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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating and fatal neurodegener-
ative disease of adults which preferentially attacks the neuromotor system.
Riluzole has been used as the only approved treatment for amyotrophic lateral
sclerosis since 1995, but its mechanism(s) of action in slowing the progression
of this disease remain obscure. Searching PubMed for “riluzole” found 705 ar-
ticles published between January 1996 and June 2009. A systematic review
of this literature found that riluzole had a wide range of effects on factors in-
fluencing neural activity in general, and the neuromotor system in particular.
These effects occurred over a large dose range (<1 uM to >1 mM). Reported
neural effects of riluzole included (in approximate ascending order of dose
range): inhibition of persistent Na* current = inhibition of repetitive firing <
potentiation of calcium-dependent K™ current < inhibition of neurotransmit-
ter release < inhibition of fast Na™ current < inhibition of voltage-gated Ca**
current = promotion of neuronal survival or growth factors < inhibition of
voltage-gated K* current = modulation of two-pore K* current = modulation
of ligand-gated neurotransmitter receptors = potentiation of glutamate trans-
porters. Only the first four of these effects commonly occurred at clinically rel-
evant concentrations of riluzole (plasma levels of 1-2 uM with three- to four-
fold higher concentrations in brain tissue). Treatment of human ALS patients
or transgenic rodent models of ALS with riluzole most commonly produced a
modest but significant extension of lifespan. Riluzole treatment was well toler-
ated in humans and animals. In animals, despite in vitro evidence that riluzole
may inhibit rhythmic motor behaviors, in vivo administration of riluzole pro-
duced relatively minor effects on normal respiration parameters, but inhibited
hypoxia-induced gasping. This effect may have implications for the manage-
ment of hypoventilation and sleep-disordered breathing during end-stage ALS
in humans.

dition [3]. Searching PubMed for the term “riluzole” re-
turned 705 articles published from January 1996 to June

Riluzole (2-amino-6-trifluoromethoxy benzothiazole, RP
54274, Rilutek™) was originally developed in the 1950s
[1] as a centrally acting muscle relaxant and was later
investigated as an anticonvulsant and neuroprotective
agent [reviewed in 2]. In 1995, the FDA narrowly ap-
proved the use of riluzole for the treatment of amy-
otrophic lateral sclerosis (ALS, motor neuron disease).
More than a decade later, riluzole still remains the only
approved treatment for this fatal neurodegenerative con-

2009, in contrast to the 60 articles published from 1985 to
the end of 1995. Clearly, our investigation of the actions
and clinical usage of riluzole has increased dramatically
in a decade, and a review of key research findings in an-
imal and human settings would be a timely addition to
this large body of literature.

The purpose of this review is therefore to survey
and summarize progress in the last 13 years in under-
standing the mechanisms of action of riluzole on neural
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activity, particularly in the context of the neuromotor
system, and the clinical efficiency of riluzole treatment
in animal models of ALS and in human ALS patients.
Reviews of pathophysiological changes in human ALS
or in vitro and in vivo animal models of ALS were ex-
cluded, except where they specifically addressed actions
of riluzole. In the interest of brevity, numerous references
related to the off-label use of riluzole in treatment of
other neurodegenerative diseases, such as Huntington'’s
or Parkinson’s diseases [e.g., 4,5], or of mood and anxiety
disorders in humans or in animal models of these disor-
ders [e.g., 6,7] were excluded from this review; interested
readers are referred to these recent reviews of this litera-
ture. Readers may also wish to consult previous reviews
on the pharmacology and actions of riluzole which sum-
marize earlier work up to 1996 [2,8-11]; literature prior
to 1996 will only be referred to when it provides rele-
vant background to subsequent investigations or where
no new data has emerged.

Effects of Riluzole on Neuronal Firing
and Membrane Properties

Since an initial brief note that riluzole decreased firing in
cultured rat cerebellar granule cells [2], there have been
a wealth of observations in the last decade reporting that
riluzole significantly decreased repetitive firing of action
potentials in many types of neuron (Table 1), including
rat striatal neurons [12], mouse and rat cortical neurons
[13-15], rat hippocampal pyramidal neurons [16], cul-
tured rat spinal motoneurons [17], neonatal rat spinal
cord interneurons [18], acutely isolated rat brainstem
dorsal column nuclei neurons [19], neonatal rat mesen-
cephalic V brainstem neurons [20,21], spinal motoneu-
rons in adult rat and neonatal mouse and rat [17,22-24],
adult rat facial motoneurons [25], and hypoglossal mo-
toneurons from neonatal mouse [26], neonatal rat [27],

Table 1 Riluzole concentration for effects on neuronal firing

Neural Mechanisms of Action and Clinical Efficiency of Riluzole in Treating ALS

and juvenile rat (M.C. Bellingham, unpublished observa-
tions).

Effects of riluzole on current-induced firing were not
usually associated with changes in resting (i.e., sub-
threshold) membrane properties, such as resting mem-
brane potential or input resistance, as noted for rat striatal
neurons [12], cultured embryonic rat spinal motoneu-
rons [28], neonatal rat lumbar spinal motoneurons [24],
and neonatal mouse hypoglossal motoneurons [26].

Riluzole reduced repetitive neuronal firing in response
to sustained current injection, without blocking single ac-
tion potentials generated by transient current injection, at
concentrations ranging from <1 uM in rat striatal neu-
rons [12], mouse spinal neurons [17], and rat cortical
neurons [14,15], 3 uM in rat cortical neurons [13] and
<5 uM in rat brainstem neurons [20] or rat and mouse
spinal interneurons [18,29]. Riluzole also reduced spon-
taneous or tonic firing in some neurons, an effect some-
times (but not always) accompanied by membrane hy-
perpolarization [19,21,25,30-35]. In some cases, riluzole
also decreased action potential amplitude, increased ac-
tion potential duration [35,36] and increased the thresh-
old for action potential initiation [17,36].

In putative spinal motoneurons, cultured from embry-
onic rat spinal cord, riluzole (0.5-10 uM; Table 1) caused
decreased repetitive firing during sustained current injec-
tion, but had little effect on firing in response to transient
inputs [17]. At low concentrations (0.1-1 uM), riluzole
decreased the slope of the F-I relationship and increased
the threshold for firing, while at higher concentrations
(2-10 uM), repetitive firing was abolished (Fig. 1).
These effects on firing were likely due to inhibition of
the persistent Na® current in these motoneurons, as
riluzole produced a relatively small decrease in action po-
tential amplitude and no change in afterhyperpolariza-
tion amplitude. Similar effects on repetitive versus tran-
sient firing have been reported in neonatal mouse [22]

Current/channel Effect (%) Concentration (M) Tissue Reference
Neuronal excitability

Firing frequency Inhibition 6° Cultured rat hippocampal neurons [16]
Firing frequency Inhibition 0.3° Rat striatal neurons [12]
Firing frequency Inhibition 1.1@ Cultured embryonic rat spinal motor neurons [17]
Firing frequency Inhibition 0.522 Rat neocortical neurons [14]
Firing frequency Inhibition 2-5 Rat facial motoneurons [25]
Firing frequency Inhibition (87%) 5 Rat carotid body chemoreceptor neurons [52]
Firing frequency Inhibition (25%) 0.75 Cultured embryonic G93A SOD1 mouse cortical neurons [15]
Firing frequency Inhibition (50%) 1 GH3 neuroendocrine cells [35]
Evoked axonal fiber volley Inhibition 7.5% Rat CA3 hippocampal neurons [89]

a|C50.
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Figure 1 Riluzoleinhibits neuronal excitability and the persistent Na™ cur-
rent (INaP) in cultured spinal neurons in a dose-dependent way. (A) The
relationship between firing frequency and current injection (F-I) and linear
regressions are shown for control (@), 0.1 uM riluzole (OJ), and 1.0 uM
riluzole (A). The F-l gain is reduced and the current threshold for the on-
set of firing is increased with increasing riluzole concentrations. (B) The
dose-response curve for all cells is shown for the effect of riluzole on the
F-I gain (gray circle) for 0.1 uM riluzole (n =11), 0.5 wM riluzole (n = 10),
1 uMriluzole (n = 8), 2 uMriluzole (n=5),5 uMriluzole (h=5),and 10 uM

and adult rat spinal motoneurons with 10 uM riluzole
application [23].

As outlined later and in Tables 1-4, the similarity in
dose-response relationships between the action of rilu-
zole on repetitive firing and the persistent Na* current,
and the higher riluzole concentrations usually required
to inhibit voltage-dependent K™ or Ca** currents suggests
that riluzole primarily decreases repetitive firing by sup-
pressing the sub-threshold depolarizing influence of the
persistent Na* current [37,38]; however, the possibility
that riluzole also acts to increase Ca?*-dependent K* cur-
rents at low concentrations (see later and Table 2), with
a consequent increase in inter-spike interval, should be
born in mind and tested where possible.

Effects of Riluzole on Specific lon
Channels

Voltage-Gated Sodium Currents and Channels

Rapidly Inactivating Voltage-Dependent Na*
Current

Prior to 1996, two studies reported that riluzole decreased
peak Na* current and shifted the voltage-dependence of

M.C. Bellingham
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riluzole (n = 5). The effect of riluzole on INaP (M) is also shown for 0.1 uM
riluzole (n = 6), 0.5 uM riluzole (n = 5), 1 uMriluzole (n =7), 2 uM riluzole
(h =5), 5 uM riluzole (n = 5), and 10 uM riluzole (n = 5). The ECs, for
riluzole inhibition of the F-I gain (gray arrow) was 1.1 uM and the ECs, for
inhibition of INaP (black arrow) was 1.8 uM. Riluzole also dose-dependently
increased the current threshold for firing (right side, bars; mean + SEM
shown for [B]). Threshold amplitudes could not be measured above 2 uM
riluzole because spiking behavior became very irregular. Reprinted from
[17], copyright (2006), with permission from John Wiley & Sons.

Na™ channel inactivation to lower voltages in frog myeli-
nated nerve fibers [39] or rat brain type IIA (the Nay 1.2
isoform) Na* channels expressed in Xenopus oocytes [40].
This action occurred at concentrations of 0.1-1 mM
(Table 2) and was not associated with open channel
block or changes in the voltage-dependence of Na*
channel activation [39,40]. Since then, numerous stud-
ies have largely replicated these findings in neurons
[14,18,20,35,41-47], with the main difference being
that lower concentrations of riluzole were sometimes
able to reduce fast inactivating Na* currents (Table 2).
Riluzole (10 puM) decreased the amplitude of a
tetrodotoxin (TTX)-sensitive fast Na™ current by 20 to
30% in immortalized GH3 or GT1 neuroendocrine cells,
but did not alter the voltage dependence of current ac-
tivation or inactivation [35]. In cultured embryonic rat
cortical neurons, riluzole decreased peak fast Nat cur-
rents and shifted the voltage dependence of inactivation
to more negative levels [41]. Stefani et al. [43] found
that riluzole inhibited the fast inactivating Na* current
in dissociated mature rat cortical neurons, with a maxi-
mal inhibition of peak Na*t current of >80% at concen-
trations of 10 or 30 M. Similarly, the peak fast Na*
current in dissociated cerebellar Purkinje neurons from
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Table 2 Effects of riluzole on voltage-gated Na™ currents and channels

Current/channel Effect ([uM] Max%) Concentration (M) Tissue Reference
Fast (inactivating) sodium currents
Fast Na™ current Inhibition 514 Cultured embryonic rat cortical neurons [41]
Fast Na*t current Inhibition (51%) 1 Dissociated rat cortical pyramidal neurons [43]
Inhibition (max 80%) 10
Fast Na*t current Inhibition 11° Dissociated neonatal rat cerebellar Purkinje [45]
neurons
Fast Na™ current Inhibition 90° Frog myelinated nerve fiber [39]
Fast Na*t current Inhibition 90° (TTX sensitive) Cultured rat dorsal root ganglion neurons [44]
143 (TTX resistant)
Fast Na*t current Inhibition (200 uM 512 Neonatal rat mesencephalic V brainstem [20]
>80%) neurons
Fast Na* current Inhibition 502 Rat neocortical neurons [14]
Fast Na*t current Inhibition (35%) 10 GH3 neuroendocrine cells [35]
Fast Na* current Inhibition 33.72 Mouse sympathetic superior cervical [48]
ganglion neurons
Sodium channels
Rat Nay 1.2 Na™ current Inhibition 30° Rat brain clone expressed in oocytes [40]
Na, 1.2 Na* current Inhibition 15° N1E-115 neuroblastoma cells [47]
Human Nay 1.4 Na™ current Inhibition (2%) 1 HEK-293 cells [49]
Inhibition (26%) 1T mMm
Human Nay 1.4 Na*t current Inhibition 92 HEK-293 cells [47]
Guinea pig Nay 1.4 and 1.5 Na™ Inhibition (20%) 100 Isolated cardiac Purkinje neurons [2]
current
Rat Nay 1.5 Na™ current Inhibition 82 COS-7 cells [47]
Human Nay 1.5 Na*t current Inhibition 232 Cultured skeletal muscle cells [50]
Inactivated Na™ channels Inhibition 0.29° Frog myelinated nerve fiber [39]
Inactivated Na* channels Inhibition 2.0° (TTX sensitive) Cultured rat dorsal root ganglion neurons [44]
3.0° (TTX resistant)
Inactivated Na* channels Inhibition 0.3 Isolated rat brainstem neurons [42]
Inactivated Nay 1.2 Na* Inhibition 0.22 Rat brain clone expressed in oocytes [40]
channels
Veratridine induced activation Inhibition 1.32 Cultured embryonic rat motor neurons [80]
of Nat channels
Veratridine induced activation Inhibition 10 Cultured bovine adrenal chromaffin cells [81]
of Nat channels
Persistent (non-inactivating) sodium currents
Persistent Na* current Inhibition 0.552 Isolated rat cortical pyramidal neurons [51]
Persistent Na* current Inhibition (53%) 2 Neonatal rat mesencephalic V brainstem [20]
neurons
Inhibition (81%) 5
Persistent Na*t current Inhibition (max 80%) 1.8° Cultured embryonic rat spinal motor neurons 7]
Persistent Na* current Inhibition (25 uM, 1-22 Cultured rat suprachiasmatic nucleus [31]
100%) neurons
Persistent Na* current Inhibition 2.8° Neonatal mouse lumbar spinal cord motor [54]
neurons
Persistent Na*t current Inhibition (100%) 10 Rat lumbar spinal cord interneurons and [24]
motor neurons
Mouse lumbar spinal cord interneurons [29]
Persistent Na* current Inhibition 2.4° Isolated rat brainstem neurons [42]
Persistent Na* current Inhibition (78%) 10 Rat carotid body chemoreceptor neurons [52]
Persistent Na* current Inhibition (86%) 10 Mouse nucleus accumbens medium spiny [55]
neurons
Persistent Na*t current Inhibition (69.5%) 5 Rat spinal cord neurons (18]
Persistent Na* current Inhibition 32 Rat brainstem neurons [36,53]
CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd 7
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Table 2 Continued

Current/channel Effect ([uM] Max%) Concentration (M) Tissue Reference
Persistent Na™ current Inhibition 52 Rat brainstem neurons [56]
Persistent Na* current Inhibition 2@ Rat neocortical neurons [14]
Persistent Na*t current Inhibition 2-5 Rat facial motoneurons [25]
Persistent Na™ current Inhibition 278 Mouse sympathetic superior cervical [48]

ganglion neurons
Persistent Na™ current Inhibition (46%) 1 Cultured embryonic G93A SOD1 mouse [15]

cortical neurons

a|C5o,
b Apparent dissociation constant.

neonatal rat was strongly inhibited by riluzole [45]. In
dissociated mouse sympathetic superior cervical ganglion
neurons, riluzole inhibited peak fast Na* current with an
1Cso of 33.7 uM, more than 10-fold higher than the ICs,
of 2.7 uM for inhibition of persistent Na* current in the
same neurons [48].

A study by Song et al. [44] revealed differences in the
actions of riluzole on TTX-sensitive (TTX-S) and TTX-
resistant (TTX-R) Na* currents native to cultured rat dor-
sal root ganglion cells. At 3 uM, riluzole blocked 50% of
the TTX-S current without effect on its activation or inac-
tivation time constant, while 30 uM riluzole was required
to block 50% of the TTX-R current and the effect of rilu-
zole was associated with a faster inactivation time con-
stant (Fig. 2), an effect not observed in previous studies
[39,40] but also present in dissociated rat brainstem neu-
rons [42]. Riluzole caused a negative shift in the voltage-
dependence of Na* channel inactivation which was larger
for TTX-S current than for TTX-R current, but there was
a relatively small difference in the affinity of riluzole for
inactivated TTX-S and TTX-R Na* channels (Table 2). In
contrast to previous studies [39,40], Song et al. [44] ob-
served that riluzole also caused a positive shift in the volt-
age dependence of Na*t channel activation, with this shift
being more pronounced for TTX-R Nat channels. Song
et al. [44] concluded that the preferential inhibition of
TTX-S Na* channels by riluzole was due to the greater
proportion of TTX-S Na* channels in the inactive state at
negative potentials.

These effects of riluzole may be largely confined to Na*t
channel isoforms found in neurons. Doble [2] noted that
riluzole had only small inhibitory effects on Na* chan-
nel isoforms (Nay 1.4 and 1.5) in isolated guinea pig car-
diac Purkinje fibers, decreasing peak action potential am-
plitude by ~20% at 100 uM. Riluzole had no effect at
0.01 mM on human skeletal muscle Nat channels (Nay
1.4) expressed in HEK-293 cells and only caused a rel-
atively small decrease in peak current (22%) at higher
concentration (up to 1 mM) [49]. However, currents
from human Nay 1.4 channels expressed in HEK-293

cells, rat Nay 1.5 channels expressed in COS-7 cells, and
native human Nay 1.5 channels in cultured human skele-
tal muscle have been subsequently reported to be in-
hibited by low concentrations of riluzole [47,50] (see
Table 2).

These latter studies suggest that asthenia (a general
feeling of weakness), one of the more common side-
effects of riluzole reported in ALS patients [11], may be
due in part to decreased muscular tissue excitability, as
riluzole has minor effects of riluzole on muscle nicotinic
acetylcholine receptors [49, see later and Table 5]. How-
ever, as similar doses of riluzole will also reduce central
motoneuronal activity, a dose study of riluzole effects on
nerve—muscle coupling would be useful.

Persistent Na* Current

Early studies reported that riluzole at low concentra-
tions (200-300 nM) bound selectively to voltage-gated
Na® channels in an inactive state. This action occurred
at 150-300 times lower concentration than for binding
to resting Na* or Kt channels [39,40]. Since the obser-
vation by Urbani and Bellozi [14] that riluzole selectively
inhibited the persistent Na®* current and repetitive firing
at much lower concentration than that which inhibited
the fast inactivating Nat current (Fig. 3), many studies
have shown that the persistent Na* current in neurons
was usually more sensitive to riluzole than the fast in-
activating Na™ current [20,25,43,48,51,52]. In rat carotid
body neurons, 10 uM riluzole suppressed the persistent
Na™ current evoked by slow voltage ramps but did not in-
hibit fast Na*t current evoked by voltage steps [52]. Many
other studies have shown that the persistent Na* current
in different neurons was strongly inhibited by relatively
low (<1-10 uM; see Table 2) concentrations of riluzole
[15,18,20,21,24,25,29,31,36,48,53-56].

However, it should be noted that higher concentra-
tions of riluzole (=10 M) did not completely suppress
the persistent Na* current in some neurons [57] and that
low doses of riluzole did sometimes also inhibit fast Na*

CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd
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Table 3 Effects of riluzole on voltage-gated and other K™ currents and channels

Current/channel Effect (%) Concentration (uM)  Tissue Reference
Potassium currents
Fast 1 component Inhibition 212 Frog myelinated nerve fiber [58]
Fast 2 component Inhibition 242 Frog myelinated nerve fiber (58]
Slow component Inhibition 41372 Frog myelinated nerve fiber [58]
Delayed rectifier K™ current Inhibition 88? Cultured embryonic rat cortical [41]
neurons
Voltage-gated potassium channels
Mouse Kv1.1 Inhibition 922 NIH/NT3 cells [47]
Mouse Kv1.3 Inhibition 50° NIH/NT3 cells [47]
Rat Kv1.5 Inhibition 40° CHO cells [64]
Kv1.5 Inhibition (30%) 100 Rat vascular smooth muscle [62]
Human Kv1.5 Inhibition 952 MEL cells [47]
Rat Kv3.1 Inhibition 1242 CHO cells [64]
Human Kv3.1 Inhibition 952 HEK-293 cells [47]
Rat Kv3.2 Inhibition 1002 COS-7 cells [47]
Kv1.4 Inhibition 70 Bovine adrenal zona fasiculata cells ~ [61]
Rat Kv4.2 Inhibition 130° LTK cells [47]
Rat Kv4.3 Inhibition 116.52 CHO cells [63]
HERG Kv11.1 Inhibition 50° HEK-293 cells [47]
Two pore potassium channels
TRAAK Activation (3.9 fold increase) 100 COS cells [72]
TREK-1 Activation (~2 fold increase) 100 COS cells [71]
TREK-1 Activation 110° Not stated [47]
TREK-1 Activation (3.3 fold increase) 100 Bovine adrenal zona fasciulata cells  [74]
THIK-1 Inhibition (36%) 500 Mouse cerebellar Purkinje neurons  [75]
Calcium-dependent potassium currents and channels
After hyperpolarization current  No effect 10 Cultured embryonic rat spinal [17]
motor neurons
After hyperpolarization current  Potentiation (70%) 3 Rat hippocampal pyramidal [16]
neurons
After hyperpolarizaton No effect (@mplitude) 1 GH3 neuroendocrine cells [35]
Increase (four-fold in recovery time)
BK Kcq Activation 50 GH3 neuroendocrine cells [66]
BK Kca Activation (30%) 10 GH3 neuroendocrine cells [35]
BK Kca Activation (2 fold increase) 5 Human retinal pigment epithelial [67]
cells
BK Kca Activation (2 fold increase) 10 Human skeletal muscle cells [50]
Human BK KCa1.1 Activation (2 fold increase) 100 HEK-293 cells [47]
Human SK1 KCa2.1 Activation (250 nM Ca?*) 210 HEK-293 cells [47]
Rat SK2 KCa2.2 Activation (250 nM Ca?*) 12.80 HEK-293 cells [47]
Human SK3 KCa2.3 Activation (250 nM Ca?*) 12.5° COS-7 cells [47]
Rat SK3 Activation (2.3 fold increase, 100 nM Ca%*) 3 HEK-293 cells [68]
Human SK4 KCa3.1 Activation (250 nM Ca?*) 1.90 HEK-293 cells [47]
Rat SK2 K(Ca) Activation (Ca* free) 430 HEK-239 cells [16]
(100 nM Ca?*) 0.11°
@ |C50.
PECsp.
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Table 4 Effects of riluzole on voltage-gated Ca?* currents and channels
Current/channel Effect (%) Concentration (M) Tissue Reference
Voltage-gated calcium currents and channels
HVA Ca?* current No effect 10 Neonatal rat hypoglossal motor neurons [76]
HVA Ca?t current No effect 10 GH3 neuroendocrine cells [35]
Human N-type HVA Ca?* current No effect 200 HEK-293 cells [45]
HVA Ca?t current No effect 100, 300 Cultured embryonic rat cortical neurons [41]
HVA Ca2t current Inhibition (20%) 10 Dissociated rat cortical neurons [43]
LVA Ca2t current Inhibition (12%) 10-20 Dissociated rat cortical neurons [43]
L-type HVA Ca?* current Inhibition 22 Cultured embryonic rat motor neurons [80]
Transient HVA Ca?* current Inhibition 43 Dissociated neonatal rat DRG neurons [82]
Sustained HVA Ca?* current Inhibition 40 Dissociated neonatal rat DRG neurons [82]
L-type HVA Cay 1.2 Inhibition 30?2 HEK-293 cells [47]
a|C50.

aTTXxS bTTX-R Potassium Currents and Channels

CONTROL | 2 na

CONTROL 1nA

1 msec 10 msec

RZ 100 pM

CONTROL & RZ 3 yM

Figure 2 Effects of riluzole (RZ) on tetrodotoxin-sensitive (TTX-S) and
tetrodotoxin-resistant (TTX-R) sodium channel currents of rat dorsal root
ganglion neurons. Currents were evoked by depolarizing steps to 0 mV
from a holding potential of —80 mV. TTX-S currents activated and inacti-
vated rapidly and were selectively blocked by 200 nM TTX, whereas TTX-R
currents activated and inactivated more slowly and were unaffected by
200 nM TTX. (a) TTX-sensitive sodium channel. (b) TTX-resistant sodium
channel. (A) Riluzole blocks TTX-sensitive sodium channel currents more
potently than TTX-resistant sodium channel currents when the membrane
was held at —80 mV. (B) Peak current amplitude in the presence of riluzole
is normalized to the control current. Riluzole did not alter the activation
and inactivation kinetics of TTX-S currents, while the time course of inacti-
vation of TTX-R currents was accelerated. Reprinted from [44], copyright
(1997), with permission from the American Society for Experimental Phar-
macology and Therapeutics.

currents [42,47,48]. It is therefore important to indepen-
dently verity dose-dependent effects of riluzole on persis-
tent and fast Na* currents rather than assume that rilu-
zole selectively blocks the persistent Na™ current at low
concentrations.

10

There is only one report of effects of riluzole on K*
currents prior to 1996. Benoit and Escande [58] found
that kinetically distinct components of total K* current
in frog myelinated axon were differentially inhibited by
riluzole, with two fast activating components exhibiting
half-inhibition at approximately 20-fold lower concentra-
tions (~20 uM) than for the slow activating component
(~400 uM) (Table 3). Since 1996, riluzole has been re-
ported to modulate many types of K™ currents. The ef-
fects of riluzole are highly dependent on the type of K+
current, the dose of riluzole used, and the tissue or cell
type; the actions of riluzole on functionally identified K*
currents, or specific K* channel isoforms, are summarized
later and in Table 3.

A-type K* Currents

A-type Kt currents are rapidly activated by depolariza-
tion and show varying rates of inactivation [59]. Rilu-
zole inhibited different voltage-gated K+ channel types
producing A-type KT currents at concentrations usually
>100 uM (see later and Table 3), although Zona et al.
[41] reported that riluzole (up to 500 uM) had no et-
fect on a rapidly inactivating A-type K current present
in cultured embryonic rat cortical neurons. Effects of rilu-
zole on specific Kt channel isoforms producing A-type K+
currents are briefly described here.

(1) Kvl.1 and Kv1.3 produce voltage-dependent rapidly
activating and slowly inactivating A-type currents
[59,60]. Current produced by mouse Kvl.1 chan-
nels stably expressed in NIH/NT3 cells was inhibited
by riluzole with an ICso of 92 uM, whereas mouse
Kv1.3 channel currents were inhibited with an ICs,
of 50 uM [47] (Table 3).

CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd
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Table 5 Effects of riluzole on neurotransmission and ligand-gated neurotransmitter receptors

Current/channel Effect (%) Concentration (M) Tissue Reference
Excitatory neurotransmission and transmitter release
Evoked population spike and field EPSP Inhibition 57 Rat CA1 hippocampal neurons [89]
Evoked cortical field potential Inhibition 29.52 Rat cortex [13]
Evoked excitatory transmission Inhibition 6° Rat striatal neurons [12]
Evoked excitatory transmission Inhibition (45%) 10 Rat lumbar spinal cord [24]
interneurons and motor neurons
Evoked glutamate EPSC amplitude Inhibition (8%) 0.5 Cultured neonatal rat hippocampal [46,93]
neurons
(33%) 10
(85%) 20
Excitatory miniature EPSCs No effect 10 Rat lumbar spinal cord [24]
interneurons and motor neurons
Excitatory miniature EPSCs No effect 10 Neonatal rat hypoglossal motor [27]
neurons
Release of [PH]glutamate Inhibition (77%) 19.52 Human, rat and mouse neocortex (88]
slices
Release of [*H]dopamine Inhibition (72%) 6.82 Human, rat and mouse neocortex [88]
slices
Release of [*H]dopamine Inhibition 1-10°2 Rat striatum synaptosomes [197]
Release of [H]acetylcholine Inhibition (92%) 3.3° Human, rat and mouse neocortex (88]
slices
Release of [*H]serotonin Inhibition (53%) 39.8° Human, rat and mouse neocortex [88]
slices
Evoked glutamate EPSC amplitude Inhibition (11%) 1 Adult mouse hippocampal CA1 [92]
neurons
Excitatory amino acid receptors
Glutamate-elicited depolarization Inhibition (20%) 30 Rat striatal neurons [12]
(40%) 100
Glutamate-elicited depolarization No effect 30 Rat cortical neurons [13]
Radioligand binding at glutamate receptors Inhibition (30%) 100 uM Rat brain [85]
Radioligand binding at glutamate receptors No effect 100 uM Rat brain [47]
Kainate-elicited depolarization Inhibition 1012 Cultured rat cortical neurons [97]
Kainate-elicited depolarization No effect 20 Cultured neonatal rat hippocampal [93]
neurons
Rat Kainate glutamate receptor Inhibition 1672 Xenopus oocytes [95]
Radioligand binding at kainate glutamate No effect 100 uM Rat brain [47]
receptors
Rat NMDA glutamate receptor Inhibition 182 Xenopus oocytes [95]
Radioligand binding at NMDA glutamate No effect 100 uM Rat brain [47]
receptors
NMDA-elicited depolarization No effect 20 Cultured neonatal rat hippocampal [93]
neurons
Evoked NMDA glutamate receptor EPSC Inhibition (37%) 20 Cultured neonatal rat hippocampal [93]
neurons
Inhibitory amino acid receptors
Radioligand binding at GABA, receptors No effect 100 uM Rat brain [85]
Rat GABA, receptors No effect 10 uMto 1 mMm HEK-293 cells [103]
Rat GABA, receptors Inhibition (54%, 1 mM 30 HEK-293 cells [105]
GABA)
Potentiation (2.3-fold, 30
3 1M GABA)
GABAA receptor Potentiation 53b Cultured rat hippocampal neurons [104]
and oocytes
CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd 11
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Table 5 Continued

Current/channel Effect (%) Concentration (M) Tissue Reference

Evoked GABA IPSC amplitude Inhibition (24%) 20 Cultured neonatal rat hippocampal [93]
neurons

Radioligand binding at GABAg receptors No effect 100 uM Rat brain [85]

Evoked glycinergic IPSC Inhibition (87%) 10 Neonatal rat hypoglossal motor [76]
neurons

Miniature glycinergic IPSC No effect 10 Neonatal rat hypoglossal motor [76]
neurons

Rat glycine receptors No effect 30 uMto 1 mm HEK-293 cells [103]

Radioligand binding at glycine receptors No effect 100 uM Rat brain [47,85]

Other ligand-gated neurotransmitter receptors

5-HT3 receptor Inhibition 3.6% NCB-20 neuroblastoma cells [106]

Human skeletal muscle nicotinic Inhibition (32%) 1 mM HEK-293 cells [49]

acetylcholine receptors

Nicotinic acetylcholine receptors No effect 10 Neonatal rat hypoglossal motor [27]
neurons

Nicotinic acetylcholine receptors No effect 1-100 Cultured bovine adrenal [81]

Glutamate transporters

chromaffin cells

[H3]-glutamate uptake Potentiation (16%) 100 Rat cortical synaptosomes [101]
[H3]-glutamate uptake Potentiation (27%) 100 GLAST glutamate transporter [101]
expressed in HEK-293 cells
[H3]-glutamate uptake Potentiation (37%) 100 GLT1 glutamate transporter [101]
expressed in HEK-293 cells
[H3]-glutamate uptake Potentiation (39%) 100 EAAC1 glutamate transporter [101]
expressed in HEK-293 cells
[H3]-glutamate uptake Potentiation (67%) 0.1 Rat spinal cord synaptosomes [99]
(47%) 1
No effect >10
[H3]-glutamate uptake Potentiation (25-30%) 10-300 Rat spinal cord synaptosomes [100]
a|C50.
PECs0,
(2) Kv1.4 produces a voltage-dependent rapidly activat- A-type KT currents [59]. Riluzole inhibited rat Kv4.3
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ing and slowly inactivating A-type K* current often
present in axons and synaptic terminals [59]. Rilu-
zole reversibly inhibited this current in dissociated
bovine adrenal zona fasiculata cells (ICso 70 ©M) and
irreversibly slowed its rate of inactivation (Table 3)
[61]. Riluzole did not alter the voltage-dependence of
activation or inactivation of this current, while slow-
ing of the inactivation rate was blocked by intracel-
lular application of reducing agents, suggesting that
this effect was due to interactions of riluzole with an
intracellular portion of the channel protein suscepti-
ble to oxidation [61].

Kv1.5 produces a voltage-dependent rapidly activat-
ing and slowly inactivating A-type K* current in vas-
cular smooth muscle, where riluzole (100 ©M) inhib-
ited peak Kv1.5 current by ~30% (Table 3) [62].
Kv4.2 and Kv4.3 produce classical voltage-
dependent, rapidly activating and inactivating

channels stably expressed in Chinese Hamster Ovary
cells with an ICsy of 115.6 uM, and shifted the
steady-state inactivation curve for this current in
the hyperpolarizing direction (Table 3) [63]. The
inhibitory action of riluzole was use-dependent,
suggesting that riluzole acted by binding to the
closed inactivated state of these channels, and that
depolarization was needed to unbind riluzole and
allow Kv4.3 channels to enter the open state [63].
Riluzole also inhibited rat Kv4.2 expressed in LTK
cells with an ICsy of 130 uM [47].

Delayed Rectifier K* Currents

Delayed rectifier Kt currents are slowly activated by de-
polarization and show varying levels of slow inactivation
or no inactivation [59]. Many K* channel genes can con-
tribute to production of delayed rectifier K™ current in

CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd
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Figure 3 Overlaid view of the dose-response curves of riluzole on firing
rate, INaP, and fast sodium current shows that decreases in firing are most
likely due to inhibition of INaP. From left to right: concentration-response
curves showing the effects of riluzole on firing rate (A, left vertical axis),
on INaP amplitude (O, left vertical axis), and on the shift of steady-state
inactivation curve for fast sodium current (V, right vertical axis). The effect
on firing rate was computed as the percentage ratio of the total number
of events in 30 successive stimulations in tests over controls. For all con-
centrations INaP was recorded at the test potential of —15 mV (holding
potential of —75 mV). Data relative to INaP were pooled after they had
been normalized within each cell with respect to controls. For the shifts
of the steady-state inactivation curve (actually negative), absolute values
are given. The gray band represents the putative plasma concentrations
of riluzole [177] at the suggested therapeutic dose (2 x 50 mg/day). For
all curves, data points are given as mean + SEM, n within parentheses.
Reprinted from [14], copyright (2000), with permission from John Wiley &
Sons.

native cells, making the molecular identity of this na-
tive current often difficult to ascertain. Zona et al. [41]
reported that riluzole (3-100 uM) selectively inhibited
a slowly activating delayed rectifier K* current evoked
by depolarizing steps in cultured embryonic rat cortical
neurons (Table 3). Effects of riluzole on specific K* chan-
nel isoforms producing delayed rectifier K* currents are
briefly described here.

(1) Kv1.5 produces a voltage-dependent rapidly activat-
ing and slowly inactivating delayed rectifier K+ cur-
rent [59]. Riluzole reversibly inhibited Kv1.5 current
stably expressed in CHO cells (Table 3); this action
was not use-dependent, and did not require G pro-
teins as it was not blocked by preincubation with
pertussis toxin [64]. Riluzole did not alter the volt-
age dependence of activation for this current, but did
shift the voltage dependence of inactivation to more
negative voltages and accelerated the kinetics of in-
activation [64]. MEL cells transfected with human
K, 1.5 channels also express a rapidly activating de-
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layed rectifier K™ current [60], which was inhibited
by riluzole with an ICso of 95 uM [47] (Table 3).

(2) Kv3.1 and Kv3.2 produces rapidly activating and
slowly inactivating delayed rectifier currents [59].
Riluzole reversibly inhibited the current (Table 3)
produced by Kv3.1 channels stably expressed in CHO
cells, and shifted the inactivation curve to more nega-
tive values [64]. Currents produced by human Kv3.1
channels stably expressed in HEK-293 cells were in-
hibited with an ICsy of 95 uM, whereas currents
produced by rat Kv3.2 channels stably expressed in
COS-7 cells were inhibited with an ICsy of 100 uM
[47].

(3) hERG (Kvl11.1) produces a rapidly activating or
constitutively open delayed rectifier K* current in
cardiac muscle and some neurons [59]. Current
from hERG channels expressed in HEK-293 cells
was inhibited by riluzole with an ICsy of 50 uM
[47].

Calcium-Dependent Potassium Channels

Ca?"-dependent K™ channels (K(Ca)) are activated by in-
creases in intracellular Ca®*t and contribute to the am-
plitude and time course of the after-hyperpolarization
following action potentials [65]. Riluzole either has
no effect [17] or enhances the action potential after-
hyperpolarization [16,35]. Effects of riluzole on native
or expressed K(Ca) isoforms are summarized later and in
Table 3.

Large Conductance (BK) K(Ca) Channels

Several studies have reported that riluzole stimulated
large conductance (BK) K(Ca) channels at concentrations
between 1 and 100 uM. Riluzole increased the amplitude
of the BK K(Ca) current in rat neuroendocrine GH3 and
PC12 cells, via an intracellular action which increased
the open channel probability without changing the sin-
gle channel conductance [66]. A similar direct increase
in BK K(Ca) channel activity has also been reported for
human retinal pigment epithelial cells [67], and for na-
tive BK K(Ca) channels recorded from cultured human
skeletal muscle cells [50]. Iberiotoxin, a specific blocker
of BK K(Ca) current [65], blocked the effect of rilu-
zole (1-10 uM) in slowing the rate of recovery of the
action potential afterhyperpolarization in immortalized
neuroendocrine GH3 cells [35], whereas riluzole (10 ©M)
increased an iberiotoxin-sensitive steady state K* current
in GH3 and GT1 cells [35]. Current produced by human
KCal.l channels expressed in HEK-293 cells was doubled
in amplitude with 100 uM riluzole [47].
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Small and Intermediate Conductance (SK) K(Ca) Channels

Riluzole also enhances small conductance (SK) K(Ca)
current in recombinant expression systems and cultured
hippocampal neurons. Human SK1 channels expressed in
HEK-293 cells are activated by riluzole with an ECsy of
21 uM [47]. Riluzole caused a shift in the calcium depen-
dence of recombinant rat SK2 channel activity to lower
intracellular Ca?* concentrations [16], and activated SK2
current with an ECsy of 12.8 uM [47]. Riluzole applica-
tion (30 and 100 uM) to cultured rat hippocampal neu-
rons increased the Ixyp following long depolarizing volt-
age steps and decreased tonic firing frequency [16]. Rat
SK3 channels expressed in HEK293 cells were also ac-
tivated by riluzole at concentrations higher than 3 uM
(Table 3); this action of riluzole required the presence of
intracellular Ca?* [68]. In COS-7 cells transfected with
human KCa2.3 (SK3), riluzole had no effect on current
slope conductance at 1 M, but increased slope conduc-
tance 11 fold at 10 uM and 30 fold at 100 uM; ECs, was
12.5 uM [47].

Riluzole is also highly potent in stimulating interme-
diate conductance K (Ca) channels in recombinant sys-
tems. Human KCa3.1 (SK4) channels expressed in COS-7
cells showed a six-fold increase in current slope conduc-
tance at 1 uM riluzole, and 30-fold increases at both
10 and 100 uM riluzole; ECso was 1.9 uM [47]. Rilu-
zole inhibited efflux of Rb* and proliferation of human
prostate cancer cells by blocking an intermediate conduc-
tance K(Ca) [69].

Two Pore K+ Channels

Riluzole can activate members of the two pore K™ (2PK™)
channel family of voltage-independent K* channels that
contribute significantly to the resting “leak” conductance
of many neurons [70] (Table 3). Riluzole caused a sus-
tained dose-dependent activation of whole cell TRAAK
2PK* current, or of individual TRAAK channels tran-
siently expressed in COS cells, without inactivation dur-
ing prolonged riluzole application [71,72]. In contrast, ac-
tivation of whole cell TREK-1 or TREK-2 2PK* currents
by riluzole was only transient, and was rapidly followed
by an inhibition of these currents in COS cells [71,73]
and bovine adrenocortical cells [74]. This inhibition re-
quired a soluble intracellular second messenger, as it was
not present in TREK-1 currents recorded from excised
membrane patches [71]. The difference in the action of
riluzole on these 2PK* channels was due to the genera-
tion of intracellular cAMP and PKA-mediated phospho-
rylation of a intracellular site present on the TREK-1 but
not the TRAAK channel protein [71]. Current produced
by TREK-1 stably expressed in an unidentified cell line
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was activated by riluzole with an ECsy of 110 uM [47]. In
contrast to these reports of activation of 2PK™ currents by
riluzole, a TEA-insensitive, voltage-independent outward
K* current (thought by the authors to be most like the
THIK-1 member of the 2PK™ family) in mouse cerebellar
Purkinje neurons was inhibited by high concentrations
(500 uM) of riluzole [75].

Voltage-Gated Calcium Currents and Channels

Umemiya and Berger [76] first found that riluzole
(10 uM) did not alter voltage-gated Ca?* currents in
neonatal rat hypoglossal motoneurons. Since this report,
several groups have found that riluzole can act to directly
decrease voltage-gated Ca?* currents or to inhibit neu-
ronal processes dependent on these currents. The perti-
nent results are summarized later and in Table 4.

Neuronal Processes Dependent on Voltage-Gated
ca?t Currents

The inhibitory effect of riluzole (1 ©M) on glutamate re-
lease from rat cerebral cortex synaptosomes was blocked
by w-agatoxin-IV [77], a specific blocker of P/Q-type
high voltage activated (HVA) Ca*" channels [78], sug-
gesting that riluzole may block this Ca?* channel type.
In IMR32 neuroblastoma cells, reduction of intracellu-
lar Ca?* concentration by riluzole (100 uM to 1 mM)
was mediated partly by blockade of L-type HVA Ca**
channels and partly by blockade of release from intra-
cellular Ca®* stores [79]. In cultured embryonic rat mo-
tor neurons, intracellular Ca* transients resulting from
Ca** entry through HVA L-type Ca’*" channels were
blocked by riluzole [80]. In cultured bovine adrenal
chromaffin cells, catecholamine secretion mediated by
depolarization-induced opening of HVA Ca?* channels
was not blocked by riluzole (1-100 ©M), but veratridine-
induced catecholamine secretion was, indicating that
riluzole acted to inhibit Na* channels and not voltage-
gated Ca* channels [81].

Direct Effects on Voltage-Gated Ca?* Currents

Riluzole did not block HVA Ca?* currents in immortalized
neuroendocrine GH3 cells at 10 uM [35], at 20 uM in
cultured hippocampal neurons [46] or at higher concen-
trations (100-300 M) in cultured embryonic rat cortical
neurons [41]. In contrast, Stefani et al. [43] reported that
riluzole (10-20 M) inhibited both HVA and low voltage-
activated (LVA) Ca?* currents in dissociated neonatal or
mature rat cortical neurons (Table 4). Maximal inhibi-
tion of HVA Ca*" peak current was 20%, while maximal
inhibition of LVA Ca?" current was 12%, at a riluzole
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concentration of 10 or 30 uM, respectively [43]. The
N-type HVA Ca?' current expressed in HEK-293 cells
showed 17% inhibition at 100 uM and 60% inhibition
at 300 uM [45]. L-type HVA Ca?* current produced by
Cavl.2 channels expressed in HEK-293 cells was inhib-
ited by riluzole with an ICs, of 30 uM [47].

Huang et al. [82] did a detailed study of the effects of
riluzole on different components of the HVA Ca*" current
in dissociated dorsal root ganglion neurons from neona-
tal rat. Riluzole inhibited both the transient and sustained
components of the HVA Ca*" current with similar po-
tency (Table 4). Riluzole had no effect on the voltage de-
pendence of activation, and had differing effects on the
two kinetic components of inactivation of the HVA Ca?*
current. The inhibitory etfects of riluzole on the HVA cur-
rent were due to selective inhibition of N-type and P/Q-
type, but not L-type HVA Ca* currents, as the inhibitory
effect of riluzole was significantly less in the presence of
w-conotoxin-GVIA or w-agatoxin-IV but not nimodipine,
which are specific blockers of these respective Ca** chan-
nel types [78,83].

Effects on Neurotransmission
Excitatory Amino Acid Neurotransmission

Studies prior to 1996 suggested that riluzole inhibited
the release of excitatory amino acids from brain tis-
sue, as it decreased glutamate receptor-dependent con-
vulsions [84], decreased glutamate receptor-dependent
second messenger formation [85], reduced spontaneous
glutamate release [86] and depressed glutamate receptor
agonist-induced motoneuron firing [2,87]. As noted by
Doble [2], none of these early studies addressed the ques-
tion of whether or not riluzole directly blocked neuronal
responses to excitatory amino acids. Significant doubt re-
mains over this issue to the current time; results since
1996 are summarized later and in Table 5.

In a recent study, riluzole inhibited electrically evoked
release of glutamate, acetylcholine, dopamine, and, to
a lesser extent, serotonin (but not noradrenaline) from
human, rat, and mouse cortex slices [88]. In rat hip-
pocampal slices, riluzole depressed the extracellular pop-
ulation spike and field EPSP, consistent with a presynap-
tic depression of glutamate release [89]. Centonze et al.
[12] showed that riluzole (3-100 uM) reduced the am-
plitude of non-NMDA glutamate receptor-mediated EP-
SCs in rat striatal neurons (Fig. 4; Table 5). These authors
reported that riluzole did not change paired pulse facil-
itation of the evoked EPSCs but reduced the response
to direct postsynaptic activation of glutamate receptors
(Fig. 4), and concluded that the effect on EPSC ampli-
tude was due to direct inhibition of non-NMDA glu-
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tamate receptor responses by riluzole. In contrast, rilu-
zole (2-10 uM) greatly reduced both non-NMDA and
NMDA evoked EPSC amplitude to the same extent in cul-
tured hippocampal neurons and increased paired pulse
depression, but did not alter responses of directly acti-
vated glutamate receptors [46]; these responses are con-
sistent with a presynaptic reduction of glutamate release
[90,91]. Similarly, evoked glutamatergic EPSC amplitude
and charge in CA1l neurons of adult mouse hippocam-
pus were reduced by 1 and 10 uM riluzole, with similar
reduction of the non-NMDA and NMDA receptor medi-
ated components [92], again consistent with presynap-
tic reduction of glutamate release. In vivo administration
of riluzole significantly reduced glutamate levels in rat
spinal cord dorsal horn (see later and Fig. 6). This is con-
sistent with a 45% reduction in the area of monosynaptic
EPSPs evoked by dorsal root stimulation and recorded in
neonatal rat lumbar spinal motoneurons in vitro by ap-
plication of 10 uM riluzole; this reduction was due to a
presynaptic reduction in excitability or in transmitter re-
lease, as miniature glutamatergic EPSCs in the same neu-
rons were not reduced in either amplitude or frequency
by the same dose of riluzole [24]. In contrast, miniature
glutamatergic EPSC frequency and amplitude recorded in
neonatal rat hypoglossal motoneurons were reduced by
10 uM when miniature EPSC frequency was high, but
not when frequency was low [27]; this effect of rilu-
zole was occluded by prior treatment with a protein ki-
nase C inhibitor or with an NMDA glutamate receptor
antagonist.

Apart from the results of Centonze et al. [12], pub-
lished data so far largely supports presynaptic reduction
of excitatory amino acid release by riluzole. The dose
range from these studies is consistent with a reduction
of presynaptic excitability by inhibition of presynaptic
voltage-gated Na™ channels (either persistent or fast in-
activating) [46,93,94], although inhibition of presynaptic
voltage-gated Ca** channels cannot be ruled out as a con-
tributing factor.

Direct Effects of Riluzole on Neurotransmitter
Receptors

Glutamate Receptors

Work prior to 1996 found that riluzole inhibited NMDA
(ICsg of 18 uM) or kainic acid (ICsq of 167 uM)
evoked—currents evoked in Xenopus oocytes expressing
rat NMDA or kainate glutamate receptors [95]. How-
ever, radioligand-binding studies failed to demonstrate
any interaction of riluzole (100 um) with the NMDA-,
glycine-, or phencyclidine-binding sites of the NMDA
glutamate receptor, of non-NMDA glutamate receptors
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Figure 4 Riluzole inhibits non-NMDA glutamate receptor excitatory post-
synaptic potentials (EPSPs) in rat striatal spiny neurons but does not alter
paired pulse facilitation. (Left panel) Riluzole inhibits EPSPs evoked by
cortical stimulation. The graph in the upper part of the figure shows the
dose-response curve obtained at various concentrations of riluzole on the
amplitude of corticostriatal EPSPs. Each data point was obtained from at
least four single experiments; the ICs, for EPSP inhibition was 6 uM. The
lower part of the left panel shows averages (four single sweeps) of EPSPs
recorded from a striatal spiny neuron under control condition, during the
application of four different concentrations of riluzole and after 30 min

labeled with radioactive glutamate, AMPA or kainic acid,
or of metabotropic glutamate receptors coupled to in-
ositol phosphate metabolism [85,95,96]. Doble [2] con-
cluded that “These findings indicate that the interaction
of riluzole with excitatory amino acid-mediated transmis-
sion may indeed be indirect.” Data published since then
continues to suggest that direct effects of riluzole on glu-
tamate receptors are limited, and usually require high
concentrations.

Depolarization induced in rat cortical neurons in brain
slices by briet bath applications of glutamate (300 uM
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washout. Each concentration was applied for 10 min. The resting mem-
brane potential of the cell was —87 mV and was constant throughout the
experiment. (Right panel) Riluzole does not alter paired pulse facilitation.
(A) The graph shows the amplitude ratio of the second EPSP response to
the first EPSP response (EPSP2:EPSP1) before, during, and after the appli-
cation of two different concentrations of riluzole (black bar). Traces in the
lower part of the figure show synaptic responses to paired stimulation un-
der control condition (a) and after 10 min application of 10 uM riluzole (b).
Reprinted from [12], copyright (1998), with permission from Elsevier.

to 1 mM) was not blocked by the presence of riluzole
(30 uM) [13]. Non-NMDA and NMDA glutamate recep-
tors directly activated by application of kainic acid or
NMDA to cultured hippocampal neurons were not al-
tered by 20 uM riluzole [46]. Kainate glutamate receptor
currents in cultured rat cortical neurons were reduced by
riluzole (5-1000 uM; Table 1) by a noncompetitive mech-
anism, which decreased the open probability of kainate
glutamate receptor channels without changing channel
conductance [97]. Non-NMDA glutamate receptors acti-
vated in rat striatal neurons in brain slices by brief bath
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applications of glutamate (300 uM to 1 mM) were re-
duced by up to 40% by riluzole (30-100 uM) [12]. Ra-
dioligand binding to the NMDA site of NMDA glutamate
receptors or to kainate glutamate receptors in rat brain
was not inhibited by riluzole (100 uM) [47].

Chronic application of riluzole may also alter gluta-
mate receptor expression. Treatment of cultured mouse
hippocampal neurons with 20 or 100 uM riluzole sig-
nificantly increased surface expression of the GluR1 and
GluR2 AMPA glutamate receptors [98]. This increase was
correlated with enhanced membrane depolarization in
response to AMPA application, increased phosphoryla-
tion of the S845 protein kinase A site of the GluR1 AMPA
glutamate receptor and increased total GluR1 and GluR2
AMPA glutamate receptor protein levels in hippocampal
neuron cultures, while chronic in vive treatment of mice
with riluzole (10 mg/kg i.p.) increased phosphorylation
of the S845 protein kinase A site of the GluR1 AMPA re-
ceptor, without changes in total GluR1 or GluR2 AMPA
glutamate receptor protein levels [98].

Effects of Riluzole on Glutamate Transporters

Glutamate uptake by rat spinal cord synaptosomes was
increased by low concentrations (0.1-1 puM) of rilu-
zole through a pertussis toxin-sensitive mechanism [99],
whereas higher concentrations of riluzole (10-300 uM)
were needed to increase glutamate uptake in rat spinal
cord synaptosomes in wild type and G93A SODI1 trans-
genic rats in a later study [100]. In both of these stud-
ies, maximal increase in uptake was 25-30% (Table 5).
The three major glutamate tranporters, GLAST, EAACI1
and GLTI1, stably expressed in HEK-293 cells, all showed
a dose-dependent increase in activity up to a maximum
of 30% with riluzole (0.01-100 ©M) [101] (Table 5);
this study also briefly reported that 100 M riluzole in-
creased glutamate uptake in rat cortical synaptosomes
by a maximum of 16%. A microdialysis study in adult
rat hippocampus found that riluzole (1 mM in dialysate)
completely inhibited increases in extracellular glutamate
levels evoked by iodoacetate, an inhibitor of glycolysis,
but did not alter basal glutamate levels when perfused
alone [102].

Effects of Riluzole on Glycine and GABA Receptors
GABA Receptors

Early work found that riluzole did not have a high affin-
ity for GABA,, GABAgj or glycine receptors, as 100 uM
riluzole did not significantly displace radiolabeled ligands
for these receptors [85]. Evidence since 1996 suggests
that low concentrations of riluzole may enhance GABAA
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currents, while higher concentrations will inhibit these
currents (Table 5).

GABAergic IPSCs recorded from autaptic inhibitory
neurons in neonatal rat hippocampus cultures were re-
duced in amplitude by 24% by 20 uM riluzole; the IPSC
decay time constant was also significantly increased [93].
Steady state currents evoked by application of 1 mM
GABA to HEK-293 cells expressing heteromeric GABA,
receptors («;B,y>) were substantially inhibited by high
concentrations of riluzole (0.1-1 mM) [103]. This in-
hibitory effect was accompanied by enhancement of
GABA, current desensitization, without change in peak
current amplitude, suggesting a mechanism other than
open channel block. In contrast, He et al. [104] re-
ported that GABA, currents evoked by application of
lower concentrations of GABA (2 uM) to hippocam-
pal neuron cultures or to Xenopus oocytes expressing
heteromeric GABA, receptors («;B,y.) were potenti-
ated by lower concentrations of riluzole (20-300 uM;
Table 5; Fig. 5). A desensitization of the GABA, cur-
rent was first observed at 300 uM riluzole (Fig. 5),
compatible with the inhibitory effects observed by
Mohammadi et al. [103]. Riluzole was capable of di-
rectly gating GABA, receptors in both hippocampal neu-
rons and oocytes at concentrations >50 uM (Fig. 5),
doubled the affinity of GABA for the GABA, receptor
at 100 uM, and prolonged the time course of minia-
ture GABAergic IPSCs at 50 uM [104]. Rat GABA, re-
ceptors (x1B2y2s) expressed in cotransfected HEK-293
cells did not show changes in single channel conduc-
tance with coapplication of 1 mM GABA and 100 uM
riluzole, but did show shorter open channel durations
and accelerated desensitization [105]. Macroscopic GABA
currents for the same cotransfection were not signifi-
cantly reduced in peak amplitude by coapplication of
1 mM GABA and riluzole between 30 and 1000 uM
riluzole, but currents elicited by coapplication of 3 uM
GABA and between 3 and 30 uM riluzole were poten-
tiated [105]. These authors concluded that riluzole may
influence GABA, channels by an open channel block
mechanism.

Glycine Receptors

An earlier study reported that in rat hypoglossal mo-
toneurons, the amplitude of glycinergic IPSCs evoked by
electrical stimulation was reduced by 83% by 10 uM
riluzole but the amplitude of minature glycinergic IP-
SCs was not altered by riluzole, indicating that riluzole
did not directly modulate postsynaptic glycine receptors
[76] (Table 5). Radioligand-binding studies (Table 5) have
found no effects of riluzole (100 M) on glycine receptors
from rat brain [47,85]. High concentrations of riluzole
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Figure 5 Riluzole concentration-dependently potentiated GABA re-
sponses from heterologously expressed receptors in Xenopus oocytes.
(A) Sample recordings showing the potentiation of the response to 2 uM
GABA induced by different concentrations of riluzole. With high concen-
trations of riluzole, GABA responses usually displayed apparent desen-
sitization. (B) Concentration dependence of the effect of riluzole on the
responses to 2 ©M GABA. Normalized potentiation relative to the peak
potentiation by 300 M riluzole is plotted against riluzole concentration.
Smooth curves are fit to the Hill equation. The Hill coefficient is 2.4, and
riluzole ECsq (the concentration of riluzole that induces half-maximal po-
tentiation) is 58.7 uM (n = 5). Before normalization, the amplitudes of
potentiation caused by different concentrations of riluzole were: 75.7 +
7.1% from 30 uM riluzole, 208.0 & 16.1% from 70 uM riluzole, 353.6 +
38.1% from 150 uM riluzole, and 370.8 + 61.5% from 300 uM riluzole.
Reprinted from [104], copyright (2002), with permission from Elsevier.

(0.5-1 mM) inhibited steady state currents evoked by ap-
plication of 1 mM glycine to HEK-293 cells expressing
heteromeric glycine receptors («; 8), albeit to a lesser ex-
tent than the inhibition of GABA, receptors in the same
study [103].

Nicotinic Acetylcholine Receptors

Riluzole did not inhibit nicotine-induced Na* influx
through nicotinic acetylcholine receptors in cultured
bovine adrenal chromaffin cells [81] and caused a rela-
tively small (22.2%) inhibition of human nicotinic acetyl-
choline receptor currents in HEK-293 cells at a concentra-
tion of 1 mM [49]. Nicotine-elicited currents in neonatal
mouse hypoglossal motoneurons were not inhibited by
10 uM riluzole [27].
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5-HT3 Ligand-Gated lon Channels

The 5-HT3 receptor is a ligand-gated ion channel which
responds to both serotonin and dopamine. Rapid appli-
cation of either agonist to NCB-20 neuroblastoma cells
elicited rapid inward currents which were reduced in am-
plitude and rise slope by riluzole. The ICs, for reducing
the rise slope of serotonin-elicited currents was 3.6 uM,
and 4.8 uM for dopamine-elicited currents [106], sug-
gesting that riluzole directly slowed 5HT-3 channel acti-
vation, as blockade of G protein modulation did not al-
ter responses to riluzole. As serotonin acting on 5HT-3
receptors is thought to promote gut motility [107], func-
tional antagonism of 5HT-3 receptor responses by rilu-
zole should inhibit gut motility. It is thus unlikely that
direct effects of riluzole on 5HT-3 receptors would cause
diarrhea, one side-effect of riluzole treatment in humans
[108].

Effects of Riluzole Treatment in
Transgenic Animal Models of ALS

The identification of inherited gene mutations in the
Cu-Zn superoxide dismutase 1 (SOD1) enzyme in famil-
ial ALS [109] rapidly led to the development of several
transgenic animal models which express or over-express
different human SOD1 mutations and display similar
symptoms to those seen in human ALS [110-113]. All
mouse or rat strains expressing human SOD1 mutations
display symptoms of peripheral motor axonal degenera-
tion and central motor neuron loss, albeit with different
latencies to symptom onset and rates of symptom pro-
gression to end-stage between strains [113]. The most
commonly used transgenic strain for research or thera-
peutic testing is the B6SJL-Tg(SOD1*G93A)1Gur/J strain,
which expresses up to 25 copies of the G93A SOD1 mu-
tation [114]. Most studies reporting effects of riluzole
treatment have utilized this transgenic strain. It should
be noted that as the copy number of the mutant G93A
SOD1 gene increases, the age of symptom onset decreases
and rate of symptom progression increases, thus short-
ening lifespan [113]. The B6SJL-Tg(SOD1*G93A)1Gur/J
strain displays symptom onset at 3 months and symptom
progression for 1-2 months, with an average lifespan of
134 + 10 days (range 104-179 days) [115]. Within this
strain, transgene copy number variation and gender have
significant effects on lifespan, with lower copy number
extending life, and females living an additional 4 days
[115]. It is important to control for gender and copy num-
ber in therapeutic studies, and it is also important to con-
trol for animal deaths not due to ALS symptoms, and to
match litter-mates carefully [115].
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Table 6 Studies of riluzole effects in transgenic mice

Neural Mechanisms of Action and Clinical Efficiency of Riluzole in Treating ALS

Scott et al. (2008)

Guerney et al. (1996) Guerney etal. (1998) Snow et al. (2003)

Waibel et al. (2004) Del Signore et al. (2009)

G93A strain High copy number High copy number High copy number Low copy number  High copy number® High copy number (?)
Dose 44 mg/kg in water 100 ug/mLin water 44 mg/kg in food 100 pg/mLin water 30mg/kginwater 16 mg/ kg in water
Started at (days) 50 50 42 40 60 30
Group size 35 (riluzole) 9 (riluzole) 11 14 (riluzole) 15 10
34 (control) 8 (control) 17 (control)
Groups controlled for
Copy number Yes Yes Yes No No No
Gender YesP Yes Yes© No No Yes (M)
Litter mates Yes No No No No? d
Exclusion criteria Yes Yes® Yes No' No No
Onset (days)
Control ND 95412 ND 161 £ 8 ND ND
G93A ND 98+ 11 ND 185 + 5 ND ND
Significance N.S. <0.05
Survival (days)
Control 132 134+8 1276 ND 210+£7.5 126 +£3
G93A 135 148 £ 14 139+3 ND 234 +13 135+ 4
Significance NS 0.039¢ 0.047¢ N.S. <0.05

@All animals used were second generation crosses, with much longer survival times (200 days), cf. first generation (~130 days) which were high copy

number G93A mutants.
b All treatment groups had equal numbers of males and females.

“Numbers of males and females in control (five males, six females) and riluzole treatment (four males and seven females) were different; Student’s t-test

used for comparison.

dAll animals used were male and born within 4 days of each other; litter mate balancing not specified.
®Reported deaths due to non-ALS symptoms; Student’s t-test used for comparison.
fAll animals sacrificed at 199 days; none had reached end-stage disease at this age. Age of onset measured by author from Figure 1 of reference.

In studies using small treatment groups (~10-15 an-
imals) controlled for some (gender, copy number) but
not all of the above variables, riluzole alone modestly
(~10%) prolonged the lifespan of mutant SOD1 trans-
genic animals (Table 6) [116-121]. Riluzole treatment
alone delayed the onset of motor symptoms by 0-30 days,
prolonged mean lifespan by 14-21 days, and delayed de-
clines in motor activity compared to wild-type controls
[116,120]. Differences in effects between these studies
most likely reflected the dosage or route of administration
of riluzole, the age at which treatment began, or animal
gender [113,118]. In contrast, a recent critical reevalua-
tion, using rigorous matching of larger groups (~35 an-
imals per group) by gender and litter, with controls for
copy number, reported no significant effects of riluzole
treatment on survival, and raised significant doubt about
the validity of published riluzole effects on animal sur-
vival [115]. Allowing for the fact that large clinical tri-
als with hundred to thousands of human patients are re-
quired to detect an approximately 2 month increase in
lifespan (~0.33% at 50 years of age), equivalent to less
than a day in the mouse model, this result suggests that

CNS Neuroscience & Therapeutics 17 (2011) 4-31 © 2010 Blackwell Publishing Ltd

future animal treatment trials will require larger groups,
careful control of variables, and preferably multiple mea-
sures of outcome.

Several studies have also investigated the effect of com-
bining riluzole treatment with other treatments or sup-
plements. Combined treatment with riluzole plus rasa-
galine resulted in significant extension of lifespan com-
pared to riluzole alone [120]. Combination of riluzole
with creatinine or vitamin E supplements did not delay
symptom onset or extend lifespan compared to riluzole
alone [117], but did improve a panel of motor symptoms
[118]. Combination treatment with riluzole, minocy-
cline, and nimodipine significantly delayed onset of mus-
cle weakness, hind-limb paralysis, and animal lifespan by
4-6 weeks compared to untreated controls [119]. Combi-
nation treatment with sodium phenylbutyrate, a histone
deacetylase inhibitor, increased mean survival time in
G93A SOD1 mutant mice by 21.5%, compared to the sep-
arate administration of riluzole alone (7.5%) or sodium
phenylbutyrate alone (12.8%); all forms of treatment
improved grip strength and reduced body weight loss
[121]. Again, these studies used small group sizes, and
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did not control for all significant variables; repetition of
treatment with creatine, minocycline, or sodium phenyl-
butyrate alone to larger and carefully controlled groups
did not replicate previous findings of significant effects
[115].

Effects of Riluzole on Neuronal Survival
and Neural Growth Factors

Riluzole treatment in vivo or in vitro appears to pro-
mote neuronal survival. Chronic treatment of organ-
otypic cortical slices from neonatal rat with malonate,
an inhibitor of mitochondrial energy production [122]
or glutamate uptake inhibitors [123], caused significant
loss of large pyramidal neurons in layers V and II/III,
as occurs in human cortex at early (layer V) and more
advanced stages (layers II/III) of ALS [124]. This neu-
ronal death was inhibited by cotreatment with riluzole
(10 uM) [122]. In adult rats, spinal cord ventral root
avulsion normally leads to massive motoneuron death,
even after ventral root reimplantation [125]. Following
ventral root reimplantation, riluzole treatment (4 mg/kg
i.p., once daily for 7 days followed by once every 2 days
for 7 days), either immediately after avulsion [126] or
up to 10 days postavulsion [125] rescued the majority of
motor neurons from death and facilitated axon regrowth
into the avulsed ventral root. Similarly, riluzole (5 and
10 mg/kg i.p. daily for 14 days) also enhanced motor neu-
ron survival following peripheral nerve section in neona-
tal mice [127]. In a mouse line displaying motor neu-
ron death due to progressive motor neuronopathy, rilu-
zole (8 mg/kg/day by gavage) also delayed the onset of
symptoms (hind-limb weakness), increased lifespan and
improved tests of motor performance (grip strength and
electromyography) [128]. In vivo treatment of rats with
riluzole (6-12 mg/kg i.p.) following chronic constriction
of the sciatic nerve significantly reduced the development
of mechanical and cold hypersensitivity, and reduced
both baseline and formalin-induced glutamate (Fig. 6)
and aspartate release in the spinal dorsal horn [129]; this
effect of riluzole on excitatory transmitter release was
particularly significant, as it established the in vivo effi-
cacy of riluzole as an inhibitor of glutamate release, as
shown in vitro for synaptosomes [77] and brain slices [88].
Finally, riluzole administered by intra-cochlear infusion
or intraperitoneal injection protected guinea pig cochlear
hair cells against noise trauma-induced cell death with an
EDs, of 17 uM [130].

Riluzole also enhances production of various neural
growth factors, an action which may explain at least some
of its survival-promoting effects. Caumont et al. [131]
found that riluzole (1 uM) strongly up-regulated GDNF
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Figure 6 Pretreatment with riluzole (12 mg/kg i.p.) produced significant
antinociceptive effects following hind paw injection of formalin. The per-
centage change in glutamate content of in vivo microdialysate from rat
thoracic spinal cord was measured by reverse phase HPLC with fluores-
cence detection. Riluzole (®) significantly reduced the formalin-induced
increase in spinal glutamate both in the first phase (from 5 to 15 min
following i.p. injection of riluzole) and in the second phase (from 20 to
60 min) after formalin injection (**p < 0.01), compared to sham-injected
animals (O). Riluzole also significantly reduced basal spinal glutamate lev-
els throughout the testing period. Reprinted from [129], copyright (2007),
with permission of John Wiley & Sons.

mRNA and protein levels in cultured rat glioma cells via
a mitogen-activated protein kinase extracellular signal-
related kinase-regulated transcription pathway. Upregu-
lation of BDNF production in dentate granule neurons,
hilus, and stratum radiatum of the CA3 regions of the
mouse hippocampus was stimulated by a single intraperi-
toneal injection of riluzole (19 mg/kg) in adult mice,
and repeated injections produced a sustained increase in
BDNF production with enhanced production of new den-
tate gyrus cells [132]; this increase in BDNF production
also required activation of the p38 mitogen-activated pro-
tein kinase via N-type Ca*" channels and adenosine A1l
receptors [133]. In cultured embryonic rat cortical neu-
rons, glutamate decreased axonal transport of neurofil-
aments and induced phosphorylation of both ERK and
p38 mitogen-activated protein kinase; these effects of glu-
tamate were attenuated by riluzole (25-100 uM) [134].
In cultured mouse astrocytes, riluzole (100 uM) strongly
up-regulated NGF, GDNF, and BDNF mRNA levels [135].
Riluzole increased heat shock induction of the hsp70 pro-
tein in cultured HeLa cells in a dose-dependent manner
with maximal effect at 1-3 uM; this increase was due
to posttranslational mechanisms, as hsp70 mRNA expres-
sion was not altered [136].
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Other In Vivo Effects of Riluzole
in Animals

In wild-type mice dosed orally by inclusion of 200 xg/mL
in drinking water (approximately 40 mg/kg), high perfor-
mance liquid chromatography measured plasma levels of
0.5 png/mL and brain tissue levels of 2.3 ug/g, while G93A
SOD1 mutant littermate mice had lower brain tissue lev-
els of 0.2 ug/g [137].

There have been relatively few recent in vivo studies
of the acute effects of riluzole on normal physiological
parameters. In adult rats, riluzole decreased motor co-
ordination and behavior in a dose-dependent manner
(1-4 mg/kg i.p.) and had anticataleptic properties, coun-
teracting effects of dopamine receptor antagonists [138].
Coadministration of NMDA or non-NMDA receptor lig-
ands produced effects which suggested that riluzole did
not act as an NMDA receptor antagonist in these neu-
robehavioral tasks [138].

Respiratory Regulation and Rhythm Generation

The central pattern generator of respiratory muscle
movements has been hypothesized to be critically depen-
dent on pacemaker properties of ventrolateral medullary
neurons in an area called the pre-Botzinger complex
[139]. Two significantly reduced preparations— rhythmi-
cally active rodent medullary slices in vitro [139] and
in situ arterially perfused rodent brainstem-spinal cord
preparations [140] generate inspiratory motor activity
and allow good pharmacological access to brain tissue,
but are physically and functionally reduced compared to
the in vivo situation. This section later reviews the etfects
of riluzole on rhythmic activity in these reduced prepara-
tions and in vivo.

In Vivo Effects of Riluzole

Riluzole (2 mg/kg) decreased minute ventilation,
metabolic rate, and inspiratory motor activity, and
blunted respiratory responses to hypoxia but not hyper-
capnia in rats [52]. Intracisternal administration of rilu-
zole (0.4-6 nmol) in neonatal mice under normoxia in-
creased inspiratory frequency at all doses, but decreased
inspiratory half duration only at the highest dose [141].
In contrast, riluzole (3 or 6 mg/kg, i.v.) decreased respira-
tory frequency and increased the amplitude of inspiratory
motor bursts in unanesthetized adult rats [142], while
anaesthetized adult rats given the same dose showed
no change in respiratory frequency but hypoxia-induced
gasping was abolished [56]. Under severe hypoxia (3%
0,), riluzole decreased the frequency of respiratory gasps
at all doses, and reduced the ability of mice to autore-
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suscitate from apnea in a dose-dependent way, following
restoration to normoxic conditions [141].

In Vitro Effects of Riluzole

Several studies have reported that riluzole (5-20 uM)
reduced persistent Na* current in rhythmically active
pre-Botzinger complex neurons [34,36,56]. Riluzole also
blocked rhythmic neuronal activity in some [143, 25 or
50 uM] but not other cases [34, at 10-20 uM; 53, at
up to 200 uM; 144, at 10 uM]. In the rhythmically ac-
tive neonatal mouse brainstem slice, riluzole (30 uM)
also substantially reduced intracellular increases in Na™
and Ca?* concentration evoked by a brief period of hy-
poxia, as well as decreasing the membrane depolarization
and diminishing rhythmic synaptic drive to neurons fir-
ing during the inspiratory phase [145].

In an in situ arterially perfused juvenile rat prepa-
ration with intact pontomedullary structures (precollic-
ular decerebration), phrenic nerve discharge increased
in frequency and decreased in amplitude when riluzole
(1-10 uM) was added to the perfusate, and respiratory
gasps were eliminated [142]; a similar change was seen
when riluzole was administered after blockade of flufe-
namic acid [146], a drug which has been shown to elim-
inate pacemaker activity in pre-Botzinger complex neu-
rons in vitro which are insensitive to riluzole [34]. In the
same preparation, riluzole (1-5 uM) eliminated intrin-
sic neuronal bursting activity in pre-Botzinger complex
neurons when excitatory and inhibitory synaptic trans-
mission was blocked; when synaptic transmission was in-
tact, riluzole (1-5 M) blocked respiratory gasps elicited
by hypoxia, but had no effect on normoxic rhythmic
motor output at concentrations up to 20 uM [56]. In
contrast, rhythmic phrenic nerve discharge in an in situ
arterially perfused juvenile mouse preparation without
pontine respiratory structures was completely blocked by
addition of riluzole (10 or 20 uM) to the perfusate [147].

Current evidence suggests that, while rhythmic burst-
ing activity in most pre-Botzinger complex neurons may
be driven by a riluzole-sensitive persistent Nat current,
this pacemaker activity does not appear to be essential
for generation of the respiratory rhythm under normoxic
conditions, although it may assume importance under
hypoxic conditions which promote respiratory gasping.

Locomotion Rhythm Generation

In brainstem-spinal cord preparations from neonatal
mouse or rat, riluzole at low concentrations (5-10 uM),
which had been previously shown to suppress persis-
tent Na® currents in motoneurons and interneurons, re-
duced or abolished rhythmic bursts of motor activity or
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burst activity in individual motoneurons and interneu-
rons [24,29,148].

Clinical Effects of Riluzole in Human ALS
Clinical Trials of Riluzole Effects in Treating ALS

Since the original clinical trials which led to the licensing
of riluzole for use in treating ALS [149,150], several stud-
ies have consistently confirmed that riluzole has small but
significant beneficial effects in prolonging life span and
moderating some declines in motor function of ALS pa-
tients [151-154].

A meta-analysis of three randomized double blind clin-
ical studies of riluzole treatment in ALS [149,150,166],
using death or tracheostomy as an endpoint, concluded
that riluzole at 100 mg/day had a modest effect, pro-
longing survival to endpoint of ALS patients by about
2-3 months [155]. It should be emphasized that effects
of riluzole on survival curves in the original clinical trials
analyzed were small. Meta-analysis also concluded that,
while individual clinical trials did not show any effect of
riluzole on motor function, the meta-analysis revealed
that riluzole had small but significant effects on bulbar
and limb function, but not on muscle strength [155].
Quality of life scores and ALSFRS-R scores were not as-
sessed in these controlled studies; as the ALSFRS-R is sig-
nificantly correlated with survival, a controlled trial using
this measure would provide usetul data [155].

Other open label, nonrandomized studies have sug-
gested that treatment with riluzole at earlier disease
stages may have greater benefits [153,156,157]. Patients
with bulbar onset ALS may also benefit more from rilu-
zole treatment [153,158], and lifespan increase may be
greater in ALS patients with symptom onset at older
ages [158]. Individual studies suggest that riluzole ther-
apy produced prolongation of the time spent in the initial
or milder stages of ALS but had little effect on time spent
in advanced or severe disease stages [157].

Combination treatment of human ALS patients with
riluzole plus other agents has not led to significantly bet-
ter clinical outcomes, compared to treatment with rilu-
zole alone. Studies using low [159] or high dose vitamin E
[160] found no benefit of coadministered vitamin E com-
pared to riluzole alone.

Side Effects of Riluzole Treatment in ALS
Patients

A meta-analysis of controlled double blind clinical tri-
als concluded that drug safety was not a major concern
in treatment, with nausea, asthenia, and elevated serum
alanine transaminase being the only side effects which
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were significantly increased in patients receiving riluzole,
compared to placebo [155]. Asthenia is of particular in-
terest, as clinically relevant levels of riluzole could act to
decrease motor neuron excitability and neurotransmit-
ter release. The fact that riluzole usually blocks repetitive
firing at therapeutic concentrations, but requires higher
than therapeutic concentrations to block single action po-
tential generation, suggests that riluzole could contribute
to asthenia by lowering individual motor neuron firing
rate, thus delaying fusion of muscle twitches in a single
motor unit to tetany. Quantitative studies on effects of
riluzole on neuromuscular junction transmission in ani-
mals or humans are needed to address this question.

Subsequent study has shown that riluzole administra-
tion in ALS patients was well tolerated for periods of up
to 7 years [161], and riluzole can be administered to all
patients except those with elevated serum transaminase
levels or liver disease. Adverse effects most commonly ob-
served were somnolence, nervousness, anorexia, asthe-
nia, circumoral paraesthesia, headache, itching, diarrhea,
depression, nausea, and reversible increases in transam-
inase levels [108,162-165]. Incidence of these adverse
drug effects were not related to riluzole dosage in the
range from 50 to 200 mg/day [161,163]. Only the inci-
dence of diarrhea was positively correlated with serum
concentration of riluzole, while muscle fasiculations and
cramps showed decreased incidence as plasma concentra-
tions of riluzole increased [108]. Administration of rilu-
zole to elderly patients or advanced stage patients did
not increase the incidence of adverse effects [163,166].
An increased risk of neutropenia during riluzole ther-
apy has also been reported [162,167]. Other case reports
of possible adverse reactions to riluzole therapy in ALS
include hypersensitivity pneumonitis [168], pancreatitis
[169], methemoglobinemia [170], reversible granulocy-
topenia [171], and hypertension [172].

Pharmacokinetics of Rilzuole in Humans

Human plasma concentrations of riluzole at clinically
effective concentrations are in the range between 0.5
and 2 uM [108,173]. Relatively high interindividual
variations in plasma concentrations have been reported
[108,174]. It is thought that this may be related to indi-
vidual variations in the rate of metabolism of cytochrome
P450 isoenzyme 1A2 responsible for riluzole metabolism
[175], although a recent study found no correlation be-
tween riluzole plasma concentration and polymorphisms
in cytochrome P450 isoenzymes in ALS patients treated
with riluzole [176]. It should be noted that animal phar-
macokinetic studies indicate that levels of riluzole in brain
tissue may be up to four-fold higher than plasma levels
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[137], so that plasma levels may not be a good guide to
effective therapeutic levels.

There is no gender difference in plasma pharmacoki-
netics, but mean terminal elimination half life was longer
in healthy elderly adults [163,177]. In a study of plasma
concentrations of riluzole in ALS patients, riluzole clear-
ance was independent of dosage (from 25 to 100 mg/kg
twice daily), treatment duration, age, and renal function,
but was significantly lower in women compared to men,
and in smokers compared to nonsmokers [178], consis-
tent with a report that mean plasma concentrations were
higher in ALS patients who were women or smokers
[108]. Most recently, survival in a group of ALS patients
was found not to be correlated with individual plasma
levels of riluzole [179].

Neurophysiological Effects of Riluzole
Treatment in Humans

Treatment with riluzole has been reported to have no ef-
fects on clinical EMG tests commonly used to measure
the progression of ALS, including fasciculations, polypha-
sic motor unit potentials, increased motor fiber jitter and
density, and increased amplitude and area of motor units
[180]. In normal human subjects, riluzole at clinical doses
had no effect on the motor threshold or intracortical inhi-
bition, but decreased intracortical facilitation, as assessed
by paired transcranial magnetic stimulation [173,181],
and did not alter F-wave amplitudes or latencies assessed
by peripheral nerve stimulation [181]. ALS patients of-
ten showed deficient paired pulse inhibition, presumably
due to cortical hyper-excitability [182,183]. One study
showed that riluzole treatment partially restored deficient
paired pulse inhibition but had no effect on paired pulse
facilitation [184], while others report that riluzole treat-
ment was without effect on motor evoked potentials or
paired pulse inhibition [182,185].

Summary

Riluzole has wide-ranging neural effects on a number of
factors which can influence neuronal activity and sur-
vival. These effects occur over a large dose range (<1 to
>1000 ©M) and only some of these factors are influenced
at doses (<5 uM) likely to be relevant to the clinical ef-
fects of riluzole in ALS patients. The use of riluzole in
ALS treatment has now been well-established as consis-
tently extending lifespan (albeit by a modest time span)
and appears relatively free of side effects, with similar ef-
fects observed in animal models of ALS.

At low concentrations of riluzole (<1-10 uM), the
most prominent and consistent effects are depression of
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repetitive firing frequency and suppression of the per-
sistent Na™ current. This is likely that these two effects
are causally linked. Several studies have reported nerve
or neuronal hyper-excitability in human ALS patients
[186,187] and neuronal hyper-excitability is also associ-
ated with increased persistent Na* current in motoneu-
rons and cortical neurons in the G93A SODI1 mutant
mouse model of ALS [15,26,188]. Evaluation of other
drugs which selectively suppress the persistent Nat cur-
rent as ALS treatments may be a useful avenue for future
investigation.

Enhancement of calcium-dependent K* currents by
riluzole (2-20 ©M) may also contribute to slowing of fir-
ing frequency, by increasing interspike interval. In con-
trast, inhibition of various voltage-dependent A-type or
delayed rectifier K* currents, which can modulate neu-
ral excitability, requires higher concentrations of riluzole
(20-100 uM), and this effect is much less likely to influ-
ence neuronal firing frequency.

Riluzole consistently and strongly suppresses the per-
sistent Na*t current in a wide variety of neurons at con-
centrations <10 M. However, some caution should be
exercised when using riluzole as a pharmacological tool
to selectively suppress this current. Where possible, the
effects of riluzole (at concentrations used to suppress
persistent Nat current) on fast Na* and K(Ca) currents
should be tested and lack of effect verified, particularly in
neurons where no data on riluzole effects on these cur-
rrents exist.

Other low dose effects of riluzole include reduction of
transmitter release (1-20 ©M) and inhibition of voltage-
gated Ca®" channels (10-40 uM). Current evidence is
most consistent with an action of riluzole which causes a
presynaptic reduction of transmitter release, rather than
direct suppression of postsynaptic neurotransmitter re-
ceptor responses. Inhibition of presynaptic Ca?* channels
is a parsimonious explanation for the effects of riluzole
on evoked neurotransmission. While the effect of riluzole
on Ca?" channels is limited in degree and also tends to
require higher doses of riluzole, the highly nonlinear re-
lationship between presynaptic Ca?* influx and transmit-
ter release means that small reductions in Ca** influx can
lead to larger reductions in transmitter release. An alter-
native (or complementary) mechanism for reducing neu-
rotransmitter release is inhibition of presynaptic terminal
excitability by riluzole, due to fast and/or persistent Na*™
current suppression [93,94,189]. A careful study of the
dose-response relationship for inhibition of Na* and Ca?*
currents, and reduction of transmitter release in the same
neuron type would be a useful addition to our knowledge
of the actions of riluzole on synaptic transmission.

The direct effect of riluzole on ligand-gated neuro-
transmitter receptors appears to be relatively limited.
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One report found that glutamate receptor responses
are depressed by riluzole (=30 wM) but several other
studies have found no effects on glutamate receptors
at <100 uM. GABA, receptors show potentiation at
low concentrations (up to 30 uM) of riluzole and de-
pression at higher concentrations (>100 ©M). Riluzole
(<100 M) had no effect on glycine receptors, while
the kinetics of 5HT3 receptors were altered by riluzole
(~3 uM). It is likely that depression of synaptic responses
by riluzole is principally mediated by reduction of trans-
mitter release, rather than depression of neurotransmitter
responses. Evidence of effects of riluzole on G protein-
coupled neurotransmitters is very limited, despite some
evidence that riluzole could modulate G protein-coupled
signaling pathways.

Riluzole enhances neuronal survival in vive and in vitro
at concentrations between 1 and ~100 uM. This action
is often associated with enhanced production of various
neurotrophic factors, such as GDNF or BDNF, in neurons
and glia via activation of the MAPK signaling pathway.
How riluzole acts to activate MAPK signaling and reg-
ulate downstream neurotrophic factors remains unclear.
As neuronal survival and neurotrophic factor production
is often dependent on activity-dependent synaptic inter-
actions between presynaptic neurons and their postsy-
naptic targets of other neurons or muscle [190-193], in-
vestigation of the interplay between riluzole’s effects on
neuronal firing and regulation of synaptic transmitter re-
lease, and the production of these neurotrophic factors
should be a fruitful avenue of investigation.

In whole animals, riluzole produces some sedation and
inhibition of movement and slight changes in respira-
tory rate and amplitude. Rhythmic motor activity, such
as breathing and locomotion, has been hypothesized to
require neuronal pacemaker activity dependent on per-
sistent Na™ current, based on in vitro experiments using
reduced preparations. Riluzole has been widely used as
a selective blocker of the persistent Na™ current in these
preparations, but interpretation of results remains uncer-
tain without careful controls for other low dose effects of
riluzole.

In animals, riluzole consistently inhibited respiratory
gasping induced by hypoxia and may prevent autore-
suscitation of respiratory rhythm following a hypoxic
challenge. End-stage disease in human ALS patients of-
ten involves chronic daytime hypoventilation due to
respiratory muscle insufficiency and intermittent noc-
turnal hypoxia associated with sleep-disordered breath-
ing [194-196]. It would be worthwhile to investigate
whether voluntary ventilation and/or sleep-disordered
breathing could be improved in end-stage ALS patients
by withdrawal of riluzole treatment.
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In human ALS patients and rodent models of ALS, rilu-
zole treatment produces modest extensions of lifespan
without significant side effects in the majority of cases.
As plasma concentrations of riluzole following clinical
doses is 1-2 uM, with brain tissue concentrations proba-
bly three- to four-fold higher, the effects of riluzole most
likely to be relevant in slowing the progression of ALS are
those present at <10 uM: reduction of neuronal firing,
reduction of the persistent Na* current, potentiation of
K(Ca) currents and presynaptic reduction of neurotrans-
mitter release.
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