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Methods 

Bioanalysis 

Rodent 

A validated LC-MS/MS method was used to determine the concentration of amantadine in 

mouse and rat plasma samples. For the calibration standards, a 10-µL aliquot of the 

appropriate concentration of amantadine (10.0-4000 ng/mL) was added to 50-µL blank rat 

K2EDTA plasma. All other samples (blanks and mouse or rat plasma samples) received 

10 µL 50% methanol instead of the standard. Samples received a 25-µL aliquot of internal 

standard (1-aminoadamantane-d6, 5000 ng/mL in 50% methanol) except the blank, which 

received 50% methanol in place of the internal standard. Samples were vortexed and 200 µL 

acetonitrile:methanol (4:1, v:v) was then added to each sample. Samples were vortexed and 

centrifuged and 25 µL of the supernatant was added to a 96-well plate containing 1000 µL 

0.1% formic acid. Samples were vortexed and centrifuged and a 10-µL aliquot was injected 

onto an LC-MS/MS (API 5000™, Applied Biosystems, Foster City, California) for analysis. 



2 of 15 

Amantadine was eluted from the high performance liquid chromatography column 

(Phenomenex Luna 5 µm PFP (2), 50 × 2.0 mm, Phenomenex, Torrance, California) for mass 

quantification with the mass spectrometer set at mass-to-charge ratios of 152.40>135.00 and 

158.55>141.06 (m/z) to quantify amantadine and internal standard, respectively. An 

automated data acquisition system (Analyst 1.4.2, Applied Biosystems, Foster City, 

California) processed and calculated the data. 

 

Cynomolgus macaque  

For cynomolgus macaque samples, proteins were precipitated by combining 30 µL plasma 

and 5 µL water containing 0.1% formic acid, the internal standard (desloratadine, 20 µg/mL), 

and 60 µL trichloroacetic acid (10%, w/v). The mixture was vortexed for 3 min and 

centrifuged at 3700 rpm for 15 min and 15 µL of the supernatant was combined with 150 µL 

water (with 0.1% formic acid) and vortexed for 5 min. An aliquot of 10 µL of the mixture 

was injected into the LC-MS/MS system. LC-MS/MS analyses were performed on a 

Shimadzu LC-10AD pump equipped with a CTC-HTS auto-sampler (Zwingen, Switzerland) 

and a column oven. The MS/MS system was an MDS Sciex API-4000 mass spectrometer 

with an electrospray ionization probe (Toronto, Canada). Chromatographic separation of the 

analytes was achieved on an Agilent ZORBAX SB-C18 column. The linearity was from 10 

to 2000 ng/mL. 

 

Rodent ALO AIMs Scale 

Three subtypes of AIMs were assessed by raters blind to treatment: axial—dystonic postures 

or choreiform twisting of the neck and upper body towards the contralateral side; limb—
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random uncontrollable movements of forelimb contralateral to the lesion; and orolingual–

excess chewing and jaw movements with protrusion of the tongue. For each subtype, the 

duration of AIMs was scored between 0 and 4 as follows: 0 = absent; 1 = present for less 

than 30 seconds; 2 = present for more than 30 seconds; 3 = present throughout the minute but 

suppressed by external stimuli; and 4 = present throughout the minute but not suppressible by 

external stimuli. A maximum score denotes the highest score obtained at any point of 

observation. For the published studies, AIMs data were expressed for each observational time 

point as the maximal score of ALO AIMs, the sum of ALO AIMs, or as the product of the 

ALO AIMs multiplied by an amplitude score.   

 

Development of MPTP-Macaque LID Model 

Eight female macaques received a once-daily SC injection of MPTP (0.2 mg/kg) for up to 30 

days. Over the next 90 days, MPTP was administered as needed until a moderate level of 

parkinsonian syndrome was observed. Animals with MPTP lesions producing stable 

symptoms for at least 60 days were administered 25 mg/kg levodopa (levodopa:benserazide 

ratio: 4:1; Madopar, Roche, Auckland, New Zealand) orally for a minimum of 4 months to 

induce choreiform and dystonic dyskinesia. Before the start of the amantadine study, dose-

finding observations were conducted (data not shown) to identify a dose of levodopa 

intended to produce optimal antiparkinsonian actions but which was compromised by 

disabling dyskinesia (range, 30-35 mg/kg; mean ± standard deviation, 31.9 ± 2.6 mg/kg). 

Responses to this dose of levodopa were assessed to ensure stability and reproducibility 

within each animal on successive levodopa administrations. The behavior of the animals was 

recorded by video after being placed in an observation cage. The rating scale for dyskinesia, 
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adapted from its clinical counterpart (Unified Dyskinesia Rating Scale), was used to assess 

the video recordings via post-hoc analysis by a movement disorders neurologist blinded to 

treatment. Dyskinesia data representative of the maximum of either chorea or dystonia were 

scored between 0 and 4 as follows: 0 = absent; 1 = mild; 2 = moderate; 3 = marked; and 4 = 

severe. Dyskinesia was assessed for 5 minutes every 10 minutes, the score given being most 

representative of each 5-minute observation period. 

 

Mouse PK/PD Analysis 

Data on AIMS from Bido et al (Bido et al., 2011) and Sebastianutto et al (Sebastianutto et al., 

2016) were included in the analysis. In the Bido et al (Bido et al., 2011) study, 40 mg/kg 

amantadine or vehicle was administered IP 60 minutes before levodopa, while in the 

Sebastianutto et al (Sebastianutto et al., 2016) study, 40 mg/kg amantadine or vehicle was 

administered IP 100 minutes before levodopa. For both studies, the percent reduction in the 

AIMs score was calculated for the mice administered amantadine relative to mice treated 

with vehicle at 20, 40, 60, 80, 100, and 120 minutes after levodopa administration. 

 

Rat PK/PD Analysis 

In addition to the de novo PK and efficacy data generated herein, efficacy data from rat 

studies reported by Bido et al (Bido et al., 2011), Papathanou et al (Papathanou et al., 2014), 

and Bortolanza et al (Bortolanza et al., 2016) were included in the analysis. In the Bido et al 

(Bido et al., 2011) study, 40 mg/kg amantadine or vehicle was administered IP 60 minutes 

before levodopa, and the percent reduction in the AIMs score was calculated for the rats 

administered amantadine relative to rats treated with vehicle at 40, 60, 80, 100, and 120 



5 of 15 

minutes after levodopa administration. In the Papathanou et al (Papathanou et al., 2014) 

study, levodopa was administered IP concurrently with vehicle or with 10, 20, or 40 mg/kg 

amantadine, and the percent reduction in the AIMs score was calculated for the rats 

administered amantadine relative to rats treated with vehicle at 20, 40, 60, 80, 100, and 120 

minutes after levodopa administration. In the Bortolanza et al (Bortolanza et al., 2016) study, 

10, 20, or 40 mg/kg amantadine or vehicle was administered IP 35 minutes before levodopa, 

and the percent reduction in the AIMs score was calculated for the rats administered 

amantadine relative to rats treated with vehicle at 20, 40, 60, 80, 100, and 120 minutes after 

levodopa administration. 

 
Cynomolgus Macaque PK/PD Analysis 

In addition to the de novo PK and efficacy data generated herein, efficacy data from macaque 

studies reported by Bezard et al (Bezard et al., 2013), Gregoire et al (Gregoire et al., 2013) 

and Ko et al (Ko et al., 2014) were included in the analysis. In the Bezard et al (Bezard et al., 

2013) study, 10 and 20 mg/kg amantadine or vehicle was administered orally 15 minutes 

before levodopa, and the percent reduction in the dyskinesia score was calculated for the 

animals administered amantadine relative to animals treated with vehicle at 20, 50, 80, 110, 

and 140 minutes after levodopa administration. In the Gregoire et al (Gregoire et al., 2013) 

study, 0.3, 1, 5, or 20 mg/kg amantadine or vehicle was administered orally 60 minutes 

before levodopa, and the percent reduction in the dyskinesia score was calculated for the 

animals administered amantadine relative to animals treated with vehicle at 60 minutes after 

levodopa administration. In the Ko et al (Ko et al., 2014) study, 10, 20, or 30 mg/kg 

amantadine or vehicle was administered concurrently with levodopa, and the percent 

reduction in the dyskinesia score using the NHP dyskinesia rating scale was calculated for 
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the animals administered levodopa and amantadine relative to animals treated with vehicle at 

50, 80, 110, and 140 minutes after levodopa administration. 

 
Human Studies PK/PD Analysis 

As previously reported by Pahwa et al (Pahwa et al., 2015) patients with Parkinson’s disease 

experiencing dyskinesia were administered 210, 274, or 338 mg ADS-5102 (equivalent to 

260, 340, or 420 mg amantadine HCl, respectively), an extended release capsule formulation 

of amantadine. This study was designed as a multicenter, randomized, double-blind, placebo-

controlled, 4-arm, parallel-group study in which 83 patients were randomly assigned in a 

1:1:1:1 ratio to 1 of 4 treatments including placebo. Each patient received an oral dose once 

daily at bedtime (no earlier than 9 PM if possible) for 8 weeks. Blood samples were collected 

on day 1 (predose) and weeks 1, 2, 4, 6, and 8 (if the week 6 sample was missed) between 9 

am and 4 PM, time points which are predicted to occur during high, sustained amantadine 

exposure based on steady-state PK in healthy subjects (Hauser RA, Pahwa R, Wargin W, et 

al. Pharmacokinetics of ADS-5102 [amantadine] extended release capsules administered 

once-daily at bedtime for the treatment of dyskinesia. [In Review]). Amantadine plasma 

concentrations were determined by LC-MS/MS using a validated method as described in 

Hauser et al (Hauser RA, Pahwa R, Wargin W, et al. Pharmacokinetics of ADS-5102 

[amantadine] extended release capsules administered once-daily at bedtime for the treatment 

of dyskinesia. [In Review]). Dyskinesia was assessed using the Unified Dyskinesia Rating 

Scale (UDysRS). For comparison across the species, the dyskinesia data at week 8 were 

recalculated as a percent reduction in dyskinesia from the mean baseline UDysRS score for 

each group. 
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SUPPLEMENTARY INFORMATION, TABLES AND FIGURES 

SUPPLEMENTAL TABLE 1. Overview of nonclinical studies conducted in present 

publication and referenced studies 

 

SUPPLEMENTAL TABLE 2. Comparison of EC50, HillSlope, and R2 for individual 

species to pooled data 

 

SUPPLEMENTAL FIG. 1. Example time course for pharmacokinetic/pharmacodynamic 

assessments. Amantadine (AMT) and levodopa timing of administrations are indicated by 

arrows. Simulated amantadine plasma concentrations are indicated by the solid line, control 

abnormal involuntary movements (AIMs) represented by lines with open circles, and 

amantadine AIMs represented by lines with closed circles. In this example, the data capture 

window (dashed vertical lines) brackets between 20 and 120 minutes post levodopa 

administration. 
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Supplemental Fig. 1. 
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SUPPLEMENTAL TABLE 2. Overview of nonclinical studies conducted in present publication and referenced studies 

Species and 
strain 

Amantadine  
Dosing regimen 

Sampling schedule 
Bioanalysis 

methoda Reference 

C57BL/6J 
mouse 

IP 
10, 30, and 60 mg/kg 

0.25, 0.5, 1, 2, 4, 6, 8, and 12 h postdose LC-MS/MS 
Current 

publication 
Sprague 

Dawley rat 
IP 

15, 45, and 90 mg/kg 
Predose, 0.25, 0.5, 1, 2, 4, 6, 8, 12, and 24 h postdose LC-MS/MS 

Current 
publication 

Sprague 
Dawley rat 

SC ALZET Osmotic 
Minipump 

22.5, 45, and 83 
mg/kg per day 

Constant infusion for 
12 days 

Amantadine treatment day 12 LC-MS/MS 
Current 

publication 

Cynomolgus 
macaque 

Oral 
1, 3, 10, and 30 

mg/kg 

Predose, 0.25, 0.5, 1, 2, 4, 6, 8, 12, 24, 36, and 48 h 
postdose 

LC-MS/MS 
Current 

publication 

Human 

Oral capsule 
210, 274, or 338 mg 

ADS-5102 
(equivalent to 260, 

340, or 420 mg 
amantadine HCl) 

Blood samples were collected on day 1 (predose), and 
weeks 1, 2, 4, 6, and 8 (if the week 6 sample was missed) 

between 9 am and 4 pm 
LC-MS/MS 

Pahwa et 
al., 2015 
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Species and 
strain 

Amantadine  
Dosing regimen 

6-OHDA or 
MPTP dose 
paradigm 

Lesion 
acceptance 

criteria 

Daily 
levodopa/benserazide 

dose and route 

Endpoint:  
AIMs or 

dyskinesia 
Total duration  
of observations  

Reference 

Swiss 
mouse 

IP 
40 mg/kg 

60 min before 
levodopa 

6 μg/2 μL 
6-OHDA 
Striatum 

Contralateral 
forelimb 

placements 
<40% total in 
cylinder test 

IP 
15 mg/kg 

levodopa/12mg/kg 
benserazide 

Global AIMsb 
(ALO) 

1 min every 20 
min for 180 min 
post levodopa 

Bido et al., 
2011 

C57Bl/6J 
mouse 

IP 
40 mg/kg 

100 min before 
levodopa 

3.2 μg/1 μL 
6-OHDA 
Median 

forebrain 
bundle 

Contralateral 
forelimb 

placements 
<25% total in 
cylinder test 

SC 
Escalating doses of 3 

and 6 mg/kg 
levodopa/12 mg/kg 

benserazide 

Global AIMsb 
(ALO) 

1 min every 20 
min for 180 min 
post levodopa 

Sebastianutto 
et al., 2016 

Sprague 
Dawley rat 

SC ALZET Osmotic 
Minipump 

22.5, 45, or 83 
mg/kg per day 

Constant infusion 
for 12 days 

12 µg/2.5 µL 
6-OHDA 
Median 

forebrain 
bundle 

Contralateral 
forelimb 

placements 
<15% total in 
cylinder test 

IP 
10 mg/kg levodopa/15 

mg/kg benserazide 

AIMs (ALO) 
1 min every 20 
min for 180 min 
post levodopa 

Current 
publication  

Sprague 
Dawley rat 

IP 
40 mg/kg 

60 min before 
levodopa 

8 μg/4 μL 
6-OHDA 
Median 

forebrain 
bundle 

Amphetamine 
(5 mg/kg IP) 

induced 
rotations >7/min 

IP 
6 mg/kg levodopa/12 
mg/kg benserazide 

Global AIMs 
(ALO) 

1 min every 20 
min for 180 min 
post levodopa 

Bido et al., 
2011 

Wistar rat 

IP 
10, 20, and 40 

mg/kg 
Immediately after 

levodopa 

8 μg/4 μL 
6-OHDA 
Median 

forebrain 
bundle 

Amphetamine 
(2.5 mg/kg IP) 
or apomorphine 
(0.5 mg/kg SC) 

IP 
6.25 mg/kg 

levodopa/15 mg/kg 
benserazide 

AIMs (ALO) 
1 min every 20 
min for 120 min 
post levodopa 

Papathanou 
et al., 2014 
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Species and 
strain 

Amantadine  
Dosing regimen 

6-OHDA or 
MPTP dose 
paradigm 

Lesion 
acceptance 

criteria 

Daily 
levodopa/benserazide 

dose and route 

Endpoint:  
AIMs or 

dyskinesia 
Total duration  
of observations  

Reference 

induced 
rotations >6/min 

Wistar rat 

IP 
10, 20, and 40 

mg/kg 
35 min before 

levodopa 

4 μg/3 μL 
6-OHDA 
Median 

forebrain 
bundle 

Apomorphine 
(0.5 mg/kg SC) 

induced 
rotations >2/min 

Oral 
20 mg/kg levodopa/5 
mg/kg benserazide 

Global AIMs 
(ALO) 

1 min every 20 
min for 180 min 
post levodopa 

Bortolanza et 
al., 2016 

Cynomolgus 
macaque 

Oral 
1, 3, 10, and 30 

mg/kg 
60 min before 

levodopa 

0.2 mg/kg 
MPTP 
Daily 

injections for 
90 days as 

needed 

Lesion stable 
for minimum 60 

days 

Oral 
25 mg/kg 

levodopa/6.25 mg/kg 
benserazide for at least 

4 months   
 

Challenge levodopa 
dose adjusted for each 

macaque (30-35 
mg/kg) 

Dyskinesia 
 (NHPDysR: 
choreic and 

dystonic 
components, 
adapted from 

UDysRS) 5 min 
every 10 min up 

to 6 h  

Current 
publication 

Cynomolgus 
macaque 

Oral 
10 and 20 mg/kg 

15 min before 
levodopa 

MPTP 
Dose and 
route not 
specified 

N/A 

Dose and route not 
specified 

 (The authors cited 
another paper that 
indicated QID 6-8 
months with 4:1 

Dyskinesia 
Dyskinesia 

Disability Scale 
(choreic and 

dystonic 
components) 

Bezard et al., 
2013 
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Species and 
strain 

Amantadine  
Dosing regimen 

6-OHDA or 
MPTP dose 
paradigm 

Lesion 
acceptance 

criteria 

Daily 
levodopa/benserazide 

dose and route 

Endpoint:  
AIMs or 

dyskinesia 
Total duration  
of observations  

Reference 

levodopa/carbidopa 
ratio) 

10 min every 30 
min for 250 min 
post levodopa 

Cynomolgus 
macaque 

Oral 
0.3, 1, 5, and 20 

mg/kg 
60 min before 

levodopa 

SC ALZET 
Osmotic 

Minipump  
0.5 mg/24 h  

MPTP 
Continuous 

infusion using 
SC osmotic 
minipump 
until stable 

parkinsonian 
syndrome 
developed 

N/A 

QD with 
levodopa/benserazide 

100/25 mg capsule 
orally until 

reproducible 
dyskinesias developed  

 
Levodopa/benserazide 

100/25 or 50/12.5 
mg/kg was 

administered orally 3 
times per week, 3 

weeks before study  
 

Challenge dose (SC): 
levodopa doses were 

adjusted for each 
macaque and varied 
from 15/50 to 35/50 

mg/kg  

Dyskinesia 
Dyskinesias 

were rated for 
the face, neck, 

trunk, arms, and 
legs and summed 
(maximal score: 

21) 
 

Severity of 
chorea and 

dystonia scored 
 

For amantadine 
experiment only, 

peak effect is 
reported 60 min 
post levodopa 

Gregoire et 
al., 2013 
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Species and 
strain 

Amantadine  
Dosing regimen 

6-OHDA or 
MPTP dose 
paradigm 

Lesion 
acceptance 

criteria 

Daily 
levodopa/benserazide 

dose and route 

Endpoint:  
AIMs or 

dyskinesia 
Total duration  
of observations  

Reference 

Cynomolgus 
macaque 

Oral 
10, 20, and 30 

mg/kg 
Concurrent with  

levodopa 

0.2 mg/kg 
MPTP 
Daily 

injections 
until 

parkinsonian 
signs 

appeared 

N/A 

Twice daily with an 
individually titrated 

dose of levodopa that 
provided maximum 

reversal of PD motor 
behaviors 

 
 4:1 

levodopa/carbidopa 
ratio (range, 9-17 
mg/kg); chronic 

levodopa treatment 
lasted for 4-5 months; 
maintenance dose is 

2×/week 

Dyskinesia 
NHPDysR 

10 min every 30 
min for 240 min 
post levodopa 

Ko et al., 
2014 

Human 

Oral capsule 
210, 274, or 338 mg 

ADS-5102 
(equivalent to 260, 

340, or 420 mg 
amantadine HCl) 

N/A N/A N/A 

UdysRS 
evaluated at the 

baseline,  
week 2, week 4, 
and week 8 visits 

Pahwa et al., 
2015 

 
aLC-MS/MS was validated in rat and macaque and used for studies reported in this publication. 
bGlobal AIMs: A composite AIM score produced by multiplying the basic score and an amplitude score for each AIMs subtype. 
IP, intraperitoneal; LC-MS/MS, liquid chromatography-tandem mass spectrometry; LID, levodopa-induced dyskinesia; 6-OHDA, 6-
hydroxydopamine; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; AIMs, abnormal involuntary movements; ALO, axial, limb, 
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and orolingual; SC, subcutaneous; NHPDysR, Nonhuman Primate Dyskinesia Rating Scale; UDysRS, Unified Dyskinesia Rating 
Scale; N/A, not applicable; QID, 4 times daily; QD, once daily. 
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SUPPLEMENTAL TABLE 2. Comparison of EC50, HillSlope, and R2 for individual species to 
pooled data 

Variable Mouse Rat Macaque 
Mouse, rat, 

macaque 
(pooled) 

LogEC50 3.059 3.213 3.011 3.136 

HillSlope 1.341 1.924 0.840 1.148 

R2 0.490 0.682 0.407 0.429 

EC50 (95% CI), ng/mL 
1145 

(756-1735) 
1633 

(1419-1879) 
1025 

(716-1467) 
1367 

(1139-1639) 

DF 42 10 68 124 

     

CI, confidence interval; DF, degrees of freedom; EC50, 50% effective plasma concentration. 
 
 
 

 

 


