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Abstract
Alpha-synuclein is implicated in the pathology of Parkinson disease (PD) and is involved in
synaptic function, particularly in presynaptic events in dopamine (DA) synapses. Recently, a role
for alpha-synuclein in reward and addiction, especially in alcoholism, has been reported. Since PD
and alcohol dependence present a strong comorbidity with anxiety disorders, a role for alpha-
synuclein in anxiety has been proposed. The aim of the present investigation was to study the
involvement of alpha-synuclein in anxiety by testing alpha-synuclein knock out and wild type
mice in three different emotionality tests: the open field, the elevated plus maze and the light-dark
box. Alpha-synuclein knock out mice and wild type controls displayed consistently similar
emotionality profiles in all the tests, suggesting a lack of involvement of alpha-synuclein in
unconditioned anxiety in mice.
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Introduction
The alpha-synuclein gene is highly expressed in the central nervous system and has receive
increasing interest mainly because of its role in the development of the pathology associated
with neurodegenerative disorders such as Parkinson’s disease (PD) (Chartier-Harlin et al.,
2004; Kruger et al., 1998; Polymeropoulos et al., 1997; Singleton et al., 2003; Spillantini et
al., 1998; Zarranz et al., 2004), in which certain mutations of the alpha-synuclein gene are
associated with the degeneration of DA neurons (Kruger et al., 1998; Polymeropoulos et al.,
1997; Zarranz et al., 2004). Alpha-synuclein down-regulates dopamine transmission by
inhibiting the activity of tyrosine hydroxylase, decreasing dopamine synthesis and acting as
a negative regulator of DA release (Peng et al., 2005; Perez et al., 2002). Alpha-synuclein
also regulates the trafficking of the DA transporter (DAT) to the cell surface and thus
regulates the rate of reuptake of DA (Fountaine and Wade-Martins, 2007; Lee et al., 2001;
Wersinger and Sidhu, 2003).

Since the discovery of its involvement in DA function, there is a growing literature
suggesting a role for alpha-synuclein in reward and addiction (Boyer and Dreyer, 2007). An
overexpression of alpha-synuclein protein in brain reward areas of cocaine addicts (Mash et
al., 2003; Qin et al., 2005) and after treatment with psychostimulants in rodents (Brenz
Verca et al., 2003; Fornai et al., 2005) has been identified. Moreover, a strong association
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between alpha-synuclein and alcohol addiction has been suggested. For instance alpha-
synuclein mRNA and protein levels were highly expressed in the hippocampus of alcohol-
preferring versus non preferring rats (Liang et al., 2003), and alpha-synuclein protein and
mRNA levels were elevated in alcoholic patients and were associated with craving for
alcohol (Bonsch et al., 2004; Bonsch et al., 2005)

Since there is a high comorbidity of anxiety disorders in patients with PD (Marinus et al.,
2002; Nuti et al., 2004; Richard, 2005; Shiba et al., 2000; Walsh and Bennett, 2001), and
alcoholism (Morris et al., 2005; Terra et al., 2006) a role for alpha-synuclein in anxiety-
related disorders has been proposed, and recently, an increase in the expression of alpha-
synuclein in the hippocampus of rats with high levels of anxiety was reported (Chiavegatto
et al., 2009). On the other hand a study using transgenic mice expressing the human alpha-
synuclein with A53T mutation showed a reduction in anxiety-like behaviour, evaluated in
the elevated plus maze, in comparison with wild-type and knock out mice (George et al.,
2008). Nevertheless, another study in which a strain of mice with a deletion of the alpha-
synuclein gene was tested, provided no conclusive differences in anxiety when the mice
were tested in the light-dark box (Siegmund et al., 2005). Thus, even though some evidence
seems to point out a role for alpha-synuclein on determining the anxiety phenotype, the
evidence to date is inconclusive.

The optimum way to characterise the emotionality profile in rodents is by means of a test
battery in which several measures of activity, exploration and anxious behaviour could be
compared and a consistent picture drawn (Crawley et al., 1997; Podhorna and Brown, 2002).
The open field test (Walsh and Cummins, 1976) provides information about locomotion and
exploratory activity, while the presence of thigmotaxis (behaviour in close proximity to the
walls) provides an anxiety measure. The elevated plus maze (Lister, 1987; Pellow and File,
1986; Stephens et al., 1986) is another well validated test specially suitable for the study of
anxiety in rodents by the analysis of the behaviour in the open arms of the maze and of risk
assessment behaviours, such as stretched attend postures, representing a more ethological
approach to anxiety (Rodgers and Dalvi, 1997). The light-dark box also provides a measure
of unconditioned anxiety by measuring the degree of avoidance of an illuminated arena
towards a dark compartment, which rodents find less aversive (Costall et al., 1989; Crawley
and Goodwin, 1980). In the present paper, with the aim of clarifying the role of alpha-
synuclein in anxiety, we evaluated basal locomotor activity and behaviour in the open field,
the elevated plus maze and the light-dark box in alpha-synuclein knock out and wild type
mice.

2. Materials and Methods
2.1. Subjects

Mice carrying targeted null mutation of the gene encoding alpha-synuclein (Abeliovich et
al., 2000) on a pure genetic background were produced in Cardiff University Transgenic
Animal Unit by 11 generations of backcrosses with C57BL/6J mice (Charles River). At this
stage heterozygous animals were intercrossed and resulting wild type and homozygous null
mutant animals were used as breeders for production of experimental cohorts. Thus,
experimental mice were the offspring of homozygous knock out or wild type parents
obtained by breeding heterozygous parents. Mouse genotyping was carried out as described
previously (Robertson et al., 2004). A total of 36 (18 wild type and 18 knock out) male mice
were obtained at 8-12 weeks of age and upon arrival at the University of Sussex, the animals
were housed in groups of two or three per cage on a 12 h light/dark cycle (lights off at 7
P.M.). Mice had free access to food and water and were maintained at a temperature of
19-21°C and 50% humidity. A period of 10 days of habituation to the new environmental
conditions was given before the start of the experimental procedures. All experiments were
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approved by the institutional ethics committee and were performed under United Kingdom
legislation on animal experimentation [Animal (Scientific Procedures) Act, 1986].

2.2. Test apparatuses
2.2.1. Locomotor boxes—Locomotor activity was assessed in black perspex circular
runways (internal diameter, 11 cm; external diameter, 25 cm; height, 25 cm), in which the
animals were videoed from below through a translucent Perspex floor that detected the
moving shadow of the animal. Images were digitised and locomotor activity determined
using in-house software written in Matlab (The MathWorks, Natick, MA). Both overall
distance traveled and forward locomotion (whereby animals circulate in one direction for
90° and additional counts for every 45° thereafter) were calculated.

2.2.2. Open Field—The apparatus consisted of a grey opaque floor 50cm square, entirely
surrounded by grey opaque walls of 40 cm height. The floor of the open field apparatus was
divided into 10 cm squares and was illuminated by a 40 W bulb located 80 cm above the
apparatus. The surface of the apparatus was under an illumination of 115- 157 lux.

2.2.3. Plus maze—The Elevated Plus Maze (EPM) consisted of 2 open arms (30 cm long
× 4 cm wide), 2 closed arms (30 cm long × 4 cm wide × 15 cm high) and a middle
compartment (4cm long × 4 cm wide), forming the shape of a cross. The apparatus was
made from black Perspex and was elevated 45 cm above the ground. The room was
illuminated with dim light and the open arms of the maze were under illumination of 40-48
lux.

2.2.4. Light-dark box—The light-dark box consisted of two compartments: a large
illuminated compartment (27 × 27 cm) and a small dark compartment (18 × 27 cm)
connected by a shuttle door (7.5 × 7.5 cm) located in the centre of the partition at floor level.
The light box was open at the top, painted white and illuminated by a 60 W bulb located 30
cm above the apparatus providing an illumination measure in the floor of the white
compartment in the range of 380- 470 lux. The dark box was painted matt black and had a
removable black lid at the top.

2.4. Behavioural procedures
2.4.1. Locomotor activity—Animals were handled and weighed daily for one week
before the start of the experiment. Testing took place between 10:00 and 12:00 h. in 45 min
sessions for four consecutive days, to investigate possible differences in locomotor activity
in a novel environment as well as the within and between-sessions habituation.

2.4.2. Open field and elevated plus maze test—Mice were placed in the centre of the
open field apparatus and allowed to freely explore the arena for a period of five minutes.
Measures taken were entries into, total locomotor activity (number of line crossings) and
time spent in the outer 16 squares (periphery zone), the middle 8 squares (intermediate zone)
or the centre square (central zone). The activity, entries and time spent in the unprotected
area, outside the outer 16 squares (so, not in proximity to the walls) were grouped for the
analysis. Number of rearings and defecations were also measured.

Immediately after the open field testing, each animal was placed in the centre of the EPM
facing one of the open arms and allowed to explore the apparatus freely for 5 minutes.
Measures taken included time spent in, entries and locomotor activity into the open, closed
and middle compartments and behaviours associated with the EPM; stretch-attend postures,
head dipping and rearing. An entry was defined as placing all four paws within the given
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arm. Both apparati were cleaned with a solution containing 30% ethanol after each 5 minute
run and wiped dry before the next test.

2.4.3. Light-dark box—The testing took place one week after the OF and the EPM. Each
animal was placed at the centre of the illuminated compartment and after 10 seconds the
shuttle door was opened and the animal was allowed to explore freely both compartments
for 5 minutes. Total number of crossings between the two compartments (defined the
placement of all four paws in a given compartment), latency to enter into the dark
compartment, latency to enter the illuminated compartment after the first entry into the dark
box and time spent in both compartments were measured. Number of head entries towards
both compartments (attempts to enter into the adjacent compartment), rearings in the
illuminated compartment and total defecations in the apparatus were also measured.

In the Open Field, EPM and Light-dark box the movement of each animal was recorded
using a video camera (Sony SPT- M108CE) connected to a videocassette recorder
(Panasonic AG-5700) to allow subsequent analysis.

2.5. Statistical analysis
Statistical analysis was performed using the ‘Statistical Package for Social Sciences’ (SPSS,
version 14.0). Locomotor activity data were analysed by repeated-measures analysis of
variance (ANOVA) with genotype as the between-subjects factor and days (four levels) or
15-min bins (three levels) as the within-subjects factor. Paired t-tests were used for post hoc
comparisons. Data from the elevated plus maze, open field and light-dark box were analysed
by independent-samples t-tests.. A p<0.05 was required for results to be considered
statistically significant.

3. Results
3.1. Locomotor activity

The repeated-measures ANOVA of the total locomotion showed a significant effect of ‘day’
(F(3,93)=36.442, p<0.001; Figure 1A) but groups did not differ in the amount of locomotor
activity or in the habituation to the apparatus across days as indicated by the lack of a
significant group × day interaction (F<0.372, n.s.). Post hoc comparisons showed that
groups decreased locomotor activity in days 2, 3 and 4 when compared to day 1. To further
study the response of the animals to a new environment, we analysed the locomotor activity
data on the first day by splitting the session into 15-min bins. The results indicated that both
groups showed similar levels of activity and habituation to the boxes during this first
exposure (Time effect: F(2,66)= 64.036, p<0.001; Figure 1B). Post hoc comparisons
indicated that locomotor activity decreased significantly every 15 minutes.

3.2. Open Field
Figure 2 shows the data from the 5 min exposure to the open field apparatus. No significant
differences between groups appeared in total activity or in activity in the unprotected area
(t<1.26, n.s). Nevertheless, even though not reaching significance, there appeared a tendency
for the WT mice to make more entries (t(34)=1.934, p=0.061) and to spend more time
(t(34)=2.014, p=0.052) into the unprotected area of the apparatus than the KO, which could
be interpreted as a tendency for a more anxiogenic profile in the KO mice. No significant
differences between groups appeared in the number of rearings (t(34)=1.689, n.s.) or in
number of defecations (t(34)=-1.083, n.s.).
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3.3. Elevated plus maze
Data from the Elevated plus maze are shown in figure 3. Statistical differences between
groups appeared in the number of total entries into the arms of the apparatus (open arms +
closed arms entries) (t(34)=−3.010, p=0.005; Fig. 3A). KO mice made more entries than WT
mice. As differences in total entries were found, the data of entries and time spent in the
open and enclosed arms were analysed as percentages. Groups did not differ in percentage
of open arm entries nor in percentage of time spent in the open or the enclosed arms,
showing similar levels of emotionality (all t<1.1, n.s.). Apart from these classical measures,
ethological variables were also measured. Nevertheless, we failed to find any statistical
differences in the number of rearings, stretch attend postures in the unprotected areas of the
maze (centre + open arms) or in the number of head dips (all t<1.4, n.s.), suggesting again
similar levels of emotionality in both groups of mice in the elevated plus maze.

3.4. Light-dark box
Figure 4 shows the data from the Light-dark box test. No statistical differences between
groups appeared in the latency to enter into the dark compartment nor in total time spent in
the illuminated compartment of the apparatus (both t<0.66, n.s.). Nevertheless, we also
measured the latency to enter into the illuminated compartment after the first entry into the
dark, but the ANOVA failed to show statistical differences between groups in this measure
(Figure 4C). The fact that the animal is initially allocated into the illuminated compartment
makes the interpretation of the latency to enter into the dark difficult, because high values on
this measure can be due to a more intense freezing response rather than to a reduction in
emotionality. Nevertheless groups showed similar values in both variables, showing similar
levels of emotionality. Groups did not differ in the number of crossings between
compartments or in number of rearings in the illuminated compartment, suggesting an equal
pattern of exploratory activity and locomotion during the testing. The lack of differences in
anxiety were also confirmed by the fact that the groups showed no differences in defecations
(all t<0.493, n.s.).

4. Discussion
The results from the present investigation do not support the idea of an involvement of the
alpha-synuclein gene in anxiety. With regard to locomotor activity, there were no
differences between wild type and alpha-synuclein knock out mice. In the locomotor boxes,
animals showed similar activity levels and the same pattern of habituation across time,
which is consistent with previous reports showing that targeted deletion of alpha-synuclein
does not cause deficits in motor performance (Abeliovich et al., 2000; Senior et al., 2008).
Also data from the exposure to the open field and to the light-dark box indicate an absence
of differences in locomotion between both groups. Nevertheless, in the elevated plus maze,
knock out mice displayed higher activity levels (higher number of total arm entries) in
comparison with wild type animals.

With regard to anxiety, the picture appears quite consistent and suggests a lack of
involvement of alpha-synuclein in unconditioned anxiety in mice. No statistical differences
between groups appeared in the analysis of the behaviour in any of the emotionality tests
performed. Animals showed similar levels of anxiety consistently in the elevated plus maze
and in the light-dark box, not differing in the main variables as the percentage of entries and
time spent in the open arms of the plus maze or in the time spent in the illuminated
compartment in the light-dark box. No statistical differences appeared in the open field
although a tendency towards a significant difference in entries and time spent in the
unprotected area between groups seems to suggest that the knock out mice were more
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anxious than the wild type in this particular situation, because they were showing
thigmotaxis, although statistical significance was not achieved.

A recent paper by George et al (2008) reported that alpha-synuclein transgenic mice showed
reduced anxiety-like behaviour. In this study, transgenic mice over-expressing human alpha-
synuclein with the A53T mutation either with endogenous mouse alpha-synuclein or without
the mouse alpha-synuclein expression, spent more time and displayed a higher percentage of
open arm entries than alpha-synuclein knock out mice or wild type controls. Nevertheless, in
this investigation knock out and wild type alpha-synuclein mice did not differ in these two
variables, presenting a similar anxiogenic profile. Moreover, this experiment failed to find
significant statistical differences between knock out and wild type mice in the open field, in
agreement with the results from the present paper (George et al., 2008).

In the study by Siegmund et al (2005) innate fear was compared across three different
substrains of C57BL/6 mice: the C57BL/6NCrl (B6N) and the C57BL/6JCrl (B6J), that
express alpha-synuclein, in comparison with the C57BL/6JOlaHsd (B6Ola) which does not
express alpha-synuclein because of a spontaneous ablation of the gene (Specht and
Schoepfer, 2004). Siegmund et al (2005) found that in a 30 min exposure to a light-dark box
there were no differences between groups in the relative time spent in the dark compartment,
the strains displaying similar levels of emotionality in this test. Nevertheless, taking into
account only the first 5 min exposure to the test, the B6JOla showed similar avoidance of the
illuminated compartment as the B6N, but a higher avoidance levels than the B6J strain,
which supports the idea that alpha-synuclein is not responsible of the differences in anxiety
showed by these strains in the light-dark box. Furthermore, unpublished results from our
laboratory show that B6Ola mice displayed similar levels of emotionality to B6J mice from
two different sources (Jackson laboratories and Charles River laboratories), evaluated in the
elevated plus maze and in the light-dark box, supporting the lack of involvement of alpha-
synuclein in anxiety.

Even though the two papers mentioned above are in agreement with the results reported in
the present paper, a recent study reported that the expression of alpha-synuclein was
increased in the hippocampus of rats with high levels of innate anxiety in comparison with
non-anxious rats (Chiavegatto et al., 2009). This study compared two different inbred strains
of rats, the more fearful Lewis (LEW) rats and the Spontaneously Hypertensive (SHR) rats,
which also differ in alcohol preference and intake (higher in the LEW strain in comparison
with the SHR). It is difficult to compare our results with this investigation, though it is
plausible that local expression of alpha-synuclein in certain brain areas, as in the
hippocampus, could determine higher levels of anxiety in rodents. Nevertheless, these
strains differ in expression of a number of genes, so that it is not possible to attribute
differences in anxiety to levels of alpha-synuclein expression.

Also we have to take into account when using knock out animals that compensational
mechanisms can occur. The synucleins are a family of three members, alpha-, beta- and
gamma-synuclein that share considerable N-terminal amino acid sequence homology (Jakes
et al., 1994; Nakajo et al., 1993). When one or more synucleins are deleted, the remaining
members of the family are upregulated in some brain regions (Chandra et al., 2004;
Robertson et al., 2004) and similar changes in gene regulation occur in response to targeted
deletion of alpha-synuclein or gamma-synuclein, suggesting a degree of functional overlap
(Kuhn et al., 2007). For example, Senior et al (2008) demonstrated increased locomotor
activity in double (alpha/gamma) knock out mice in comparison with wild type animals,
whereas no differences in activity were found in single alpha-synuclein knock out mice in a
5 min grey open field test (Senior et al., 2008). These apparently compensatory changes
suggest that there is a degree of functional redundancy in the synuclein gene family. We
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cannot rule out the possibility that this functional redundancy is responsible to the lack of
differences between the wild type and knock out mice from the present study. Furthermore,
anxiety is not a simple trait but an heterogeneous and complex phenomenon, determined by
multiple genes and by their interaction with environmental factors, which make it difficult
the isolation of particular genes (Clement et al., 2002). Nevertheless, we can conclude from
the present paper that the absence of alpha-synuclein does not affect unconditioned anxiety
in mice.
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Figure 1. Locomotor activity
The mean±SE of forward locomotor activity in the 45-min sessions for four consecutive
days (a), and during the first session (b) for alpha-synuclein knock out (KO, open circles),
and wild type (WT, filled circles) mice.
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Figure 2. Open field
The mean±SE of total activity (a) activity in the unprotected area of the apparatus
(intermediate + central zone) (b), entries in the unprotected area (c), time in the unprotected
area (d), rearings (e) and defecations (f) for alpha-synuclein knock out (KO, open circles),
and wild type (WT, filled circles) mice.
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Figure 3. Elevated plus maze
The mean±SE of total entries (a), percentage of open arm entries (b), percentage of time
spent in the open arms (c), of time spent in the enclosed arms (d) rearings (e), stretchings in
the unprotected area (f) and total number of head dips (g) for alpha-synuclein knock out
(KO, open circles), and wild type (WT, filled circles) mice. * p<0.05.
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Figure 4. Light-dark box
The mean±SE of latency to enter into the dark compartment (a) latency to enter into the
illuminated compartment after the first entry into the dark (b) total time spent in the
illuminated compartment (c), number of crossings (d), rearings in the illuminated
compartment (e) and total defecations (f) for alpha-synuclein knock out (KO, open circles),
and wild type (WT, filled circles) mice.
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