the means of
actual values ± SE for mice of both genotypes. *P < 0.05 vs. the wild-type mice with
ANOVA.
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Fig 2.
Elevated plus-maze test. Time spent in the open (A), percentage of open entries (B), and
total entries (C) are shown for wild-type (open column, n = 25) and hA53T transgenic mice
(solid column, n = 25) in the elevated plus maze test during a 5-min testing period. Data
represent the means of actual values ± SE for mice of both genotypes. *P < 0.05 vs. the
wild-type mice with ANOVA. #P < 0.05 between groups.
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Fig 3.
Open-field test. Total distance traveled (A), percentage of inner zone distance traveled (B),
average speed (C), and rearing (D) are shown for wild-type (open column, n = 25) and
hA53T transgenic mice (solid column, n = 25) in the open-field test during a 20-min testing
period. Data represent the means of actual values ± SE for mice of both genotypes. *P <
0.05 vs. the wild-type mice with ANOVA. #P < 0.05 between groups.
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Fig 4.
Rotarod test. Rotarod tests were performed at 4–40 rpm for 5 min. The length of time for
which the animal remained on the rod was recorded. Bars are shown for wild-type (open
column, n = 25) and hA53T transgenic mice (solid column, n = 25). Data represent the
means of actual values ± SE for mice of both genotypes. *P < 0.05 vs. the wild-type mice
with ANOVA. #P < 0.05 between groups.
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