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Lay Summary of Progress 
 
My team and I are working to make a difference for everyone affected by MSA. We received 
MSA Coalition seed grant funding in which we are seeking to identify therapies to slow or 
stop the relentless progression of MSA. I presented some of my laboratory’s findings (using 
parkinsonian mice) to patients and caregivers at the MSA Family Conference in New Orleans 
last October. That research had been just published in Journal of Biological Chemistry 
(Vidal-Martinez et al, 2016), and showed the benefits of a potential novel therapy. With 
MSA Coalition funds, we began evaluating the repurposing potential of that same drug, 
which is already approved by the Food and Drug Administration (FDA) to treat the 
demyelinating disorder, multiple sclerosis. The FDA approved drug, FTY720 (also known as 
Fingolimod or Gilenya), has now been evaluated in MSA cell models. In data just published 
in Neuropharmacology (Segura-Ulate et al, 2017), we show that FTY720 increases the 
levels of a highly beneficial protective factor that improves the health of brain cells. FTY720 
protects neuronal communicating cells and also the myelinating oligodendroglia cells that 
help optimize neuronal communication. We began evaluating two novel FTY720-derivative 
compounds that we synthesized in collaboration with our medicinal chemist colleague, who 
was also supported on this MSA Coalition grant. In a recently published PlosOne paper 
(Enoru et al, 2016) we show that both new FTY720-derivatives: (i) rapidly enter brain after 
being injected into mice, (ii) form non-toxic-by-products similar to the FDA approved parent 
drug FTY720, but (iii) are not metabolically modified like FTY720 in a way that can impair 
the immune system’s ability to fight infection. We just published these newest findings in 
Journal of Pharmacological Sciences (Segura-Ulate et al, 2017 in press), showing these 
beneficial properties of our derivatives. This suggests that these novel derivatives may be 
even better for treating aging disorders like MSA. We initiated preclinical assessment of the 
FTY720-compounds in MSA mice, which were generously provided by Dr. Virginia Lee of the 
University of Pennsylvania. However, continuing those studies will require additional funds.  
 

  



Scientific Summary of Progress 
 
Below are papers listed in our lay summary, demonstrating successful progress made in 
whole or in part by support from the MSA Coalition. 
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Abstract 

FTY720 is an immunosuppressive multiple sclerosis (MS) drug that stimulates the expression of 

neuroprotective brain-derived-neurotrophic-factor (BDNF). In vivo preclinical data suggest that 

FTY720 could be beneficial for treating Parkinson’s patients, though its immunosuppressive 

effects might limit its efficacy. Two novel FTY720-derivatives, FTY720-C2 and FTY720-Mitoxy, 

also stimulate BDNF expression and enter brain like FTY720 but are not phosphorylated, 

suggesting they will not produce FTY720-like immunosuppression. Using FTY720 as a positive 

control, we measured low and high dose FTY720-derivatives, which did not stimulate FTY720-

like lymphopenia or immunosuppressive signaling. These findings support the further 

preclinical assessment of the derivatives as potential Parkinson’s therapies. 
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Parkinson’s disease (PD) is a neurodegenerative disorder in which motor symptoms 

develop after the loss of substantia nigra dopaminergic neurons [1]. The substantia nigra in PD 

brain also exhibits loss of brain-derived neurotrophic factors (BDNF); while increasing BDNF in 

PD models protects nigral neurons [2]. Furthermore, PD duration correlates with low serum 

BDNF levels, and exercise can stimulate BDNF expression which may help slow PD progression 

[3]. New data reveal that treating A53T parkinsonian mice with FTY720 (fingolimod) increases 

gut BDNF protein and mRNA levels while reducing constipation [4], a common pre-motor PD 

symptom. In that same report, blocking BDNF signaling in mice accelerates constipation and α-

synuclein aggregation that is counteracted by FTY720 [4]. Moreover, FTY720 significantly 

improves motor behavior and reduces dopaminergic neurotoxicity in cell and mouse PD models 

[5, 6]. Thus, therapies that increase endogenous BDNF levels hold promise for treating both 

non-motor and motor symptoms of PD. Such therapies may also slow disease progression; 

though there are currently no BDNF-stimulatory drugs in the clinic. Many laboratories have 

shown that FTY720 improves endogenous BDNF expression, promotes neuroprotection, and 

enhances neurogenesis in animal models [4, 5, 7-10]. Furthermore, FTY720 increases BDNF in 

dopaminergic cells and protects them from neurotoxicity [5, 11]. Additionally, upregulating 

BDNF with FTY720 in a Rett syndrome mouse model [10], encouraged fast-tracking of FTY720 to 

treat Rett syndrome children (ClinicalTrials.gov identifier NCT02061137), raising the possibility 

that the neurotrophin stimulating activity of FTY720 could benefit patients with PD. 

While much recent work has focused on BDNF modulation by FTY720, the drug was 

originally approved as an immunomodulator that reduces ~80% of circulating blood 

lymphocytes [12, 13], producing a condition called lymphopenia. FTY720-induced lymphopenia 
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results after the prodrug is phosphorylated by ubiquitous sphingosine kinases to form FTY720-

P, a sphingosine-1 phosphate analog [14]. FTY720-P can bind sphingosine-1 phosphate receptor 

1 (S1PR1) on T cells and prevent their egress from lymphoid tissues into circulating blood [13]. 

This has long-been considered the main therapeutic effect of FTY720 for treating autoimmune-

related neurological disorders like MS [12] or chronic-inflammatory-demyelinating-

polyneuropathy (ClinicalTrials.gov identifier NCT01625182). And though more than 130,000 MS 

patients worldwide have safely used FTY720; the immunosuppressive effects of the drug can 

lead to reactivation of dormant infections or a more serious condition, progressive multifocal 

leukoencephalopathy. This activity contraindicates FTY720 use in certain individuals [12]. It also 

raises concern about using FTY720 to stimulate BDNF expression in patients with non-

autoimmune conditions, like PD. This makes it important to identify new compounds with 

FTY720-like neuroprotective benefits without inducing lymphopenia. 

We have created two FTY720-derivatives with modifications adjacent to the site that is 

phosphorylated on FTY720 [11], and both retain many positive characteristics of FTY720. For 

example, all three FTY720s stimulate BDNF expression in dopaminergic cells and protect against 

neurotoxicity [11]. Like FTY720, both new derivatives also cross the brain blood barrier, yet 

unlike FTY720, neither is phosphorylated in human or rat liver hepatocytes [15]. As mentioned 

above, phosphorylation of FTY720 leads to lymphopenia [13]. Here we measured the effects of 

low dose and high dose FTY720-C2 and FTY720-Mitoxy on lymphopenia. Briefly, 6 – 12 week old 

C57BL/6 and Swiss Webster male and female mice were given single equivalent low molar 

doses by i.p. injection (1.25 mg/kg FTY720, 1.25 mg/kg FTY720-C2 or 2.5 mg/kg of FTY720-

Mitoxy; 3 mice per drug, N = 9) modeling Morris et al. [13]; or 10 X subcutaneous high doses 
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(12.5 mg/kg FTY720-C2 or 25 mg/kg of FTY720-Mitoxy; to 3 mice per drug, N = 6 total) to 

eliminate hepatic first pass effects. Blood was collected by tail-vein puncture into 4 heparinized 

micro-hematocrit tubes (VWR Micro Capillary Tubes, Radnor, PA, USA, 15401-560) per mouse 

per time point. Blood was collected just before drug (0 hr) and at 24 hr (Fig. 1A). Blood smears 

were prepared on glass microscope slides, air dried, and Wright-stained (Thermo Fisher, USA, 

Cat. 3121TS) (Fig. 1B). Lymphocytes and neutrophils were manually counted by bright field 

analysis of blood smear monolayers. For low dose experiments we counted 3 independent 2 

mm2 fields on 3 - 5 slides per mouse per time point (0 hr and 24 hr). For high dose experiments 

we counted 100 total lymphocytes and neutrophils on 3 - 5 slides per mouse per time point (0 

hr and 24 hr). Each set of data was evaluated by two different investigators, one of whom was 

blinded to treatment conditions. Data were analyzed using Student’s t-tests and normalized to 

% control ± SD for all experiments (GraphPad Prism 6, San Diego, CA, USA). 

As a positive control we used a dose of FTY720 that causes ~80% reduction in circulating 

lymphocytes at 24 hr but has little effect on neutrophils (Fig. 1C, right data set), closely 

replicating the work of Morris et al. [13]. Equivalent low molar doses of FTY720-C2 (Fig. 1C, left 

data set) or FTY720-Mitoxy (Fig. 1C, middle data set) also had little effect on lymphocytes or 

neutrophils. To eliminate hepatic first-pass metabolic effects related to i.p.-delivered drugs, we 

used 10 X higher doses of FTY720-C2 and FTY720-Mitoxy, delivered subcutaneously.  Overall, 

the high dose data (Fig. 1D) were similar to low dose data for both novel FTY720-derivatives 

(Fig. 1C), except that high dose FTY720-Mitoxy (Fig. 1D, right data set) reduced lymphocyte 

numbers by ~20%, which though significant, is within the normal range and far below the 80% 
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loss induced by FTY720.. High doses of FTY720-C2 and FTY720-Mitoxy were also well tolerated 

in mice. 

Additionally, we evaluated FTY720-C2 and FTY720-Mitoxy in short term cell culture 

experiments in which we measured activation of the S1PR1 downstream kinase, ERK1/2 [10]. In 

dopaminergic MN9D cells we modeled the work of Hait et al., who teased apart the effects of 

FTY720-P from FTY720 with regard to ERK1/2 [16]. Briefly, MN9D cells were seeded 6 x 105 onto 

6 well plates then treated 16 – 18 hr later with Vehicle, or 1 µM FTY720-P, FTY720, FTY720-C2 

or FTY720-Mitoxy prepared in the same vehicle solution. At 30 min, cells were lysed and 

equivalent amounts of total protein were separated by SDS-PAGE and transferred to 

nitrocellulose membranes. Blots were blocked, then incubated overnight in anti-pERK1/2 

(Tyr204) (Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat. sc-7383) followed by anti-total 

ERK1/2 (Santa Cruz Biotechnology, Cat. sc-93) to quantify pERK1/2 to total ERK1/2 levels. Blots 

were imaged using Odyssey (LiCor Biosciences, Lincoln, NE, USA) and quantified using 

ImageQuant (GE Healthcare, Little Chalfont, UK). ERK1/2 data from 4 independent experiments 

were analyzed by ANOVA, using Dunnett’s multiple comparisons test for post-hoc analysis 

(Prism 6, GraphPad Inc.). This allowed us to show that while the positive control, FTY720-P, 

significantly increased pERK1/2 levels; unphosphorylated FTY720 and FTY720-derivatives did 

not significantly increase pERK1/2 levels (Fig. 2). These results also suggest that FTY720-C2 and 

FTY720-Mitoxy do not stimulate S1PR1 signaling in our cells, similarly to what Hait and 

colleagues saw using this method [16]. 
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We previously demonstrated that all three FTY720s increase BDNF mRNA [11] and our 

newly published data show that S1PR1-signaling through ERK1/2 activation are not necessary 

for FTY720-mediated increases in BDNF expression [17]. This is also supported by our current 

findings in which only the positive control, FTY720, caused lymphopenia (Fig. 1C). As FTY720-

mediated S1PR1 activation can also cause first-dose bradycardia in patients , our findings with 

FTY720-C2 and FTY720-Mitoxy further suggest that neither is likely to produce that effect. 

Finally, as both FTY720-C2 and FTY720-Mitoxy cross the blood brain barrier [15], they also have 

the potential to protect brain regions susceptible to neurodegeneration, such as substantia 

nigra in PD or frontal cortex in patients suffering from neuropathic pain. Taken together, the 

data encourage further preclinical assessment of FTY720-C2 and FTY720-Mitoxy for disorders 

where stimulating BDNF expression may counteract neuropathology and slow disease 

progression.  
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Figure Legends 

Figure 1. FTY720-C2 or FTY720-Mitoxy treatment does not produce FTY720-like lymphopenia. 

A. Timeline of drug dosing and blood collection for mice treated with low dose or high dose 

FTY720 or FTY720-derivatives. B. Bright field microscopic image from a representative blood 

smear in our studies, showing Wright-stained lymphocytes (L) and neutrophils (N) among many 

red blood cells in a single microscopic field. C. Cell counts from mice (n=3/condition) treated 

with i.p. delivery of various FTY720s. FTY720, as a positive control, confirms that it can 

significantly decrease lymphocyte numbers in the blood within 24 hr. No significant change in 

lymphocytes or neutrophils is noted in mice given low equivalent molar doses of intravenously 

delivered FTY720-C2 or FTY720-Mitoxy. D. Blood cell counts from mice (n=3/condition) given 

high dose FTY720-C2 or FTY720-Mitoxy by subcutanous delivery to avoid first-pass effects. No 

significant change in lymphocytes or neutrophils is noted after high dose FTY720-C2, and 

though lymphocyte numbers were significantly lower after high dose FTY720-Mitoxy, the effect 

does not replicate FTY720-associated lymphopenia. C and D, white bars = lymphocytes; black 

bars = neutrophils. SubQ = subcutaneous dosing. Scale bar = 25 µm. Student’s t-tests. Data 

represent the mean ± SD. *p < 0.05, ****p  <  0.0001; ns = not significant.  

Figure 2. Only FTY720-P activates the S1PR1-downstream-kinase, ERK1/2 in 30 min 

treatments. Representative immunoblots of MN9D lysates after 30 min treatment with Vehicle 

(control), 1 µM of FTY720-P, FTY720, FTY720-C2, or FTY720-Mitoxy prepared in the same 

control solution. ERK1/2 activation was assessed by probing immunoblots for pERK1/2 

normalized to total ERK1/2. The histogram shows that only FTY720-P significantly increases 
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pERK1/2 at the 30 min timepoint. Data were analyzed by ANOVA using Dunnett’s multiple 

comparisons test for post-hoc analysis. Data represent the mean ± SEM of 4 independent 

experiments.  *p  <  0.05. 
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Abstract
Parkinson’s disease (PD) is a neurodegenerative aging disorder in which postmortemPD

brain exhibits neuroinflammation, as well as synucleinopathy-associated protein phospha-

tase 2A (PP2A) enzymatic activity loss. Based on our translational research, we began

evaluating the PD-repurposing-potential of an anti-inflammatory, neuroprotective, and

PP2A stimulatory oral drug that is FDA-approved for multiple sclerosis, FTY720 (fingolimod,

Gilenya1). We also designed two new FTY720 analogues, FTY720-C2 and FTY720-

Mitoxy, with modifications that affect drug potency and mitochondrial localization, respec-

tively. Herein, we describe the metabolic stability and metabolic profiling of FTY720-C2 and

FTY720-Mitoxy in liver microsomes and hepatocytes. Using mouse, rat, dog, monkey, and

human liver microsomes the intrinsic clearance of FTY720-C2 was 22.5, 79.5, 6.0, 20.2 and

18.3 μL/min/mg; and for FTY720-Mitoxy was 1.8, 7.8, 1.4, 135.0 and 17.5 μL/min/mg,

respectively. In hepatocytes, both FTY720-C2 and FTY720-Mitoxy were metabolized from

the octyl side chain, generating a series of carboxylic acids similar to the parent FTY720,

but without phosphorylated metabolites. To assess absorption and distribution, we gave

equivalent single intravenous (IV) or oral doses of FTY720-C2 or FTY720-Mitoxy to C57BL/

6 mice, with two mice per time point evaluated. After IV delivery, both FTY720-C2 and

FTY720-Mitoxy were rapidly detected in plasma and brain; and reached peak concentra-

tions at the first sampling time points. After oral dosing, FTY720-C2 was present in plasma

and brain, although FTY720-Mitoxy was not orally bioavailable. Brain-to-plasma ratio of

both compounds increased time-dependently, suggesting a preferential partitioning to the

brain. PP2A activity in mouse adrenal gland increased ~2-fold after FTY720-C2 or FTY720-

Mitoxy, as compared to untreated controls. In summary, FTY720-C2 and FTY720-Mitoxy

both (i) crossed the blood-brain-barrier; (ii) produced metabolites similar to FTY720, except
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without phosphorylated species that cause S1P1-mediated-immunosuppression; and (iii)
stimulated in vivo PP2A activity, all of which encourage additional preclinical assessment.

Introduction
Parkinson’s disease (PD) is a progressive multisystem neurodegenerative disorder in which the
loss of nigral dopaminergic neurons leads to the characteristic motor symptoms of the disease
[1]. Although PD is mainly sporadic and associated with aging, α-synuclein (αSyn), a chaper-
one-like protein, is highly implicated in PD by gene mutations and multiplications [2–8] and
by αSyn accumulation in the pathological hallmarks of PD, the Lewy bodies [9], which are
found in most PD brains. Although αSyn contributes to pathology, it also performs normal cel-
lular functions [10–12] such as the ability to attenuate the activity of tyrosine hydroxylase
(TH), the rate-limiting enzyme in dopamine biosynthesis [13]. A functional interaction also
exists betweenαSyn and the PP2A catalytic subunit that stimulates PP2A activity [14–17].
Thus, aberrantly high levels of soluble αSyn or the loss of soluble αSyn, when it becomes
sequestered in Lewy bodies, both can impair the normal regulation of TH and PP2A [18–20].
The relationship betweenαSyn and PP2A led us and others to consider PP2A as a potential
therapeutic target for PD [15, 20, 21]. Moreover, we were the first to show that αSyn localizes
to mitochondria [13], as corroborated by others [22–24], and it is known that αSyn aggregation
can impair mitochondrial function [25, 26]. In addition, PD brain exhibits widespread mito-
chondrial damage [27]. Thus, therapies that enhance mitochondrial function may be particu-
larly promising for treating PD and related synucleinopathies. These concepts led us to
investigate the potential therapeutic application of FTY720 for PD, and also to develop new
FTY720-based compounds that can enhance FTY720 efficacy or specifically target the drug to
regions enriched in mitochondria [17].

FTY720, also called fingolimod or Gilenya, is a synthetic orally bioavailable sphingosine-
1-phosphate receptor modulator that can stimulate PP2A activity [17, 28, 29]. The drug is
FDA approved for treating multiple sclerosis (MS), and has provided significant benefits to MS
patients worldwide [30, 31]. Furthermore, numerous studies [32–34], including our recent
publication [17], demonstrate anti-inflammatory and neuroprotective effects rendered by
FTY720 in vitro and in vivo. In our recent study [17], we described the effects of the FTY720
parent compound and our two newly synthesized FTY720-based compounds, a ceramide
based analog FTY720-C2 and a β-triphenylphosphoniumpropanamide (Mitoxy) derivative
FTY720-Mitoxy. With regard to PP2A activity, all three FTY720s have the ability to stimulate
PP2A catalytic subunit activity, as well as increase brain-derived neurotrophic factor (BDNF)
expression, and suppress TNF-α-toxicity in dopaminergic neuronal cells [17]. Beneficial effects
of FTY720 on TNF-α have also been shown in microglial cells [35]. As seen in our recent
study, FTY720-C2 tends to be more potent at stimulating PP2A activity than FTY720 or
FTY720-Mitoxy at lower doses, and both new compounds significantly increase BDNF expres-
sion in neuronal cells [17] similar to the actions of FTY720 in various animal models [34, 36–
38]. Having noted these promising findings, we chose to assess the drug metabolism and phar-
macokinetic (DMPK) properties of FTY720-C2 and FTY720-Mitoxy as described herein.

The full absorption, distribution, metabolism, and excretion (ADME) data on FTY720 (fin-
golimod) are well described for humans [39–41]. FTY720 blood concentrations slowly reach
maxima at ~ 12 to 24 hr after oral dosing and follow a slow decline with elimination half-life of
about 7 days [42]. FTY720 is highly metabolized in human, and three biotransformation path-
ways have been reported, that include the reversible formation of FTY720 phosphate by
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sphingosine kinase; acylations with endogenous fatty acids at the amino group of FTY720; ω-
hydroxylation at the octyl chain by CYP4F to form the octyl-alcohol metabolite M12 (not
observed in vivo), and further oxidation to a carboxylic acid metabolite M1 (octanoic acid
metabolite), followed by subsequent β-oxidation to generate a series of carboxylic acids
(M2-M4) that are excreted in the urine [40, 41].

In our present study we describe the metabolic stability of FTY720-C2 and FTY720-Mitoxy
in liver microsomes from 5 species as well as the drugs’ metabolic profiles in rat and human
hepatocytes. We also show the pharmacokinetics determined after oral or intravenous dosing
of mice with FTY720-C2 and FTY720-Mitoxy. In addition, we demonstrate the ability of these
novel FTY720-analogues to stimulate PP2A activity in the adrenal glands of mice treated with
single doses of FTY720-C2 and FTY720-Mitoxy. In summary, our novel FTY720-derived com-
pounds show promising features: bioavailability in brain, metabolite profiles similar to that of
marketed FTY720, and an ability of FTY720-C2 and FTY720-Mitoxy to stimulate PP2A activ-
ity in vivo.

Materials andMethods

Materials/Animals
Midazolam, diclofenac, glucose-6-phosphate dehydrogenase, glucose 6 phosphate, magnesium
chloride, and testosterone (Sigma-Aldrich, St. Louis, MO); HPLC grade water, methanol, for-
mic acid, and acetonitrile (Fisher Scientific, Pittsburgh, PA); cell free HepatoZYME-SFM (1x)
medium (Gibco Life Technology, Grand Island, NY); C17 Sphingosine (Santa Cruz Biotech-
nology, Dallas, TX); Fingolimod hydrochloride salt (FTY720) (LC laboratories, Woburn, MA);
the new compounds FTY720-C2 [N-(1-hydroxy-2-(hydroxymethyl)-4-(4-octylphenyl)butan-
2-yl)acetamide] (MW 349.51 g/mol) and FTY720-Mitoxy [N-(1-hydroxy-2-(hydroxymethyl)-
4-(4-octylphenyl)butan-2-yl)-3’-triphenylphosphoniumpropanamide] (MW 704.72 g/mol)
were synthesized in Dr. Jeffery Arterburn’s laboratory (New Mexico State University, Las Cru-
ces, NM) [17]. All reagents used were of analytical grade. Liver microsomes from mouse (CD-
1, male, Lot number: 1110071 and 1310211), rat (Sprague-Dawley, male, Lot number:
1310030), dog (Beagle, male, Lot number: 1110044), monkey (Cynomolgus, male, Lot number:
1010321) and human (mixed gender, Lot number: 0910312 and 1216223) were purchased
from Xenotech LLC (Lenexa, KS). Cryopreserved hepatocytes from rat (Sprague Dawley) and
human were purchased from BioreclamationIVT (Baltimore, MD). Male C57BL/6 mice used
for PK studies were obtained from Charles River Laboratories (Portage, MI), acclimated for no
less than 5 days before use in experiments. Mice that were experimentally naïve prior to the
study were randomly assigned to treatment groups. Animal studies were conducted following
ethical treatment of animals according to NIH Animal Care Guidelines on protocols approved
by the Institutional Animal Care and Use Committee of Ricerca Biosciences LLC (Protocol #
031416). Mice were euthanized by CO2 inhalation until unresponsive, followed by
decapitation.

Methods
Incubation with liver microsomes. Liver microsomal incubations contained 0.1mg/mL

microsomal proteins and 1 μM of FTY720-C2 or FTY720-Mitoxy in 100 mM potassium phos-
phate buffer (pH 7.4) ± an NADPH regenerating system (3.5 mM glucose 6-phosphate, 1.3
mM NADP+, and 0.4 units/mL glucose-6-phosphate dehydrogenase). Following incubations,
reactions were terminated for analysis after 0, 10, 20, 30, and 60 min by the addition of acetoni-
trile containing C17 sphingosine (300 ng/mL) as the internal standard. Samples were vigor-
ously mixed and centrifuged at 3,400 rpm for 10 min to pellet precipitated proteins. An aliquot
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of each supernatant was used for LC/MS analysis, for determination of the remaining
FTY720-C2 and FTY720-Mitoxy. Similar incubations were performed using a cocktail solution
containing 0.2 μM midazolam and 1 μM diclofenac to determine the metabolic activity of the
microsomes as an additional control.

In vitro intrinsic clearancedetermination in liver microsomes. Samples resulting from
liver microsomal incubations were analyzed by LC-MS/MS. Aliquots of the supernatants were
injected onto an X-Bridge C18 column (2.1 × 50 mm, 3.5-μm particles) (Waters, Milford, MA),
preceded by a SecurityGuard C18 guard column (4.0 × 2.0 mm; Phenomenex Inc.). Separations
were accomplished with a gradient of 0.1% acetic acid in water (v/v) versus 0.1% acetic acid in
acetonitrile: methanol (75:25, v/v) at a rate of 0.8 mL/min. The eluents were further applied
into an equipped API 4000 QTrap mass spectrometer (AB Sciex, Foster City, CA) with electro-
spray ionization (ESI) interface by two coupled LC-10 AT pumps. Peak area ratios of
FTY720-C2 or FTY720-Mitoxy against the C17 sphingosine internal standard were used to
determine the amount of parent remaining compared to that at 0 min. The percent of
FTY720-C2 or FTY720-Mitoxy remaining was calculated by dividing the peak area ratio
obtained at each time point by that obtained at 0 min. The in vitro intrinsic clearance (CLint)
was calculated by linear regression of the log percent of compound remaining versus time plots
using Microsoft Excel, two independent experiments (n = 2) were performed for each com-
pound and species. Then, the mean and standard deviation (SD), of two values for each condi-
tion, were calculated using Microsoft Excel with the “AVERAGE” and “STDEV” functions,
respectively.

Incubation with rat and human hepatocytes. Cryopreserved hepatocytes were grown in
culture and incubations were performed to generate samples to measure the formation of
FTY720-C2 and FTY720-Mitoxy metabolites. Incubations of 1 mL medium containing 1 mil-
lion cells and 1 μM of FTY720-C2 and FTY720-Mitoxy were conducted at 37° C in a 5% CO2

incubator for 0, 1 and 2 hr, with gentle shaking. Positive control incubations used a cocktail
solution containing 10 μM testosterone and 10 μM diclofenac performed for 0, 1 and 2 hr,
under similar conditions to confirm the metabolic activity of the hepatocytes. The reactions
were terminated by adding 2 mL acetonitrile containing 0.02% formic acid, and thoroughly
mixing with gentle vortexing. Samples were transferred into 6 mL vials and stored in the freezer
(-70°C) overnight for protein precipitation. Following overnight precipitations, samples were
centrifuged at 3,000 rpm for 10 min to pellet proteins. Supernatants were transferred into clean
6 mL vials and evaporated to dryness using a TurboVap concentrator system. Samples were
reconstituted using 600 μL 20% acetonitrile in water, briefly vortexed to resuspend, then ali-
quoted for LC-MS/MS analysis. Controls incubations also included “No drug control” and “no
cell control” samples treated in a similar manner as test article samples.

Metabolite profiling and identification in hepatocytes. Metabolite profiling and identifi-
cation experiments were conducted by LC-MS/MS, composed of an HPLC system consisting
of an Agilent Technologies 1200 Series Model G1322A Degasser, Agilent Technologies 1200
Series Model G1312A Binary Pump, Shimadzu HTc autosampler, and Valco Model E60 Flow
Diversion Valve, and coupled to an API 4000 mass spectrometer. Separations were accom-
plished on a Gemini C18 column (150 × 2.0 mm, 5-μm particles; Phenomenex Inc., Torrance,
CA), preceded by a SecurityGuard C18 guard column (4.0 × 2.0 mm; Phenomenex Inc.). A
two-component mobile phase, consisted of a linear gradient of water containing 0.5% formic
acid (v/v) and methanol:acetonitrile (1:1, v/v) containing 0.5% formic acid (v/v), was pumped
at 0.3 mL/min. The first 4 min of flow was diverted away from the mass spectrometer. Analysis
of the positive control samples was conducted with an HPLC system consisting of two Shi-
madzu LC-10ATvp pumps and a LEAP Pal autosampler. Separations were accomplished on a
Luna C8(2) column (50 × 2.0 mm, 3-μm particles; Phenomenex Inc., Torrance, CA), preceded
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by a SecurityGuard C18 column (4.0 × 2.0 mm; Phenomenex Inc.). Separation was accom-
plished with a gradient of water containing 0.2% formic acid and 0.012% NH4OH (v/v) versus
acetonitrile at an initial rate of 0.7 mL/min. An API 4000 QTrap mass spectrometer (AB Sciex,
Foster City, CA) was used for analysis of positive control samples. Each mass spectrometer
used was equipped with an electrospray ionization source and operated in the positive ioniza-
tion mode. Mass spectrometer settings for metabolite profiling are summarized in Table 1.
Metabolite identification experiments were performed by recording full scan mass spectral
data (Q1MS) for all samples, and selected samples were analyzed to obtain product ion spectra
(MS/MS) of test article metabolites identified in the full scan mass spectral data.

Oral and intravenous dosing of FTY720-C2 and FTY720-mitoxy in male C57BL/6
mice. The objectives of this study were to evaluate the pharmacokinetic profiles of
FTY720-C2 and FTY720-Mitoxy following single oral and intravenous (IV) dosing of male
mice and to determine blood and tissue levels of both compounds at various postdose time
points. Male C57BL/6 mice were 8.4 weeks of age and weighed 20.6–24.8 g on the day of dose
administration. Each animal was identified by a unique number via an ear tag with a matching
cage tag. Mice were administered (two mice per time point) a single equivalent molar dose of
either FTY720-C2 (1 mg/kg) or FTY720-Mitoxy (2 mg/kg) by oral or intravenous administra-
tion. As the molecular weight of FTY720-Mitoxy (704.72 g/mol) is ~ two times greater than
that of FTY720-C2 (349.51 g/mol), the dose level of FTY720-Mitoxy was double that of
FTY720-C2. Details of the design showing group assignments, dose groups, dose levels, as well
as blood collection and necropsy time points are shown in Table 2. At the appropriate time
points after dosing and blood sample collection for bioanalysis, animals were euthanized by
CO2 inhalation until unresponsive, followed by decapitation. Brains were rapidly harvested,
rinsed with ice cold saline, blotted dry and bisected along the mid-line. The left and right

Table 1. Mass Spectrometer SettingsUsed for Metabolite Profiling of FTY720-C2 and FTY720-Mitoxy.

Parameters Value

Ion Spray Voltage (V) 5000

Curtain Gas (psi) 30

Temperature (°C) 500

Ion Source Gas 1 (psi) 60

Ion Source Gas 2 (psi) 60

Interface Heater on

Declustering Potential (V) 65

Entrance Potential (V) 10

Collision Energy (for MS/MS) 22 to 27 eV

doi:10.1371/journal.pone.0162162.t001

Table 2. Pharmacokinetic Study Design for FTY720-C2and FTY720-Mitoxy.

Test article Route of
Administration

Na Dose Level
(mg/kg)

Dose Conc.
(mg/mL)

Dose Volume
(mL/kg)

BloodCollectionand Necropsyb Time Points
(Postdose)

FTY720-C2 Oral 8 1 0.2 5 1, 8, 24, and 48 hr

FTY720-Mitoxy Oral 8 2 0.4 5 1, 8, 24, and 48 hr

FTY720-C2 Intravenous 8 1 0.5 2 5 min, 8, 24, and 48 hr

FTY720-Mitoxy Intravenous 8 2 1 2 5 min, 8, 24, and 48 hr

aTwo animals per time point (n = 2).
bMouse brain and adrenal glands were collected upon necropsy for pharmacokinetic study and protein phosphatase assay, respectively.

doi:10.1371/journal.pone.0162162.t002
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hemispheres of the brain were weighed separately. Each was placed in separate tubes, immedi-
ately flash frozen in liquid nitrogen and stored at -70°C prior to evaluation. All samples were
labeled with the test facility study number, animal identification number, dose group, date, col-
lection interval, and tissue identity (left or right brain hemisphere). Adrenal glands from each
mouse were also collected and flash frozen.

FTY720-C2 and FTY720-mitoxy concentration determination in mouse plasma and
brain. FTY720-C2 and FTY720-Mitoxy concentrations in plasma and brain were determined
by LC-MS/MS. Samples were first prepared by liquid-liquid extraction. To 50 μL of plasma or
brain homogenate were added 50 μL of 0.1 M NaOH and 50 μL of internal standard solution
(C17 sphingosine) in ethanol. Analytes were then extracted into 1 mL of methyl tert-butyl
ether:dichloromethane mixture (75:25, v/v) by vortexing for 1 hr and centrifuged. Supernatants
were evaporated to dryness under nitrogen. Residues were reconstituted in 150 μL of 50%
methanol in water and spin filtered before applied onto XBridge C18 column (3.5-μm particle;
Waters, Milford, MA) with a SecurityGuard C18 guard column (4.0 × 2.0 mm; Phenomenex
Inc.). Separations were accomplished with a gradient of 0.1% acetic acid in water (v/v) versus
0.1% acetic acid in acetonitrile:methanol (75:25, v/v) at a rate of 0.5 mL/min. The eluents were
further applied into an equipped API 4000 QTrap mass spectrometer (AB Sciex, Foster City,
CA) with electrospray ionization (ESI) interface by two coupled LC-10 AT pumps, and moni-
tored in multiple reaction monitoring (MRM) mode with precursor to product ion pairs for
C17 sphingosine, FTY720-C2, and FTY720-Mitoxy as following: m/z 286.3 to 268.2, m/z 350.3
to 255.2, and m/z 624.4 to 289.2, respectively.

FTY720-C2 mean concentrations in plasma and brain were plotted as bar graphs with SD
calculated from the two values per time point, while FTY720-Mitoxy mean concentrations in
plasma and brain were plotted as scatter graphs with mean and SD calculated using Prism 6
(GraphPad Software Inc., San Diego, CA, USA)

Pharmacokinetic calculations. Pharmacokinetic analysis was conducted using WinNon-
lin Version 6.2 (Pharsight, Mountain View CA), operating as a validated software system.
Non-compartmental analysis was conducted using a bolus intravenous administration model
for IV dosing and an extravascular administration model for oral dosing. The peak plasma con-
centration, time to achieve peak plasma concentration, half-life, mean residence time, and area
under the plasma or brain concentration-time curve (Cmax, Tmax, T1/2, and AUC) were calcu-
lated from mean animal plasma and brain concentrations. Nominal blood collection times
were used for pharmacokinetic calculations.

Protein phosphatase assay. Adrenal glands from treated mice were homogenized in
buffer containing 20 mM imidazole-HCl, 2 mM EDTA, 2 mM EGTA, plus protease inhibitors,
at 4°C. The homogenates were centrifuged to remove particulates followed by free phosphate
removal on MicrospinTM-G-25 columns (GE Healthcare). Aliquots of supernatants were incu-
bated in 4-Nitrophenyl-phosphate (pNPP) buffer consisting of 50 mM Tris-HCl, pH 7.0, 0.1
mM CaCl2 with threonine-phosphopeptide (KRpTIRR) substrate. The reactions were run for
10 min at 30°C and stopped by placing samples on ice. Phosphate levels were determined by
measuring absorbance at 650 nm using a Multiskan Spectrum plate reader (Thermo Scientific,
Pittsburgh, PA) and were compared to freshly prepared standards as previously described, but
using a malachite green solution prepared according to Fathi et al. [15, 16, 20, 43]. Samples
from two mice per time point (n = 2) were assayed in triplicate to confirm technical fidelity.

Statistics. Descriptive statistics were performed using Microsoft Excel or Prism 6 (Graph-
Pad Software Inc., San Diego, CA, USA). Analysis of variance (ANOVA) was performed using
Prism 6, with significance set to p < 0.05. Data represent mean ± standard deviation (SD) for
all experiments, except for PP2A assays, which show the standard error of the mean (SEM) as
ANOVA was performed.
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Results

Metabolic Stability in Liver Microsomes
Preliminary investigations to establish the metabolism of FTY720-C2 and FTY720-Mitoxy
were conducted by determining the in vitro intrinsic clearance (CLint) of the two novel com-
pounds in liver microsomes from five different species—mouse, rat, dog, monkey and human.
The mean intrinsic clearance values for the two new compounds are summarized in Table 3.
The intrinsic clearance of FTY720-C2 in mouse, rat, dog, monkey and human liver microsomes
was 22.5, 79.5, 6.0, 20.2 and 18.3 μL/min/mg (average of two experiments), respectively. The in
vitro intrinsic clearance of FTY720-C2 was determined to be low in dog; moderate in mouse,
monkey and human; and high in rat. For FTY720-Mitoxy, the intrinsic clearance in mouse, rat,
dog, monkey and human liver microsomes was 1.8, 7.8, 1.4, 135.0, and 17.5 μL/min/mg (aver-
age of two experiments), respectively, with the intrinsic clearance interpreted to be low in
mouse, rat and dog; moderate in human; and high in monkey. Intrinsic clearance of FTY720,
used as a control, was determined to be slow in microsomes of all five species (data not shown).
After 60 minute incubations in liver microsomes, the percent of the remaining compound in
mouse, rat, dog, monkey, and human liver microsomes was 29.5 ± 2.1%, 1.0 ± 0%, 69.9 ± 0.6%,
30.0 ± 0.3%, and 33.5 ± 4.5%, respectively for FTY720-C2; whereas it was 82.5 ± 16.3%,
65.5 ± 4.9%, 112.5 ± 5.0%, 1.4 ± 0.3%, and 35.5 ± 2.3%, respectively for FTY720-Mitoxy.

Metabolite Profiles and Structures in Hepatocytes
The metabolite profiles of FTY720-C2 and FTY720-Mitoxy were determined by LC-MS/MS.
Metabolites formed in significant quantities were further identified by MS/MS analysis as dis-
cussed below. Structural characterization of FTY720-C2 and FTY720-Mitoxy metabolites,
observed in significant amounts, was conducted by LC-MS/MS. Mass spectral data of
FTY720-C2, FTY720-Mitoxy, and their metabolites in rat and human hepatocytes are summa-
rized in Tables 4 and 5, respectively, in order of increasing retention times. The m/z values
indicated are expressed as nominal values obtained from addition of the integer atomic weights
of the most abundant naturally occurring isotope of each element in the molecular formula.
Structural characterization of the metabolites detected was tentatively assigned based upon
comparison with the mass spectra and the proposed fragmentation schemes of the respective
unchanged parent compounds. Minor metabolites for which no MS/MS data were obtainable
were proposed based only on molecular weight data.

FTY720-C2 and its Metabolites
FTY720-C2 and its metabolites were assigned to representative peaks in the chromatogram
(Fig 1) after identifying them by MS/MS (Fig 2). The mass spectrum ion intensity and

Table 3. IntrinsicClearance in LiverMicrosomes.

FTY720-C2 FTY720-Mitoxy

Species Clint (μL/min/mg)a Clint (μL/min/mg)a

Mouse 22.5 ± 2.12 1.75 ± 1.34

Rat 79.5 ± 1.41 7.8 ± 1.98

Dog 6.0 ± 0.28 1.35 ± 1.48

Monkey 20.2 ± 0 135.3 ± 10.61

Human 18.3 ± 2.4 17.5 ± 1.70

Clint—Intrinsic clearance.
aValues represent the mean ± SD of two determinations.

doi:10.1371/journal.pone.0162162.t003
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proposed fragmentation scheme and products of [M+H]+ of FTY720-C2 are shown in Fig 2A.
Neutral losses of water and the N-acetyl group generated product ions at m/z 332, 314, and
255, respectively (Fig 2A, blue text on the fragmentation scheme and mass spectrum). An
unchanged N-acetyl moiety was indicated for FTY720-C2 and its metabolites by the product
ion at m/z 60. Fragmentation of the octyl and ethylpropyl aliphatic chains generated the major-
ity of the remaining observed product ions. The mass spectrum ion intensity and proposed
fragmentation schemes of FTY720-C2 metabolites: hydroxy FTY720-C2, FTY720-C2 C8-car-
boxylic acid, FTY720-C2 C4 carboxylic acid, and FTY720-C2 C2-carboxylic acid are shown in
Fig 2B–2E. For each FTY720-C2 metabolite, mass spectral data indicated the acetylamino moi-
ety, phenyl ring and aliphatic carbon atoms closest to the phenyl ring as being unchanged. Pro-
tonated FTY720-C2 C8-, C4-, and C2-carboxylic acid metabolites generated no butyl or pentyl
product ions at m/z 71 or 57, respectively, suggesting metabolism of the octyl side chain. Also,
protonated FTY720-C2 C4- and C2-carboxylic acids metabolites generated fragments at m/z
177 and m/z 149, respectively, which indicated an elimination of a 2-carbon unit of the octyl
side chain (Fig 2C and 2D, green text on the fragmentation schemes). Similarly, the m/z 243
product ion of FTY720-C2 shifting from m/z 273 to 217 and 189, for FTY720-C2 C8-, C4-, and
C2-carboxylic acid metabolites, indicated a sequential and stepwise elimination of 2-carbon
units (Fig 2C–2E, green text on the fragmentation schemes). In combination, the metabolites
present in the chromatogram (Fig 1) were tentatively identified as FTY720-C2 C8-, C6-, C4-
and C2-carboxylic acids. Hydroxylation of the octyl side chain including its benzyl carbon was
proposed, partly based on the observation of the generation of multiple carboxylic acids from
the octyl side chain. The fragment ion at m/z 243 of FTY720-C2 was shifted to m/z 259 (Fig 2B,
red text on the fragmentation scheme), which correlated with a hydroxyl group replacing a

Table 4. Summary of the structural characterizationby LC-MS/MSof FTY720-C2 Metabolites Identified in Rat and HumanHepatocytes.

Peak Sourcea LC-MS/MS tR (min)
b MW [M+H]+ Relevant Product Ions (m/z)

FTY720-C2 C2-carboxylic acid R, H 20.5 295 296 278, 260, 254, 350, 201, 236, 218, 189, 173, 155, 149, 143, 117, 60

FTY720-C2 C4-carboxylic acid R, H 24.1 323 324 306, 288. 282, 270, 264, 246, 229, 217, 211, 199, 177, 155, 117, 60

Dihydroxy FTY720-C2 h 24.5 381 382 Not available

FTY720-C2 C6-carboxylic acid r 27.9 351 352 Not available

FTY720-C2 C8-carboxylic acid R, H 31.6 379 380 362, 344, 338, 320, 285, 273, 267, 255, 237, 173, 155, 143, 105, 60

Hydroxy FTY720-C2 R, H 32.1 365 366 348, 330, 324, 306, 271, 259, 253, 241, 173, 155, 143, 60

FTY720-C2 R, H 39.2 349 350 332, 314, 308, 290, 255, 243, 229, 203, 143, 131, 117, 105, 71, 60, 57

a R = Rat; hr = Human; lowercase letter indicates low abundance.
b LC-MS/MS retention time obtained from Q1MS data file(s) with preference given to the respective human sample.

doi:10.1371/journal.pone.0162162.t004

Table 5. Summary of the structural characterizationby LC-MS/MSof FTY720-Mitoxy Metabolites Identified in Rat and HumanHepatocytes.

Peak Sourcea LC-MS/MS tR (min)
b MW [M]+ Relevant Product Ions (m/z)

FTY720-Mitoxy C4-carboxylic acid r, h 25.7 598 598 Not available

FTY720-Mitoxy C6-carboxylic acid R, H 27.6 626 626 608, 390, 334, 289, 262, 143, 72

Hydroxy FTY720-Mitoxy r 28.8 640 640 Not available

FTY720-Mitoxy C8-carboxylic acid R, H 29.7 654 654 390, 334, 289, 262

Hydroxy FTY720-Mitoxy h 30.8 640 640 622, 390, 334, 289, 262

FTY720-Mitoxy R, H 34.3 624 624 606, 390, 334, 289, 262, 143, 105, 72

a R = Rat; hr = Human; lowercase letter indicates low abundance.
b LC-MS/MS retention time obtained from Q1MS data file(s) with preference given to the respective human sample.

doi:10.1371/journal.pone.0162162.t005
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Fig 1. Representative LC/MRMChromatogram of FTY720-C2 Metabolite Profile.Using 1 μM of FTY720-C2,
we incubated rat (a) and human (b) hepatocytes to obtain the metabolite profile. To simplify presentation, the 0
min incubation time point, data are intentionally not shown. Legend:C2, FTY720-C2 C2-carboxylic acid;C4,
FTY720-C2 C4-carboxylic acid;C6, FTY720-C2 C6-carboxylic acid;C8, FTY720-C2 C8-carboxylic acid;
FTY720-C2-OH, hydroxy FTY720-C2.

doi:10.1371/journal.pone.0162162.g001
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Fig 2. Proposed FragmentationSchemes andMass Spectra for FTY720-C2 and itsMetabolites.Mass spectrometry of FTY720-C2
and its metabolites, detected as protonated molecular ions [M+H]+ are shown. Our rationale for identifying the structure of the metabolites
is demonstrated using colored text and arrows, with blue product ions indicating losses of H2O and anN-acetyl group from [M+H]+, red
product ions indicating hydroxylation, and green product ions associated with identified carboxylic acid modifications.

doi:10.1371/journal.pone.0162162.g002
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hydrogen atom on the octyl side chain as fragment m/z 143 was seen for both FTY720-C2 and
its metabolite (Fig 2A and 2B, green text on the fragmentation schemes). This common prod-
uct ion at m/z 143 was observed in most of the metabolites, implying (i) that the C2 moiety
remains unmodified, and (ii) that the metabolic transformation of FTY720-C2 occurred
mainly by β-oxidation of the octyl side chain. Overall, our data suggest that FTY720-C2 was
metabolized into a series of carboxylic acids and that hydroxylation might be the first step, as is
known to occur for the parent FTY720 compound. However, unlike FTY720, no phosphoryla-
tion of FTY720-C2 was detectable.

FTY720-Mitoxy and its Metabolites
FTY720-Mitoxy and its metabolites were assigned to peaks in the chromatogram (Fig 3) after
being identified by MS/MS (Fig 4). The positively charged phosphonium molecular ions [M]+

were detected in positive ionization mode. The proposed fragmentation scheme and products
of the [M]+ mass spectrum of FTY720-Mitoxy and its metabolites are shown in Fig 4. The com-
mon product ion seen at m/z 390 and 262 among all MS spectra (Fig 4, black bold text and
dashed line on the fragmentation schemes) indicated that the β-triphenylphosphoniumpropa-
namide group was unchanged for FTY720-Mitoxy and its metabolites; metabolism occurred
toward the phenyl ring and the octyl side chain. A shift of m/z 624 to 640 suggested hydroxyl-
ation of FTY720-Mitoxy (Fig 4B, red text), and the site of hydroxylation was not unambigu-
ously determined, but likely occurs at positions 4, 6, and/or 8 of the octyl moiety
corresponding to the observed carboxylic acid metabolites. Although FTY720-Mitoxy and its
proposed FTY720-Mitoxy C8- and C6-carboxylic acid metabolites did not generate product
ions from the octyl side chain and corresponding metabolized octyl side chain, respectively, the
tentative identification of the metabolites was consistent with molecular weight differences (Fig
4C and 4D, green text) versus the parent FTY720-Mitoxy and the expected oxidative metabo-
lism of acyclic aliphatic compounds. Neither of new compounds had phosphorylated metabo-
lites detected.

Relative Percent Distribution and Time-Dependent Formation of
Metabolites
Assuming that the LC/MS sensitivity of both test articles and their various metabolites are the
same; Table 6 shows the relative abundance of metabolites generated in rat and human hepato-
cytes. In both rat and human cells, the oxidation of the octyl moiety in FTY720-C2 to carbox-
ylic acids was the major route of metabolism, with FTY720-C2 C8-COOH being the most
abundant metabolite, representing 37% and 39% in rat cells; and 49% and 52% in human cells,
after incubation for 1 hr and 2 hr, respectively (Table 6). Oxidation of the octyl group was also
the major route of metabolism for FTY720-Mitoxy. FTY720-Mitoxy C6-COOH, which results
from oxidation of FTY720-Mitoxy C8-COOH, was the most abundant metabolite observed,
constituting 84% and 79% in rat cells; and 59% and 55% in human cells after incubation for 1
hr and 2 hr, respectively (Table 6).

FTY720-C2 and FTY720-Mitoxy Pharmacokinetics in Plasma and Brain
Plasma and brain concentration versus time profiles of FTY720-C2 and FTY720-Mitoxy after
IV or oral dosing of mice are shown in Fig 5. Following IV dosing, the highest FTY720-C2 con-
centrations in plasma and brain occurred at 5 min postdose, the first sampling time point (Fig
5A). Similarly, the highest concentrations for both tissues after oral administration of
FTY720-C2 occurred at 1 hr (Fig 5B). However, FTY720-C2 levels were not measurable with
either route at 24 hr and 48 hr postdose, the third and fourth sampling time points. As a result,

Novel BBB-Penetrant Fingolimod-Based Compounds

PLOS ONE | DOI:10.1371/journal.pone.0162162 September 9, 2016 11 / 22



Fig 3. Representative LC/MRMChromatogram of FTY720-Mitoxy Metabolite Profile.Using 1 μM of
FTY720-Mitoxy, we incubated rat (a) and human (b) hepatocytes to obtain metabolite profiles. To simplify
presentation, the 0 min incubation time point data are intentionally not shown. Legend:C4, FTY720-Mitoxy
C4-carboxylic acid;C6, FTY720-Mitoxy C6-carboxylic acid;C8, FTY720-Mitoxy C8-carboxylic acid;
FTY720-Mitoxy-OH, hydroxy FTY720-Mitoxy.

doi:10.1371/journal.pone.0162162.g003
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pharmacokinetic parameters were not calculated. Nevertheless, our data demonstrated that
FTY720-C2 became available in the brain rapidly, in 5 min with IV delivery and 1 hr with oral
dosing. Notably, although FTY720-C2 dropped from the first sampling time point to the sec-
ond, FTY720-C2 brain concentrations were much higher than those in plasma after both IV
and oral dosing at 8 hr postdose (Fig 5A and 5B). For FTY720-Mitoxy, the pharmacokinetic
parameters in plasma and brain were computed as data for all four different sampling time
points obtained. For IV dosing, the Tmax for both plasma and brain occurred at the same time
(5 min), whereas the plasma and brain elimination half-life values were 0.94 and 1.77 hr,

Fig 4. Proposed Fragmentation Scheme andMass Spectrum for FTY720-Mitoxy and itsMetabolites.Mass spectrometry of FTY720-Mitoxy and
metabolites detected [M+] molecular ions.Blue text and arrows indicate losses of H2O from [M]+. The ion with a hydroxyl group is shown in red. Ions
including a carboxylic acid are shown in green.

doi:10.1371/journal.pone.0162162.g004
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respectively. The FTY720-Mitoxy compound was not detected in plasma or brain following
oraldosing, indicating the lack of bioavailability by this route of administration.

In vivo PP2A Activity is stimulated by FTY720-C2 and FTY720-Mitoxy
FTY720 is known to stimulate PP2A activity and we have previously demonstrated the in vitro
activation of PP2A in response to our novel FTY720-based compounds [17], and here we
assessed the effects of our novel FTY720 analogues on PP2A activity in treated mice. Adrenal
glands from mice given single doses of FTY720-C2 or FTY720-Mitoxy by oral and IV delivery
were used for this study. FTY720-C2 significantly increased PP2A activity by 2-fold and 1.6 to
1.8-fold throughout the sampling window after it was administered intravenously or orally,
respectively (Fig 6A and 6B). PP2A activity was also significantly increased by FTY720-Mitoxy
by 2.3 to 2.5-fold up to 48 hr postdose, but only after IV-dosing (Fig 6C). There was no stimu-
lating effect on PP2A activity when FTY720-Mitoxy was orally administrated (Fig 6D), which
correlates with the fact that FTY720-Mitoxy levels were not detected in mouse brain or plasma
after oral delivery of the compound.

Discussion
The in vitro intrinsic clearance (Clint) of our novel FTY720 analogues from liver microsomes
was found to be species-specific (Table 3). FTY720-C2 Clint was low in dog (6.0 μL/min/mg);
moderate in mouse, monkey, and human (22.5, 20.2, and 18.3 μL/min/mg); and high in rat
liver microsomes (79.5 μL/min/mg). For FTY720-Mitoxy, Clint was low in mouse, rat, and dog
(1.75, 7.8, and 1.35 μL/min/mg); moderate in human (17.5 μL/min/mg); and high in monkey
(135.3 μL/min/mg). In contrast, the intrinsic clearance of parent FTY720, run as an internal
control in our studies, was low in all species (data not shown), which is also consistent with
FTY720 Clint in previously reported liver microsome analyses [44]. These data suggest that the
addition to FTY720 of the small C2 moiety or the larger triphenylphosphonium group made
both novel compounds more labile in rat and monkey liver microsomes, respectively. Although
species-dependent variability was noted for mouse, rat, dog and monkey, it is intriguing that
human liver microsomes cleared FTY72-C2 and FTY720-Mitoxy at equivalent moderate rates
of 18.3 and 17.5 μL/min/mg, respectively.

Table 6. RelativePercent Distribution of FTY702-C2 and FTY720-Mitoxy.

FTY720-C2 Metabolites [M+H]+ Percent Distribution (1 hr incubation) Percent Distribution (2 hr incubation)

Rat Human Rat Human

FTY720-C2 C2-carboxylic acid 296 21.4 3.2 35.72 7.21

FTY720-C2 C4-carboxylic acid 324 9.7 23.7 12.88 25.57

FTY720-C2 C6-carboxylic acid 352 2.9 5.2 3.75 5.32

Hydroxy FTY720-C2 366 29.1 18.9 8.28 9.77

FTY720-C2 C8-carboxylic acid 380 37.0 49.0 39.37 52.13

Total Percent Distribution 100 100 100 100

FTY720-Mitoxy Metabolites [M]+ Percent Distribution (1 hr incubation) Percent Distribution (2 hr incubation)

Rat Human Rat Human

FTY720-Mitoxy C4-carboxylic acid 598 8.4 2.3 14.0 9.5

FTY720-Mitoxy C6-carboxylic acid 626 83.6 58.6 79.3 54.8

Hydroxy FTY720-Mitoxy 640 3.5 19.1 3.2 8.3

FTY720-Mitoxy C8-carboxylic acid 654 4.4 20.0 3.4 27.3

Total Percent Distribution 100 100 100 100

doi:10.1371/journal.pone.0162162.t006
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As done for FTY720 characterization [45], our in vitro FTY720-C2 and FTY720-Mitoxy
metabolic profiles were also generated using rat and human hepatocytes. In both rat and
human hepatocytes, we noted that the oxidation of the octyl chain of FTY720-C2 and
FTY720-Mitoxy was the major metabolic pathway producing the formation of essential car-
boxylic acid metabolites (Figs 1 and 3), but at rates different than those seen for Clint. The par-
ent FTY20-C2 peak was drastically diminished by the 2 hr time point in rat hepatocytes (Fig
1A), but diminution was more gradual in human hepatocytes (Fig 1B). For parent FTY720-Mi-
toxy, there was no notable difference between rat and human hepatocytes after 2 hr incubation
(Fig 3); when most FTY720-Mitoxy was still unchanged as compared to data for FTY720-C2 at
this time point. These findings partly correlate with the in vitro metabolic stability data (Clint)
in which: rat liver microsomes showed higher clearance (~4-fold) than did human liver
microsomes for FTY720-C2, but Clint in rat was lower (around half) that found in human

Fig 5. Plasma andBrain FTY720-C2 and FTY720-Mitoxy concentration profiles.Mean plasma and brain concentrations of FTY720-C2 after IV
dosing (a) and oral dosing (b) (black bar = plasma; white bar = brain); and of FTY720-Mitoxy after IV dosing (c) (▲ = plasma; � = brain). Units are in ng/mL
for plasma and ng/g for brain. Data represent the mean ± SD of two experiments for each time point. Error bars were calculated for all samples and are
present on the graphs. However, for samples with little variability error bars do not extend beyond the edges of the symbols so thus, are not apparent.

doi:10.1371/journal.pone.0162162.g005

Novel BBB-Penetrant Fingolimod-Based Compounds

PLOS ONE | DOI:10.1371/journal.pone.0162162 September 9, 2016 15 / 22



microsomes for FTY720-Mitoxy. In terms of metabolites, hydroxylation of both FTY720-C2
and FTY720-Mitoxy were identified early in 1 hr incubations (Figs 1 and 3). As previously
mentioned in the Introduction to this paper, one of the biotransformation pathways of
FTY720 is ω-hydroxylation at the octyl chain being the first step, followed by further oxidation
and subsequent β-oxidation to yield different length carboxylic acid metabolites [41]. Human
hepatocytes generated similar levels of hydroxy FTY720-C2 and FTY720-Mitoxy (Figs 1B and
3B), but in rat hepatocytes, hydroxy FTY720-C2 was produced in larger amounts than was
hydroxy FTY720-Mitoxy (Figs 1A and 3A); again, suggesting species-specific differences.
Hydroxylation at the octyl chain is the initiating step for oxidative metabolism, so the data sug-
gest that rat hepatocytes may have metabolized FTY720-C2 more readily than FTY720-Mitoxy.
Also, the FTY720-C2 C2 carboxylic acid (C2), a further breakdown product of FTY720-C2 C4
carboxylic acid (C4), was detected at significant amounts in rat, but only in small amounts in
human hepatocytes after 1 hr or 2 hr incubations (Fig 1), while the equivalent C2 metabolite
was not observed for FY720-Mitoxy (Fig 3) or for FTY720, used as an internal control (data
not shown). However, a FTY720 M4 metabolite (C2 carboxylic acid) has been detected in
human urine as a minor product, for samples collected from 0 to 240 hr postdose [41]. There-
fore, our data suggest that FTY720-C2 was metabolized further and faster than FTY720-Mitoxy
or FTY720, at least at early time points (1 hr and 2 hr). Importantly, the modifications used to
create FTY720-C2 and FTY720-Mitoxy, that is, the C2 moiety and the triphenylphosphonium
group, remained unchanged although the octyl side chain was highly metabolized after 2 hr
incubations with hepatocytes. This indicates that those modifications appear to be very stable.

Fig 6. PP2AActivity in MouseAdrenalGland after Intravenous or Oral Dosing with FTY720-C2or
FTY720-Mitoxy. FTY720-C2 increased PP2A activity in adrenal glands at all time points following IV delivery
(a) and oral delivery (b) as compared to untreated control mice. FTY720-Mitoxy increased PP2A activity in
the adrenal gland at all time points after IV delivery (c). After oral delivery, FTY7220-Mitoxy was not absorbed
and adrenal PP2A activity did not increase as compared to untreated controls (d). Two mice per time point
were evaluated. Data represent mean ± SEM.

doi:10.1371/journal.pone.0162162.g006
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In addition, we never detected phosphorylated metabolites of FTY720-C2 or FTY720-Mitoxy
despite the fact that phospho-FTY720 (FTY720-P) was identified when used as an internal
control in the same rat and human hepatocytes (data not shown). It is noteworthy that the
modifications of C2 or triphenylphosphonium are located adjacent to the FTY720 hydroxyl
group that becomes phosphorylated on FTY720, suggesting that our modifications likely pre-
vented FTY720-C2 or FTY720-Mitoxy from accommodating interaction with the active site of
sphingosine kinase 2, the main FTY720 phosphorylating kinase [46]. Overall, the in vitro
metabolism of FTY720-C2 and FTY720-Mitoxy appeared to be quite similar to that of the par-
ent FTY720, except for the fact that no phosphorylated metabolites were detected for either
new compound.

Following oral or IV administration to mice, FTY720-C2 levels were detected in both
plasma and brain up to 8 hr postdose (Fig 5A and 5B), but plasma and brain concentrations
dropped to unmeasurable levels at 24 and 48 hr postdose after either route of delivery. In con-
trast, FTY720-Mitoxy delivered by IV dosing was detected both in plasma and brain up to 48
hr postdose (Fig 5C), our last sampling time point. However, no FTY720-Mitoxy was ever
detected in plasma or brain after oral delivery, indicating a lack of oral bioavailability for this
compound.

The blood-brain-barrier is a major obstacle for the penetration of many compounds into
brain [47]. Given that the pharmacologically active site for both new compounds is expected to
be brain, the ability of both FTY720-C2 and FTY720-Mitoxy to penetrate the blood-brain-bar-
rier, within 5 min of delivery (Fig 5A and 5C), is a very important and desirable property for
therapeutics. Also, in general, there was a time-dependent increase of both new compounds in
the brain-to-plasma ratios. Notably, the elimination half-life of FTY720-Mitoxy was approxi-
mately two times longer in brain (1.77 hr) than in plasma (0.94 hr). These data suggest that
both analogues preferentially partition to the brain.

Due to slow absorption and high binding to plasma proteins [48], FTY720 half-life in rat
was found to be ~20 hr [49] with single IV doses ranging from 0.3 to 4 mg/kg, and at ~7 days
in human after a single oral doses of 1 mg FTY720 [50]. In comparison to FTY720, neither of
the new analogues was phosphorylated and had markedly shorter half-lives (less than 2 hr, for
FTY720-Mitoxy) than the parent compound. Taking into account that FTY720-C2 and
FTY720-Mitoxy showed species-dependent differences in metabolism; if their pharmacokinetic
data in mice translates to humans, this would likely have an impact on dosing regimens for the
new compounds. With the ability to rapidly enter brain, optimal levels might be accomplished
using novel sustained-release-drug-deliverysystems.

It is interesting to note, that PP2A activity was significantly increased in mouse adrenal
gland after single oral or IV doses of FTY720-C2 (1 mg/kg) or a single IV dose of FY720-Mi-
toxy (2 mg/kg), even though there was no phosphorylation of FTY720-C2 or FTY720-Mitoxy
noted. This might have been anticipated considering that dephosphorylated, not phosphory-
lated FTY720, efficiently increases PP2A activity in vitro [17, 28]. The PP2A stimulatory effect
was observed at all sampling time points (Fig 6), including 24 hr and 48 hr postdose for
FTY720-C2, when drug was no longer detectable in blood or brain. This may be due, at least in
part, to binding properties of these compounds with lipids, which are abundant in the adrenal
medulla [51]. Furthermore, αSyn positively regulates PP2A under normal physiological condi-
tions, especially when αSyn is dephosphorylated [14, 16], and Lewy-body-likeαSyn aggrega-
tion causes loss of PP2A activity in adrenals of aging synucleinopathy mice as well as in brain
from patients with Dementia with Lewy bodies (DLB) or PD [15, 20].

PP2A is a major serine/threonine phosphatase in the brain that regulates the phosphoryla-
tion state of many neuronal proteins, including two key enzymes involved in dopamine biosyn-
thesis, tyrosine hydroxylase and aromatic amino acid decarboxylase [13, 14, 52]. One in vivo
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study that enhanced PP2A activity, demonstrated improved neuronal activity, reduced glial
activation, and better motor performance in a mouse model that develops αSyn aggregates in the
brain [21]. Therefore, our data suggest that FTY720-C2 and FTY720-Mitoxy may help promote
or reverse impaired physiology by restoring dysregulated PP2A activity due to synucleinopathy
in PD, DLB, and multiple system atrophy (MSA). Moreover, PP2A activity is decreased in AD
brain [53] in which PP2A normally negatively regulates phosphorylation of the microtubule-
associated protein tau [53, 54], which is strongly implicated in AD associated neurofibrillary tan-
gle formation due to tau hyperphosphorylation [55, 56]. These findings raise the potential impor-
tance of therapies that can sustain optimal PP2A activity. Other studies using PP2A-activity
stimulators also show reduced abnormal tau phosphorylation and improved spatial learning and
memory in aging mice and in AD transgenic mouse models [57, 58].

Like all drugs, our new FTY720-based compounds could have side effects similar to those
seen with FTY720. The most commonly reported adverse events in patients taking FTY720
include bradycardia (slow heart rate), upper respiratory tract infections (primarily nasopharyn-
gitis), sometimes serious infections, and clinically asymptomatic lymphopenia (low level of
blood lymphocytes) [59]. Bradycardia can occur at the first dose but in individuals who con-
tinue taking the drug, heart rate eventually returns to baseline. Infection and lymphopenia are
known to be associated with FTY720’s immunosuppressive effects due to its effects on T cells,
as described above. FTY720 is an FDA-approved drug for multiple sclerosis (MS), a disease
that is considered to be an autoimmune disorder resulting from auto-reactive immune cells
attacking the myelin of the central nervous system [60]. Phosphorylated FTY720 (FTY720-P)
acts as an agonist of the sphingosine 1-phosphate receptor 1 (S1P1), which is abundant on lym-
phocytes, and consequently causes S1P1 internalization that prevents lymphocyte egress from
peripheral lymph nodes [61] and subsequent entry into the circulation [62–64]. Unlike
FTY720, neither FTY720-C2 nor FTY720-Mitoxy undergo metabolic phosphorylation (Figs 1
and 3), which suggests that they will not act on S1P1, and therefore should not cause immuno-
suppressive side effects, which is currently being investigated in mice. Overall, both new
FTY720-based compounds, with brain penetration, may be quite suitable and/or beneficial for
treating neurodegenerative diseases with dysregulated PP2A activity and no need for
immunomodulation.

While this preliminary study had a sample size of two (n = 2) mice per drug and time point
(N = 36 total), it has allowed us to characterize key pharmacokinetic aspects of our new com-
pounds. FTY720-C2 is orally bioavailable and both FTY720-C2 and FTY720-Mitoxy rapidly
cross the blood-brain-barrier, preferentially partition to brain, and modulate PP2A activity in
vivo. Also, FTY720-C2 and FTY720-Mitoxy had shorter half-lives than FTY720, suggesting
higher clearance, which may also be beneficial. While we acknowledge that variability of a pop-
ulation from which a sample is drawn can be over- or underestimated when sample size is
small, it is important to note that statistical analysis with two values is considered valid based
on mathematical equations, and as also validated using computer simulations [65]. In conclu-
sion, further characterization as well as safety assessment of both FTY720-C2 and FTY720-Mi-
toxy will be important preclinical assessments to perform prior to initiating clinical trials with
these novel compounds.
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FTY720/Fingolimod Reduces Synucleinopathy and Improves
Gut Motility in A53T Mice
CONTRIBUTIONS OF PRO-BRAIN-DERIVED NEUROTROPHIC FACTOR (PRO-BDNF) AND
MATURE BDNF*
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Patients with Parkinson’s disease (PD) often have aggregated
�-synuclein (aSyn) in enteric nervous system (ENS) neurons,
which may be associated with the development of constipation.
This occurs well before the onset of classic PD motor symptoms.
We previously found that aging A53T transgenic (Tg) mice
closely model PD-like ENS aSyn pathology, making them appro-
priate for testing potential PD therapies. Here we show that Tg
mice overexpressing mutant human aSyn develop ENS pathol-
ogy by 4 months. We then evaluated the responses of Tg mice
and their WT littermates to the Food and Drug Administration-
approved drug FTY720 (fingolimod, Gilenya) or vehicle control
solution from 5 months of age. Long term oral FTY720 in Tg
mice reduced ENS aSyn aggregation and constipation,
enhanced gut motility, and increased levels of brain-derived
neurotrophic factor (BDNF) but produced no significant change
in WT littermates. A role for BDNF was directly assessed in a
cohort of young A53T mice given vehicle, FTY720, the Trk-B
receptor inhibitor ANA-12, or FTY720 � ANA-12 from 1 to 4
months of age. ANA-12-treated Tg mice developed more gut
aSyn aggregation as well as constipation, whereas FTY720-
treated Tg mice had reduced aSyn aggregation and less consti-
pation, occurring in part by increasing both pro-BDNF and
mature BDNF levels. The data from young and old Tg mice
revealed FTY720-associated neuroprotection and reduced aSyn
pathology, suggesting that FTY720 may also benefit PD patients
and others with synucleinopathy. Another finding was a loss of
tyrosine hydroxylase immunoreactivity in gut neurons with
aggregated aSyn, comparable with our prior findings in the CNS.

The chaperone-like protein aSyn2 (1, 2) is highly expressed in
neurons of the CNS and the peripheral nervous system (PNS)
(3, 4). Intraneuronal Lewy bodies, the pathological hallmarks of
PD, contain high levels of aggregated aSyn (5). Although rare
PD families have aSyn mutations, multiplications, or expansion
of the aSyn Rep1 allele (6 –14), most PD is sporadic and linked
to aging; yet aSyn is abundant in all Lewy bodies, which are
present in most cases of PD (15). The typical motor symptoms
of PD emerge after an extensive loss of substantia nigra pars
compacta dopaminergic neurons (16); however, the so-called
pre-motor symptoms arise years earlier (17–19). The discovery
of pre-motor symptoms offers hope for early PD diagnosis (20,
21), which could be beneficial as successful neuroprotective
therapies emerge.

Constipation is a common symptom that can begin up to 20
years before motor onset in PD (22). In PD, constipation is also
frequently present along with slow gut motility and decreased
fecal water content (23), dopaminergic deficits in neurons of
the gut (24), and widespread aSyn pathology (synucleinopathy)
in ENS neurons (25). Identifying treatments that can reduce
synucleinopathy could benefit millions worldwide.

We assessed the neuroprotective potential of FTY720 (fin-
golimod, Gilenya), a sphingosine analog that is Food and Drug
Administration-approved for multiple sclerosis (26). FTY720 is
an oral drug that readily crosses the blood-brain barrier (27). It
is rapidly phosphorylated by sphingosine kinase 2 to form
FTY720-P, which signals through sphingosine 1 phosphate
receptors that are expressed on neurons and glia of the CNS as
well as PNS (28). The drugs’ mode of action includes an ability
of FTY720-P to block T-cell egress from lymph nodes, thus
preventing T-cell entry to the brain (27). However, we and oth-
ers also find that FTY720-mediated neuroprotection occurs in
association with its ability to increase BDNF levels in vitro and
in vivo (26, 29 –36). This may be associated with the ability of
FTY720 to stimulate signaling through Akt, ERK, and CREB,
which increases BDNF expression; however, the mechanisms
underlying the effects of FTY720 in the gut have not been
defined.
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Here we measured the impact of oral FTY720 on the gut of
young and aging WT littermates and A53T aSyn Tg mice (37–
40). Gut function was assessed behaviorally, and synucleinopa-
thy was evaluated using immunohistochemistry and sequential
extraction plus immunoblots. BDNF mRNA and protein were
measured using quantitative PCR and immunoblot, respec-
tively, as well as by measuring levels of miR206-3p.

Results

Early Onset Synucleinopathy in A53T Gut Reduces Tyrosine
Hydroxylase Staining in ENS Catecholaminergic Neurons—
Before testing FTY720 effects in A53T mice, we evaluated the
onset of aSyn aggregation in Tg gut tissue pretreated with pro-
teinase K, an enzyme that digests soluble proteins while leaving
insoluble protein aggregates intact (41). In WT gut, proteinase
K pretreatment eliminated most of the aSyn signal, suggesting
that the aSyn was soluble (Fig. 1A, left). Abundant proteinase
K-resistant aSyn immunoreactivity was still present in the gut
of A53T Tg 4-month-old mice (Fig. 1A, right). For confirma-
tion, we performed sequential extraction plus immunoblots of
WT and Tg A53T gut tissue, which reconfirmed soluble aSyn in
WT gut and abundant insoluble aSyn in Tg gut (Fig. 1B). As an
additional measure, we also assessed 4-month gut tissue with-
out proteinase K pretreatment to see whether aSyn colocalized
with tyrosine hydroxylase (TH), a catecholaminergic neuronal
marker. As expected, WT gut had well colocalized aSyn with
TH in myenteric plexus neurons, which produced a yellow
merged signal (Fig. 1C, top row). In contrast, 4-month Tg gut
had strong aSyn signal but weak TH signal, producing little
yellow signal in the merged image (Fig. 1C, middle row). The use
of high magnification confocal microscopy allowed us to verify
that TH and aSyn were colocalized in 4-month Tg gut cat-
echolaminergic neurons, as demonstrated by yellow merged
signal in ENS neurons (Fig. 1C, bottom row, arrowheads). This
finding was reminiscent of our earlier discovery, reprinted here
with permission, which shows that dopaminergic neurons har-
boring aggregated aSyn (Fig. 1D, panel 1, red staining, arrow-
heads) have almost no total TH signal (Fig. 1D, panel 2, Total-
TH, note “missing green cells” at arrowheads) although cells
were confirmed to be TH neurons using an antibody for TH
phosphorylated on serine 19 (Fig. 1D, PSer19, panel 3, blue
staining, arrowheads). The double labeling for aSyn (red) and
TH PSer19 (blue) produced a purple merged signal (Fig. 1D,
panel 4, arrowheads) (42). This finding reveals that both CNS
and PNS TH� neurons harboring aSyn aggregates may no lon-
ger be apparent if only stained for total TH.

FTY720 Significantly Improves Gut Function in A53T Tg
Mice—Although WT littermate mice never developed synucle-
inopathy as occurs in Tg littermates (37, 40), the WT mice
served as a control to measure the impact of FTY720 in mice
that lack parkinsonian features. We first assessed fecal water
content in WT littermates and Tg mice at 5 months of age,
before beginning treatment. We found that at this age, WT and
Tg mice had similar fecal water content (WT, 181.4 � 6.59 mg;
Tg, 178.2 � 5.24 mg; p � 0.6175). WT and Tg mice then were
given oral vehicle or FTY720 (0.5 mg/kg) twice weekly for 15
months. Importantly, mice never developed loose stools or
diarrhea in response to FTY720 treatment.

To measure constipation, we compared water content in
feces and saw that within-group data were similar for all time
points evaluated up to 15 months, so data were pooled for each
condition (Fig. 2A). WT littermate mice given vehicle or
FTY720 had similar water content. However, Tg mice treated
with vehicle had significantly less water in feces than either WT
mice or Tg mice treated with FTY720 (Fig. 2A, one-way

FIGURE 1. Proteinase K-resistant aSyn aggregation in ENS and reduced
TH signal in 4-month-old A53T Tg gut. A, representative samples of gut
tissue from 4-month-old A53T mice show that proteinase K eliminates most
aSyn signal (red) from WT gut (left), whereas abundant proteinase K-resistant
aSyn (red) remains in Tg gut (right), confirming early aSyn aggregation in Tg
ENS. B, sequential extraction of gut tissue from 4-month-old littermates con-
firms soluble LMW aSyn in WT gut and abundant insoluble HMW aSyn in the
Tg gut SDS/urea lane. C, gut tissues without proteinase K treatment show that
WT littermates (top row) have a well colocalized aSyn (red) and TH (green)
signal that appears yellow in the merged image. Although Tg gut (middle row)
has a similar aSyn signal (red), there is much less TH (green) signal and reduced
merged yellow signal. At high magnification, Tg gut (bottom row) shows that
aSyn (red) colocalizes with TH (green) in ENS neurons (arrowheads), producing
yellow merged signal. D, we previously found that CNS TH neurons with aggre-
gated aSyn (SYN, red, arrowheads) have much less TH signal (Total-TH, green,
arrowheads), although cells are intact, as confirmed using an antibody for
phosphorylated TH serine 19 (PSer19, blue, arrowheads). Reduced total TH
signal made cells look purple in the merged image (merge, arrowheads). RIPA,
radioimmune precipitation assay buffer. Reprinted with permission from
Elsevier, obtained via RightsLink Copyright Clearance Center (Alerte, T. N.,
Akinfolarin, A. A., Friedrich, E. E., Mader, S. A., Hong, C. S., and Perez, R. G. (2008)
�-Synuclein aggregation alters tyrosine hydroxylase phosphorylation and
immunoreactivity: lessons from viral transduction of knockout mice. Neurosci.
Lett. 435, 24 –29).
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ANOVA), suggesting that FTY720 may have decreased consti-
pation in Tg mice.

As a more sensitive measure of gut function, we evaluated
total gastrointestinal (GI) transit time in WT and Tg A53T mice
treated with vehicle or FTY720. This involved measuring the
time elapsed before mice eliminated the first red fecal pellet
after carmine red gavage (as detailed under “Experimental Pro-
cedures”). Similar to water content, WT mice given vehicle or
FTY720 had equivalent GI transit times. Tg mice given vehicle,
however, had significantly slower GI transit time than WT mice
or Tg given FTY720 (Fig. 2B, one-way ANOVA). These findings
suggest that oral FTY720 significantly improved gut motility in
Tg mice and also raised the possibility that FTY720 may have
reduced gut synucleinopathy.

To determine whether gut length may have contributed to
the above findings, we measured total gut length in age-
matched WT and Tg littermate A53T mice (n � 6; WT, 46.25 �
1.15 cm; Tg, 45.75 � 0.75 cm; p � 0.73), which was not differ-
ent. Because WT mice had no gut dysfunction up to 15 months,
further comparisons were made using Tg mice that develop
extensive synucleinopathy with age (40).

FTY720 Continues to Improve Gut Function in Old Tg Mice—
To evaluate whether the response to FTY720 was sustainable,
we measured water content, colonic motility, and total GI tran-
sit time in 17–22-month-old Tg mice (n � 8 mice/group). Sig-
nificantly greater fecal water content was seen in Tg mice given
FTY720 as compared with Tg mice treated with vehicle (Fig.
3A, t test, p � 0.001). We also assessed colonic motility, by
measuring expulsion of a small glass bead that was gently

inserted into the colon in Tg mice (detailed under “Experimen-
tal Procedures”). This confirmed that old Tg mice given long
term FTY720 had significantly better colonic motility than Tg
mice on vehicle (Fig. 3B, t test, p � 0.05). We also measured
total GI transit time, which was significantly better in Tg mice
on long term oral FTY720 as compared with Tg mice on vehicle
(Fig. 3C, t test, p � 0.01). Collectively, these findings suggest
that long term FTY720 was well tolerated and that mice con-
tinue to improve, even at advanced ages. At the end of behav-
ioral experiments, gut tissues were collected and evaluated as
described below.

FTY720 Reduces Synucleinopathy in Aging A53T Tg Gut—
Gershon and colleagues (43– 45) have shown that much of the
body’s dopamine lies in the gut, and our laboratory has long
studied the relationship between aSyn and TH (40, 42, 46 – 49).
Thus, we assessed colons of 17-month-old Tg mice for colocal-
ization of aSyn and TH using immunohistochemistry. At low
magnification, FTY720-treated Tg gut retained widespread
colocalization, with abundant yellow merged aSyn and TH sig-
nal (Fig. 4A, top row), much like our findings in normal gut of
4-month-old WT littermate mice (Fig. 1C, top row). This con-
trasted with 17-month-old vehicle-treated Tg mice, which had
much less aSyn/TH colocalization (Fig. 4A, white boxes, middle
row). When images were enlarged, aSyn/TH colocalization is
apparent in TH neurons of the myenteric plexus (Fig. 4A, bot-

FIGURE 2. Gut function is improved in Tg mice given oral FTY720, whereas
FTY720 has little effect on WT mice. A, fecal water content is similar in aged
WT mice given vehicle or FTY720, whereas vehicle-treated Tg mice have a
significant decrease in fecal water content, compatible with constipation,
and FTY720-treated Tg mice have more water in the feces. B, WT mice had
similar GI transit times when treated with vehicle or FTY720, whereas Tg mice
given vehicle showed significant gut slowing, as compared with FTY720-
treated Tg mice that had more rapid gut motility than any other group (n � 20
mice/treatment group); ns, not significant; *, p � 0.05; ***, p � 0.001. Error
bars, S.E. FIGURE 3. Gut function is sustained in aged Tg mice on long term oral

FTY720. In Tg mice at 17–22 months (A), FTY720 significantly improves fecal
water content. B, colonic motility, assessed using the bead expulsion test,
shows improved colonic motility after FTY720. C, total GI transit time was also
significantly better in FTY720-treated Tg mice as compared with vehicle-
treated Tg mice (n � 8 mice/treatment group); *, p � 0.05; **, p � 0.01; ***, p �
0.001. Error bars, S.E.
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tom row). Reduced aSyn/TH colocalization in vehicle-treated
Tg gut was similar to our earlier in vivo data for CNS neurons
harboring aggregated aSyn (42), which had very little TH
immunoreactivity (Fig. 1D, arrowheads). These findings sug-

gested that FTY720 was able to reduce synucleinopathy in Tg
gut.

We next assessed this in colons of vehicle- or FTY720-
treated 22-month-old Tg mice that were immunostained for
aSyn after pretreating with proteinase K. Fewer aSyn aggregates
were present in FTY720-treated Tg gut (Fig. 4B, top), in con-
trast to robust aSyn aggregation in vehicle-treated Tg gut (Fig.
4B, bottom), much like our previous findings in Tg mice (40).

Further assessment of aSyn aggregation was done with
sequential protein extraction of colons from vehicle- and
FTY720-treated Tg mice on immunoblots probed for aSyn (Fig.
4C) as before (49). Ponceau staining of the immunoblot before
aSyn probing confirmed equivalent protein in all lanes (not
shown), similar to Fig. 6B (right). Vehicle Tg colon had more
high molecular weight (HMW) aSyn as compared with FTY720
Tg colon, which had much less HMW aSyn, especially in the
SDS/urea-insoluble samples (Fig. 4C, green blot). When we rep-
robed SDS/urea samples for aSyn phosphorylated on serine 129
(Ser(P)-129), a species that is abundant in Lewy bodies (50, 51),
there was more Ser(P)-129 aSyn in vehicle as compared with
FTY720 Tg mice (Fig. 4C, compare left and right bands, red
blot). We also performed Ser(P)-129 aSyn immunostaining on
Tg vehicle and Tg FTY720 gut for quantification, which showed
significantly fewer Ser(P)-129 particles/unit area in FTY720-
treated Tg mice (Fig. 4D; vehicle, 8.5 � 2.2; FTY720, 1.0 � 0.26;
t test, p � 0.0001). This also suggests that long term FTY720
slows aSyn aggregation in neurons of aging Tg mice. We next
explored potential mechanisms underlying the FTY720 effects.

FTY720 Increases Gut BDNF in Old A53T Tg Mice in Associ-
ation with miR206-3p Down-regulation—BDNF is well
expressed in the gut (52), which contributes significantly to gut
motility (53, 54). We and others have shown previously that
FTY720 significantly increases BDNF expression in vitro and in
vivo (26, 29 –35). Using immunoblots, we evaluated BDNF pro-
tein levels in Tg gut after 17 months of vehicle or FTY720 in
22-month-old mice treated from 5 months of age. We saw sig-
nificantly more mature BDNF in FTY720 Tg gut as compared
with vehicle control (Fig. 5A, vehicle, 100 � 5.8; FTY720, 141 �
30.2; t test, p � 0.5). We were thus somewhat surprised to find
that BDNF mRNA levels were similar in both treatment groups
of Tg mice (p � 0.97, t test). To assess how this may have
occurred, we next measured levels of regulatory miRNAs in gut.

It is established that miRNAs can regulate BDNF expression
in vivo and in vitro (55); thus, we screened miRNAs in the colon
of aged Tg mice given vehicle or FTY720. We noted a signifi-
cant decrease in miR206-3p in FTY720-treated Tg gut as com-
pared with vehicle (Fig. 5B, blue box plot, p � 0.045). As an
additional control, we measured miR206-3p expression in
MN9D dopaminergic neuronal cells after treating them with
FTY720, which we previously found increases BDNF levels in
these cells (26). Similarly to Tg gut, MN9D cells also signifi-
cantly decreased miR206-3p in response to FTY720 treatment
(Fig. 5B, red box plot, p � 0.034), suggesting a mechanism
whereby FTY720 may have improved gut motility by increasing
BDNF levels. To further test the role for BDNF in FTY720-
associated changes, we performed the following in vivo experi-
ments wherein we blocked the activity of BDNF Trk-B
receptors.

FIGURE 4. Reduced aSyn pathology in A53T Tg mice after long term oral
FTY720. A, representative whole mounts of Tg colon that were not pre-
treated with proteinase K are from 17-month-old mice immunostained for
aSyn (red) and TH (green). The top row shows low magnification images of
FTY720-treated Tg colon stained for aSyn and TH, with abundant colocal-
ized yellow merged signal. The middle row shows low magnification
images of vehicle-treated Tg colon with much less aSyn/TH colocalization
(white boxed areas). The bottom row shows high magnification images of
boxed areas with yellow merged signal (white circles), confirming aSyn/TH
colocalization in myenteric neurons. B, immunostaining of representative
colons of 22-month-old Tg mice after 17 months of treatment with FTY720
or vehicle. Fewer proteinase K-resistant aSyn aggregates are present in
FTY720-treated Tg colon (top), as compared with plentiful proteinase K-re-
sistant aSyn aggregates in vehicle-treated Tg colon (bottom). C, sequential
extraction of representative Tg colons from 21–22-month-old mice
treated with vehicle or FTY720 run on a single gel displays abundant HMW
aSyn in vehicle Tg mice and much less HMW aSyn in FTY720-treated Tg
mice (total aSyn, sc-7011-R C20 antibody, green signal). Reprobing of the
SDS/urea-insoluble sample for Ser(P)-129 (PSer129) aSyn shows abundant
insoluble aSyn Ser(P)-129 in vehicle Tg gut as compared with FTY720-
treated Tg gut (11A5 antibody, red signal). D, a representative 85-�m2

black and white microscopic field of Tg gut immunostained for aSyn
Ser(P)-129. Samples were analyzed using ImageJ quantification in age-
matched Tg mice for both conditions. The histogram shows quantification
of gut Ser(P)-129 particles, which were significantly greater in number in
vehicle than in FTY720 Tg gut (n � 8 mice/treatment group); ****, p �
0.0001. RIPA, radioimmune precipitation assay buffer. Error bars, S.E.
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Trk-B Receptor Inhibition Induces Constipation That Is
Reversed by FTY720 —Using a TrkB receptor-specific antago-
nist, ANA-12 (56), given as described under “Experimental Pro-
cedures,” we performed the following experiment in littermate
A53T mice (n � 19) treated from 1 to 4 months of age. Condi-
tions included vehicle, FTY720, ANA-12, or FTY720 � ANA-
12. Fecal water content within groups was similar at all times
evaluated, so we combined data for assessments performed at 2,
3, and 4 months (Fig. 6). ANA-12 significantly reduced fecal
water content as compared with FTY720 alone, while vehicle or
FTY720 � ANA-12 mice were not significantly different from
mice treated with FTY720 (Fig. 6A, one-way ANOVA, p �
0.01). This suggests that Trk-B-associated BDNF signaling may
not be the sole factor underlying FTY720-mediated improve-
ment in the gut of A53T Tg mice.

To assess this possibility, we collected colons to measure
aSyn aggregation using sequential protein extraction. Ponceau
staining confirmed equivalent protein loading (Fig. 6B, right).
As can be appreciated in Fig. 6B (left), both HMW and low
molecular weight (LMW) species of insoluble aSyn were seen in
vehicle-treated Tg colon (Fig. 6B, lane 1), similar to what we
previously saw in untreated 4-month-old Tg gut (Fig. 1B, SDS/
urea lane). Curiously, HMW aSyn in ANA-12-treated Tg colon
was markedly increased 14-fold above vehicle after a 3-month
Trk-B blockade, suggesting that loss of BDNF signaling in the

FIGURE 5. FTY720 stimulates long term increases in BDNF protein in
aging Tg mice in association with significantly lower levels of miR206 –
3p. A, BDNF protein normalized to �-actin on immunoblots confirmed that
BDNF was increased in colons of FTY720-treated 21-month-old mice. B, the
expression of the regulatory microRNA, miR206 –3p, was significantly lower
in response to FTY720 treatment of aged Tg mice as compared with vehicle
Tg mice. The decrease in miR206 –3p was further validated in a control exper-
iment with dopaminergic MN9D cells treated with 160 nM FTY720 for 24 h.
(n � 8 mice/treatment group); *, p � 0.05; ***, p � 0.001. Error bars, S.E. for 5A,
but not for REST 2009 analyses in 5B, as explained in Statistical Methods.

FIGURE 6. ANA-12 inhibition of Trk-B BDNF signaling causes constipation
and increases aSyn pathology as well as pro-BDNF and mature BDNF in
4-month-old A53T Tg gut. A, young A53T mice were treated with vehicle
alone, FTY720 alone (0.5 mg/kg), ANA-12 alone (0.5 mg/kg), or FTY720�
ANA-12 (0.5 mg/kg of each) for 3 months beginning at 1 month of age. Feces
were collected to measure water content as described under “Experimental
Procedures.” Only ANA-12-treated mice developed constipation in response
to a loss of Trk-B signaling, whereas equivalent fecal water content was seen
in all other conditions. B, left, SDS/urea-insoluble aSyn immunoblot of gut
from mice treated with vehicle, ANA-12, FTY720 � ANA-12, and FTY720. The
most abundant HMW aSyn is seen in the colon of ANA-12 Tg mice, some but
less in vehicle and FTY720 � ANA-12 treatments, and very little insoluble aSyn
in Tg colon after a 3-month treatment. All lanes had equal protein loading, as
demonstrated in the Ponceau-stained blot on the right. C, immunoblots fur-
ther reveal that both pro-BDNF and mature BDNF increased above baseline
levels in vehicle Tg gut. �-Actin is the loading control. D, BDNF mRNA levels
also increased above levels present in vehicle-treated Tg colon (n � 19 mice);
**, p � 0.01; ***, p � 0.001. Error bars, S.E. for 6A, but not for REST 2009 analyses
in 6D, as explained in Statistical Methods.
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gut may accelerate ENS synucleinopathy. FTY720 � ANA-12-
co-treated Tg mice had levels of HMW aSyn (Fig. 6B, lane 3)
much like those of vehicle-treated mice (Fig. 6B, lane 1). In stark
contrast, FTY720-treated Tg mice had almost no aggregated
HMW aSyn present in the colon (Fig. 6B, lane 4).

We then measured BDNF protein and mRNA in colons of the
4-month-old mice that had been treated for 3 months with
vehicle, FTY720, ANA-12, or FTY720 � ANA-12 and saw that
both pro-BDNF and mature BDNF protein were increased on
immunoblots (Fig. 6C). When normalized to �-actin, ANA-12
and FTY720 � ANA-12 treatments both increased pro-BDNF
protein levels �2.5-fold, whereas FTY720 produced a larger
3.1-fold increase in pro-BDNF. Levels of BDNF mRNA were
similarly increased above vehicle levels for mice given ANA-12,
FTY720 � ANA-12, or FTY720 (�2.4 –2.5-fold) (Fig. 6D),
which is quite different from our findings in old A53T mice that
showed no change in BDNF mRNA yet had significantly more
mature BDNF and a decrease in miRNA206-3p, which was
associated with a parallel increase in BDNF protein. The young
A53T mice in our ANA-12 studies showed no changes in
miR206-3p in any treatment condition (not shown).

Discussion

Synucleinopathy is present early in the gut of many PD
patients, leading some to propose that aSyn pathology might
spread in a prion-like manner from gut to brain (57, 58), a con-
cept still debated (59). Nonetheless, utilizing early pre-motor
PD symptoms, such as anosmia, anxiety, depression, or consti-
pation, in combination with small biopsies to measure aSyn
pathology (17–19, 21, 60) could offer hope to identify patients
at early PD stages when neuroprotective therapies may prevent
the loss of nigrostriatal dopaminergic neurons. To this end, we
undertook a long term preclinical study to measure FTY720
(fingolimod/Gilenya) effects on neuronal aSyn pathology and
gut function in aging A53T Tg synucleinopathy mice. In mice
up to 15 months of age, we also assessed FTY720 impact in the
gut of WT littermate mice. We also confirmed that gut length
was similar in all mice.

Neuroprotective strategies are highly sought for PD because
they may act to slow or halt disease progression, especially if
initiated before an extensive loss of nigrostriatal dopaminergic
neurons (61). It has long been appreciated that levels of BDNF
are reduced in PD brain and that BDNF is a key neurotrophin
that enhances the survival of nigral dopaminergic neurons (62–
64). Thus, one strategy to reduce neurodegeneration has
focused on BDNF (65– 67). Moreover, individuals who are
homozygous for a G196A single nucleotide polymorphism in
BDNF have delayed PD onset by �5 years (68). BDNF thera-
peutic approaches have included infusion of BDNF itself as well
as delivery of BDNF by cell and/or viral methodologies.
Although these strategies may work in preclinical models, such
methods may be problematic in the clinic (69). Thus, it is timely
to identify new therapies that can up-regulate endogenous
BDNF expression (70), as we demonstrate here for FTY720.

We tested the preclinical efficacy of long term FTY720 in
aging A53T synucleinopathy mice that develop progressive
aSyn pathology (40). Using this model allowed us to show for
the first time that 1) long term FTY720 can be well tolerated and

significantly improve gut function (Figs. 2 and 3); 2) FTY720
significantly reduces gut aSyn pathology even when given after
the onset of synucleinopathy (Figs. 4 and 6); 3) FTY720 stimu-
lates early and sustained up-regulation of BDNF (Figs. 5 and 6),
which in young mice increased both pro-BDNF and mature
BDNF and in old mice increased mature BDNF in association
with reduced miR206-3p (Fig. 5); 4) blockade of Trk-B recep-
tors in young A53T Tg mice significantly increased aSyn levels
and aSyn aggregation in the gut; and 5) there is a huge loss of
total TH immunoreactivity in neurons of the PNS containing
aggregated aSyn (Figs. 1 and 4), similar to our prior findings in
CNS dopaminergic neurons (42). Cumulatively, the data lead us
to propose a model (Fig. 7) in which FTY720 stimulates BDNF
expression, which improves gut motility and reduces gut
synucleinopathy in the ENS of young (Fig. 6) and old synucle-
inopathy mice (Fig. 5).

Because both young and old Tg mice had improved gut func-
tion as well as reduced aSyn pathology after FTY720, the effects
probably occur in response to mature BDNF, as demonstrated
previously in vitro and in vivo (26, 29 –36). It is intriguing that
ANA-12 alone or in combination with FTY720 also stimulated
an increase in BDNF protein and mRNA in mice, perhaps as an
attempt to restore Trk-B signaling in the gut when signaling
was blocked by ANA-12. Pro-BDNF, which acts through
p75NTR receptors, may also have contributed to normal fecal
water content seen in A53T mice co-treated with FTY720 �
ANA-12. It is known that pro-BDNF is more abundant in young
mice, where it is secreted from neurons and signals through
p75NTR receptors, which contrasts with adult mice that nor-
mally have higher levels of mature BDNF (71), a finding corrob-
orated here. It is accepted that p75NTR receptor activity is not
affected by ANA-12. However, pro-BDNF can be converted to
mature BDNF, which may also have contributed to the
increases in mature BDNF noted.

Additionally, there is evidence that brain BDNF levels can be
increased by treating mice with the toxin MPTP (72). More-
over, paraquat or MPTP treatments increase aSyn protein lev-
els and aSyn aggregation in the CNS of mice (73, 74), raising the
possibility that ANA-12 may have induced oxidative stress in
neurons in response to long term Trk-B receptor blockade.
Finally, miRNAs are thought to play a role in age-associated
neurodegeneration (75), and we saw changes in miR206-3p
only in aged A53T Tg mice.

FIGURE 7. Hypothetical model of FTY720-mediated stimulation of BDNF
related effects on gut function and synucleinopathy. Synucleinopathy in
the ENS is hypothesized to contribute to poor gut motility. Oral FTY720/fin-
golimod stimulates the expression of gut BDNF, which improves gut motility
and reduces ENS aSyn aggregation in young and old A53T Tg synucleinopa-
thy mice. Blocking BDNF signaling also contributes to synucleinopathy.
FTY720 may help to reverse this.
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In sum, our translational studies of FTY720 (fingolimod/
Gilenya) suggest that this widely used multiple sclerosis drug
may have the potential to improve the quality of life for patients
with PD and other synucleinopathies, such as multiple system
atrophy (76, 77). Because the drug is already approved by the
Food and Drug Administration, it could be rapidly tested for
the ability to provide relief from the complications of synucle-
inopathy and related neurodegeneration.

Experimental Procedures

Mice

A53T aSyn (B6;C3-Tg-Prnp/SNCA*A53T/83Vle/J; Jackson
Laboratories, Bar Harbor, ME) mice were used to generate our
cohort of mice from A53T heterozygous breeders, which pro-
duced both WT and Tg mice. The Tg mice included heterozy-
gous and homozygous offspring that overexpress one or two
copies of A53T mutant human aSyn. Genotyping was per-
formed as per Jackson Laboratories protocols. Mice were
housed in barrier cages on ventilated racks in temperature and
humidity-controlled rooms on 12-h light/dark cycles. Food and
water were available ad libitum, except as noted below for par-
ticular experiments. Ethical treatment of animals followed
AALAC, ARRIVE, and NIH guidelines performed on protocols
approved by the Texas Tech University Health Sciences Center
institutional animal care and use committee. A53T mice (n �
112) were randomly assigned to groups with data assessed by
experimenters blinded to treatment conditions.

Drug/Voluntary Oral Dosing

FTY720 (LC Laboratories, Woburn, MA) dissolved in 200
proof EtOH (vehicle) at a concentration of 29 mM was stored at
�20 °C. Mice received FTY720 (0.5 mg/kg/mouse) or an equiv-
alent amount of EtOH vehicle twice weekly by voluntary oral
dosing using a modification of the jelly method (78) as
described. Tablets were prepared from pulverized bacon softies
(2.0 g; Bio-Serv, Flemington, NJ) and mouse chow (1.0 g; Harlan
8640 Teklad 22/5 rodent diet) mixed with 0.5 g of Splenda� in
2.0 ml of sterile MilliQ water to form a uniform paste. The paste
was rolled to a uniform 0.2-cm thickness between sheets of
plastic wrap. Tablets (0.5-cm diameter) were formed using a
plastic transfer pipette cut 8 cm below the pipette neck (VWR,
414004-004, Westchester, PA) as a “cookie cutter.” Fresh tab-
lets were prepared weekly. Mice in home cages were individu-
ally pretrained to eat an entire tablet in 1 min or less. Mice were
food-restricted overnight to ensure ingestion of full tablets.
Before each dose, mice were weighed, and tablets in 24-well
tissue culture plates were inoculated with the correct volume of
FTY720 or vehicle for each mouse.

For ANA-12 (Sigma-Aldrich), littermate mice received daily
oral dosing of ANA-12 dissolved in DMSO (0.5 mg/kg/mouse)
mixed with 10 �l of sesame oil and delivered by pipette. FTY720
(0.5 mg/kg/mouse), alone or in combination with ANA-12, was
dissolved in DMSO and given twice weekly in sesame oil as
described above. ANA-12 experiments included the following
treatment groups: vehicle (n � 4), FTY720 (n � 4), ANA-12
(n � 3), or FTY720 � ANA-12 (n � 7).

Behavioral Assessment

Mice were tested in clean quiet rooms in the Texas Tech
University Health Sciences Center Laboratory Animal Resources
Center facility a minimum of 2–3 times on separate occasions.
We confirmed equivalent water intake in all mice.

Fecal Water Content—When food moves through the gut
slowly, the colon absorbs more water, and consequently feces
become dry and hard. Water content in feces was measured in
1–22-month-old mice, using methods described by Taylor et
al. (79), with total stool collected in the afternoon from indi-
vidual mice placed in clean cages for 1 h. Feces were imme-
diately transferred to 1.5-ml Eppendorf tubes that were
labeled, capped, and then weighed. Tubes were opened to
allow desiccation of the contents on a heat block set to 65 °C
overnight. Tubes were weighed again, and water content was
calculated by computing the difference between wet and dry
weight.

Colonic Motility—Colonic motility was measured in 15–22-
month-old Tg mice using the bead expulsion test (80). Briefly, a
glass bead (3 mm; Sigma-Aldrich, Z143928-1EA) was gently
pushed 2.0 cm into the colon using the smooth end of a plastic
inoculating loop (Nunc, 253287). The total time from bead
insertion to bead ejection was recorded for each mouse.

Whole Gut Transit Time—Whole gut transit time was per-
formed in 15–22-month-old Tg mice essentially as described by
Kuo et al. (80). Briefly, transit time was assessed in mice after
oral gavage of a 0.2-ml volume of 6% (w/v) carmine red dye in
0.5% methylcellulose (Sigma-Aldrich). Postgavage, 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 red stool by 9 h were scored as �9 h.

Tissue Collection and Preparation

Mice were euthanized by CO2 inhalation followed by decap-
itation. The gut was flushed of fecal contents, bisected along the
longitudinal axis, and divided into samples for immunohisto-
chemistry, biochemistry, and molecular biology. For immuno-
histochemistry, gut was pinned flat in Sylgard-coated Petri
dishes with the lumen facing up, and tissue was fixed for 2–18 h
in 4% formaldehyde/sucrose and then washed 3 times in PBS.
For gut whole mounts, intestinal segments were dissected and
trimmed into 1.5-cm cylinders and then fixed and processed
using a modification of the method of Li et al. (81). For longi-
tudinal muscle of the myenteric plexus, the villi and fatty gut
tissues were gently scraped away under a dissecting microscope
as described previously (40). Tissue for protein extraction was
rapidly frozen on dry ice and then stored at �80 °C until use.
Tissues for RNA extraction were preserved in RNALater solu-
tion (AM7021, Ambion, Thermo Fisher) as per the manufactu-
rer’s instructions. Before RNA extraction, tissues were frozen
on liquid nitrogen and then crushed, with miRNA extraction
performed immediately as described below. To measure gut
length in 15-month-old littermates (n � 6), whole gut was cut
from the base of the stomach to the anus. The entire gut was
then carefully extended along a ruler, and the length in cm was
documented.
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Sequential Protein Extraction

Protein extraction from colon was performed using the
method of Waxman and Giasson (82) as detailed by Wu et al.
(49). This method does not isolate particular cellular or subcel-
lular fractions but rather isolates soluble and insoluble proteins
using a series of buffers and re-extraction of pellets performed
using ultracentrifugation.

Immunohistochemistry

Gut—Gut tissues were immunolabeled for confocal micros-
copy using established methods and the Olympus FluoView
1000 system as before (40).

Antibodies and/Proteinase K Treatment—Immunohisto-
chemistry was done on free floating sections with antibodies for
aSyn(C20,sc-7011-R,SantaCruzBiotechnology,Inc.)andphos-
phorylated aSyn Ser(P)-129 (SAB4503996, Sigma/Aldrich). For
visualization of protein aggregates, tissue was first treated with
proteinase K to digest soluble proteins as described previously
(42). After washing and blocking tissues, gut sections were
incubated for 18 –24 h at 4 °C with aSyn antibody (1:100;
sc-7011-R, Santa Cruz Biotechnology) followed by washes and
incubation in goat anti-rabbit Alexa-546 (A-11035, Invitrogen).
Some aSyn-labeled tissues were also labeled with an antibody
for TH (chicken anti-TH, 1:200 –1:250; Aves Laboratories,
Tigard, OR).

Quantification of Gut aSyn Ser(P)-129

Confocal z-stack images of 5 random fields/colon were col-
lected from tissues immunostained for aSyn Ser(P)-129 in a
subset of mice treated with vehicle or FTY720 for at least a year
(n � 10). Particles �2 �m in diameter were counted on 85-�m2

fields of duodenal tissue evaluated using ImageJ (83) followed
by manual analyses.

Immunoblots

Proteins (50 �g) were separated by SDS-PAGE, transferred
to nitrocellulose, blocked, and then incubated in primary anti-
body overnight at 4 °C. Antibodies included total aSyn (sc-
7011-R, Santa Cruz Biotechnology), aSyn Ser(P)-129 (11A5, gift
of Elan Pharmaceuticals), BDNF (N20, sc-546, Santa Cruz Bio-
technology), and �-actin (4970, Cell Signaling, Danvers, MA).
All blots were imaged and quantified using the LI-COR Odys-
sey and/or ImageQuant software as described previously (40,
84).

Gene Expression

Total mRNA and miRNA were extracted from mouse gut
tissue and MN9D cells using the miRNeasy minikit (Qiagen,
catalog no. 217004) and RNase-free DNase kit (Qiagen, catalog
no. 79254) according to the manufacturer. Retrotranscription
of mRNAs and mature miRNAs was performed using the High
Capacity RNA-to-cDNA kit (Applied Biosystems, catalog no.
4387406) and miScript II RT Kit (Qiagen, catalog no. 218160),
respectively, as per the manufacturer’s instructions. RNA con-
centration and purity was assessed by NanoDrop 2000 spectro-
photometry (Fisher). RNA integrity and genomic DNA con-
tamination were assessed using 28S/18S band ratios from RNA

“bleach” gels exactly as described (85). Amplification was mea-
sured using quantitative real-time PCR in a RealPlex Mastercy-
cler 2 instrument (Eppendorf Inc., Westbury, NY). Relative
expression of mRNAs was measured using Taqman probe
assays (Life Technologies, Inc.) for BDNF (catalog no.
Mm04230607_s1) with GAPDH (catalog no. Mm99999915_g1)
as an internal expression control. Relative expression of
miR206-3p was measured using the mature miR206-3p
miScript primer assay (catalog no. MS00001869) with miScript
SNORD72 (catalog no. MS00033719) and SNORD95 (catalog
no. MS00033726) primer assays as internal expression controls
and miScript miRTC (catalog no. MS00000001) primer assays
as internal retrotranscription controls (Qiagen).

MN9D Cells

Cells were grown using established methods (46, 48, 84, 86)
and treated with vehicle or 160 nM FTY720 for 24 h as described
previously (26). Afterward, cells were collected and processed
for microRNA assessment as described above.

Statistics

Independent-sample t tests, ANOVA by Kruskal-Wallis, and
Dunn’s multiple comparisons tests were performed using
Prism 6 (GraphPad Software Inc., San Diego, CA), with signif-
icance set to p � 0.05. BDNF mRNA and miR206-3p expression
were calculated using the comparative Ct method (2�		Ct) and
relative expression software tool (REST) that is available online
(87). Molecular and biochemical assays from 2–3 independent
experiments were performed in duplicate or triplicate. Data
represent means � S.E., except for miR206-3p and BDNF whis-
ker box plots generated using REST 2009 software, which dem-
onstrate the median (white dashed line in boxes), interquartile
ranges 1 and 3 (top and bottom edges of boxes), and maximum
and minimum expression values (top and bottom whiskers).
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