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Abstract.
Background: Gastrointestinal (GI) complications, that severely impact patient quality of life, are a common occurrence in
patients with Parkinson’s disease (PD). Damage to enteric neurons and the accumulation of alpha-synuclein in the enteric
nervous system (ENS) are thought to contribute to this phenotype. Copper or iron chelators, that bind excess or labile metal
ions, can prevent aggregation of alpha-synuclein in the brain and alleviate motor-symptoms in preclinical models of PD.
Objective: We investigated the effect of ATH434 (formally PBT434), a small molecule, orally bioavailable, moderate-affinity
iron chelator, on colonic propulsion and whole gut transit in A53T alpha-synuclein transgenic mice.
Methods: Mice were fed ATH434 (30 mg/kg/day) for either 4 months (beginning at ∼15 months of age), after the onset
of slowed propulsion (“treatment group”), or for 3 months (beginning at ∼12 months of age), prior to slowed propulsion
(“prevention group”).
Results: ATH434, given after dysfunction was established, resulted in a reversal of slowed colonic propulsion and gut transit
deficits in A53T mice to WT levels. In addition, ATH434 administered from 12 months prevented the slowed bead expulsion
at 15 months but did not alter deficits in gut transit time when compared to vehicle-treated A53T mice. The proportion of
neurons with nuclear Hu+ translocation, an indicator of neuronal stress in the ENS, was significantly greater in A53T than
WT mice, and was reduced in both groups when ATH434 was administered.
Conclusion: ATH434 can reverse some of the GI deficits and enteric neuropathy that occur in a mouse model of PD, and
thus may have potential clinical benefit in alleviating the GI dysfunctions associated with PD.
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INTRODUCTION

Parkinson’s disease (PD) is an increasingly preva-
lent neurodegenerative disorder, whose prominent
symptoms are progressive movement dysfunction
[1, 2]. However, the non-motor features of PD such
as, dementia, apathy, anxiety, depression, hyposmia,
sleep disorders, and gastrointestinal (GI) dysfunc-
tion are receiving more attention because of their
impact on patient quality of life [3, 4]. Common GI
dysfunctions associated with PD include swallow-
ing difficulty (dysphagia), slowed stomach emptying
(gastroparesis), slower nutrient absorption from the
gut, and severe chronic constipation [5]. Chronic
constipation affects ∼70% of PD patients and often
precedes the onset of motor symptoms by decades
[6, 7]. In PD, constipation frequently manifests with
slow gut motility, decreased fecal water content [8],
and dopaminergic deficits in the enteric nervous sys-
tem (ENS) [9]. Current therapeutics commonly used
for constipation are often ineffective in PD patients.
Interestingly, aggregation of alpha-synuclein, a cen-
tral nervous system (CNS) hallmark of PD, has also
been found in the ENS of PD patients. It has been
suggested that aggregation of alpha-synuclein in the
ENS may contribute directly or indirectly to enteric
neuron damage and subsequent GI dysfunction.

In the CNS, changes associated with the develop-
ment of PD include an abnormal iron distribution
in the brain. High levels of iron have been con-
firmed from postmortem studies, magnetic resonance
imaging, and transcranial ultrasound studies [10–12].
Iron has been shown to promote the aggregation of
alpha-synuclein, which is toxic to neurons and may
cause their death [13, 14]. The iron chelators desfer-
rioxamine, deferasirox, and deferiprone, which are
currently in clinical use for treating iron overload
in thalassemia major, have been shown to signifi-
cantly attenuate dopaminergic neuronal loss in the
substantia nigra pars compacta (SNpc) and stria-
tum in the 6-hydroxydopamine model of PD, whilst
reducing hydroxyl radical formation [15]. Moreover,
small scale clinical trials have shown that reduc-
ing the iron burden can slow the progression of PD
symptoms [16]. Thus, CNS data linking iron and
alpha-synuclein have provided a rationale to interro-
gate the potential utility of iron chelation on enteric
neuropathy and symptoms in the gut.

ATH434, previously referred to as PBT434, is an
orally bioavailable 8-hydroxyquinazolinone, which
binds to iron with an affinity that is intended not to dis-
rupt physiological iron homeostasis [17]. In phase 1

trials in humans, the compound has been shown to be
safe, although further large-scale testing is required
[18]. ATH434 has been shown to significantly reduce
loss of SNpc neurons and motor deficits in the MPTP
mouse model of PD when administered for 20 day at
a dose of 30 mg/kg/day [17]. Moreover, A53T trans-
genic mice treated for 4 months, prior to the onset
of motor deficits, with a similar dose of ATH434
were found have preservation of dopamine-producing
neurons in the SNpc, improved motor function, and
reduced SN iron levels and nigral insoluble alpha-
synuclein levels in the brain [17].

Whether or not ATH434 can improve non-motor
symptoms, such as GI dysfunction, remains un-
known. Given the promising results with ATH434
in the CNS, we hypothesized that ATH434 adminis-
tration could alleviate enteric neuropathy and the GI
complications associated with PD. In this study, we
used the A53T mouse model of PD, which overex-
presses human alpha-synuclein bearing the alanine to
threonine mutation at position 53. This mouse model
is known to develop decreased locomotion, hindlimb
deficits, and a significant decrease in the number of
nigral neurons by 8 months of age [19]. In addition,
these mice develop GI deficits at ∼15 months of age,
which progressively worsens throughout the course
of disease [20]. In this study, our aim was to investi-
gate whether ATH434 could alleviate or reverse the
GI deficits observed in A53T mice. In different exper-
iments we administered ATH434 before or after the
onset of GI dysfunction. We measured colonic motil-
ity and whole gut transit and correlated functional
changes with assessment of neuronal damage and
alpha-synuclein aggregation in the ENS.

MATERIAL AND METHODS

Animals

All procedures involving mice conformed to the
Australian National Health and Medical Research
Council (NHMRC) code of practice for the care
and use of animals for scientific purposes and were
approved by the Florey Institute Animal Ethics
Committee (approval #14-012). Mice that carry
the human A53T mutation driven by the mouse
prion promoter (Jax Stock No: 004479; B6;C3-Tg
(Prnp-SNCA∗A53T)83Vle/J; A53T alpha-synuclein
transgenic line M83) were obtained from Jackson
Laboratories (Bar Harbor, ME). A stable breeding
colony was generated in house and the genotype of
all mice used in the study were confirmed by qPCR.
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Two series of experiments were performed in this
study: 1) A53T and wild-type (WT) (litter mate con-
trols) mice were fed ATH434 (at 30 mg/kg/day) or
vehicle that was mixed into rodent chow (Specialty
Feeds, Western Australia) for a total of 4 months,
beginning at ∼15 months of age (after the onset of
GI dysfunction, ‘treatment’ paradigm; n = 9–24), and
2) A53T mice were fed ATH434 or vehicle for a total
of 3 months, beginning at ∼12 months of age (prior
to onset of GI dysfunction, ‘prevention’ paradigm;
n = 8–10). The ‘treatment’ paradigm was designed
to treat mice that already had GI dysfunction and
determine if GI deficits could be reversed, while the
‘prevention’ paradigm was designed to treat mice
before the onset of GI dysfunction and determine
if onset of GI deficits could be prevented. Because
we found there was no effect of ATH434 on WT
mice in our treatment paradigm, we did not inves-
tigate WT mice in the prevention group. Mice were
group-housed (2–5 animals/cage) in a temperature-
and humidity-controlled room under a 12-h light/dark
cycle. Food and water were available ad libitum. We
and others have found that there are no significant
differences in GI function with respect to gender
[20, 21], therefore all results were combined for each
genotype to increase power.

Bead expulsion

Deficits in colonic propulsion were measured using
the bead expulsion test. For mice that commenced
ATH434 treatment at ∼15 months of age, the bead
expulsion test was performed at the beginning of each
month (i.e., at ∼16, 17, 18, and 19 months of age),
while mice that commenced feeding at ∼12 months
of age (n = underwent the procedure at the end of
the study (i.e., 3 months of feeding; ∼15 months of
age). Mice were lightly anesthetized with 3% isoflu-
rane inhalation to allow insertion of a bead (3 mm in
diameter) into the distal colon 2 cm from the anus, as
previously described [20]. Bead insertion was accom-
plished using a flexible plastic rod to avoid tissue
damage. Following bead insertion, mice were placed
in individual cages to recover from anesthesia. The
time taken from insertion to expulsion was recorded
to the nearest second.

Whole gut transit

For mice that commenced feeding at ∼15 months
of age, assessment of whole-gut transit was per-
formed at the beginning of each month (i.e., at

∼16, 17, 18, and 19 months of age), while mice that
commenced feeding at ∼12 months of age were only
tested at the end of the study (i.e., 3 months of feed-
ing; ∼15 months of age). Briefly, transit time was
assessed in mice after oral gavage of a 50% (v/v)
cochineal extract solution (ethanol removed, Queen
Fine Foods, Alderley, QLD), as previously described
[20]. Mice were placed in individual cages contain-
ing food, tissue for nesting, and had free access to
water. Post gavage, the mice were observed for up to
9 h until the time of excretion of the first red stool,
which was recorded for each mouse. Mice that had
not passed a red stool by 9 h were scored as > 9 h.

Ledged beam test

Motor coordination and balance in mice from each
treatment group was assessed in the last month of
feeding. As previously described [20], a beam, 1.5
m in total length, and comprising of six (10 cm
length) sections that gradually decreased in width
from 3.5 cm to 0.5 cm in 1 cm decrements was used.
Animals were trained to traverse the beam (from
widest to narrowest) directly into the animal’s home
cage. Each mouse received training in the morning (4
trials each) followed by testing in the afternoon. Dur-
ing the testing phase, animals were recorded whilst
traversing the beam over 4 trials, with a 15–30 s inter-
trial period. Videos were analyzed in slow-motion
by an investigator blinded to the genotype/treatment
of the animals. The total number of foot faults per
section was determined over the 4 trials and averaged.

Tissue collection and preparation

Mice were anesthetized by intraperitoneal injec-
tion with a mix of ketamine/xylazine (100 mg/kg
ketamine and 10 mg/kg xylazine) and perfused tran-
scardially with phosphate buffered saline (PBS).
Mice from the “treatment paradigm” were eutha-
nized and gut tissue was collected after 4 months
of ATH434 treatment (when mice were ∼19 months
of age). Mice from the “prevention paradigm” were
euthanized and gut tissue was collected after 3
months of ATH434 treatment (when mice were ∼15
months of age). Gut tissue (colon and ileum) was
flushed of fecal contents and opened along the mesen-
teric attachment, pinned flat onto balsa board with
the lumen facing down, and fixed overnight in 2%
formaldehyde, plus 0.2% picric acid in 0.1M sodium
phosphate buffer, pH 7.2, at 4◦C. Preparations were
cleared of fixative by 3 × 10 min washes in dimethyl
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sulfoxide (DMSO) followed by 3 × 10 min washes in
PBS. Fixed tissue was stored at 4◦C in PBS contain-
ing sodium azide (0.1%).

Immunohistochemistry of colon and ileum tissue

The mucosa and circular muscle were removed
from the fixed tissue and wholemounts of the
myenteric plexus were prepared. Wholemount prepa-
rations were incubated with combinations of human
anti-Hu (1:2000; a gift from Dr Miles Epstein [22])
a pan-neuronal marker that binds to RNA-binding
proteins exclusively in neurons, sheep anti-neuronal
nitric oxide synthase (nNOS, 1:2000; a gift from
Dr. Piers Emson [23]), or rabbit anti-alpha-synuclein
(1:1000, Abcam, VIC, Australia; for endogenous
mouse alpha-synuclein) antibodies, overnight at 4◦C.
The wholemounts were then washed (3 × 10 min)
in PBS before incubation with donkey anti-human
Alexa 594, donkey anti-sheep 488, or donkey anti-
rabbit Alexa 488 secondary antibodies, respectively
(Molecular Probes, Eugene, OR, USA), for 1 h at
room temperature. Preparations were washed once
with PBS, followed by 3 × 5 min washes in dis-
tilled water and incubated with Hoeschst 33258
solution (10 �g/ml Bisbenzimide-Blue in distilled
water; Sigma-Aldrich, Sydney, NSW, Australia) for
5 min. Tissue was washed 3 × 10 min with distilled
water before being mounted on glass slides using
fluorescent mounting medium (Dako, Carpinteria,
CA, USA). Images were captured using the Axio
Imager.Z1 microscope (Carl Zeiss, Sydney, NSW,
Australia) at 10 × and 20 × air objective. For Hu
neurons per area studies, approximately 8–10 ran-
domly captured images at 10 × air objective were
counted per preparation. Approximately 100–300
neurons per preparation were counted for neuron
number, Hu translocation, and nNOS quantitative
studies. ImageJ (1.52i, http://imagej.nih.gov/ij) [24]
was used to quantify the area of alpha-synuclein
coverage in a minimum of 50 ganglia per group in
wholemount preparations. For all quantitative mea-
surements, 5–6 wholemount preparations were used
per cohort, which we have previously shown to be
sufficient to reveal significant neuropathic changes
[20].

Statistical analysis

Data are expressed as the mean ± SEM. Compar-
isons between groups were performed using one- or
two-way ANOVA with Sidak’s or Tukey’s multiple

comparisons test. Analyses were performed using
GraphPad Prism 8.3.0 (GraphPad software Inc., San
Diego, CA, USA). p values of less than 0.05 were
considered statistically significant.

RESULTS

ATH434 administered after the onset of GI
symptoms (treatment group) improves deficits in
colonic propulsion and whole gut transit, but not
motor function in A53T mice

To determine the ability of ATH434 to reverse
slowed colonic propulsion and whole gut transit,
these parameters were assessed monthly in WT and
A53T mice that were fed for a total of 4 months (from
15 to 19 months) with ATH434 after the onset of these
GI deficits. WT mice served as a control to measure
the effect of ATH434 in mice that lack Parkinsonian
pathology and symptoms. ATH434 had no effect on
fecal water content in either WT or A53T mice (data
not shown) indicating that there were no constipation
or diarrhea following long-term exposure to ATH434.
Colonic propulsion, measured using the bead expul-
sion test, confirmed that vehicle-treated A53T mice
had significant slowing when compared with vehicle-
treated WT mice at all time points (p < 0.05; Fig. 1A).
ATH434 significantly improved colonic propulsion
in A53T mice by reducing the time taken to expel
the bead when compared with vehicle-treated A53T
mice (p < 0.05 at 17, 18, and 19 months; Fig. 1A).
This was a progressive effect, seen more prominently
at 19 months (after completion of 4 months treatment
with ATH434) than at 16 months (after 1-month treat-
ment with ATH434). ATH434 had no effect on bead
expulsion in WT mice (Fig. 1B).

Whole gut transit in vehicle-treated A53T mice
was significantly slower than in vehicle-treated WT
mice between 16 and 19 months of age (p < 0.05;
Fig. 1C). No significant effect was observed in
WT mice treated with ATH434 when compared to
vehicle-treated WT mice (Fig. 1C). ATH434 had no
effect on whole gut transit after 1 and 2 months of
treatment; however, ATH434 significantly improved
whole gut transit time in A53T mice, compared to
vehicle-treated A53T mice, after 3 and 4 months of
treatment (p < 0.05) and reduced gut transit time to
WT levels (Fig. 1D).

With respect to motor dysfunction, vehicle-treated
A53T mice displayed a greater number of foot
faults at narrower sections of the beam when com-
pared to vehicle-treated WT mice (p < 0.05; Fig. 2A),

http://imagej.nih.gov/ij
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Fig. 1. Effect of ATH434 on bead expulsion and whole gut transit in mice with PD symptoms (treatment group). Vehicle-treated A53T
mice had significant deficits in colonic motility, as assessed by the bead expulsion test, when compared to vehicle-treated WT mice at all
timepoints (p < 0.05). Overall, ATH434, administered from the beginning of month 15 to the beginning of month 19, reduced the deficit in
colonic motility, with a significant reduction in bead expulsion time observed at 2, 3, and 4 months after commencement of feeding in A53T
mice (p < 0.05) (A). ATH434 had no effect on bead expulsion times in WT mice (B). Whole gut transit time was significantly delayed in
A53T vehicle-treated mice when compared with vehicle-treated WT mice at all time points (p < 0.05). ATH434 significantly reduced whole
gut transit time in A53T mice following 3 and 4 months of treatment (p < 0.05) (C), but had no effect on WT mice (D). Data were analyzed
by two-way ANOVA (mixed model) followed by Sidak’s multiple comparison post hoc test. Data represent the mean ± SEM; ∗p < 0.05 for
WT (vehicle) versus A53T (vehicle); #p < 0.05 for A53T (vehicle) versus A53T (ATH434); n = 17–24 for WT vehicle and WT ATH434 mice
and n = 9–18 for A53T vehicle and A53T ATH434 mice.

Fig. 2. Lack of effect of ATH434 on motor deficits in mice with PD. When compared with vehicle-treated WT mice, vehicle-treated A53T
mice had significant motor deficits (p < 0.05) (A), however the advanced motor dysfunction could not be reversed with ATH434 (B). Data
were analyzed by two-way ANOVA (mixed model) followed by Sidak’s multiple comparison post hoc test. Data represent the mean ± SEM;
∗p < 0.05, n = 17–24 for WT vehicle and WT ATH434 mice and n = 9–18 for A53T vehicle and A53T ATH434 mice.

indicating that A53T mice had motor impairments.
Previously we have shown that ATH434 was able to
prevent the onset of motor symptoms in mice treated

from the age of 5 months [17]. In this study ATH434
was unable to reverse these established motor deficits
when applied from 15 months (Fig. 2B). Taken
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Fig. 3. Effects of ATH434 when administration before the development of GI symptoms (preventative paradigm). ATH434 had a significant
effect on bead expulsion time (A). A53T mice treated for 3 months with ATH434 prior to the onset of GI dysfunction, had reduced bead
expulsion times when compared with vehicle-treated A53T mice at 15 months of age (p < 0.05). ATH434 had no effect on whole-gut transit
time at 15 months (B) or motor dysfunction as assessed by the ledge beam test (C). Data were analyzed by unpaired t-test. Data represent
the mean ± SEM; ∗p < 0.05. n = 8 A53T mice in vehicle group and n = 10 mice in ATH434 group.

together, these data indicate that the improvement in
colonic propulsion and gut transit can be sustained
over time and that orally administered ATH434 can
reverse deficits in GI function.

ATH434 administered before the onset of
prominent GI symptoms (prevention paradigm)
reduces the slowing of colonic propulsion, but
does not affect whole gut transit or motor
function in A53T mice

Given that ATH434 was able to reverse the deficits
in colonic motility and whole-gut transit in A53T
mice after the onset of GI symptoms (treatment
paradigm), we aimed to determine if ATH434 could
prevent or reduce the GI symptoms if administered
before they were fully established in A53T mice. For
this study, only A53T mice were used as no effects
were observed in WT mice in the first series of exper-
iments with ATH434. A53T mice were fed ATH434
for a total of 3 months, starting at ∼12 months of
age, an age when GI symptoms are not prominent,
to ∼15 months of age, an age when GI deficits are
clearly observed [20]. Colonic motility and whole-
gut transit were assessed at the end of the 3-month
treatment period. ATH434 significantly reduced the
time taken to expel the bead in A53T mice at 15
months of age when compared with vehicle-treated
mice (p < 0.05; Fig. 3A) but had no effect on whole-
gut transit (Fig. 3B) or reversal of motor dysfunction
(Fig. 3C).

ATH434 did not alter the number of Hu-positive
neurons or the proportion of inhibitory motor
neurons in the enteric nervous system

No change in the number of Hu-immunoreactive
(IR) neurons in the ileum were observed between

WT- and A53T-vehicle treated mice, and as expected,
numbers did not change when mice were treated with
ATH434 (Fig. 4A). Although there was a reduction
in the number of Hu-IR neurons in the colon between
vehicle-treated A53T and WT mice, ATH434 had no
effect on the number of Hu-IR neurons in the colon
(p < 0.05; Fig. 4B). No change in the proportion of
nNOS-positive neurons was observed in the ileum
(Fig. 4C) or colon (Fig. 4D) between vehicle-treated
A53T and WT mice, treatment with ATH434 for 4
months (treatment paradigm) had no effect. Similar
to mice in the treatment paradigm, no change in the
number of Hu-IR neurons or proportion of nNOS-
positive neurons was observed in mice treated for 3
months prior to the onset of GI symptoms in the ileum
(Fig. 5A, C) or colon (Fig. 5B, D) of 15-month-old
mice (preventative paradigm).

Treatment with ATH434 reversed nuclear Hu+
translocation in mice with established GI
dysfunction, but had no effect on alpha-synuclein
accumulation

To determine if ATH434 treatment was associ-
ated with changes in pathological hallmarks at the
level of the ENS, ileum and colon tissue was iso-
lated from mice at the end of the feeding regime
and processed immunohistochemically to assess
nuclear Hu+ translocation and the proportion of
alpha-synuclein accumulation per ganglion. No dif-
ference in nuclear Hu+ translocation was found
in the ileum of vehicle-treated A53T mice when
compared to WT, and as expected, treatment with
ATH434 had no impact on nuclear Hu+ translocation
in either WT or A53T mice (Fig. 6A). In the colon,
A53T vehicle-treated mice displayed significantly
greater nuclear Hu+ translocation in the colon when
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Fig. 4. Numbers of neurons in the A53T colon were reduced, but treatment with ATH434 for 4 months had no effect on neuron number
or proportion of nNOS-positive neurons in PD mice with GI dysfunction. No change in the number of Hu+ neurons was observed in the
ileum of A53T vehicle-treated mice when compared to WT mice (A), however, A53T mice had significantly fewer Hu+ neurons in the colon
(p < 0.05) (B). ATH434 treatment had no effect on the number of Hu+ neurons/mm2 in either the ileum (A) or colon (B). The proportion
of nNOS-positive neurons in vehicle-treated WT and A53T mice remained unchanged in both the ileum (C) and colon (D), and ATH434
had no effect on either genotype. Data were analyzed by one-way ANOVA followed by Tukey’s multiple comparison post hoc test. Data
represent the mean ± SEM (100–300 neurons per preparation were counted for neuron number and nNOS quantitation studies. All studies
used 5–6 wholemount preparations per cohort); ∗p < 0.05.

compared to WT (p < 0.05), and ATH434 signifi-
cantly reduced this (p < 0.05) (Fig. 6B). Although
there was a trend for increased alpha synuclein
accumulation per ganglion in vehicle-treated A53T
mice when compared to WT mice in both the ileum
(Fig. 6C) and colon (Fig. 6D), the difference was not
significant. However, there was a trend for a reduction
in the proportion of alpha-synuclein accumulation
per ganglion in the colon of A53T mice following
ATH434 treatment (Fig. 6D; p = 0.059). In A53T
mice who began ATH434 treatment prior to the onset
of GI dysfunction, ATH434 significantly reduced the
number of neurons with nuclear Hu+ translocation
in the ileum (p < 0.05; Fig. 7A) but had no effect in
the colon (Fig. 7B). ATH434 had no effect on the

proportion of alpha-synuclein accumulation per gan-
glion in either the ileum (Fig. 7C) or the colon
(Fig. 7D).

DISCUSSION

Mice that carry the human A53T mutation of the
alpha-synuclein gene develop a slowed colorectal
transit, that is first seen from 3–15 months in differ-
ent studies and progressively worsens [20, 25, 26].
Differences in onset times may be due to different
levels of expression of the transgene or differences
in methods of assessment. To investigate the effects
of ATH434 in treating and preventing GI dysfunc-
tion, we used 2 experimental protocols. One group of
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Fig. 5. ATH434 administered prior to the onset of GI dysfunction (at ∼12 months of age, continuing to 15 months) had no effect on the
number of Hu+ neurons or the proportion of nNOS-positive neurons. Treatment with ATH434 had no effect on the number of Hu-positive
neurons in either the ileum (A) or the colon (B), nor on the proportion of nNOS-positive neurons in the ileum (C) or the colon (D). Data were
analyzed by one-way ANOVA followed by Tukey’s multiple comparison post hoc test. Data represent the mean ± SEM (100–300 neurons
per preparation were counted for neuron number and nNOS quantitation. All studies used 5–6 wholemount preparations per cohort).

A53T mice and their WT counterparts were treated
with ATH434 for 4 months, beginning at 15 months
of age, a time when GI dysfunction is well estab-
lished (treatment paradigm), and a second cohort of
A53T mice were treated for 3 months, starting at 12
months of age, which is prior to the onset of a promi-
nent colorectal disorder in our colony (preventative
paradigm).

The slowing of colorectal bead expulsion in A53T
mice was improved by ATH434 treatment from
month 16, but the reversal was only significant at
month 17 (Fig. 1B). By months 18 and 19, bead expul-
sion in A53T mice was not different to that seen in
WT mice. The effect of treatment on whole gut transit
time was also slow to develop. Moreover, if the treat-
ment commenced prior to constipation onset, at the
beginning of 12 months of age, expulsion time was
half that of vehicle-treated controls after 3 months of
ATH434 feeding, indicating that prior ATH434 treat-
ment inhibits progression of colonic dysfunction in
A53T mice. It thus appears that ATH434 has effects
that are slow to develop, but which are persistent.
ATH434 did not accelerate transit in WT mice, indi-
cating that the effect was dependent on there being
an abnormality.

Colorectal propulsion is dependent on intrinsic
ENS reflexes and involves ascending excitatory path-
ways in which the final neurons are cholinergic, that
evoke contractions above the bolus and descend-
ing inhibitory reflexes (final nitrergic neurons) that
induce relaxation below the bolus, propelling con-
tents anally. Interruption of the myenteric plexus is
known to impact this excitatory and inhibitory con-
duction which is vital for colonic propulsion [27].
Our data demonstrates that ATH434 had a restorative
effect on GI function, specifically colonic function,
suggesting a potential action to reverse deficits at the
level of the ENS.

In A53T mice, GI manifestations have been cor-
related with neuropathy in the ENS of the ileum and
colon [20]. Data from the current study confirms that
A53T mice suffer from significant neuronal loss and
have significantly greater nuclear Hu+ translocation
in the colon when compared to WT mice (Fig. 4B and
Fig. 6B). In the ileum, the number of neurons was also
reduced by∼15% in A53T vehicle-treated mice when
compared to WT mice, however this did not reach sta-
tistical significance (p < 0.2). When fed to mice with
established GI dysfunction, ATH434 reduced the pro-
portion of cells with nuclear Hu+ translocation in the
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Fig. 6. ATH434 reduced the level of Hu translocation and showed a trend for reduced alpha-synuclein accumulation per ganglion in the colon
of mice from the treatment paradigm. No significant difference in the proportion of neurons with nuclear Hu+ translocation was found in the
ileum when comparing vehicle-treated A53T and WT mice (A). However, colons from vehicle treated A53T mice had a significantly greater
proportion of neurons with nuclear Hu+ translocation than WT mice (p < 0.05) (B). Treatment with ATH434 had no effect in the ileum (A), but
reduced the proportion of cells with nuclear Hu+ translocation in the colon (p < 0.05) (B). A trend for increased alpha-synuclein accumulation
per ganglion was observed in the ileum of vehicle-treated A53T mice when compared to WT mice, but no effect was observed with ATH434
(C). Although not significant, ATH434 reduced alpha-synuclein accumulation per ganglion in the colon of A53T mice (p < 0.059) (D). Data
were analyzed by one-way ANOVA followed by Tukey’s multiple comparison post hoc test. Data represent the mean ± SEM (100–300 cells
were counted for Hu translocation studies and n = 50 ganglia/group were quantified for alpha-synuclein immunoreactivity. All studies used
5–6 wholemount preparations per cohort); ∗p < 0.05.

colon of A53T mice, and when fed to mice prior to
the onset of GI dysfunction, it significantly reduced
nuclear Hu+ translocation in the ileum of A53T mice
(Fig. 7A).

Intracellular localization of Hu+ is a useful tool
in assessing the health status of enteric neurons, in
conditions of high stress, such as those induced by
hypoxia, ischemia and chemotherapy, Hu+ expres-
sion is predominantly localized to the nucleus
[28–30]. Nuclear Hu+ translocation is often asso-
ciated with markers of oxidative stress in enteric
neurons, including accumulation of nitrosylated pro-
tein aggregates and the swelling and distortion of
nitrergic neurons [29]. Oxidative stress is a feature
of both aging and PD and is now known to hin-
der the performance of the iron trafficking apparatus
resulting in atypical iron distribution [31, 32]. Recent
findings have highlighted iron homeostasis as key in

the pathological events involved in the neuronal tox-
icity and nigral degeneration associated with PD
[33]. Cellular reactive oxygen species (ROS) pro-
duction by alpha-synuclein oligomers has recently
been shown to be dependent on the presence of metal
ions, with the addition of metal chelators blocking
oligomer-induced ROS production and preventing
neuronal death [34]. In the current study, ATH434
reduced the proportion of cells with nuclear Hu+
translocation in A53T mice, however this was not
correlated with enhanced survival of enteric neurons.
This may in part be due to early loss of vulnera-
ble neurons exhibiting Hu+ translocation, resulting
in a proportional reduction of neurons with Hu+
translocation in the remaining population of neurons.
Whether or not ATH434 alters markers of oxidative
stress in the ENS is unknown and requires further
investigation.
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Fig. 7. ATH434 reduced the proportion of neurons with nuclear Hu+ translocation in the ileum but had no effect on alpha-synuclein
accumulation in the prevention paradigm. Treatment with ATH434 reduced the proportion of neurons with nuclear translocation of Hu+
in the ileum (A, A’, and A”), but not the colon (B) in A53T mice. ∗indicate neurons with nuclear Hu translocation. Scale bar = 50 �m.
ATH434 had no effect on alpha-synuclein accumulation in the ileum (C) or colon (D). Data were analyzed by unpaired t-test. Data represent
the mean ± SEM (100–300 cells were counted for Hu translocation studies and n = 50 ganglia/group were quantified for alpha-synuclein
immunoreactivity. All studies used 5–6 wholemount preparations per cohort); ∗p < 0.05.

Alpha-synuclein aggregation is a hallmark pathol-
ogy of PD. Accumulation of insoluble cytoplasmic
protein inclusions, which contain alpha-synuclein,
are thought to be key in the neurodegenerative pro-
cesses associated with PD, contributing to neuronal
impairment and degeneration [35]. Previously it has
been found that ATH434 preserved SNpc neurons in
a number of PD animal models, which translated to
improved motor function accompanied by reduced
levels of alpha-synuclein observed by western blot
and markers of oxidative stress [17]. Whilst in the cur-
rent study no significant difference in the proportion
of alpha-synuclein accumulation per ganglion was
observed when comparing vehicle-treated WT and
A53T mice, there was a trend for reduction in the pro-
portion of alpha-synuclein accumulation in neurons
of the colon of A53T mice following treatment with
ATH434. This reduction in alpha-synuclein accumu-
lation in neurons was not associated with an increase
in survival of enteric neurons, this may be due to early
toxicity and loss of enteric neurons which was not
prevented by subtle reductions in alpha-synuclein or
may be due to downstream effects of ATH434 rather
than a direct effect on alpha-synuclein. Whilst we
have previously been able to examine the quantity of
soluble and insoluble alpha-synuclein in the brain,
this is not possible in GI tissues where the digestion

of surrounding muscle and mucosa is difficult and the
concentration of alpha-synuclein is low [36].

In the CNS, it is clear that the mechanism of action
of ATH434 is dependent on the metal binding site, as
shown in studies using the non-metal binding analog
of ATH434 (formerly called PBT434-met), where no
protective effect was observed when the metal bind-
ing site was blocked [17].

In the ENS, the precise mechanism of how ATH434
may restore gut function is unclear, and it is possible
that ATH434 has off target effects that are indepen-
dent of its metal chelator properties. The lack of
robust alpha-synuclein accumulation in the ENS in
this study suggests that ATH434 may exert its effects
on the gut in an alpha-synuclein-independent manner.
Several studies have shown that the gut microbiota
of patients with PD differs to healthy individuals [37,
38]. The gut microbiome of A53T mice has also been
shown to differ and has been used to model the human
condition [39]. Therefore, it is possible that ATH434
may exert its effect by altering gut microbial health
and potentially gut function, however further studies
are needed to investigate this area.

As expected, data from this study indicate that
ATH434 has no effect on motor phenotype in ageing
A53T mice when treatment with ATH434 is started
at either 12 or 15 months. Previous publications have
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shown that in A53T mice, significant neuronal loss in
the SNpc occurs at 8 months of age [17, 19] and motor
deficits emerge at ∼6 to 8 months of age [17, 20, 40].
As neuronal loss in the SNpc is already well estab-
lished at 12 months we did not expect that ATH434
would prevent the motor deficit. However, it has been
shown that when mice are fed from 4 months of age,
prior to the onset of motor dysfunction, ATH434 can
prevent the loss of neurons in the SNpc, and improve
motor phenotype [17].

In the current study, the times of onset of specific
deficits is of interest and should be noted. In humans
it is well documented that GI dysfunction occurs prior
to motor symptoms, however in these mice it is clear
that motor symptoms and neuronal loss in the brain
occur prior to GI symptoms and enteric neuron loss.

CONCLUSION

In conclusion, our data demonstrate that there is a
distinct functional GI deficiency in aged A53T mice
which is repaired with ATH434 treatment. ATH434
treatment halved colonic propulsion time in A53T
mice, however this did not appear to be correlated
with enhanced neuronal survival or alpha-synuclein
pathology in the ENS. The strong effect of ATH434
on colonic propulsion regardless of its effects on
enteric neurons suggests that it, and other compounds
like it, may be clinically useful in other disorders of
colonic motility. Further studies should investigate
different doses and dosing regimes in other models
of colonic dysfunction and/or constipation that are
non-PD related.
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