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Abstract

Objective: Research identified promising therapeutics in cell models of Amyo-

trophic Lateral Sclerosis (ALS), but there is limited progress translating effective

treatments to animal models and patients, and ALS remains a disease with no

effective treatment. One explanation stems from an acquired pharmacoresis-

tance driven by the drug efflux transporters P-glycoprotein (P-gp) and breast

cancer-resistant protein (BCRP), which we have shown are selectively upregu-

lated at the blood-brain and spinal cord barrier (BBB/BSCB) in ALS mice and

patients. Pharmacoresistance is well appreciated in other brain diseases, but

overlooked in ALS despite many failures in clinical trials. Methods: Here, we

prove that a P-gp/BCRP-driven pharmacoresistance limits the bioavailability of

ALS therapeutics using riluzole, the only FDA-approved drug for ALS and a

substrate of P-gp and BCRP. ALS mice (SOD1-G93A) were treated with riluzole

and elacridar, to block P-gp and BCRP, and monitored for survival as well as

behavioral and physiological parameters. Results: We show that riluzole, which

normally is not effective when given at onset of symptoms, is now effective in

the ALS mice when administered in combination with the P-gp/BCRP inhibitor

elacridar. Chronic elacridar treatment increases riluzole Central nervous system

(CNS) penetration, improves behavioral measures, including muscle function,

slowing down disease progression, and significantly extending survival. Inter-

pretation: Our approach improves riluzole efficacy with treatment beginning at

symptom onset. Riluzole will not provide a cure, but enhancing its efficacy

postsymptoms by addressing pharmacoresistance demonstrates a proof-of-prin-

ciple concept to consider when developing new ALS therapeutic strategies. We

highlight a novel improved therapeutic approach for ALS and demonstrate that

pharmacoresistance can no longer be ignored in ALS.

The limited progress in identifying successful therapies in

Amyotrophic Lateral Sclerosis (ALS) has only resulted in

one moderately effective pharmacological agent, riluz-

ole.1,2 In research on the SOD1-G93A mouse model of

ALS, riluzole showed a modest effect on survival when

administrated prior to disease onset.3 Since then, follow-

up studies have shown conflicting results,4–6 due to differ-

ences in trial design and lack of pharmacokinetic mea-

surements. Riluzole brain disposition is limited in the

ALS mouse model through interaction with the drug

efflux transporters P-glycoprotein (P-gp) and breast can-

cer-resistant protein (BCRP) at the blood-brain/spinal

cord barrier (BBB/BSCB).7,8 Accordingly, riluzole loses

effectiveness as disease progresses in this model.9

Similarly, in patients with ALS, riluzole loses effective-

ness in the later stages of disease.10 Studies in patients

demonstrated that riluzole is particularly effective in the

first 12 months of treatment, reducing mortality by 38%

and that this initial efficacy is reduced to 19.4% at

21 months of treatment.11
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The negligible therapeutic effect of riluzole in the ALS

mice and its modest effect in patients could derive from

acquired pharmacoresistance. In previous studies, we

reported an ALS-specific and disease-driven increase in

expression and function of two drug efflux transporters,

P-gp and BCRP, in both ALS mouse spinal cord capillar-

ies and in spinal cord tissue of ALS patients.12 The

findings suggested that this increased expression poten-

tially conferred an acquired pharmacoresistance, which

could limit the bioavailability of ALS/CNS-targeted

therapeutics.12,13

Here, we tested this hypothesis and determined

whether improving riluzole CNS bioavailability through

inhibition of P-gp and BCRP efflux transporter(s)

improves and prolongs riluzole’s therapeutic effect(s) in

the ALS mice. Given that our ultimate goal is to translate

this concept of inhibiting drug efflux to ALS patients’

therapy, we further analyzed expression levels of P-gp in

human ALS cases.

Materials and Methods

Animals

Mice were housed in accordance with Thomas Jefferson

University IACUC and the NIH Guide for the Care and

Use of Laboratory Animals. Protocol for this study

received approval by \TJU Animal Care and Use Commit-

tee. Mutant SOD1-G93A mice modeling ALS [B6.Cg-Tg

(SOD1-G93A)1Gur/J] were purchased from Jackson

Laboratories (stock #004435). Male SOD1-G93A mice

were bred with C57BL/6 females. Offspring were geno-

typed to determine presence of the human SOD1 trans-

gene. As transgene copy number is known to fluctuate

and decrease through subsequent breeding generations,

quantitative PCR was performed to exclude mice with

decreased SOD1 human transgene copy number.

P-glycoprotein knockout mice (P-gp�/�) on the FVB/N

background were purchased from Taconic (stock #1487).

Prior to crossing with SOD1-G93A mice, P-gp�/� mice

were backcrossed to C57BL/6 mice (N = 5). After the

fifth generation and a homogeneous C57BL/6 back-

ground, P-gp�/� mice were crossed with SOD1-G93A

mice and genotyped to determine presence of the SOD1-

G93A human transgene. As described above, mice were

controlled for human transgene copy number via q-PCR.

Drug treatment and survival analysis

Transgenic mutant SOD1-G93A male mice were used in a

preclinical drug study format. Mice were enrolled into

one of three treatment groups: control + placebo/Elacri-

dar (n = 25), Riluzole + placebo (n = 25), or Riluzole +

Elacridar (n = 25). Riluzole (Sigma-Aldrich, St. Louis,

MO, USA) was administered via the chow (125 mg/kg of

chow). Elacridar (Tocris, Bristol, United Kingdom) was

administered via a time-controlled release pellet (50 mg/

10 day release, Innovative Research of America, Sarasota,

FL), which was implanted subcutaneously in the back of

the neck. Control chow was prepared in the same manner

as the Riluzole chow. To control for the effects of surgical

pellet implantation, control, and riluzole-treated mice also

received placebo pellets every 10 days. Treatment of Ril-

uzole and Elacridar began at 100 days of age and contin-

ued for the lifespan of all mice. Baseline and study

measures were recorded for weight, grip strength, food

consumption, and survival. Determination of end stage

was the inability for a mouse to right itself after 30 sec of

being placed on its side.

Grip strength and weight assessment

Hindlimb grip strength was recorded 2–3 times per week

for each mouse. The rate of grip strength deterioration for

Riluzole + placebo and Riluzole + Elacridar groups was

determined based on the average grip strength per day per

mouse and fit to a linear curve. The weights for each mouse

were recorded 2–3 times per week for each mouse and the

rate of decline was quantified for Riluzole + placebo and

Riluzole + Elacridar groups.

CMAP recordings

Mice were anesthetized with 1% isoflurane and 0.5%

oxygen. Following dermatotomy, stainless steel-stimulat-

ing needle electrodes were inserted at the sciatic notch,

near the sciatic nerve. A ground electrode was placed sub-

cutaneously in the back and a reference electrode placed

subcutaneously at the ankle. The sciatic nerve was stimu-

lated (0.2 msec duration; 1.6 mV amplitude) and the

response recorded via a needle electrode inserted into the

plantar muscle in the medial half of the foot, following

the line connecting the first and fifth tarsal/metatarsal

joints. Data were collected using ADI Powerlab 8/30 stim-

ulator and BioAMP amplifier (ADInstruments, Colorado

Springs, CO) and analyzed using Scope 3.5.6 (ADInstru-

ments). The compound muscle action potential (CMAP)

(M-wave) amplitude was measured from baseline to peak.

Data were averaged between left and right hindlimb

traces.

In vivo LD800 imaging

LD800 (1 mg/kg) was injected i.p; 20 min later animals

were anesthetized with a ketamine:xylazine mixture and

sacrificed via cardiac perfusion with heparinized PBS.
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Spinal cord samples were collected and embedded in

low-melting point agarose and sectioned in 750 lm thick

sections using a tissue chopper (McIlwain Tissue Chop-

per, The Mickle Laboratory Engineering Company; Goose

Green, United Kingdom). Spinal cord tissue sections were

then imaged with an Odyssey infrared imager (LI-COR

Biosciences, Lincoln, Nebraska).

Mass spectrometry

Age-matched, adult mice (150 days of age) were injected

intraperitoneally with Riluzole-HCl (12 mg/kg). After 1 h,

mice were sacrificed with carbon dioxide, blood was

collected via cardiac puncture, and mice were flushed

with saline (0.9%). Blood was placed in EDTA-coated

eppendorf tubes and centrifuged to collect plasma. Brains

and spinal cords were harvested and flash frozen. All sam-

ples were stored at �80°C until extraction. For plasma

samples, nine volumes ice-cold, 100% ethanol was added

to each sample, incubated overnight at 4°C and centri-

fuged for 25 min (130 g 4°C). Ethanol supernatant was

removed and pellets were dried in a speed vacuum. Pellets

were stored at �80°C. Pellets were resuspended in 0.1%

formic acid, water bath sonicated for 20 min, and centri-

fuged at 15 rcf for 30 min. Supernatant was further

diluted in 0.1% formic acid, and analyzed by LC-MS/MS

on a Thermo LTQ-Orbitrap XL mass spectrometer at the

Wistar Proteomics Facility. Riluzole-HCl had elution

peaks at 17 min, peak areas were used at 5 ppm Mass

Accuracy to find relative concentration amounts from

standard curve.

Motor neuron counts

Mice were perfused with Dulbecco’s phosphate-buffered

saline (DPBS) and spinal cord lumbar segments were

embedded in Optimal cutting temperature (OCT) freez-

ing medium and stored at �20°C until sectioned. Forty

micrometer fresh frozen tissue sections were dissected

using a temperature controlled cryostat (MICROM HM

505 E, Thermo Scientific, Kalamazoo, MI). Tissue sections

were coded blind and processed simultaneously. Sections

were fixed with 2.5% paraformaldehyde for 10 min at

room temperature. Every second section was stained

about 3–4 min with 0.1% cresyl violet acetate and dipped

in 95% Ethanol and 95% ethanol + glacial acetic acid to

facilitate the staining. Finally, slides were mounted with

permount and dried overnight at room temperature.

Stained sections were visualized under a 609 oil immer-

sion objective of a bright-field microscope (Olympus,

Center Valley, PA). Four sections per animal were ana-

lyzed per group (n = 7). Large pyramidal motor neurons

positively stained for cresyl violet with a prominent

nucleus and size at least ≥20 lm2 were counted. Motor

neurons were quantified using the optical fractionator

workflow module of stereo investigator software (version

8) employing a grid size 75 9 75 lm and sampling grid

size 100 9 100 lm. All analysis was carried out by an

investigator blinded to the samples. Motor neuron counts

per group were later quantified using Student’s t-test and

represented as average � SEM.

Periodic acid schiff staining

Saline perfused liver was postfixed with 4% paraformalde-

hyde for 24 h followed by 24 h incubation in 30%

sucrose solution, embedded in Optimal cutting tempera-

ture (OCT) solution, and stored at �80°C until sectioned

(10 lm thickness). Sections were hydrated with water,

immersed in Periodic acid schiff (PAS) solutions (Sigma;

St. Louis, MO 395) for 5 min at room temperature, and

washed in water. Sections were immersed for 4 min in

Schiff’s reagent and washed in water for 5 min. Sections

were counterstained with Hematoxylin solution, dehy-

drated in ethanol and HemoD solution, mounted, and

imaged.

Immunofluorescence of patient tissue

OCT-embedded spinal cord and hippocampus tissue were

cryostat sectioned at 10 lm. Slides were rinsed once in

1.5X TBS buffer and postfixed in 4% paraformaldehyde

for 10 min at room temperature followed by treatment

with antigen unmasking solution for 2 min at �20°C
(33% acetic acid and 66% ethanol). After washing and

blocking (2% BSA, 0.3% triton-X, 5% horse serum in

1.5X TBS), slides were incubated with primary antibodies

(C219 from Covance 1:50; Bardford, CT and vWF from

Dako 1:50; Carpinteria, CA). After washing, tissue was

then incubated with fluorescent secondary antibodies,

mounted with (4,6-diaminido-2-phenylindole) DAPI an-

tifade solution, and imaged.

Results

Homogenates of lumbar spinal cords of two sporadic and

two familial ALS patients displayed increased levels of

P-gp compared to controls, including a control patient

with Friedreich’s Ataxia (Fig. 1A). By immunohistochem-

istry, increases in P-gp expression are found in endothe-

lial cells of the BSCB (Fig. 1B and C). We also found a

selective, tissue-specific increase of P-gp expression in

areas affected by the disease, specifically spinal cord, while

P-gp levels remained low in the unaffected hippocampus

(Fig. 1C). Microvascular leakage and reduced tight junc-

tion protein expression are known to occur in ALS and
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could contribute to motor neuron damage.14–19 Upregula-

tion of P-gp could occur as a compensatory response to a

leaking BSCB. However, activation of P-gp can still pre-

vent effective drug delivery in the CNS, reducing drug

bioavailability. To demonstrate this, we examined the in

vivo accumulation of a specific P-gp substrate, LD800, in

the spinal cord of the ALS mouse model where expression

and function of P-gp increases as disease progresses4.

Symptomatic mice have a marked decrease in LD800

accumulation compared to nontransgenic and P-gp�/�

mice (Fig. 2A and B).

We then analyzed the extent to which P-gp alters riluz-

ole disposition into the CNS and found that the percent

of riluzole accumulation in the spinal cord and brain was

higher in P-gp�/� mice compared to age-matched, non-

transgenic mice (Fig. 2C and D). Then, we crossed

P-gp�/� and SOD1-G93A mice to obtain ALS mice lack-

ing P-gp (P-gp�/�::SOD1-G93A+/�) and treated them

with riluzole beginning at symptom onset (at ~100 days

of age). As very low numbers of P-gp�/�::SOD1-G93A

mice are obtained from these crosses, we limited our

analysis to 5–6 mice per group to allow initial evaluation

of the impact of P-gp knock down on disease and riluzole

penetration. Knocking out P-gp from the ALS mice

improved significantly the therapeutic effect of riluzole

(Fig. 2E), further strengthening the assumption that as

Figure 1. ALS patients have tissue-specific increases in P-gp protein expression. Protein expression of P-gp in ALS patients compared to controls

and levels of P-gp in diseased versus nondiseased tissue areas were examined. (A) Densitometric analysis of P-gp protein expression in lumbar

spinal cord shows an increase (1.2- to 1.5-fold depending on the patient) in sporadic (sALS) and familial (fALS) ALS compared to non-

neuromuscular controls and a patient with Friedreich’s Ataxia, a different neurological, spinal neuron disease. (B) Immunohistochemistry of lumbar

spinal cord sections shows the colocalization of P-gp with the endothelial cell marker, von Willebrand Factor. P-gp expression is higher in

endothelial cells of ALS patients in the ventral horn of lumbar spinal cord compared to controls (scale bar = 20 lm). (C) Levels of P-gp expression

in the lumbar spinal cord and the hippocampus, an unaffected brain region, of the same ALS patient were compared. P-gp expression increases

are tissue specific with higher levels of P-gp expression in the spinal cord of the ALS patient compared to the unaffected area (hippocampus)

(scale bar = 20 lm). Thus, in ALS patients there is a tissue-specific increase in P-gp protein expression, which is selective to endothelial cells at the

level of the BSCB.

ª 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association. 999

M. R Jablonski et al. Drug Efflux Transporters and ALS Therapeutics



ALS progresses in mice and Pg-p and BCRP increase,12

riluzole penetration and efficacy decrease. To compensate

for this progressive decrease in therapeutic levels of riluz-

ole in the spinal cord of diseased mice, we pharmacologi-

cally inhibited the activity of Pg-p and BCRP. Inhibitors

of drug efflux transporters are normally used to restore

drug sensitivity in diseases in which the issue of pharma-

coresistance is well characterized, such as leukemia, other

forms of cancer, and epilepsy.20–22 Third-generation

inhibitors,23 such as elacridar (GF120918), are highly

specific24,25 and tolerated in patients.26–28

We treated the mice with elacridar, which provides dual

inhibition of P-gp and BCRP.29 Chronic elacridar treat-

ment, beginning at disease onset, is safe and does not alter

disease progression in SOD1-G93A mice (Fig. 3A). As

expected, chronic treatment of elacridar did not affect

overall expression of P-gp (Fig. 3B) or BCRP (not shown);

it did inhibit their function, though, resulting in a signifi-

cant increase in riluzole spinal cord concentrations in dis-

eased mice (Fig. 3C). Despite higher levels of systemic

riluzole, the riluzole + elacridar-treated mice did not show

signs of liver pathology (Fig. 3D), indicating that elacridar

did not cause liver toxicity and that increasing systemic ril-

uzole concentrations via elacridar were not hepatotoxic.

These results looked promising, but ultimately,

increased drug bioavailability is therapeutically meaningful

Figure 2. P-gp substrate disposition is altered in SOD1-G93A mice compared to wild-type (WT), and genetic inhibition of P-gp increases the

effectiveness of riluzole in SOD1-G93A mice. A specific P-gp substrate, LD800, was injected intraperitoneally into WT, P-gp knockout (P-gp�/�),

and symptomatic SOD1-G93A mice. Symptomatic SOD1-G93A mice have decreased accumulation of LD800 into the spinal cord compared to WT

and P-gp�/� mice (P = 0.021 and P < 0.001, respectively; A and B). Riluzole is a P-gp substrate and has increased spinal cord (C) and total CNS

(D) penetration in P-gp knockout mice. WT and P-gp�/� mice were acutely treated with intraperitoneal injections of riluzole, and the

concentrations of riluzole in the plasma and spinal cord tissue were determined via mass spectrometry. (C) The percent of riluzole accumulation,

normalized to riluzole plasma concentrations, in the spinal cords of P-gp�/� mice is significantly higher than the amount of riluzole in WT mice

(20.9 � 4.3% and 8.4 � 2.2%, respectively; P = 0.028). (D) Accumulation of riluzole in the total CNS (brain and spinal cord) is also significantly

higher in P-gp�/� compared to WT mice (31.9 � 4.7% and 15.6 � 2.0%, respectively; P = 0.010). (E) As compared to untreated P-gp�/�::

SOD1-G93A mice and SOD1-G93A riluzole-treated mice, P-gp�/�:: SOD1-G93A riluzole-treated mice have a trend toward increased survival

(165.2 � 2.89, 162.0 � 2.51, and 176.0 � 4.2, respectively; n = 5–6).
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only if it translates into improved efficacy. To find out, we

tested riluzole as the candidate drug. As the only drug with

a marginal, albeit variable, effect in the SOD1-G93A mice,

it was an ideal candidate.

So we initiated riluzole and elacridar treatment in our

mouse models. Most published preclinical studies in mice

began riluzole treatment presymptomatically (between 50

and 60 days) and prior to disease onset.3,4,6,30,31 This is

based on the assumption that high levels of mutant SOD1

expression in mice lead to an “enhanced” disease that

needs to be managed aggressively (http://www.prize4life.

org/page/prizes/Treatment_prize). But most of the

compounds tested presymptomatically have only delayed

disease onset rather than slowed disease progression with

an overall extension of lifespan <10%.32,33 In fact, a

delay in onset with pharmacological treatment is not likely

to be predictive of how well a drug may perform clinically.

Our prior observations showed that P-gp and BCRP

function increased beginning at symptom onset and

peaked at symptomatic stage,12 so we initiated the riluzole

and elacridar treatment at onset (P100). In addition, we

wanted to mimic, to the extent possible, the therapeutic

regimen of the patients who are treated with riluzole after

they are diagnosed with the disease.

Figure 3. Chronic elacridar treatment alone does not alter survival or P-gp expression levels, but does increase riluzole accumulation in SOD1-

G93A mouse spinal cord. (A) Chronic treatment of elacridar, beginning at disease onset, is safe and does not alter disease progression in the

SOD1-G93A ALS mice (Log-rank Mantel-Cox, v2 = 0.046, P = 0.830). (B) P-gp expression levels in riluzole and riluzole + elacridar-treated mice are

not altered. (C) Penetration of riluzole in the spinal cord of symptomatic 140-day-old mice co-treated with elacridar was measured by mass

spectrometry compared to riluzole-only-treated mice. Significantly higher levels of riluzole were detected in riluzole + elacridar-treated mice

compared to riluzole + placebo-treated aged-matched 140-day-old ALS mice (295 � 70.9%; P = 0.016). (D) Periodic acid Schiff staining of liver

sections from riluzole + placebo-treated mice and riluzole + elacridar-treated mice (scale bar = 50 lm). Chronic treatment with riluzole and

elacridar does not cause overt toxicity to the liver of SOD1-G93A mice compared to riluzole treatment alone. (E) SOD1-G93A study mice have the

same levels of the human transgene as quantified by qRT-PCR of DNA isolated from mouse tail. Mice displaying higher or lower copy numbers

were excluded.
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Our analysis of the SOD1-G93A mice consisted of

three groups of mice (n = 25 males/group): (1) control,

placebo-treated; (2) riluzole + placebo-treated; and (3)

riluzole + elacridar-treated. Copy number of the SOD1-

G93A human transgene was controlled (Fig. 3E). We

found that cotreatment using riluzole + elacridar begin-

ning at symptoms onset significantly extended survival

compared to control/placebo and riluzole/placebo

groups (Fig. 4A). Riluzole alone was not beneficial and

did not extend survival compared to control mice.

However, when given in combination with elacridar, it

significantly slowed disease progression, extending

mouse survival by 13% from onset of symptoms

(Fig. 4A). This specific effect on disease progression is

superior to many pharmacological interventions in ALS

mice,32 which primarily affected disease onset but not

duration.

We also note the negative impact that consecutive

surgeries of pellet implantation had on the mice. The

life-span of placebo pellet-implanted SOD1-G93A mice

decreased by ~6 days compared to nonsurgery ALS mice

(156.7 � 2.8 days and 162.9 � 0.69 days, respectively;

�3.8%; P < 0.05), likely due to the negative impact of mul-

tiple pellet implantation surgeries. The full potential of the

beneficial effect of riluzole + elacridar might have been

negatively skewed by the pellet implantation regimen.

Importantly, treatment of riluzole and elacridar signifi-

cantly improved vital parameters (Fig. 4). We treated two

additional cohorts of mice with riluzole + placebo

(n = 10) or riluzole + elacridar (n = 11), from 100 to

Figure 4. Cotreatment with riluzole and elacridar increases survival, NMJ function, behavior, and motor neuron counts compared to riluzole

treatment alone. (A) Cotreatment of riluzole + elacridar (165 � 2.1 days) significantly extends survival compared to control + placebo

(156.7 � 2.8 days) and riluzole + placebo (159.7 � 1.9 days) groups (Log-rank Mantel-Cox, v2 = 7.292, P = 0.026; Logrank test for trend,

v2 = 6.615, P = 0.010; Gehan-Breslow-Wilcoxon, v2 = 8.226, P = 0.016). (B and C) Compound muscle action potentials (CMAPs) have higher

peak amplitudes in 140 day riluzole + elacridar-treated mice compared to age-matched riluzole + placebo-treated mice (7.48 � 0.67 mV and

5.00 � 0.67 mV, respectively; P = 0.017). (D) Riluzole + elacridar treatment sustains higher CMAP values throughout treatment compared to

riluzole + placebo treatment. (E) In the riluzole + elacridar-treated mice the slope of hind limb strength decline is significantly decreased

compared to the riluzole + placebo group (P < 0.001). (F and G) Quantification (neurons larger than 400 lm) and stained lumbar spinal cord

tissue sections of motor neurons in the ventral horn of SOD1-G93A mice.
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140 days, and performed electrophysiological recordings

from the plantar muscle following sciatic nerve stimula-

tion to measure functional innervation by motor neurons

of the lumbar spinal cord (Fig. 4B and C). CMAPs had

higher peak amplitudes in 140 day riluzole/elacridar mice

compared to age-matched riluzole/placebo mice (Fig. 4B

and C). Throughout the 40-day treatment, the riluzole/

elacridar mice maintained significantly higher CMAP

values compared to the riluzole/placebo mice (Fig. 4C).

Accordingly, in the same mice, hindlimb grip strength

was improved (Fig. 4E). There was a trend, although not

significant, for an increased number of remaining motor

neurons in the lumbar spinal cord of P140 mice cotreated

with riluzole and elacridar.

That we did not see a significant increase in motor

neuron number, but did see significant physiological

improvements, corresponds with previous studies that

reported a dissociation between motor neuron death and

disease progression in mutant SOD1 mice.34,35 Our study

confirms that stopping motor neuron death may not be

sufficient to slow disease, but that maintaining motor

neuron function may be sufficient.

Discussion

The impact of P-gp and drug efflux is routinely consid-

ered in drug development,36 but tests are normally

performed in healthy animals or healthy individuals to

determine whether a drug can cross the BBB. The data

presented here and in our previous studies,12 argue that

proper pharmacodynamic and pharmacokinetic studies

need to be analyzed in patients and disease-relevant

models rather than in normal subjects and that P-gp and

BCRP function, in particular, needs to be considered in

the context of ALS over disease progression when these

two drug efflux transporters begin to effectively pump

out therapeutics and when their function increases incre-

mentally with the disease.

Clearly, an “improved” riluzole effectively maintained

functional motor neurons, as shown by the CMAPs and

behavioral results, and ultimately slowed disease. Thus,

our study provides a proof-of-principle concept that

pharmacologically inhibiting P-gp and BCRP transporter

activity can improve ALS pharmacotherapy.

While we acknowledge that riluzole is not very effica-

cious, it served as a proof-of-principle compound to test

the impact of drug efflux transporter-mediated pharma-

coresistance in ALS. Riluzole is the only moderately effec-

tive drug available for ALS treatment and it is also a

substrate for P-gp and BCRP. Additionally, riluzole is the

only drug whose marginal and inconsistent effects in mice

translated into a consistent effect in patients. Thus, it is,

so far, the only candidate drug to use in the ALS mice to

demonstrate that it is possible to enhance drug bioavail-

ability specifically for ALS therapeutics by targeting drug

efflux transporter-mediated pharmacoresistance. Our

data clearly demonstrate that by blocking P-gp and

BCRP, it is possible to enhance riluzole CNS penetration

in mice, ultimately restoring its efficacy even when

administration begins at onset. As our data indicate that

riluzole penetration is inversely correlated to riluzole’s

responsiveness in mice: they also strongly suggest that the

decrease in riluzole efficacy observed in patients as disease

progresses11 may derive from the parallel disease-driven

increase in pharmacoresistance. As seen in the clinic,

there is variability in riluzole efficacy across patients,

which may be attributable to individual variations in

expression levels of drug efflux transporters. In future

studies, there is an opportunity to evaluate functional lev-

els of P-gp and BCRP in ALS patients and eventually

establish a tailored dosing strategy for those patients with

high pharmacoresistance potentials (i.e., high expression

and activity levels of P-gp and BCRP). Therefore, revisit-

ing riluzole therapy by inhibiting pharmacoresistance

could improve quality of life of ALS patients until a more

efficacious therapeutic strategy is identified. However, tar-

geting P-gp and BCRP has broader implications for ALS

therapeutics that go beyond riluzole itself. P-gp and, to a

lesser extent, BCRP have broad substrate specificity. Their

function has been shown to limit bioavailability of multi-

ple drugs.36 Accordingly, inhibition of these transporters

with elacridar26,27 or Tariquidar 37 has proven effective in

increasing bioavailability and efficacy of different drugs in

cancer and epileptic patients, without causing overt toxic-

ity. Thus, our data indicate that the same mechanism of

acquired pharmacoresistance might apply to other ALS

therapeutics and that blocking P-gp and BCRP with elacr-

idar or similar transporters’ inhibitors might also improve

delivery, and ultimately, efficacy, of other candidate

drugs. We have identified P-gp and BCRP as the only

two efflux transporters specifically upregulated in ALS.

Thus, future candidate drugs should be tested to deter-

mine whether they are P-gp/BCRP substrates, and P-gp/

BCRP inhibition should be considered when designing

future pre- and clinical trials with drugs whose

bioavailability is limited by these two transporters.

Our data also indicate that when designing new or

redesigning previously failed ALS trials, rather than focus-

ing on increasing the dose of the drug to maximize its

effect, we should target P-gp and BCRP as an effective

way to control and improve bioavailability as disease pro-

gresses. Again, using riluzole as an example, one may

argue that to enhance riluzole CNS bioavailability and

concentrations, thus maintaining its therapeutic effects, it

would be possible to increase its dosage without blocking

P-gp and/or BCRP. However, our data show that in the
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long run, increasing riluzole dose would not be as

effective as it may be expected since disease pathogenic

mechanisms would continue to incrementally upregulate

P-gp and BCRP expression levels and function, effectively

pumping riluzole out of the CNS regardless of the origi-

nal dose. In fact, studies have attempted to increase riluz-

ole dosage with no real improvement of efficacy

(reviewed in 33) and it has already been demonstrated

that riluzole clearance is independent of dose.37 Two

additional factors suggest that increasing riluzole concen-

trations would not be effective. First, these transporters

depend on ATP to extrude their substrates. This charac-

teristic renders them less sensitive to saturation under

conditions of ionic unbalances often occurring in disease

or in situations of increased substrate concentrations.

Regardless of the substrate concentrations (e.g., riluzole),

ATP-dependent Pg-p and BCRP would still be able to

function at no saturation. Second, higher systemic doses

of riluzole might increase the chances of hepatotoxicity as

the ALS-driven increase in P-gp and BCRP seems to be

tissue specific, and using elacridar may be the way to just

increase riluzole CNS concentrations without overt

toxicity. Overall, our studies suggest that to maintain

efficacious levels of therapeutics throughout disease

progression adjusting doses of elacridar (or other more

potent and selective P-gp/BCRP inhibitors yet to be

developed) may be the most valuable solution.

In the short term, with no better pharmacological

tools available, we have the opportunity to improve the

effects of riluzole in patients as well as begin a reevalu-

ation of other drugs that failed in preclinical and clini-

cal trials. In the long-term, we will have the

opportunity to evaluate on a drug-to-drug and patient-

to-patient basis the contribution of P-gp and BCRP

altering drug bioavailability and therapeutic efficacy of

new ALS therapeutics.
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