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Parkinson disease (PD) is a neurodegenerative disease with motor as well as non-motor signs in the gastro-

intestinal tract that include dysphagia, gastroparesis, prolonged gastrointestinal transit time, constipation

and difficulty with defecation. The gastrointestinal dysfunction commonly precedes the motor symptoms

by decades. Most PD is sporadic and of unknown etiology, but a fraction is familial. Among familial forms

of PD, a small fraction is caused by missense (A53T, A30P and E46K) and copy number mutations in

SNCA which encodes a-synuclein, a primary protein constituent of Lewy bodies, the pathognomonic protein

aggregates found in neurons in PD. We set out to develop transgenic mice expressing mutant a-synuclein

(either A53T or A30P) from insertions of an entire human SNCA gene as models for the familial disease.

Both the A53T and A30P lines show robust abnormalities in enteric nervous system (ENS) function and synu-

clein-immunoreactive aggregates in ENS ganglia by 3 months of age. The A53T line also has abnormal motor

behavior but neither demonstrates cardiac autonomic abnormalities, olfactory dysfunction, dopaminergic

neurotransmitter deficits, Lewy body inclusions or neurodegeneration. These animals recapitulate the

early gastrointestinal abnormalities seen in human PD. The animals also serve as an in vivo system in

which to investigate therapies for reversing the neurological dysfunction that target a-synuclein toxicity at

its earliest stages.

INTRODUCTION

Parkinson disease (PD) is the second most common neurode-
generative disease after Alzheimer disease, with a prevalence
in the USA of 0.3%, rising to 1.5% in the over 55 age group

(1). PD affects the central nervous systems (CNS), peripheral
nervous system (PNS) and enteric nervous systems (ENS).
Loss of dopaminergic neurons of the substantia nigra pars
compacta (SNpc) and their nigrostriatal projections produces
parkinsonism, the movement disorder characterized by
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tremor, bradykinesia, rigidity and postural instability that are
the most obvious clinical signs of the disease (2–4). Non-
motor abnormalities are also seen frequently in PD (5).
These include depression, sleep disturbances, hyposmia and
dementia with Lewy bodies, which result from lesions
outside the SNpc but inside the CNS. Autonomic and
gastrointestinal dysfunction are also common and are associ-
ated with pathological changes outside the CNS (6). Gastroin-
testinal dysfunction is a particularly common non-motor
abnormality in PD, documented in over 80% of patients
[Reviewed by Pfeiffer (7), Jost and Eckhart (8) and Jost
(9)]. Symptoms and signs include dysphagia, gastroparesis,
prolonged gastrointestinal transit time, constipation and
difficulty with defecation (10). Gastrointestinal dysfunction
precedes the onset of motor symptoms in PD patients by
decades (11,12).
Cytoplasmic protein aggregates known as Lewy bodies, dis-

tributed throughout the CNS from the lower brainstem through
the midbrain and forebrain and cerebral cortex, are pathologi-
cal hallmarks of the disease (13,14). Aggregates of
a-synuclein and Lewy bodies are also found in the ENS of
PD patients (15–17). However, it remains unclear whether
Lewy bodies are toxic, protective or neutral markers of the
PD process.
Most cases of PD are sporadic and of unknown etiology.

However, a small fraction are familial and caused by
mutations in single genes (18). In particular, three different
missense mutations (A53T, A30P and E46K) and various
copy number mutations (duplication and triplication) in
SNCA, the gene encoding a-synuclein, cause rare familial,
highly penetrant autosomal dominant PD (19–23). Although
familial forms of PD due to mutations in SNCA are rare,
they are important for two reasons. First, a-synuclein is one
of the primary protein constituents of Lewy bodies in all
PD, including the sporadic forms (24–26). Second, many
transgenic mouse models for PD have been made that rely
on overexpression of human a-synuclein driven by heter-
ologous promoters [Reviewed by Chesselet (27), Meredith
et al. (28), Terzioglu and Galter (29) and Melrose et al.
(30)]. We have developed two new lines of transgenic
animals, each expressing one of two mutant forms of
a-synuclein (A53T and A30P) from transgenic insertions of
a bacterial artificial chromosome containing the entire
human SNCA gene. We then crossed these onto a background
of mice carrying a partial deletion of the mouse Snca gene that
eliminates all expression of a-synuclein protein so that the
only a-synuclein in these mice is the human protein. We
have assessed these transgenic animals over 18–24 months
for many of the motor and non-motor abnormalities found in
PD. By 3 months of age, both the A53T and A30P lines of
mice show robust abnormalities in ENS function whereas
only the A53T line develops abnormal motor behavior
without detectable non-enteric autonomic abnormalities,
olfactory dysfunction or dopaminergic deficits, Lewy body
inclusions or neurodegeneration. The early ENS dysfunction
in the absence of major CNS pathology mimics what is seen
early in human PD, where ENS dysfunction has been reported
to precede the more classical motor symptoms by years to
decades (7–9,31). These animals are models with which to
identify the earliest abnormalities in neuronal function as

well as the later pathogenic steps leading to nervous system
degeneration in PD. Finally, the animals can also serve as an
in vivo system that can be used to investigate approaches
designed to reverse the neurological dysfunction induced by
a-synuclein toxicity at its earliest stages.

RESULTS

Creating transgenic animals

We used recombineering in Escherichia coli (32) to introduce
the A30P or A53T mutations into P1 artificial chromosome
(PAC) RP1-27M07 containing the entire human SNCA gene
by a two-step allelic exchange procedure. Clones in which
the A30P or A53T mutation had been engineered into exon
3 and 4, respectively, were analyzed by restriction mapping
and direct sequencing to demonstrate that the correct
mutations had been introduced without causing rearrange-
ments of the PACs (data not shown).
We set out to create five cohorts of mice. First, we generated

transgenic mouse lines carrying either the SNCAA53T PAC or the
SNCAA30P PAC as transgenes in FVB/N mice. These lines will
be referred to as PAC-Tg(SNCAA53T) and PAC-Tg(SNCAA30P),
respectively. Two independent lines of founder mice for each
construct were chosen for further breeding based on their level
of expression of themutanta-synuclein and their ability to trans-
mit the transgene in their germlines. Because our previous work
with a prion promoter driven SNCA transgene indicated a more
severe phenotype developed in mice in which the mouse Snca
gene was deleted (Snca2/2) (33), the two PAC-Tg(SNCAA53T)
transgenic lines were crossed with Snca2/2 knock-out mice,
which are on a 129S6//SvEvTac background (34). Breeding
was continued until we had generated mice homozygous for
both the PAC-Tg(SNCAA53T) transgene and the Snca deletion
[referred to as PAC-Tg(SNCAA53T)þ/þ;Snca2/2]. In order to
increase expression levels of mutant a-synucleins to levels
seen in families with duplication or triplication of the SNCA
gene, the two PAC-Tg(SNCAA53T)þ/þ;Snca2/2 lines were
crossed with each other and the resulting F1 generation
intercrossed to generate double transgenic animals homozygous
for both insertion sites of the SNCAA53T PAC [referred to as
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2]. Similarly, double trans-
genic animals homozygous for both insertion sites of the
SNCAA30P PAC in an Snca2/2 background were also generated
from the two independent PAC-Tg(SNCAA30P) lines (referred to
as dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2). However, because
one of the SNCAA30P lines insertions was on the X chromosome,
only female dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 had four
copies of the SNCAA30P PAC whereas the males had three.
Three control lines of a mixed FVB/N � 129S6/SvEvTac
similar to the transgenic animals with mutant PAC SNCA
transgenes were also generated. These were (i) mice homozy-
gous for the wild-type human SNCA PAC transgene
(PAC-Tg(SNCAWT)þ/þ) (35) bred onto the Snca2/2 back-
ground (34), (ii) Snca knock-out mice (Snca2/2) crossed with
wild-type FVB/N and (iii) wild-type 129S6/SvEvTac crossed
with wild-type FVB/N. The resulting three control lines
(PAC-Tg(SNCAWT)þ/þ);Snca2/2, Snca2/2 and Sncaþ/þ were
used throughout our studies as controls.
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SNCA expression

The expression of a-synuclein in total brain and descending
colon in the control and mutant SNCA lines was measured rela-
tive to endogenousmouse Snca by quantitative PCR (qPCR) and
by western blotting for a-synuclein protein. For qPCR, we cali-
brated SNCA or Snca expression against two different endogen-
ous mouse neuronal gene standards, HuD antigen (Elavl4) and
synaptophysin (Syp) (see Supplementary Material, Table S1
for details). We then calculated the relative expression of wild-
type or mutant human SNCA transcript in female mice against
endogenous mouse Snca using the DDCt method (Fig. 1). At
6 weeks of age, the PAC-Tg(SNCAWT)þ/þ;Snca2/2 line
expressed wild-type human SNCA at �40-fold higher levels
in brain compared with endogenous mouse Snca expression,
although the two double-transgenic lines expressed between
8-fold and 21-fold more message. Western blot analysis of
whole brain from 6 week (data not shown) to 6-month-old
animals (Fig. 1B) revealed a modest increase in the amount of
protein (1.3–2-fold) that was not proportional to the much
greater transcript levels seen by qPCR. In the distal colon, all
three transgenic lines contained two-to-three orders of magni-
tude more SNCA transcript compared with endogenous mouse
Snca. In contrast, western blotting for a-synuclein in the colon
of 6-month-old Sncaþ/þ mice (Fig. 1B) showed only a
faint band of endogenous mouse a-synuclein. The colon of
6-month-old mice from all three transgenic lines (Fig. 1B)
revealed markedly increased amounts of protein that was
approximately proportional to the greatly increased transcript
levels seen by qPCR.

Motor function

By visual inspection the transgenic mice exhibited no gross
motor dysfunction such as ataxia, tremor or paralysis. We
examined motor function in the dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2 and dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice
against age-matched cohorts of PAC-Tg(SNCAWT)þ/þ;
Snca2/2, wild-type Sncaþ/þ and Snca2/2 mice in two
testing paradigms: accelerating Rotarod and open field. In
the accelerating Rotarod test (Fig. 2), all three control lines,
including the line overexpressing wild-type human SNCA,
had similar latencies that decreased consistently, as expected,
over four trials per day carried out over three consecutive days
as the animals became more accustomed to and adept at
staying on the rotating apparatus. We used 19–20 mice from
each of the control lines at the 6 and 12 month time points
and 10–12 control mice at the 18 month time point (Sup-
plementary Material, Table S2). Both males and females of
the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 had consistent, sig-
nificantly reduced latency beginning as early as 6 months.
Abnormal latency persisted at 1 year of age and was even
more striking for the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2

mice at the 18 month time point. We used 19–20 mice for
these studies (Supplementary Material, Table S2).
In the open field apparatus, total distance travelled was similar

in all three control lines, including the line overexpressing wild-
type human SNCA. In contrast, total distance was significantly
reduced in the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice at 6
months and remained abnormal at 18 months of age, compared

with controls (Fig. 3 and Supplementary Material, Table S3).
With age, the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice
became even less active, travelling even less distance than did
the control mice at 12 and 18 months. These studies used
between 19 and 29 mice of each genotype (Supplementary
Material, Table S3). The reduction in distance travelled was
not specific to any particular type of movement or region in
the open field such as center entries, differences in rearing behav-
ior or less peripheral exploration. These results indicate therewas
a generalized reduction in movement that was not likely due to
changes in exploratory behavior caused by anxiety. The
body weight of mice expressing the A53T SNCA transgene
was not significantly different from that of the control mouse
strains measured out to 18 months of age (Supplementary
Material, Fig. S1). The motor abnormalities seen in
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice therefore cannot be
explained by their being heavier and less able to move.

In contrast, the dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice
showednomotor abnormalities.Thedbl-PAC-Tg(SNCAA30P)þ/þ;
Snca2/2 had Rotarod latencies similar to controls at 6 or 12
months (Supplementary Material, Fig. S2) and no differences
in total distance travelled in open field at either 6 or 12
months of age (Fig. 3). Analysis of male and female mice separ-
ately revealed no gender-specific differences in motor activity
in dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice. These studies
were performed on 29 and 24 PAC-Tg(SNCAA30P)þ/þ;Snca2/2

mice at 6 and 12 months, respectively, a large enough
number that we should have seen any evident abnormalities
(Supplementary Material, Table S3). We conclude that
the PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice do not have
the same degree of CNS dysfunction seen in the
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice.

In summary, dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice,
but not dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice, demon-
strated consistently reduced motor activity in the open field
apparatus and abnormal endurance and coordination on the
Rotarod compared with all three controls. It is interesting to
note that included among the controls was the
PAC-Tg(SNCAWT)þ/þ;Snca2/2 line, which overexpresses
wild-type a-synuclein in brain at levels at least as great if
not greater than what was seen with the SNCAA53T transgene.

Histological characterization of a-synuclein CNS
pathology

Expression of a-synuclein in the brain and spinal cord of
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice was analyzed at
12 and 22 months of age to determine if these mice have
the characteristic pathology of a-synuclein aggregates.
Immunocytochemical analyses revealed a few rare dystrophic
synapses in the hippocampus of 12- and 22-month-old
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice not found in
control mice (Supplementary Material, Fig. S3a) but did not
reveal widespread Lewy body pathology or a-synuclein aggre-
gation. More specifically, the dorsal motor nucleus of the
vagus, reported to be one of the first structures of the CNS
affected by Lewy body and Lewy neurite pathology in idio-
pathic PD (2,4,36), showed no abnormalities of a-synuclein
aggregation. The absence of widespread aggregates was con-
firmed by western blotting. High molecular weight, insoluble
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aggregates of a-synuclein were absent in western blot analysis
of brains from 6- to 18-month-old mice (Supplementary
Material, Fig. S3b).

Dopamine and metabolite measurements

Striatal tissue DA and DA metabolite content were measured in
11- and 18-month-old controls and dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2 mice by high performance liquid chromatography.
Measurement at 11 months (data not shown) and 18 months
(Supplementary Material, Fig. S4) revealed that total striatal
dopamine, norepinephrine, the catecholaminergic metabolites
3,4-dihydroxyphenylacetic acid and homovanillic acid,
serotonin (5-hydroxytryptamine) or the serotonin metabolite
5-hydroxyindoleacetic acid were not significantly different in
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 and control mice.

Stereology

To determine whether the motor abnormalities in the
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice were due to neuro-
degeneration, we performed unbiased stereological counting
of both the tyrosine hydroxylase (TH)-immunoreactive
neurons and the total neurons in SNpc at 11 and 18 months
of age in age- and gender-matched transgenic and control
mice (Supplementary Material, Fig. S5). Since the overex-
pressed SNCAWT or SNCAA53T transgenes were on a
Snca2/2 background, we were interested in determining
whether (i) the Snca2/2 background alone had fewer
TH-immunoreactive neurons than the mouse Sncaþ/þ wild-
type at 11 or 18 months, (ii) the overexpressed SNCAWT or
SNCAA53T transgenes on a Snca2/2 background resulted in
reduced TH-immunoreactive neurons compared with the
Snca2/2 background alone at 11 or 18 months and (iii)
whether mice carrying overexpressed SNCAWT or SNCAA53T

transgenes showed a loss of neurons between 11 and 18
months. None of these comparisons reached significance at

the P, 0.05 level (with Bonferroni correction for multiple
comparisons) except that the Sncaþ/þ mice tended to have sig-
nificantly more TH-immunoreactive neurons than did mice
with any of the other three genotypes, but without any sign
of progression. We conclude that there is no evidence for a
progressive loss of dopaminergic SNpc neurons in
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice. In addition, the
comparable numbers of neurons at 11 months in the
Snca2/2 mice versus mice overexpressing the SNCAWT or
SNCAA53T transgenes on an Snca2/2 background makes it
unlikely that mice expressing the human transgenes have a
deficit in neuronal development or survival.

ENS function

An early sign that colonic motility might be abnormal in the
transgenic mice expressing mutant forms of SNCA was that
the fecal pellets passed by mutant 6-month-old transgenic
mice were abnormally small and hard. Timed collections of
stool were carried out in cohorts of transgenic and control
mice at various ages and the total stool weight and water
content were measured. The total amount of stool passed/unit
time and the stool water content were unchanged in the
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 animals at 3 months of
age but by 6 months of age, each was significantly reduced to
a comparable degree in both the dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2and dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 compared
with controls (Fig. 4 and Supplementary Material, Table S4).
The change in stool production and water content was even
more marked by the time the dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2and dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice
reached 12 months of age. The reduction in the wet weight of
stool was due, not only to a reduction in water content, but
also to a reduction in the dry mass of stool output.
Because a decrease in the propulsive motility of the colon

would reduce both the amount of feces produced over a
given period of time as well as its water content (37,38), we

Figure 1. Transcript and protein expression in brain and distal colon. (A) qPCR measurements in 6-week-old mice of human SNCA transcript relative to
endogenous mouse Snca, using the housekeeping genes Elavl4 or synaptophysin as reference. Abbreviations are: SNCAWT is PAC-Tg(SNCAWT)þ/þ;Snca2/2,
SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 and SNCAA30P is Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2, Elav is Elavl4, Syp is synpatophysin. Transcript
levels relative to endogenous Snca are shown on a logarithmic scale. Each data point represents the average of four replicates per sample averaged over 10
mice of the same genotype. qPCR data and calculations are in Supplementary Material, Table S1A and B. (B) Western blot of a-synuclein protein in 6-month-old
mice with either endogenous a-tubulin (brain) or b-actin (colon) as loading controls. Lane 1, Snca2/2; Lane 2, Sncaþ/þ; Lane 3, PAC-Tg(SNCAWT)þ/þ;
Snca2/2; Lane 4, Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2; Lane 5, Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2.
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assessed the motility of the distal colon by measuring the time
required to expel a bead inserted into the colon a distance of
2 cm above the anal verge (39). We found that the expulsion
time was normally longer in male than in female mice in all
of the animals tested, which is consistent with differences
seen in anorectal manometry measurements in humans (40).
This gender difference, however, was greatly exaggerated
in male dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice, which
required 4–5-fold more time than control mice to expel a
bead. The prolongation in expulsion time appeared as early
as 3 months of age and persisted through 18 months of age
(Fig. 5 and Supplementary Material, Table S5). Female
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice also had pro-
longed expulsion times when compared with control female
mice. A similar phenotype was seen in the males, but not
the females, in dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice at

6 and 12 months, which were the oldest time points available
for these mice. Interestingly, the dbl-PAC-Tg(SNCAWT)þ/þ;
Snca2/2 mice showed no differences in colonic function
compared with the Sncaþ/þ or Snca2/2 control mice despite
massive overexpression of the protein in the colon.

We next examined whole-gut transit time (WGTT). As early
as 3 months of age, dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice
demonstrated significantly prolonged WGTT compared with
Sncaþ/þ (P ¼ 0.026) or Snca2/2 (P ¼ 0.0055) control mice
(Mann–Whitney test; Fig. 6 and Supplementary Material,
Table S6). WGTT was also prolonged compared with the
PAC-Tg(SNCAWT)þ/þ;Snca2/2 control but did not quite
reach significance (P ¼ 0.075). By 6 months of age,
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 showed markedly pro-
longed WGTT compared with each of the three control lines,
and the prolongation persisted through 18 months of age.

Figure 2. Latency (time to fall) in the Rotarod test at 6, 12 and 18 months of age. The pattern code corresponding to the various genotypes is given in the legend.
Abbreviations are: SNCAWT is PAC-Tg(SNCAWT)þ/þ;Snca2/2 and SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2. Error bars are +1 standard errors of
the mean. The number of mice of each genotype tested at each age is given in Supplementary Material, Table S2.
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A similar significant prolongation of WGTT was seen in
dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice at 3 months of
age. By 6 months and again at 12 months of age,
dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice continued to show
prolonged WGTT. In contrast to the bead expulsion time, the
marked prolongation in transit time did not differ between
males and females. Interestingly, the PAC-Tg(SNCAWT)þ/þ;
Snca2/2 line again did not differ significantly from the
Sncaþ/þ or Snca2/2 control mice in WGTT.
We conclude that the comparably prolonged WGTT and

reduced colonic motility in both double-PAC transgenic
lines indicate that the dysfunction in these mice is not an idio-
syncratic effect of particular transgenic insertions but, instead,
is intrinsic to the presence of a mutant, and not wild-type,

human a-synuclein expressed from the human genomic
sequence in the PAC transgenes. These results are in contrast
with the motor changes, which were more subtle and restricted
to the A53T transgenic line. This constellation of phenotypic
findings is particularly interesting given the early ENS dys-
function seen in PD patients prior to the development of
their parkinsonian motor dysfunction.

Histological characterization of a-synuclein ENS
pathology

Immunofluorescence of whole-mount preparations, double-
labeled with antibodies against a-synuclein and the neuronal
marker HuC/D, showed that the overexpressed a-synuclein in

Figure 3. Total distance travelled in open field at 6, 12 and 18 months of age.
Symbols distinguishing the line graphs for the different genotypes are in the
legend. There are no data at the 18 month time point for the
Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 line. Abbreviations are: SNCAWT is
PAC-Tg(SNCAWT)þ/þ;Snca2/2, SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2 and SNCAA30P is Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2. Error bars
are +1 standard errors of the mean. The number of mice of each genotype
tested at each age is given in Supplementary Material, Table S3.

Figure 4. Total and dry stool weight and the difference (water content) col-
lected over 1 h from 10 to 11 AM. The pattern code corresponding to the
various genotypes is given in the legend. Abbreviations are: SNCAWT is
PAC-Tg(SNCAWT)þ/þ;Snca2/2, SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2 and SNCAA30P is Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2. Error bars
are +1 standard errors of the mean. The number of mice of each genotype
tested at each age is given in Supplementary Material, Table S4. There are
no data for SNCAA30P at 3 months.
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the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 line was present in
TH-immunoreactive neuronal cell bodies within both myenteric
and submucosal plexuses, but not in the varicose TH positive
terminals of noradrenergic sympathetic neurons (Fig. 7). Most
of the a-synuclein-immunoreactive neurons, particularly in the
myenteric plexus, however, were not coincident with TH immu-
noreactivity. Lewy bodies in human patients have been reported
to be present in neurons containing both vasoactive intestinal
peptide (VIP) and nitric oxide synthase (NOS); therefore,
we determined whether the non-dopaminergic a-synuclein-
immunoreactive neurons were NOS-immunoreactive. Double
label immunocytochemistrywas carried out to locatea-synuclein
and NOS. Surprisingly, the immunoreactivity for a-synuclein
was largely excluded from NOS-immunoreactive neurons
(Fig. 8) in both the myenteric and submucosal plexuses of
the small and large intestines. Some NOS-immunoreactive
neurons, however, were surrounded by a-synuclein-
immunoreactive varicose axon terminals, suggesting that these
neurons are innervated by a-synuclein-containing synapses. As
expected, the a-synuclein was concentrated in synapses, as
demonstrated by coincident localization with the synaptic
protein synaptotagmin (Fig. 9). Not all synaptotagmin-
immunoreactive synapses contained a-synuclein and some
-synuclein-immunoreactive varicosities lacked synaptotagmin
and thus were not synapses. We also observed areas within neur-
onal cell bodies showing immunoreactivity with a-synuclein but
not synaptotagmin. To investigate these further, we determined
whether these aggregates could be immunostained with anti-
bodies to -a-synuclein following digestion of tissue with protein-
ase K. This analysis revealed numerous proteinase K-resistant

a-synuclein aggregates in the nuclear and perinuclear cytoplasm
of ENS neurons in the dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2

mice that showed gastrointestinal motility dysfunction but not
in the PAC-Tg(SNCAWT)þ/þ;Snca2/2 that lacked the signs of
ENS dysfunction (Fig. 10).

Olfaction

Besides the motor symptoms of parkinsonism and ENS dys-
function, patients with PD have a high incidence of hyposmia
and autonomic instability (5). Hyposmia is a common early
symptom in PD, often occurring prior to the onset of the
movement abnormality and independent of medical therapy
(41). We tested olfaction in dbl-PAC-Tg(SNCAA53T)þ/þ;
Snca2/2 mice with two different tests of olfaction: time
spent exploring a novel odor and latency to locate food
buried beneath the bedding. In both tests PAC transgenic
and control mice performed similarly (Supplementary
Material, Fig. S6). No olfactory deficit was seen in the
dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 mice as well. In
addition, histological examination of the olfactory bulbs
from PAC transgenic mice showed no neurodegeneration or
protein aggregation (data not shown). Thus, in this model,
the ENS is affected well before the olfactory neurons show
any pathological or functional abnormality.

Autonomic cardiac innervation

Dysfunction of diurnal autonomic cardiovascular regulation,
manifest as cardiac sympathetic denervation and reduced

Figure 5. Colonic motility at 3, 6, 12 and 18 months as assessed by time in seconds required for a bead to be expelled from the rectum, plotted separately for
males and females. The pattern code corresponding to the various genotypes is given in the legend. Abbreviations are: SNCAWT is PAC-Tg(SNCAWT)þ/þ;
Snca2/2, SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 and SNCAA30P is Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2. There are no data at the 18 month
time point for the Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2. Error bars are +1 standard errors of the mean. The number of mice of each genotype tested at
each age is given in Supplementary Material, Table S5.
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heart rate variability, have been described both in sporadic PD
(42) and in a family with autosomal dominant PD due to trip-
lication of the a-synuclein gene (43). We carried out 24 h
Holter monitor recordings by telemetry in 12-month-old
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 versus Snca2/2 control
mice. We examined heart rate variability and performed
both time-domain and frequency-domain spectral analysis of
heart rate to assess the mice for autonomic dysfunction (44).
The power of the low- and high-frequency components were
the same in the transgenic and Snca2/2 mice. The ratio of
low-frequency to high-frequency spectral components, a
measure of sympathovagal balance, was unchanged as was
the standard deviation of beat-to-beat variation (Supplemen-
tary Material, Fig. S7). These data indicate there were no sig-
nificant dysfunction of the autonomic nervous system as
reflected in the autonomic regulation of heart rate in the trans-
genic mice versus Snca2/2 controls as of 12 months of age.

DISCUSSION

We have documented profound, early ENS dysfunction in two
transgenic lines of mice carrying insertions of a human PAC
containing the entire human SNCA gene. The PAC was engin-
eered to contain either the A53T or the A30P mutation pre-
viously shown to cause autosomal dominant PD in families
and the mice were crossed to mice with a knock-out mutation
in the endogenous Snca gene so that the only a-synuclein in
these mice was a human mutant protein. An artificial chromo-
some was chosen for expressing a-synuclein in these models
because it contained the entire human SNCA gene with its
normal exon and intron structure as well as 35 kb of upstream
sequences. Although the regulatory elements controlling
SNCA expression have not been completely defined, there
are clearly upstream promoter elements as well as regulatory
sequences in the first intron (45,46). Thus, expression in
these transgenic mice would likely be driven and controlled
by endogenous gene regulatory elements. We found that tran-
script and protein expression were both markedly increased in
the ENS of the colon in these mice over what was seen in
endogenous mouse GI tract. The ENS dysfunction was
reflected in reduced total fecal mass and fecal water content

per unit time, increased time required to expel a bead from
the colon, and increased WGTT in both lines carrying the
PD-associated mutations, A53T and A30P, but not from an
equally overexpressed wild-type SNCA transgene. Given that
these lines were independently generated and expressed differ-
ent PD-associated mutations, the ENS dysfunction must be the
direct result of overexpression of the mutant a-synucleins and
not a non-specific effect of differences in genetic background,
position effects from the transgene insertions or mutations at
insertion sites.
ENS dysfunction could already be seen as early as 3 months

of age, reached its maximum severity by 6 months of age and
then persisted to 18 months. The ENS dysfunction occurred at
a young age, before there was any evidence of olfactory or
dysfunction in the autonomic innervation of the heart and
before there were pathological changes in the brain stem.
The lack of autonomic dysfunction, as seen in 24-h heart
rate variability measurements and the absence of pathological
changes in the brain stem, including the dorsal motor nucleus
of the vagus [one of the first structures of the CNS affected by
Lewy body and Lewy neurite pathology in idiopathic PD
(2,4,36)], suggest that the ENS dysfunction in the mice is an
intrinsic defect caused by mutant a-synuclein expression and
aggregation in the ENS rather than to an extrinsic effect of
abnormal central innervation of the gut.
Wang et al. (47) previously reported colonic dysfunction in

12-month-old male transgenic mice in which wild-type
a-synuclein expression was driven by the heterologous
Thy-1 promoter (Thy1-aSynuclein). These mice exhibited
decreased fecal output that increased to control levels in
response to corticotropin releasing factor. However, they
saw no significant change in colonic motility (measured by
bead expulsion) and observed what seemed to be a trend
towards increased fecal output of the Thy1-a-synuclein mice
when they were placed in a novel environment. Our studies
showed abnormalities only when the mutant human
a-synuclein was expressed, and not the human protein,
despite the fact that levels of transcript and protein expression
in the mice with wild-type constructs were at least as great, if
not greater. Finally, we observed that not only was colonic
motility abnormal, but WGTT was also markedly prolonged.
The effect on WGTT was seen regardless of the sex of the
mouse and is indicative of widespread ENS abnormalities.
One interesting observation is that colonic propulsion in

mice is strikingly different depending on gender. Gender
differences in anorectal function have not been reported pre-
viously in mice but are quite consistent with observations
made in humans. Human males have a greater sphincter
length at rest and with squeezing, and the mean maximum
squeeze pressure required for defecating are significantly
greater in males than in females (40).
Increased gastrointestinal transit time, constipation and dif-

ficulty with defecation are common in the course of sporadic
PD and occur well before the movement disorder appears
(7–9,31). The gastrointestinal dysfunction is unlikely to be a
secondary consequence of the movement disorder itself since
patients with parkinsonism due to lacunar infarcts in the
caudate, putamen or globus pallidus do not have the same gas-
trointestinal difficulties (8). The gastrointestinal dysfunction
also does not result from the medications used to treat

Figure 6. Whole-gut transit time at 3, 6, 12 and 18 months as determined by
time in minutes required for a non-absorbable dye introduced by gavage to
appear in the stool. The pattern code corresponding to the various genotypes
is given in the legend. Abbreviations are: SNCAWT is PAC-Tg(SNCAWT)þ/þ;
Snca2/2, SNCAA53T is Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 and SNCAA30P

is Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2.There are no data at the 18 month
time point for the Dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2. Error bars are +1
standard errors of the mean. The number of mice of each genotype tested at
each age is given in Supplementary Material, Table S6.
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the movement disorder since gastrointestinal dysfunction is
common in newly diagnosed PD patients prior to the initiation
of drug treatment (48). Decreased bowel movement (BM) fre-
quency in early adulthood is strongly associated with the
development of Lewy body pathology indicative of PD later
in life. In the longitudinal Honolulu Asia Aging Study, 245
men without PD were followed and later died and came to
autopsy (11,49). Those with ,1 or 1 BM/day had 4.3-fold
and 2.2-fold increased odds, respectively, of incidental LB
on autopsy compared than in those with .1 BM/day. A
large body of evidence supports the conclusion that ENS dys-
function is an early, intrinsic component of the PD phenotype.
In light of the findings reported here, it would be interesting

to know whether the familial form of PD due to a-synuclein
mutations also starts in the ENS. Although detailed clinical
descriptions of affected individuals from the families with
the A53T or A30P mutations have been published (50,51),
the authors of these studies only provide clinical data for
motor and cognitive abnormalities and do not comment on
the presence or absence of gastrointestinal dysfunction.

Braak and his co-workers have reported that many individ-
uals without any signs of PD at the time of death have Lewy
bodies in the ENS, as well as in the olfactory bulbs and the
dorsal motor nucleus of the vagus, but not in the substantia
nigra or other areas of the CNS typically affected in PD (2–
4,14,36,52). The Lewy bodies in the ENS found at autopsy in
individuals who lack the motor symptoms of PD are often in
VIP-containing neurons of the myenteric and submucosal
plexuses (16,17,53,54). Assuming that incidental Lewy body
pathology in asymptomatic individuals represents the earliest
stages of PD, Braak et al. proposed a staging scheme in which
a presymptomatic phase, characterized by ENS, brainstem
and olfactory bulb pathology, is succeeded by a symptomatic
phase when the movement disorder becomes manifest, charac-
terized by pathology in the midbrain, including substantia nigra
and endingwith a cortical phase, with widespread cortical Lewy
bodies. Because of the limitations of autopsy studies, the
scheme was not able to establish the temporal relationship
between the enteric Lewy bodies and other early pathological
changes in the olfactory bulb or brainstem. Although Braak’s

Figure 7. Coincident location of a-synuclein and TH immunoreactivities occur in enteric neurons of dbl-PAC (TgSNCAA53T); Snca2/2 mice. a-synuclein immu-
noreactivity is illustrated in A, F and K. TH immunoreactivity is illustrated in B, G and L. Merged a-synuclein/TH immunoreactivities are shown in C, H and
M. The immunoreactivity of the neuronal marker Hu is illustrated in D, I and N. The triple merge of all immunoreactivities is shown in E, J and O. (A–E)
Submucosal ganglion in the ileum. Most, but not all (arrow) a-synuclein-immunoreactive neurons also contain TH immunoreactivity (arrowhead). Because
all of the a-synuclein-immunoreactive cells are Hu-immunoreactive, they are neurons. (F–J) Myenteric ganglion in the ileum. Aggregates of a-synuclein immu-
noreactivity (F) are found in one TH-immunoreactive neuron. Note that most of the TH immunoreactivity in the mytenteric plexus is found in varicose sym-
pathetic axons, which do not contain a-synuclein or Hu immunoreactivities. Axons lack Hu, which is confined to neuronal perikarya. (K–O) Myenteric ganglion
of the distal colon. Most of the a-synuclein immunoreactivity is found in axons that lack TH immunoreactivity (arrow). The markers ¼ 25 mm.
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staging schema has been criticized by some for being oversim-
plified and tainted with ascertainment bias (55,56), it has also
received additional support (57). At a minimum, it has drawn

the attention of researchers to the early, non-motor signs of
the disease and away from an exclusive focus on dopaminergic
neuronal loss and the parkinsonian movement disorder.

Figure 8. NOS-immunoreactive enteric neurons of dbl-PAC (TgSNCAA53T); Snca2/2 mice do not display a-synuclein immunoreactivity. a-synuclein immu-
noreactivity is illustrated in A, D and G. NOS immunoreactivity is illustrated in B, E and H. Merged a-synuclein/NOS immunoreactivities are shown in C, F and
I. (A–C) Gastric myenteric ganglion. Most NOS-immunoreactive neurons do not contain a-synuclein immunoreactivity (arrows); however, NOS and
a-synuclein immunoreactivities are co-localized in a small number of neurons (arrowhead). (D–F) Ileal myenteric ganglion. a-synuclein immunoreactivity
(arrows) and NOS immunoreactivity (arrowheads) are located in different neurons. (G–I) Submucosal ganglion of proximal colon. A neuron that expresses
NOS immunoreactivity (H) is surrounded by a-synuclein-immunoreactive varicose axon terminals, suggesting that the NOS-immunoreactive neuron is inner-
vated by a-synuclein-containing synapses (G). The markers ¼ 25 mm.
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Figure 9. a-synuclein and synaptotagmin immunoreactivities are coincident in varicose terminal axons in the ENS of dbl-PAC (TgSNCAA53T); Snca2/2 mice.
a-synuclein immunoreactivity is illustrated in A, D and G. Synaptotagmin immunoreactivity is illustrated in B, E and H. Merged a-synuclein/synaptotagmin
immunoreactivities are shown in C, F and I. (A–C) Myenteric ganglion of the stomach. Almost all a-synuclein immunoreactivity is colocalized with synapto-
tagmin immunoreactivity in axon terminal varicosities (arrows); nevertheless, a small number of apparent a-synuclein-immunoreactive varicosities lack synap-
totagmin immunoreactivity (arrowhead) and thus are not synapses. Similarly, a small number of synaptotagmin-immunoreactive synapses (arrowhead with
asterisk) lack a-synuclein. (D–F) An ileal myenteric ganglion. Most varicose axon terminals (arrows) contain coincident a-synuclein and synaptotagmin
immunoreactivities; however, as in the stomach, small numbers of a-synuclein-immunoreactive varicose expansions lack synaptotagmin (arrowhead) and
small numbers of synaptotagmin-immunoreactive synapses lack a-synuclein (arrowhead with asterisk). (G–I) Submucosal ganglion in the ileum. Again,
a-synuclein and synaptotagmin immunoreactivities are extensively colocalized in varicose axon terminals (arrow). As in the stomach and ileum (arrowhead
and arrowhead with asterisk), the coincident localization is incomplete. The markers ¼ 10 mm.
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There is ample evidence that the movement disorder seen in
PD results from loss of dopaminergic neurons in the substantia
nigra and other regions of the CNS (58). There also appears to
be a role for dopaminergic dysfunction in ENS function in PD
as well. Human PD patients with abnormal colonic motility
reportedly show reduced ENS dopamine levels and a loss of
dopaminergic neurons in the colon (53). Studies in rodents
also indicate that dopaminergic neurons are important for
colonic motility. Dopaminergic neurons are present as intrin-
sic components of both the submucosal and myenteric
plexus of rodent ENS and changes in dopaminergic function
are associated with marked changes in colonic motility
(59,60). We saw overexpression of a-synuclein in dopamin-
ergic neuronal cell bodies but not in the extrinsic sympathetic
noradrenergic projections to the bowel. It seems unlikely,
however, that the ENS dysfunction in the mutant a-synuclein

transgenic mice is due entirely to a defect in dopaminergic
function since the overexpressed protein was also seen in
other types of neuron. Mice treated acutely with MPTP
(1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine) had a 40%
reduction in colonic dopaminergic neurons but only a
transiently abnormal colonic motility and no gastric or
small intestine motility deficits (61). In the small intestine
of normal rats, only a small fraction of neurons are
a-synuclein-immunoreactive and, depending on which part
of the stomach or small intestine is being studied, the
expression is predominantly coincident with nitrergic and
cholinergic, but not TH-immunoreactive, neurons (62). Thus,
it is likely that a number of different neurotransmitter-defined
neurons, in addition to those that contain dopamine are
impaired to cause the ENS dysfunction reported here.
Careful studies with dopamine and other neurotransmitter

Figure 10. Aggregates of a-synuclein immunoreactivity that resist digestion with proteinase K are found in enteric neurons of Dbl-PAC-Tg(SNCAA53T); Snca
2/2 mice. (A–C) Myenteric plexus from the ileum of a Dbl-PAC-Tg(SNCAA53T); Snca 2/2 mouse. (A) Aggregates of a-synuclein immunoreactivity (arrow)
are found in neurons of the myenteric plexus. (B) Bisbenzamide fluorescence of the field illustrated in A. There is some diffusion of bisbenzamide fluorescence
due to the digestion of tissue with proteinase K; however, the locations of large neuronal nuclei are evident. (C) Merged image of Alexa 594 and bisbenzamide
fluorescence. (D–F) Myenteric plexus from the ileum of a PAC-Tg(SNCAWT); Snca 2/2 mouse. (D) There is no remaining a-synuclein immunoreactivity after
digestion of tissue with proteinase K. (E) Bisbenzamide fluorescence. (F) Merged image of Alexa 594 and bisbenzamide fluorescence. (G–I) Submucosal plexus
from the ileum of a Dbl-PAC-Tg(SNCAA53T); Snca 2/2 mouse. (G) Aggregates of a-synuclein immunoreactivity (arrows) are found in neurons of the sub-
mucosal plexus. (H) Bisbenzamide fluorescence of the field illustrated in A. (I) Merged image of Alexa 594 and bisbenzamide fluorescence. (J–L) Submucosal
plexus from the ileum of a PAC-Tg(SNCAWT); Snca 2/2 mouse. (J) There is no remaining a-synuclein immunoreactivity after proteinase K digestion of tissue.
(K) Bisbenzamide fluorescence. (L) Merged image of Alexa 594 and bisbenzamide fluorescence. The marker ¼ 25 mm.
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agonists and antagonists may help to determine which neurons
are most responsible for the mutant a-synuclein-induced motor
abnormalities of the bowel.
Along with robust signs of ENS dysfunction, the

dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice, also exhibited
reproducible abnormalities in motor function detected by
rotarod and open field measurements as early as 6 months of
age. The movement abnormalities occurred in the absence of
changes typical of PD in the CNS such as Lewy body pathol-
ogy, neurodegeneration or even changes in striatal dopamine
levels. As reviewed by Chesselet (27), Meredith et al. (28),
Terzioglu and Galter (29) and Melrose et al. (30), most trans-
genic rodent models have little or no CNS pathology and none
fully recapitulate PD, although, in some cases, rare protein
aggregates with Lewy-body-like pathology occur. In a few
transgenic models, massive non-physiological overexpression
of a-synuclein in cells, such as the motor neurons of the
anterior horn of the spinal cord, which usually express only
low levels of a-synuclein in comparison to other parts of the
CNS, results in lower motor neuron degeneration that is not
characteristic of human PD (33,63). We conclude that even
modest overexpression of the mutant A53T a-synuclein
can subtly interfere with normal neuronal function in
both the CNS and ENS prior to the development of frank
neurodegeneration. Motor dysfunction was, however, not
seen in the dbl-PAC-Tg(SNCAA30P)þ/þ;Snca2/2 despite
expression levels of transcript and protein equivalent to the
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2 mice. Why mice over-
expressing A53T and not A30P a-synuclein showed abnorm-
alities on rotarod and open field testing is not known. One
possibility is that the A30P mutation may be a less severe
mutation than the A53T mutation. For example, the average
age of onset of the motor abnormalities of PD was 45.6+
13.5 years in the large Italian–American kindred with the
A53T mutation described by Duvoisin, Golbe and their col-
leagues and 59.7+ 10.8 years in the German family with
the A30P mutation reported by Krüger et al. (50,51). This
difference just reaches statistical significance (P ¼ 0.04, two-
tailed t-test).
Compared with the ENS, a-synuclein protein expression in

the brain was only modestly increased despite very substantial
increases in transcript levels. These findings suggest there are
mechanisms by which the brain can regulate a-synuclein
levels despite increased steady-state human SNCA transcript.
Such regulation could be at the level of protein translation
or degradation and remains to be elucidated.
Our results support the view that, just as has been suggested

for sporadic PD, familial PD due to abnormalities in
a-synuclein, manifests early, perhaps even first, in the ENS.
The early onset of robust ENS dysfunction in the PAC trans-
genic mice described here is a convenient mammalian model
system with simple assays in which to study interventions
designed to reverse the deleterious effects of a-synuclein over-
expression. They also could be viewed as a sensitized model in
which to investigate the role of additional factors in the patho-
genesis of PD. Braak et al. (17) and others (64) have suggested
that the gastrointestinal tract is a point of entry for a second
pathogenic hit that goes on to affect the CNS. The double
transgenic mice expressing mutant a-synucleins offer an
opportunity to investigate the hypothesis that the early ENS

dysfunction is not only an early marker of the disease, but
also which, when triggered, facilitates the entry of deleterious
factors that cause progression and spread to the CNS.

MATERIALS AND METHODS

Animals

Mice were given free access to food and drinking water. All
animals were maintained at 248C with 55% relative humidity
on a 12-h light cycle (0700–1900-h). All animals were
handled in accordance with the guidelines of NIH and Univer-
sity California, San Francisco Animal Care and Use Commit-
tee requirements.

Mutagenesis of RP1-27M07 PAC. The 145 kb PAC
RP1-27M07 (BAC/PAC Resource Center, Children’s Hospi-
tal, Oakland, CA, USA) with a human genomic DNA insert
containing the human wild-type SNCA gene was described
previously (65). We generated a transgenic mouse line carry-
ing the wild-type SNCA gene (PAC-Tg(SNCAWT)) in a FVB/N
background using standard pronuclear injection methods as
described previously (35). This PAC-Tg(SNCAWT) transgenic
line was crossed onto a previously described mouse line carry-
ing a disrupted Snca gene (Snca2/2) in a 129S6//SvEvTac
background (34) and the resulting F1 generation was inter-
crossed to generate PAC-Tg(SNCAWT);Snca2/2 in a mixed
FVB/N � 129S6/background. The A53T and A30P mutations
were introduced into the RP1-27M07 PAC by a two-step
allelic exchange using recombineering in the E. coli strain
DY380, which allows a heat-inducible expression of recombi-
nase (32). A DNA construct consisting of a cassette containing
chloramphenicol acetyltransferase and the Bacillus subtilis
sacB gene flanked by �100 bp of the intron sequence flanking
exon 3 (in which A30P mutation occurs) or exon 4 (in which
the A53T mutation occurs) was electroporated into DY380
containing RP1-27M07. Following heat-shock to allow recom-
bination to occur, recombinants were selected in chloramphe-
nicol. To generate the construct for the second step of the
allelic exchange, a genomic fragment containing exon 3 or
exon 4, along with �100 bp of flanking intron sequence,
was amplified by PCR using RP1-27M07 as template,
cloned in pTarget (Promega, Fitchburg, WI, USA) and the
A30P or A53T mutation was introduced by site-directed muta-
genesis (Stratagene Quick-change mutagenesis kit). The PCR
product was purified and electroporated into DY380 contain-
ing the PAC with the chloramphenicol resistance and sacB
gene cassette and, following induction of recombinase,
clones with the mutant exon 3 or 4 and lacking the cassette
were selected by resistance to sucrose.

Generation of mice

Using standard pronuclear injection methods as described pre-
viously (35), we generated independent transgenic mouse lines
carrying either the PAC-SNCAA53T (PAC-Tg(SNCAA53T)) or
PAC-SNCAA30P (PAC-Tg(SNCAA30P)) mutant PACs in a
FVB/N background. Two independent lines of founder mice
for each construct expressing A53T or A30P a-synuclein
and were capable of germline transmission were selected for
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further analysis. Each of the PAC-Tg(SNCAA53T) transgenic
lines was crossed onto Snca2/2 knock-out mice in a 129S6//
SvEvTac background (34) and the resulting F1 generation
was intercrossed to generate PAC-Tg(SNCAA53T);Snca2/2

in a mixed FVB/N � 129S6/ background. The two indepen-
dent PAC-Tg(SNCAA53T);Snca2/2 lines were then bred
together to create a line of double transgenic animals,
dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2, homozygous for both
insertion sites of the PAC. Homozygosity for the PAC was
determined by counting FISH signals using labeled
RP1-27M07 on interphase nuclei in peripheral blood on
slides. The PAC-Tg(SNCAA30P) mice were similarly crossed
onto the Snca2/2 background and the two independent
PAC-Tg(SNCAA30P);Snca2/2 lines bred together to
create double transgenic animals (dbl-PAC-Tg(SNCAA30P)þ/þ;
Snca2/2) with both PAC-SNCAA30P insertion sites. However,
because one of the two PAC-SNCAA30P lines carried
its insertion on the X chromosome, only female
dbl-PAC-Tg(SNCAA30P) were homozygous for both PAC inser-
tions (four copies of the PAC) whereas the males had three
copies of the PAC (data not shown). As controls, we first
bred the PAC-Tg(SNCAWT) with Snca knock-out (Snca2/2)
mice, intercrossed the resulting F1 generation and selected a
line homozygous for the SNCA PAC in which wild-type
human SNCA was expressed without endogenous mouse
protein PAC-Tg(SNCAWT)þ/þ;Snca2/2. Finally, we also
crossed wild-type FVB/N with wild-type or Snca knock-out
(Snca2/2) 129S6//SvEvTac to create matched cohorts of
Sncaþ/þ or Snca2/2 animals with mixed background similar
to the PAC transgenic animals.

Polymerase chain reaction

Genotyping of mouse progeny was performed on tail genomic
DNA by PCR using transgene-specific primer set (F: GGAA
ACTTGGGTGGGAACTT; R: AGTTGGGGAGGAAGGA
AGAA) or primers for the knockout allele described
previously (34).

Fluorescence in situ hybridization

Interphase fluorescence in situ hybridization (FISH) was per-
formed on blood samples obtained by submandibular bleeding
for determination of transgene heterozygosity, homozygosity
or double homozygosity (66). The FISH probe was generated
from PAC RP1-27M07, which contains the whole human
a-synuclein gene as well as 34 kb of sequence upstream of
the first exon and was labeled with Cy3-dCTP (GE Healthcare
PA-53021) using the BioPrime labeling kit (Invitrogen) fol-
lowing manufacturer’s protocol. Cytogenetic and probe prep-
arations, hybridization and detection were carried out
following standard protocols with minor modifications
(67,68). Samples were scored on a Nikon Eclipse E800.

Quantitative RT–PCR

The brain and descending colon were harvested from five indi-
vidual mice per genotype all on the same day and stored in
RNAlater (Qiagen). Tissues were collected in PBS (0.9%
NaCl in 0.01 M sodium phosphate buffer, pH7.4) that had
been treated with 0.1% diethyl pyrocarbonate (Sigma). The

wall of the descending colon was opened, cleaned and
mucosa removed. Total RNA was extracted using the
RNeasy Lipid tissue kit (Qiagen) according to manufacturer’s
instructions including DNase treatment and stored at 2808C.
cDNA was prepared from 1 mg of total RNA by reverse

transcription using random hexamer primers with the High-
Capacity cDNA Reverse Transcription kit (Applied Biosys-
tems Inc.) following manufacturer’s instructions. Primers for
amplification of cDNA encoding beta-actin (Forward:
50-TGT TTG AGA CCT TCA ACA CC-30 and Reverse:
50-CAG TAA TCT CCT TCT GCA TCC-30) were used to
confirm cDNA quality.
Real time PCR was performed on the ABI PRISM 7900HT

system by using TaqMan Gene Expression Master Mix
(Applied Biosystems) with four Taqman Gene Expression
assays: hSNCA (Hs00240906_m1), mSnca (Mm00447331_m1),
synaptophysin (Mm00436850_m1) and Elavl4/HuD
(Mm01263578_m1). Each probe was labeled with reporter
dye FAM at 50 end and a non-fluorescent quencher (TAMRA)
linked to the 30. The thermal cycler conditions were as
follows: hold for 2 min at 508C, 10 min at 958C, followed by
forty, two-step PCR cycles of 958C for 30 s and 608C for
1 min. The expression of hSNCA and mSnca were normalized
to both synaptophysin and Elavl4, which are reference house-
keeping genes not thought to be subject to regulation. The
cycle number at which any particular sample crossed that
threshold (Ct) was then used to determine fold difference; all
the samples were measured in quadruplicate and averaged.
Fold difference was calculated as 2DCt where DCt ¼

[Ct(Syp) 2 Ct(SNCA)] or 2DCt where DCt ¼ [Ct(Elavl4)2
Ct(SNCA)] and the expression relative to endogenous mouse
Snca calculated as 2DDCt where DDCt ¼ DCt(SNCA) 2
DCt(Snca).

Western blotting

The presence of a-synuclein was assayed with mouse anti
a-synuclein-specific (BD Transduction Laboratories) and
rabbit anti-a-synuclein (Assay Designs) antibodies that recog-
nize both human and mouse a-synuclein. Protein lysates from
brain was prepared as previously described (34). Protein lysate
from gut was prepared from segments of stomach, ileum,
proximal and distal colon that were harvested and washed
with PBS, the mucosa removed, and the remaining layers
homogenized at 27 000 rpm using a Tissue Tearor (Biospec
Products Inc.) in 20 mM Tris–HCl, pH 7.5,150 mM NaCl,
1% Triton X-100 in the presence of Protease Inhibitor Cocktail
tablet (Roche). Total protein in lysates was determined by the
BCATM Protein Assay kit (Pierce), mixed 1:1 (v/v) with
Laemmli loading buffer and analyzed by western blotting
(69). Bands were visualized with horseradish peroxidase-
coupled goat anti-mouse or anti-rabbit IgG (GE Healthcare)
and the chemiluminescent substrate ECL system used for
detection (GE Healthcare Cell Signaling). a-Synuclein
signals were normalized for gel loading using mouse anti
a-tubulin or anti-b-actin (Calbiochem).

Immunocytochemistry

For brains, mice were anesthetized by intraperitoneal injection
of Avertin, then intracardially perfused with 10 ml PBS/
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heparin (10 mg/ml) followed by 70% ethanol/150 mM NaCl
fixative. The brains were dissected out of the skull and post-
fixed overnight 48C in fresh fixative. Immunohistochemistry
was performed as described previously (70).
For histological examination of the ENS, mice were eutha-

nized and segments of stomach, ileum, proximal colon and
distal colon were collected in PBS to which the muscle relax-
ant nicardipine (1026 M; Sigma) had been added to prevent
muscle spasm. The contents were flushed out with PBS and
preparations cut open along the mesenteric border. For
whole mounts, the tissue was stretched tautly and pinned flat
on Sylgard 184 plates (Dow Corning) with the mucosal
surface facing down. Specimens were fixed for 80 min at
room temperature with 4% paraformaldehyde, pH 7.4/3%
sucrose, rinsed in 3% sucrose/PBS then washed three times
with PBS for a total of 30 min. The gastrointestinal tract
was removed at University California; San Francisco, fixed
(see above), and transported to Columbia University for
additional analysis (Z.S.L and M.G.). Laminar preparations
with adherent myenteric plexus (LMMP) and submucosa (con-
taining the submucosal plexus, SMP) were prepared from the
intestines of Dbl-PAC-Tg(SNCAA53T); Snca 2/2 and
PAC(SNCAWT); Snca 2/2 mice by dissection of the gut
wall and stained as previously described (59,60). The prep-
arations were permeabilized with Triton X-100 (1% in PBS)
for 1 h at room temperature and then digested with proteinase
K (50 mg/ml in PBS) at 558 C for 1 h. Following digestion,
non-specific staining was blocked with 10% normal horse
serum and the specimens were incubated with sheep anti-
bodies to human a-synuclein (diluted 1:250; Abcam,
ab6162) for 48 h at room temperature. Sites of antibody
binding were visualized with Alexa 594-labeled donkey anti-
bodies to sheep immunoglobulin (diluted 1:200; 2 h, room
temperature). Tissue was counterstained with bisbenzamide
(1 mg/ml) to demonstrate DNA. As control for a-synuclein
reactivity, ileal and colonic samples were prepared from
Snca2/2 mice in an identical manner and shown to have no
immunoreactivity.

Motor tests

Motor tests were carried out in representative cohorts of three
different ages (6, 12 and 18 months old), always at the same
time of the day, using age-matched transgenic and control
animals of both genders. Mice spent about an hour before
the start of any experiments in the testing room to habituate.
Variable numbers of mice were used and the exact number
for each genotype for each test at each age point are given
in the Supplementary Material, Tables S2 and S3. None of
the measurements were done on fewer than 10 mice and
most measurements were performed on �20–30 mice.

Rotarod test. The Ugo Basile rotarod was used to test mice
motor ability as described previously (34). Mice were tested
using four trials per day on three consecutive days. The rod
accelerated from 4 to 40 rpm over 5 min and then remained
at 40 rpm for an additional 5 min for each trial. During the
trial, the time was recorded when the mice fell from the rod
up to a maximum of 10 min. The mice rested 10 min
between the trials.

Open field. Spontaneous motor activity was recorded over a
period of 10 min by measuring horizontal and vertical inter-
ruption of infrared PhotoBeams in a 16 inch � 16 inch arena
of the SmartFrame Open Field System (Kinder Scientific)
using MotorMonitor software.

Dopamine and metabolite analysis

The brains of mice were rapidly removed and placed on ice-
cooled plates for dissection of the substantia nigra, cortex,
ventral tegmental area, hippocampus and striatum. Brains
were removed at University California; San Francisco, dis-
sected and weighed and transported to St. Jude Children’s
Research Hospital for metabolite analysis. Tissues were pro-
cessed and assayed by HPLC as previously described (71).

Cell counting

For examination of cell number, mice were processed and ana-
lyzed as previously reported (72) by using the optical fractio-
nator (73) on a Bioquant Image Analysis System (R&M
Biometrics, Nashville, TN, USA).

Olfactory testing

Novel odor test. A cotton tipped applicator (Q-tip) was dipped
in vanilla extract and taped to the lid of a clean cage. The time
each mouse spent sniffing was recorded (74).

Buried food test. Mice were fasted overnight. Each test mouse
was placed in the center of a clean mouse cage and one Froot
Loop (Kellogg’s) was buried under �1 cm of bedding in one
corner of the cage. The time spent for each mouse to find the
Froot Loop and start eating it was recorded (75).

Gastrointestinal function testing

Variable numbers of mice were used for the different tests;
exact numbers of mice of each genotype for each test at
different ages are given in the Supplementary Material,
Tables S4–S6. Except for a few of the earliest time points
in Supplementary Material, Table S5, all measurements were
done on more than 10 mice and most measurements were
performed with between �20 and 30 mice.

Stool weight. Total stool weight was measured by placing the
animals in a novel environment and collecting all stool
produced over a 1 h time period at the same time of day
(10–11 AM). Stool was then dessicated at 758C overnight to
determine dry weight. Stool water is the difference between
these two measurements.

Colonic motility. Colonic motility was measured by the bead
expulsion test as previously described (39). Briefly, a glass
bead (diameter, 3 mm) was inserted through the anus and
pushed, with a polished glass rod, into the colon for a distance
of 2 cm (75). The time required for expulsion of the glass bead
was recorded.
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Whole gut transit time. WGTT was measured by oral gavage
of 0.3 ml of 6% (w/v) carmine dye in 0.5% methylcellulose
(Sigma) to each mouse as previously described (76). The
time taken from the administration of carmine until the first
appearance of one red pellet was recorded. The observation
was performed for 12 h after the administration of carmine.
Animals whose stool had no dye even after 12 h were recorded
as .12 h.

Statistical analysis

A non-parametric two-tailed Mann–Whitney U test was used
to determine statistical significance when the data were not
normally distributed or could only be ranked. Student’s t-test
was used otherwise. All data were analyzed by GraphPad
Prism 4.0 statistical software (GraphPad Software, Inc., San
Diego, CA, USA).

In vivo electrocardiogram telemetry collection

For long-term electrocardiogram (ECG) recording, adult mice
were anesthetized with isoflurane (five each of Snca2/2 and
Dbl-PAC-Tg(SNCAA53T)þ/þ;Snca2/2). A midline incision
was made on the back along the spine to insert a telemetric
transmitter (TA10EA-F20, Data Sciences International;
St. Paul, MN, USA) into a subcutaneous pocket with paired
wire electrodes placed over the thorax (chest bipolar ECG
lead). Mice were allowed to recover for 72 h post-surgery
before ECG data were collected. Measurements were collected
in unanesthetized animals during nocturnal and diurnal activity
over at 24 h per ECG trace. Experiments were initiated at least
36 h after recovery from surgical implantation. Mice were
housed in individual cages with free access to food and water
and were exposed to 12-h light/dark cycles in a thermostatically
controlled room. ECG signals were computer-recorded with the
use of a telemetry receiver and an analog-to-digital conversion
data acquisition system for display and analysis by Dataquest
A.R.T. 2.3 software (Data Sciences International). Mean heart
rate values were obtained in each mouse for an overall 24-h
period including both the light and dark cycles in the room
housing the rodents. ECG parameters were measured at a
fixed RR interval of 100 ms and HRV Spectrum analyses
were performed with Chart 5 software, with manual
verification. P duration, RR intervals PR interval duration,
QRS interval duration, QTC interval duration, JT interval
duration and heart rate variability were measured.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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