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(57) ABSTRACT

Described are methods for treating or preventing a neuro-
logical disease in a subject. The methods include adminis-
tering a suppressor of hemichannel permeability to a subject
having or prone of getting a neurological disease. The
methods include the treatment and prevention of amyo-
trophic lateral sclerosis (ALS).
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NEUROPROTECTIVE COMPOUNDS FOR
AMYOTROPHIC LATERAL SCLEROSIS

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/844,649, filed on May 7,
2019, which is hereby incorporated by reference for all
purposes as if fully set forth herein.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ELECTRONICALLY

[0002] The instant application contains a Sequence Listing
which has been submitted in ASCII format via EFS-Web and
is hereby incorporated by reference in its entirety. Said
ASCII copy, created on May 6, 2020, is named P15316-02_
ST25.txt and is 745 bytes in size.

BACKGROUND OF THE INVENTION

[0003] Tonabersat (SB-220453), a novel cis benzopyran
derivative, was selected for its effect at moderating abnor-
mally high levels of neuronal excitability. Tonabersat was
shown to reduce neurogenic extravasation of plasma protein
in the meninges, a mechanism important to the pathophysi-
ology of migraine headaches. In addition, it was shown to
antagonize cortical spreading depression'. The mechanism
behind the reduction in cortical spreading depression is in
part related to a reduction in nitric oxide release®. Cortical
spreading depression is believed to play a key role in
migraine with aura®. Based upon this hypothesis and pre-
clinical results, tonabersat underwent study in phase II
clinical trials as a prophylaxis for migraine*~. In the study
by Hauge and colleagues, tonabersat showed a preventive
effect on attacks of migraine aura but no efficacy on non-
aura attacks. It was also found to be well tolerated®.
[0004] One mechanism by which cortical spreading
depression is thought to occur is through gap junction and
hemichannel mediated cell-cell signaling®. When using ton-
abersat to block connexin 43 (Cx43) gap junctions, it was
found that this compound inhibited dye transfer from astro-
cytes to cancer cells and the release of IFNa and TNF in
astrocyte cancer cell co-cultures. Treatment with tonabersat
also inhibited brain metastases in xenograft and immuno-
competent models. Therefore, this compound could be of
interest in inhibiting metastases to the braid.

[0005] While Amyotrophic Lateral Sclerosis (ALS) is a
motor neuron disease, studies from chimeric mice with
mosaic expression of wildtype (WT) and mutant SOD1 glia
(particularly astrocytes) surrounding motor neurons (MNs)
suggests that motor neuron death is a non-cell autonomous
process resulting in ALS pathogenesis®. The presence of WT
non-neuronal cells (likely astrocytes) in the vicinity of
mutant SOD1 (mSOD1) MNs prevents toxicity to these
neurons. Conversely, mSOD1 in non-neuronal cells can
induce toxicity with ubiquitin deposition in nearby WT
MNs®. Studies from post-mortem ALS patients and trans-
genic ALS disease models reveals the presence of reactive
astrogliosis during disease course'®''*? and dramatic loss
of the glutamate transporter GLT1'*'*, A largely consistent
theme in the present understanding of disease progression,
after onset, in ALS suggest that astrocytes play a role in this
progression.

[0006] Studies with selective reduction of mSOD1 from
astrocytes using SOD1“°7RLox/GFAP-Cre (astrocyte spe-
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cific Cre) mice results in prolongation of disease duration,
but has no effect on disease onset'®. This has also been
supported in several other studies'®. The inventor’s work has
also suggested that glial progenitor cell transplantation and
replacement of mutant SOD1 astrocytes by wildtype glial
progenitors may actually be protective in slowing disease
progression’”. Recent studies have employed co-cultures of
mouse or human embryonic stem cell (ESC)-derived MNss
with mSOD1 astrocytes and observed selective destruction
of MNs by toxic mutant astrocyte-secreted factors' 1927,
The inventor’s work, implicates the astrocyte connexin,
Cx43, as a mediator of MN toxicity*'. Together, these
experiments implicate astrocytic influences on MN death
and suggest an astrocyte/motor neuron interplay in ALS
disease progression.

SUMMARY OF THE INVENTION

[0007] In accordance with an embodiment, the present
invention provides a method for treating or preventing a
neurodegenerative disease in a subject in need thereof
comprising administering to the subject an effective amount
of a suppressor of hemichannel permeability.

[0008] In accordance with another embodiment, the pres-
ent invention provides a method for treating Amyotrophic
Lateral Sclerosis (ALS) in a subject in need thereof com-
prising administering to the subject an effective amount a
suppressor of hemichannel permeability so as not to modu-
late gap junction permeability.

[0009] Inaccordance with a further embodiment, the pres-
ent invention provides a method for treating ALS compris-
ing administering to a subject in need thereof, an effective
amount of a suppressor of connexin and/or pannexin per-
meability.

[0010] Inaccordance with a further embodiment, the pres-
ent invention provides a method for treating ALS compris-
ing administering to a subject in need thereof, an effective
amount of Tonabersat, or a salt, solvate, derivative or
prodrug thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011]

[0012] FIGS. 2A-2E show astrocyte influences on neuron
firing and effects of CX43 HC blockers.

[0013] FIG. 3 illustrates Tonabersat reduces control and
ALS IPSC-Astro HC-mediated hiPSC-Neuron firing in a
dose-dependent manner.

[0014] FIGS. 4A-4V: The Cx43 HC blocker tonabersat
provides dose-dependent neuroprotection to hiPSC-MN.
(4A-K) FALS and SALS hiPSC-A/MN co-culture immu-
nostained for ChAT and Isl-1 shows dose-dependent neuro-
protection from tonabersat (1 uM, 10 pM and 100 pM), a
small molecule that acts as Cx43 blocker, after a 14 day
incubation period. (4L-V) Following transwell co-culture of
FALS and SALS hiPSC-A with hiPSC-MN, immunostain-
ining for ChAT* MN and Isl1* MN confirms dose-dependent
neuroprotection with tonabersat. Significant comparisons
(one-way ANOVA) between untreated control and ALS
co-cultures are marked with (*), while significant effects of
tonabersat on co-cultures containing ALS astrocytes are
marked with (*). * or "p<0.05; ** or “'p<0.01; *** or
""p<0.001, n=3/condition Scale bar=50 um, inset scale bar
20 pm. Data are represented as mean+SEM.

FIG. 1 illustrates the role of connexin in astrocytes.
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[0015] FIGS. 5A-5C: Tonabersat results in neuroprotec-
tion of ALS hiPSC-A induced non-motor neuron cell death
with no effect on control hiPSC-MN alone or co-cultured
with control hiPSC-A. (5A) The application of tonabersat at
several concentrations has no effect on ChAT+ and Isl1+
control hiPSC-MN survival, which was independent of
culture conditions (alone or in co-culture with control
hiPSC-A). (5B) FALS and SALS hiPSC-A induce hiPSC
non-motor neuron cell death in a co-culture system as
defined by as defined by ChAT /Tujl* and Isl17/Tujl*
immunoreactivity that can be rescued with tonabersat. (5C)
The transwell culture of FALS and SALS hiPSC-A induce
non-motor neuron cell death which can be rescued with
tonabersat. One-way ANOVA, * or "p<0.05; ** or "p<0.01;
**% or ""p<0.001, n=3. Data are represented as mean+SEM.

[0016] FIGS. 6A-6C. Multielectrode array recordings
from hiPSC-A/MN co-cultures. (6A) Control hiPSC-MN
and hiPSC-A were plated on multielectrode array (MEA)
plates for recording electrophysiological activity (spike rate,
percentage of overall electrodes displaying spiking or burst-
ing activity). (6B) MEA electrophysiological activity in
control hiPSC-A/-~MN co-cultures 5 minutes after the appli-
cation of vehicle (=), 1 uM (+) and 10 uM (++) tonabersat.
(6C) MEA electrophysiological activity in control hiPSC-
A/-MN co-cultures 5 minutes after the application of vehicle
(=) or 340 uM Gap19 (+). (6D) The addition of 10 uM (++)
tonabersat to cultures of control hiPSC alone does not result
in an alteration of electrophysiological activity. The electro-
physiological parameters are normalized to the baseline
activity recorded for 1 minute (dashed line). Data are the
mean of n=3 independent experiments per drug. One-way
ANOVA, * p<0.05; ** p<0.01; *** p<0.001. Data are
represented as mean+SEM.

[0017] FIGS. 7A-7C. Multielectrode array recordings
(MEA) from hiPSC-Astro/MN cultures demonstrate that
tonabersat Cx43 HC-mediated effects on hiPSC-MN elec-
trophysiology correlates with its neuroprotective actions.
(7A) Multielectrode array recording of neuronal activity
(spike rate, percentage of overall MEA electrodes displaying
spiking or bursting activity) over-time from co-cultures
between control hiPSC-MN and control or ALS hiPSC-A.
The presence of SALS and FALS astrocytes when compared
to control astrocytes determines early increases in spiking
and bursting activity followed, at later time points, by
reduced electrophysiological activity. Most significant time-
point comparisons (i.e. day 6 and day 14 of co-culture)
between control and ALS conditions are marked with (*).
Data are mean+SEM (mean of n=3 MEA plates per condi-
tion, one-way ANOVA). (7B) MEA activity within 5 min-
utes after the application of 10 pM tonabersat (+) on
co-cultures with control or ALS hiPSC-A compared to
baseline (t0) and vehicle (-). MEA baseline activity is day
6 time point shown in FIG. 7A. Tonabersat results in
significant inhibition (*) of neuronal spiking and bursting
activity. (7C) The effects of 10 pM tonabersat (+) on
hiPSC-neurons survival in control and ALS co-cultures was
tested as outlined in FIG. 4, but for a shorter time course of
3 days, either early (DIV 5 to 8, or “¢”) or late (DIV 11-14
or “1) during co-culture. Significant neuroprotection was
appreciated after early but not late exposure to tonabersat,
and was evident for both motor neuronal (ChAT+ and ISL.1+
cells) and non-motor neuronal cell types (TUJ1+/ChAT-,
TUJ14/ISL1+). Significant comparisons (one-way ANOVA)
between untreated control and ALS co-cultures are marked
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with ("), while significant effects of tonabersat on co-cultures
containing ALS astrocytes are marked with (*). * or "p<0.
05; ** or ""p<0.01; *** or """p<0.001, n=3/condition. Data
are represented as mean+SEM.

DETAILED DESCRIPTION OF THE
INVENTION

[0018] Unless defined otherwise, all technical and scien-
tific terms used herein have the meaning commonly under-
stood by a person skilled in the art to which this invention
belongs. The following references provide one of skill with
a general definition of many of the terms used in this
invention: Singleton et al., Dictionary of Microbiology and
Molecular Biology (2nd ed. 1994); The Cambridge Diction-
ary of Science and Technology (Walker ed., 1988); The
Glossary of Genetics, 5th Ed., R. Rieger et al. (eds.),
Springer Verlag (1991); and Hale & Marham, The Harper
Collins Dictionary of Biology (1991). As used herein, the
following terms have the meanings ascribed to them below,
unless specified otherwise.

[0019] The term “activity” refers to the ability of a gene to
perform its function such as an enzyme catalyzing a reac-
tion, or a hemichannel or gap junction, such as CX43,
allowing the transfer of material across a membrane.
[0020] The term “agent” refers to any small molecule
chemical compound (such as tonabersat), antibody, nucleic
acid molecule, or polypeptide, or fragments thereof.
[0021] The term “ameliorate” refers to decrease, suppress,
attenuate, diminish, arrest, or stabilize the development or
progression of a disease such as amyotrophic lateral scle-
rosis.

[0022] The term “alteration” refers to a change (increase
or decrease) in the expression levels or activity of a gene or
polypeptide, hemichannel, or gap junction, as detected by
standard art known methods such as those described herein.
As used herein, an alteration includes a 10% change in
expression levels, preferably a 25% change, more preferably
a 40% change, and most preferably a 50% or greater change
in expression levels.”

[0023] The term “connexin” or “Cx” are transmembrane
proteins that assemble to form vertebrate gap junctions or
hemichannels. Connexins are commonly named according
to their molecular weights, e.g. Cx26 is the connexin protein
of 26 kDa. A competing nomenclature is the gap junction
protein system, where connexins are sorted by their a (GJA)
and 13 (GJB) forms, with additional connexins grouped into
the C, D and E groupings, followed by an identifying
number, e.g. GJA1 corresponds to Cx43.

[0024] The term “disease” refers to any condition or
disorder that damages or interferes with the normal function
of a cell, tissue, or organ. As used herein, the term includes
motor neuron diseases (MNDs) which are a group of pro-
gressive neurological disorders that destroy motor neurons,
the cells that control skeletal muscle activity such as walk-
ing, breathing, speaking, and swallowing. This group
includes diseases such as amyotrophic lateral sclerosis,
progressive bulbar palsy, primary lateral sclerosis, progres-
sive muscular atrophy, spinal muscular atrophy, Kennedy’s
disease, and post-polio syndrome.

[0025] The term “effective amount” refers to the amount
of a required to ameliorate the symptoms of a disease
relative to an untreated patient. The effective amount of
active compound(s) used to practice the present invention
for therapeutic treatment of a disease varies depending upon
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the manner of administration, the age, body weight, and
general health of the subject. Ultimately, the attending
physician or veterinarian will decide the appropriate amount
and dosage regimen. Such amount is referred to as an
“effective” amount.

[0026] The term “express” refers to the ability of a gene to
express the gene product including for example its corre-
sponding mRNA or protein sequence (s).

[0027] The term “gap junction” or “GJ” refers to intercel-
Iular connection between cells and they are located at the
cell membrane. Each gap junction is composed of two
hemichannels (one at each cell membrane) and when con-
nected, allow a channel to form, connecting the cytoplasm of
two cells. This gap junction forms a channel that allows
various molecules, ions and electrical impulses to directly
pass through a regulated gate between cells.

[0028] The term “hemichannel” or “HC” refers to half of
a gap junction and allows communication from a cell’s
cytoplasm to the extracellular space.

[0029] The term, “obtaining” as in “obtaining an agent”
includes synthesizing, purchasing, or otherwise acquiring
the agent.

[0030] The term “reduces” refers to a negative alteration
of at least 10%, 25%, 50%, 75%, or 100%.

[0031] The term “reference” refers to a standard or control
conditions such as a sample (human cells) or a subject that
is a free, or substantially free, of an agent such as Tonab-
ersat.

[0032] The term “sensitivity” refers to the percentage of
subjects with a particular disease.

[0033] The term “SOD1” refers to superoxide dismutase
[Cu—~Zn] also known as superoxide dismutase 1 or SOD1 is
an enzyme that in humans is encoded by the SOD1 gene,
located on chromosome 21. SODI is one of three human
superoxide dismutases.

[0034] The term “specificity” refers to the percentage of
subjects correctly identified as NOT having a particular
disease i.e., normal or healthy subjects.

[0035] The term “suppressor of hemichannel permeabil-
ity” refers to the inhibition of material moved from the cell
cytoplasm to the extracellular space through a hemichannel.
[0036] The term “subject” refers to any individual or
patient to which the method described herein is performed.
Generally, the subject is human, although as will be appre-
ciated by those in the art, the subject may be an animal.
Thus, other animals, including mammals such as rodents
(including mice, rats, hamsters and guinea pigs), cats, dogs,
rabbits, farm animals including cows, horses, goats, sheep,
pigs, etc., and primates (including monkeys, chimpanzees,
orangutans and gorillas) are included within the definition of
subject.

[0037] The term “range” refers to be shorthand for all of
the values within the range. For example, a range of 1 to 50
is understood to include any number, combination of num-
bers, or sub-range from the group consisting 1, 2, 3, 4, 5, 6,
7,8,9,10,11, 12,13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,
40, 41, 42, 43, 44, 45, 46, 47, 48, 49, or 50.

[0038] The terms “treat,” treating,” “treatment,” and the
like refer to reducing or ameliorating a disorder and/or
symptoms associated therewith. It will be appreciated that,
although not precluded, treating a disorder or condition does
not require that the disorder, condition or symptoms asso-
ciated therewith be completely eliminated.

2 <
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[0039] The term “ubiquitin” refers to a small (8.6 kDa)
regulatory protein found in most tissues of eukaryotic organ-
isms, i.e. it occurs ubiquitously. Four genes in the human
genome code for ubiquitin: UBB, UBC, UBA52 and
RPS27A. The addition of ubiquitin to a substrate protein is
called ubiquitination (or, less frequently, ubiquitylation or
ubiquitinylation). Ubiquitination affects proteins in many
ways: it can mark them for degradation via the proteasome,
alter their cellular location, affect their activity, and promote
or prevent protein interactions.

[0040] Unless specifically stated or obvious from context,
as used herein, the term “or” is understood to be inclusive.
Unless specifically stated or obvious from context, as used
herein, the terms “a”, “an”, and “the” are understood to be
singular or plural.

[0041] Unless specifically stated or obvious from context,
as used herein, the term “about” is understood as within a
range of normal tolerance in the art, for example within 2
standard deviations of the mean. About can be understood as
within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, 0.5%,
0.1%, 0.05%, or 0.01% of the stated value. Unless otherwise
clear from context, all numerical values provided herein are
modified by the term about.

[0042] The recitation of a listing of chemical groups in any
definition of a variable herein includes definitions of that
variable as any single group or combination of listed groups.
The recitation of an embodiment for a variable or aspect
herein includes that embodiment as any single embodiment
or in combination with any other embodiments or portions
thereof.

[0043] Any compositions or methods provided herein can
be combined with one or more of any of the other compo-
sitions and methods provided herein.

[0044] As used herein, the terms “treat,” and “prevent” as
well as words stemming therefrom, as used herein, do not
necessarily imply 100% or complete treatment or preven-
tion. Rather, there are varying degrees of treatment or
prevention of which one of ordinary skill in the art recog-
nizes as having a potential benefit or therapeutic effect. In
this respect, the inventive methods can provide any amount
of any level of diagnosis, staging, screening, or other patient
management, including treatment or prevention of cancer in
a mammal. Furthermore, the treatment or prevention pro-
vided by the inventive method can include treatment or
prevention of one or more conditions or symptoms of the
disease, e.g., cancer, being treated or prevented. Also, for
purposes herein, “prevention” can encompass delaying the
onset of the disease, or a symptom or condition thereof.
[0045] Astrocyte and ALS Pathogenesis.

[0046] Recent studies have employed co-cultures of
mouse or human embryonic stem cell (ESC)-derived MNss
with mSOD1 astrocytes and observed selective destruction
of MNs by toxic mutant astrocyte-secreted factors'®*®-2°,
The inventor’s work, now implicate the astrocyte connexin,
Cx43, as a mediator of MN toxicity*'. Together, these
experiments implicate astrocytic influences on MN death
and suggest a novel astrocyte/motor neuron interplay in ALS
disease progression.

[0047] Role of Connexins in Astrocytes.

[0048] Astrocytes form a highly coupled intercellular net-
work in the central nervous system (CNS) through gap
junctions (GJs)*2. GJs facilitate intercellular communication
with exchange of metabolites**** (glucose, lactate), ions>>:
26(K+, calcium) and second messengers>’* (cAMP, IP3,
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ATP), and more recently, microRNAs*’. Each GJ is com-
posed of two opposing hemichannels on opposite cell sur-
faces and each hemichannel is made of 6 connexin subunits
arranged around a central pore®®. While connexins mostly
form GlJs, they can also exist as “free” hemichannels that
open into the extracellular space, especially under patho-
logical conditions®!** (FIG. 1).

[0049] Cx43 is the predominant connexin in astrocytes
and is expressed ubiquitously in a number of tissues. The
developmental deletion of Cx43 in all cell types is embry-
onic lethal due to heart failure; hence conditional Cx43"*::
GFAP-Cre mice (cKO) have been generated and are
viable®. This viability is related to the use of GFAP-Cre to
KO Cx43 in astrocytes only. Some key roles of Cx433*
include: homeostatic buffering®, synchronization of astro-
cyte networks, metabolic support for neurons®, regulation
of vascular components®’, and modulation of synaptic activ-
ity and plasticity, among others.

[0050] Cx43 and neurological disease/trauma. Several
neurological diseases have reported altered Cx43 expres-
sion, gap junction coupling and/or hemichannel activity>>2.
In human post-mortem tissues and a mouse model of
Alzheimer’s disease, Cx43 immunoreactivity is increased,
co-localizing with f amyloid (AP) plaques®®. Similar
increases in Cx43 expression are reported in models of
stroke, retinal and cerebral ischemia, Ceroid Lipofuscinosis
(INCL, lysosomal storage disease). Administration of pan
gap junction blockers and Cx43 specific mimetic peptide
blocker in these models is found to be neuroprotective and
is a potential therapeutic target®>*°*!. In spinal cord injury
(SCI) trauma model, Cx43 is upregulated** and SCI in Cx43
cKO mice is milder, exhibiting reduced lesion area,
decreased astrogliosis and improved locomotor recovery®.
Similar observations are reported in traumatic brain injury
(TBI) and nerve injury models with Cx43 blockers serving
as an effective treatment. The above studies demonstrate a
role for astroglial gap junctions and hemichannels in neu-
rological disease/injury. Although a few studies show
increased Cx43 in the lumbar spinal cord of SOD1°734
mice****, the role of connexin biology in ALS is largely
unexplored.

[0051] The methods of the present invention show that the
increased expression of Cx43 in SOD1“°*4 mice is not
merely a response to neuronal injury but has a cell autono-
mous component as well>'. The inventors have now dem-
onstrated that these increases in Cx43 are functionally and
physiologically relevant in an ALS model and that pharma-
cologically inhibiting Cx43 in SOD1°°34 astrocytes can
partially protect from MN cell death in vitro.

[0052] In accordance with an embodiment, the present
invention provides a method for treating or preventing a
neurodegenerative disease in a subject in need thereof
comprising administering to the subject an effective amount
of a suppressor of hemichannel permeability. In some
embodiments, the amount of suppressor administered can be
modulated where it may or may not also modulate gap
junction permeability.

[0053] In some embodiments the present invention pro-
vides the use of an effective amount of a suppressor of
hemichannel permeability so as not to modulate gap junction
permeability for treating or preventing a neurodegenerative
disease in a subject in need thereof.

[0054] The suppressor of hemichannel permeability may
be administered to the subject as part of a pharmaceutical
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composition. In some embodiments, the suppressor of hemi-
channel permeability is administered in a dose that inhibits
hemichannel permeability but not gap junction permeability.
Suitable hemichannels that are part of the methods of the
present invention may comprise connexin, pannexin, or a
combination thereof. In some embodiments, a hemichannel
comprises connexin 43 (Cx43).

[0055] Insome embodiments, the suppressor of hemichan-
nel permeability is a protein or peptide. In certain embodi-
ments, the suppressor is the GAP19 peptide.

[0056] The Gapl9 peptide is a nonapeptide derived from
the cytoplasmic loop of Cx43, and inhibits astroglial Cx43
hemichannels in a dose-dependent manner, and can do so
without affecting gap junction channels. This peptide, which
not only selectively inhibits hemichannels, but is also spe-
cific for Cx43. Gap19 has the amino acid sequence KQIEIK-
KFK (SEQ ID NO: 1) and is often fused with TAT peptide
for cell penetration as TAT-Gap19 (YGRKKRRQRRR-KQ-
IEIKKFK) (SEQ ID NO: 2).

[0057] In some embodiments, the methods of the present
invention protect motor neurons of the subject from death.

[0058] In some embodiments, the methods of the present
invention decrease or minimize the concentration of a motor
neuron toxin in a subject.

[0059] In some embodiments, the methods of the present
invention reduce neuron firing of the subject.

[0060] In some embodiments, the methods of the present
invention reduce ubiquitin deposition in the motor neurons
of the subject.

[0061] It will be understood by one of ordinary skill in the
art that one or more combinations of these effects can occur.

[0062]

[0063] The inventors’ data show that peptide blockers of
Cx43 hemichannels provide neuroprotection to MN toxicity
(in the context of rodent SOD1°°*4 astrocyte-induced tox-
icity) as well as human SOD1**" and sporadic ALS astro-
cyte-mediated toxicity. However, these peptide blockers
have poor CNS penetrability and previous generations of
gap junction blockers are non-specific. The inventors’ have
now identified tonabersat, a small molecule with good BBB
penetrability, as a Cx43 HC-specific blocker (at appropriate
concentrations)®, that has the advantage of already being
used in humans through studies in patients with migraine.

[0064] Therefore, in accordance with a further embodi-
ment, the present invention provides a method for treating
ALS comprising administering to a subject in need thereof,
an effective amount of tonabersat, or a salt, solvate, deriva-
tive or prodrug thereof.

[0065] In some embodiments, the present invention pro-
vides the use of a suppressor of hemichannel permeability in
an effective amount so as not to modulate gap junction
permeability in a subject having Amyotrophic Lateral Scle-
rosis (ALS).

[0066] In some embodiments, a suppressor of hemichan-
nel permeability is a compound of Formula (I) and/or

Formula (II), a prodrug of Tonabersat, or a combination
thereof.

[0067] Tonabersat (N-[(3S,4S5)-6-acetyl-3-hydroxy-2,2-
dimethyl-3,4-dihydro-2H-1-benzopyran-4-yl]-3-chloro-4-
fluorobenzamide) and the following structure:

Tonabersat as an ALS therapeutic.
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(Formula I)

Cl

WOH

CH;.

CH;

[0068] The compound has an excellent safety profile. The
inventors’ surprisingly discovered that in the context of
ALS, the drug did provide neuroprotection to MN.

[0069] Insome alternative embodiments, the suppressor of
hemichannel permeability is a derivative of tonabersat hav-
ing the formula:

(Formula IT)
o}
Rg— N—C—Ry;

Ry
Rs
S
Re
R A« R
Ry

wherein, Y is C—R,; R, is acetyl; R, is hydrogen, C; ¢
cycloalkyl, C, 4 alkyl optionally interrupted by oxygen or
substituted by hydroxy, C, 4 alkoxy or substituted aminocar-
bonyl, C, 4 alkylcarbonyl, C, ¢ alkoxy-carbonyl, C, 4 alky-
Icarbonyloxy, C,  alkoxy, nitro, cyano, halo, trifluorom-
ethyl, or CF;—S; or a group CF;-A-, where A is —CF,,
—CO—, —CH,, CH(OH), SO,, SO, CH,—O, or CONH; or
a group CF, H-A'- where A' is oxygen, sulphur, SO, SO,,
CF, or CFH; trifluoromethoxy, C,_ ¢ alkylsulphinyl, per-
fluioro C, ; alkylsulphonyl, C,  alkylsulphonyl, C, ¢
alkoxysulphinyl, C,  alkoxysulphonyl, aryl, heteroaryl,
aryl-carbonyl, heteroarylcarbonyl, phosphono, arylcarbony-
loxy, heteroarylcarbonyloxy, arylsulphinyl, heteroarylsul-
phinyl, arylsulphonyl, or heteroarylsulphonyl in which any
aromatic moiety is optionally substituted, C, ¢ alkylcarbo-
nylamino, C,_¢ alkoxycarbonylamino, C,_¢ alkyl-thiocarbo-
nyl, C, s alkoxy-thiocarbonyl, C,  alkyl-thiocarbonyloxy,
1-mer-captoC,_,, alkyl, formyl, or aminosulphinyl, amino-
sulphonyl or aminocarbonyl, in which any amino moiety is
optionally substituted by one or two C, 4 alkyl groups, or
C, ¢ alkylsulphinylamino, C, ¢ alkylsulphonylamino, C, ¢
alkoxysulphinylamino or C, ¢ alkoxysulphonylamino, or
ethylenyl terminally substituted by C,  alkylcarbonyl, nitro
or cyano, or —C(C,_, alky])NOH or —C(C,  alky])NNH2;
or amino optionally substituted by one or two C, ¢ alkyl or
by C,_, alkanoyl; one or R, and R, is hydrogen or C, , alkyl
and the other is C,_, alkyl, CF; or CH,X is fluoro, chloro,
bromo, iodo, C,_, alkoxy, hydrocy, C,_, alkylcarbonyloxy,
—S— C, _, alkyl, nitro, amino optionally substituted by one
or more C, _, alkyl groups, cyano, or C,_, alkoycarbonyl; or
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R; and R, together are C,_5 polymethylene optionally sub-
stituted by C,_, alkyl; Ry is C, ¢ alkylcarbonyloxy, benzoy-
loxy, ONO,, benzyloxy, phenyloxy or C, ¢ alkoxy and Ry
and R, are hydrogen or R, is hydroxy and R is hydrogen or
C,_, alkyl and R, is hydrogen; R, is heteroaryl or phenyl,
both of which are optionally substituted one or more times
independently with a group or atom selected from chloro,
fluoro, bromo, iodo, nitro, amino optionally substituted once
or twice by C, , alkyl, cyano, azido, C, , alkoxy, trifluo-
romethoxy and trifluoromethyl; Ry is hydrogen, C,_ alkyl,
OR,, or NHCOR,, wherein R, is hydrogen, C, , alkyl,
formyl, C, ¢ alkanoyl, aroyl or aryl-C, ¢ alkyl and R,, is
hydrogen, C, 4 alkyl, C, 4 alkoxy, mono or di C, 4 alkyl
amino, amino, amino-C, ¢ alkyl, hydroxy-C,  alkyl, halo-
C, ¢ alkyl, C, s acyloxy-C, ¢ alkyl, C, ¢ alkoxycarbonyl-C,_
s-alkyl, aryl or heteroaryl, the R;—N-—CO—R, group
being cis to the R group; and X is oxygen or NR,, where
R,, is hydrogen or C, 4 alkyl.

[0070] The term “aliphatic” is an art-recognized term and
includes linear, branched, and cyclic alkanes, alkenes or
alkynes. In certain embodiments, aliphatic groups in the
present invention are linear or branched and have from 1-
about 20 carbon atoms.

[0071] The term “alkyl” is art-recognized, and includes
saturated aliphatic groups, including straight-chain alkyl
groups, branched-chain alkyl groups, cycloalkyl (alicyclic)
groups, alkyl substituted cycloalkyl groups, and cycloalkyl
substituted alkyl groups. In certain embodiments, a straight
chain or branched chain alkyl has about 30 or fewer carbon
atoms in its backbone (e.g., C,-C;, for straight chain, C5-C;
for branched chain), and alternatively, about 20 or fewer
carbon atoms. Likewise cycloalkyls have from about 3 to
about 10 carbon atoms in their ring structure, and alterna-
tively about 5, 6 or 7 carbons in the ring structure.

[0072] Moreover, the term “alkyl” (or “lower alkyl”)
includes both “unsubstituted alkyls” and “substituted
alkyls,” the latter of which refers to alkyl moieties having
substituents replacing hydrogen on one or more carbons of
the hydrocarbon backbone. Such substituents may include,
for example, a halogen, a hydroxyl, a carbonyl (such as a
carboxyl, an alkoxycarbonyl, a formyl or an acyl), a thio-
carbonyl (such as a thioester, a thioacetate, or a thioformate),
an alkoxyl, a phosphoryl, a phosphonate, a phosphinate, an
amino, an amidine, an imine, a cyano, a nitro, an azido, a
sulthydryl, an alkylthio, a sulfate, a sulfonate, a sulfamoyl,
a sulfonamido, a sulfonyl, a heterocyclyl, an aralkyl, or an
aromatic or heteroaromatic moiety. It will be understood by
those skilled in the art that the moieties substituted on the
hydrocarbon chain may themselves be substituted, if appro-
priate. For instance, the substituents of a substituted alkyl
may include substituted and unsubstituted forms of amino,
azido, imino, amido, phosphoryl (including phosphonate
and phosphinate), sulfonyl (including sulfate, sulfonamido,
sulfamoyl and sulfonate), and silyl groups, as well as ethers,
alkylthios, carbonyls (including ketones, aldehydes, car-
boxylates, and esters), —CF;, —CN and the like. Exem-
plary substituted alkyls are described below. Cycloalkyls
may be further substituted with alkyls, alkenyls, alkoxys,
alkylthios, aminoalkyls, carbonyl-substituted alkyls, —CF,
—CN and the like.

[0073] The term “aralkyl” is art-recognized, and includes
aryl groups (e.g., an aromatic or heteroaromatic group).

[0074] The terms “alkenyl” and “alkynyl” are art-recog-
nized, and in an organic molecule, generally includes an
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atom of any element other than carbon or hydrogen. Illus-
trative heteroatoms include boron, nitrogen, oxygen, phos-
phorus, sulfur, and selenium.

[0075] The term “aryl” is art-recognized, and includes 5-,
6-, and 7-membered single ring aromatic groups that may
include from zero to four heteroatoms, for example, ben-
zene, pyrole, furan, thiophene, imidazole, oxazole, thiazole,
triazole, pyrazole, pyridine, pyrazine, pyridazine and
pyrimidine, and the like. Those aryl groups having heteroa-
toms in the ring structure may also be referred to as “aryl
heterocycles” or “heteroaromatics.” The aromatic ring may
be substituted at one or more ring positions with such
substituents as described above, for example, halogen, azide,
alkyl, aralkyl, alkenyl, alkynyl, cycloalkyl, hydroxyl,
alkoxyl, amino, nitro, sulthydyl, imino, amido, phosphonate,
phosphinate, carbonyl, carboxyl, silyl, ether, alkylthio, sul-
fonyl, sulfonamido, ketone, aldehyde, ester, heterocyclyl,
aromatic or heteroaromatic moieties, —CF;, —CN or the
like. The term “aryl” also includes polycyclic ring systems
having two or more cyclic rings in which two or more
carbons are common to two adjoining rings (the rings are
“fused rings”) wherein at least one of the rings is aromatic,
e.g., the other cyclic rings may be cycloalkyls, cycloalk-
enyls, cycloalkynyls, aryls, and/or heterocyclyls, or rings
joined by non-cyclic moieties.

[0076] The terms “amine” and “amino” are art-recognized
and include both unsubstituted and substituted amines. A
primary amine carries two hydrogens, a secondary amine,
one hydrogen and another substituent and a tertiary amine,
the two hydrogens are substituted. The substituents for one
or both of the hydrogens can be, for example, and alkyl, an
alkenyl, and aryl, a cycloalkyl, a cycloalkenyl, a heterocycle,
a polycycle and so on. If both hydrogens are substituted with
carbonyls, the carbonyl framed nitrogen forms an imide.

[0077] The term “alkylamine” includes an amine group, as
defined above, having a substituted or unsubstituted alkyl
attached thereto.

[0078] The term “amido” is art-recognized as an amino-
substituted carbonyl.

[0079] The term “alkylthio” is art-recognized and includes
and alkyl group, as defined above, having a sulfur radical
attached thereto. In certain embodiments, the “alkylthio”
moiety is represented by one of —S-alkyl, —S-alkenyl,
—S-alkynyl and so on. Representative alkylthio groups
include methylthio, ethylthio and the like.

[0080] The term “carbonyl” is art-recognized and includes
a C—O structure. Carbonyls are involved in esters; carboxyl
groups; formates; thiocarbonyls; thioesters; thiocarboxylic
acids; thioformates; ketones; and aldehydes.

[0081] The terms “alkoxyl” and “alkoxy” are art-recog-
nized and include an alkyl group, as defined above, having
an oxygen radical attached thereto. Representative alkoxyl
groups include methoxy, ethoxy, propyloxy, tert-butoxy and
the like.

[0082] An “ether” is two hydrocarbons covalently linked
by an oxygen. Accordingly, the substituent of an alkyl that
renders that alkyl an ether is or resembles an alkoxyl, such
as may be represented by one of —O-alkyl, —O-alkenyl,
—O-alkynyl and so on.

[0083] The term “sulfonate” is art-recognized and
includes a moiety wherein a sulfur atom carries two double
bonded oxygens and a single bonded oxygen.
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[0084] The term “sulfate” is art-recognized and includes a
moiety that resembles a sulfonate but includes two single
bonded oxygens.

[0085] The terms “sulfonamide,” “sulfamoyl,” “sulfonyl,”
and “sulfoxido” are art-recognized and each can include a
variety of R group substituents as described herein.

[0086] The terms phosphoramidite” and “phophonamid-
ite” are art-recognized.

[0087] The term “selenoalkyl” is art-recognized and
includes an alkyl group having a substituted seleno group
attached thereto. Exemplary “selenoethers” which may be
substituted on the alkyl are selected from one of —Se-alkyl,
—Se-alkenyl, —Se-alkynyl and so on.

[0088] Substitutions may be made to alkenyl and alkynyl
groups to produce, for example, aminoalkenyls, aminoalky-
nyls, amidoalkenyls, iminoalkenyls, iminoalkynyls, thioalk-
enyls, thioalkynyls, carbonyl-substituted alkenyls or alky-
nyls.

[0089] A hydrocarbon is an art recognized term and
includes all permissible compounds having at least one
hydrogen and one carbon atom. For example, permissible
hydrocarbons include acyclic and cyclic, branched and
unbranched, carbocyclic and heterocyclic, aromatic and
nonaromatic organic compounds that may be substituted or
unsubstituted.

[0090] Prodrugs of Tonabersat

[0091] The following compounds are possible prodrugs of
tonabersat which may also be used to treat ALS: (3S,45)-
6-Acetyl-4-[ (3-chloro-4-fluorobenzene)amido|-2,2-dim-
ethyl-3,4-dihydro-2H-1-benzopyran-3-yl (2R)-2-amino-3-
methylbutanoate; (35,45)-6-Acetyl-4-[(3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl (2R)-2-amino-4-methylpentanoate; (3S,
48)-6-Acetyl-4-[(3-chloro-4-fluorobenzene)amido]-2,2-
dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl (25)-
pyrrolidine-2-carboxylate(3S,4S)-6-Acetyl-4-[(3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl 2-amino-2-methylpropanoate; (3S,4S)-6-
Acetyl-4-[(3-chloro-4-fluorobenzene)amido]-2,2-dimethyl-
3,4-dihydro-2H-1-benzopyran-3-yl3-aminopropanoate; (3S,
48)-6-Acetyl-4-[(3-chloro-4-fluorobenzene)amido]-2,2-
dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl (25)-2,6-
diaminohexanoate; (35,45)-6-Acetyl-4-[(3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl (25)-2-amino-3-carbamoylpropanoate;
(35,45)-6-Acetyl-4-[ (3-chloro-4-fluorobenzene)amido]-2,
2-dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl (25)-2-
amino-4-carbamoylbutanoate; (35,45)-6-Acetyl-4-[(3-
chloro-4-fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-
2H-1-benzopyran-3-yl (25)-2-amino-5-
carbamimidamidopentanoate; (38)-4-{[(3S,4S5)-6-Acety
1-4-[(3-chloro-4-fluorobenzene)amido]-2,2-dimethyl-3,4-
dihydro-2H-1-benzopyran-3-yl]oxy }-3-amino-4-oxobu-
tanoic acid; (45)-5-{[(3S,48)-6-Acetyl-4-[(3-chloro-4-fluo-
robenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-ylJoxy }-4-amino-5-oxopentanoic acid;
({[(3S,4S)-6-Acetyl-4-[(3-chloro-4-fluorobenzene)amido] -
2,2-dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl]

oxy }methoxy)(methoxy)phosphinic  acid; N-[(3S,4S)-6-
Acetyl-3-{[(28)-2,3-dihydroxypropoxy]methoxy }-2,2-
dimethyl-3,4-dihydro-2H-1-benzopy-ran-4-yl]-3-chloro-4-
fluorobenzamide; {[(3S,4S)-6-Acetyl-4-[(4-fluorobenzene)
amido]-2,2-di-methyl-3,4-dihydro-2H-1-benzopyran-3-yl]
oxy }phosphonic acid,; ({[(3S,4S)-6-acetyl-4-[ (4-

29 <
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fluorobenzene)amido]-2,2-di-methyl-3,4-dihydro-2H-1-
benzopyran-3-yl]oxy }methoxy)phosphonic acid; {[(3S,4S)-
6-Acetyl-4-[(3-chlorobenzene)amido|-2,2-di-methyl-3,4-di-
hydro-2H-1-benzopyran-3-yl]oxy }phosphonic acid; ({[(3S,
48)-6-acetyl-4-[(3-chlorobenzene)amido|-2,2-di-methyl-3,
4-dihydro-2H-1-benzopyran-3-ylJoxy } methoxy)
phosphonic acid; (35,45)-6-Acetyl-4-[(3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl (2S)-2-aminopropanoate; (3 S,45)-6-
Acetyl-4-[ (3-chloro-4-fluorobenzene)amido]-2,2-dimethyl-
3,4-dihydro-2H-1-benzopyran-3-yl (25)-2-amino-3-
methylbutanoate; (35,45)-6-Acetyl-4-[ (3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl (25)-2-(methylamino)propanoate; (3S,4S)-
6-Acetyl-4-[(3-chloro-4-fluorobenzene)amido]-2,2-
dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl (25)-2-
aminopropanoate; (35,45)-6-Acetyl-4-[ (3-chloro-4-
fluorobenzene)amido]-2,2-dimethyl-3,4-dihydro-2H-1-
benzopyran-3-yl (25)-2-amino-3-methylbutanoate; and (3S,
48)-6-Acetyl-4-[(3-chloro-4-fluorobenzene)amido]-2,2-
dimethyl-3,4-dihydro-2H-1-benzopyran-3-yl (25)-2-
(methylamino)propanoate.

[0092] It is well known that ALS astrocytes can induce
toxicity to motor neurons and this may be a major factor in
ALS pathogenesis. The inventors have now shown that ALS
astrocyte-induced MN toxicity is in part mediated by Cx43
hemichannels using a rodent model of ALS. The inventors
also now show that a peptide blocker of this hemichannel
(Gap 19) can be neuroprotective in this context. The inven-
tors found that using human induced pluripotent stem cells
from control and ALS patients to demonstrate that the orally
available compound, tonabersat, can protect MNs from ALS
astrocyte-induced excitotoxicity as demonstrated in a iPSC-
co-culture system. Because tonabersat has previously been
used in phase II clinical trials and is well tolerated and safe,
the inventors believe that it may be a potential treatment for
ALS.

[0093] In an embodiment, the present invention provides
a method for treating or preventing a neurological disease or
disorder, such as ALS, in a subject in need thereof compris-
ing administering to the subject an effective amount of a
pharmaceutical composition comprising one or more of
tonabersat, a compound of Formula I and/or a compound of
formula 11, or a salt, solvate, or prodrug of tonabersat, and
a pharmaceutically acceptable carrier.

[0094] In some embodiments, the invention provides the
use of an effective amount of pharmaceutical composition
comprising one or more of tonabersat, a compound of
Formula I and/or a compound of formula II, or a salt,
solvate, or prodrug of tonabersat, and a pharmaceutically
acceptable carrier for treating or preventing a neurological
disease or disorder, such as ALS, in a subject in need thereof.

[0095] Embodiments of the disclosure concern methods
and/or compositions for treating and/or preventing a neuro-
logical disorder in which modulation of the communication
pathway between astrocytes and neurons is directly or
indirectly related. In certain embodiments, subjects with a
neurological disorder such as amyotrophic lateral sclerosis
(ALS) are treated with a modulator of this communications
pathway.

[0096] In specific embodiments, a subject with ALS is
provided a modulator of hemichannels, located on astro-
cytes. There is no evidence to suggest that CX43 is located
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on motor neurons. Consequently, it appears motor neurons
are substantially free of CX-43 hemichannels.

[0097] In specific embodiments, the modulator is a sup-
pressor of hemichannel permeability of materials, for
example from inside the astrocyte to its exterior.

[0098] In specific embodiments, the hemichannel is a
hemichannel composed of Cx43 protein and the suppressor
is tonabersat or a prodrug thereof as provided for herein. If
a suppressor of hemichannel permeability also suppresses
gap junction permeability, then subjects receive a dose of
suppressor in a range that suppresses hemichannel perme-
ability, such as Cx43 hemichannel permeability, but not gap
junction permeability.

[0099] In certain embodiments, the level to which a sup-
pressor of hemichannel permeability may be any level so
long as it provides amelioration of at least one symptom of
the neurological disorder, including ALS. The level of
hemichannel permeability may decrease by at least 2, 3, 4,
5, 10, 25, 50, 100, 1000, or more fold compared to the level
of hemichannel permeability in a standard, in at least some
cases. An individual may monitor hemichannel permeability
and gap junction permeability using standard methods in the
art.

[0100] In some embodiments, an individual is given an
agent for ALS therapy in addition to the one or more
suppressors of hemichannel permeability. When combina-
tion therapy is employed with one or more suppressors of
hemichannel permeability, the additional therapy may be
given prior to, at the same time as, and/or subsequent to the
suppressor of hemichannel permeability.

[0101] In some other embodiments, the one or more
suppressors of hemichannel permeability are administered
in combination with one or more additional biologically
active agents, either together or serially.

[0102] An active agent and a biologically active agent are
used interchangeably herein to refer to a chemical or bio-
logical compound that induces a desired pharmacological
and/or physiological effect, wherein the effect may be pro-
phylactic or therapeutic. The terms also encompass pharma-
ceutically acceptable, pharmacologically active derivatives
of those active agents specifically mentioned herein, includ-
ing, but not limited to, salts, esters, amides, prodrugs, active
metabolites, analogs and the like. When the terms “active
agent,” “pharmacologically active agent” and “drug” are
used, then, it is to be understood that the invention includes
the active agent per se as well as pharmaceutically accept-
able, pharmacologically active salts, esters, amides, prod-
rugs, metabolites, analogs etc. The active agent can be a
biological entity, such as a virus or cell, whether naturally
occurring or manipulated, such as transformed.

[0103] The biologically active agent may vary widely with
the intended purpose for the composition. The term active is
art-recognized and refers to any moiety that is a biologically,
physiologically, or pharmacologically active substance that
acts locally or systemically in a subject. Examples of bio-
logically active agents, that may be referred to as “drugs”,
are described in well-known literature references such as the
Merck Index, the Physicians’ Desk Reference, and The
Pharmacological Basis of Therapeutics, and they include,
without limitation, medicaments; vitamins; mineral supple-
ments; substances used for the treatment, prevention, diag-
nosis, cure or mitigation of a disease or illness; substances
which affect the structure or function of the body; or
pro-drugs, which become biologically active or more active
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after they have been placed in a physiological environment.
Various forms of a biologically active agent may be used
which are capable of being released the subject composition,
for example, into adjacent tissues or fluids upon adminis-
tration to a subject. In some embodiments, a biologically
active agent may be used in cross-linked polymer matrix of
this invention, to, for example, promote cartilage formation.
In other embodiments, a biologically active agent may be
used in cross-linked polymer matrix of this invention, to
treat, ameliorate, inhibit, or prevent a disease or symptom, in
conjunction with, for example, promoting cartilage forma-
tion.

[0104] Further examples of biologically active agents
include, without limitation, enzymes, receptor antagonists or
agonists, hormones, growth factors, autogenous bone mar-
row, antibiotics, antimicrobial agents, and antibodies. The
term “biologically active agent” is also intended to encom-
pass various cell types and genes that can be incorporated
into the compositions of the invention. Non-limiting
examples of biologically active agents include following:
adrenergic blocking agents, anabolic agents, androgenic
steroids, antacids, anti-asthmatic agents, anti-allergenic
materials, anti-cholesterolemic and anti-lipid agents, anti-
cholinergics and sympathomimetics, anti-coagulants, anti-
convulsants, anti-diarrheal, anti-emetics, anti-hypertensive
agents, anti-infective agents, anti-inflammatory agents such
as steroids, non-steroidal anti-inflammatory agents, anti-
malarials, anti-manic agents, anti-nauseants, anti-neoplastic
agents, anti-obesity agents, anti-parkinsonian agents, anti-
pyretic and analgesic agents, anti-spasmodic agents, anti-
thrombotic agents, anti-uricemic agents, anti-anginal agents,
antihistamines, anti-tussives, appetite suppressants, benzo-
phenanthridine alkaloids, biologicals, cardioactive agents,
cerebral dilators, coronary dilators, decongestants, diuretics,
diagnostic agents, erythropoietic agents, estrogens, expec-
torants, gastrointestinal sedatives, agents, hyperglycemic
agents, hypnotics, hypoglycemic agents, ion exchange res-
ins, laxatives, mineral supplements, mitotics, mucolytic
agents, growth factors, neuromuscular drugs, nutritional
substances, peripheral vasodilators, progestational agents,
prostaglandins, psychic energizers, psychotropics, sedatives,
stimulants, thyroid and anti-thyroid agents, tranquilizers,
uterine relaxants, vitamins, antigenic materials, and prod-
rugs.

[0105] Specific examples of useful biologically active
agents the above categories include: autonomic agents, such
as anticholinergics, antimuscarinic anticholinergics, ergot
alkaloids, parasympathomimetics, cholinergic agonist para-
sympathomimetics, cholinesterase inhibitor parasympath-
omimetics, sympatholytics, a-blocker sympatholytics, sym-
patholytics, sympathomimetics, and adrenergic agonist
sympathomimetics, for example.

[0106] In some embodiments, the biologically active
agents can include riluzole, Rilutek, edaravone, Radicava,
Tiglutik and Exservan for example.

[0107] Pharmaceutical Preparations

[0108] Pharmaceutical compositions of the present inven-
tion comprise an effective amount of one or more suppres-
sors of hemichannel permeability such as a Cx43 hemichan-
nel, dissolved or dispersed in a pharmaceutically acceptable
carrier. The phrases “pharmaceutical or pharmacologically
acceptable” refers to molecular entities and compositions
that do not produce an adverse, allergic or other untoward
reaction when administered to an animal, such as, for
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example, a human, as appropriate. The preparation of a
pharmaceutical composition that comprises at least one
suppressor of hemichannel permeability or additional active
ingredient will be known to those of skill in the art in light
of the present disclosure, as exemplified by Remington: The
Science and Practice of Pharmacy, 21* Ed. Lippincott Wil-
liams and Wilkins, 2005, incorporated herein by reference.
Moreover, for animal (e.g., human) administration, it will be
understood that preparations should meet sterility, pyroge-
nicity, general safety and purity standards as required by
FDA Office of Biological Standards. As used herein, “phar-
maceutically acceptable carrier” includes any and all sol-
vents, dispersion media, coatings, surfactants, antioxidants,
preservatives (e.g., antibacterial agents, antifungal agents),
isotonic agents, absorption delaying agents, salts, preserva-
tives, drugs, drug stabilizers, gels, binders, excipients, dis-
integration agents, lubricants, sweetening agents, flavoring
agents, dyes, such like materials and combinations thereof,
as would be known to one of ordinary skill in the art (see,
for example, Remington’s Pharmaceutical Sciences, 18th
Ed. Mack Printing Company, 1990, pp. 1289-1329, incor-
porated herein by reference). Except insofar as any conven-
tional carrier is incompatible with the active ingredient, its
use in the pharmaceutical compositions is contemplated.

[0109] The suppressor of hemichannel permeability may
comprise different types of carriers depending on whether it
is to be administered in solid, liquid or aerosol form, and
whether it need to be sterile for such routes of administration
as injection. The present compositions can be administered
intravenously, intradermally, transdermally, intrathecally,
intraarterially, intraperitoneally, intranasally, intravaginally,
intrarectally, topically, intramuscularly, subcutaneously,
mucosally, orally, topically, locally, inhalation (e.g., aerosol
inhalation), injection, infusion, continuous infusion, local-
ized perfusion bathing target cells directly, via a catheter, via
a lavage, in cremes, in lipid compositions (e.g., liposomes),
or by other method or any combination of the forgoing as
would be known to one of ordinary skill in the art (see, for
example, Remington’s Pharmaceutical Sciences, 18th Ed.
Mack Printing Company, 1990, incorporated herein by ref-
erence).

[0110] The suppressor of hemichannel permeability, such
as tonabersat or a prodrug thereof described above, may be
formulated into a composition in a free base, neutral or salt
form. Pharmaceutically acceptable salts, include the acid
addition salts, e.g., those formed with the free amino groups
of a proteinaceous composition, or which are formed with
inorganic acids such as for example, hydrochloric or phos-
phoric acids, or such organic acids as acetic, oxalic, tartaric
or mandelic acid. Salts formed with the free carboxyl groups
can also be derived from inorganic bases such as for
example, sodium, potassium, ammonium, calcium or ferric
hydroxides; or such organic bases as isopropylamine, trim-
ethylamine, histidine or procaine. Upon formulation, solu-
tions will be administered in a manner compatible with the
dosage formulation and in such amount as is therapeutically
effective. The formulations are easily administered in a
variety of dosage forms such as formulated for parenteral
administrations such as injectable solutions, or acrosols for
delivery to the lungs, or formulated for alimentary admin-
istrations such as drug release capsules and the like.

[0111] In accordance with some embodiments, the com-
position of the present invention suitable for administration
is provided in a pharmaceutically acceptable carrier with or
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without an inert diluent. The carrier should be assimilable
and includes liquid, semi-solid, i.e., pastes, or solid carriers.
Except insofar as any conventional media, agent, diluent or
carrier is detrimental to the recipient or to the therapeutic
effectiveness of the composition contained therein, its use in
administrable composition for use in practicing the methods
of the present invention is appropriate. Examples of carriers
or diluents include fats, oils, water, saline solutions, lipids,
liposomes, resins, binders, fillers and the like, or combina-
tions thereof. The composition may also comprise various
antioxidants to retard oxidation of one or more component.
Additionally, the prevention of the action of microorganisms
can be brought about by preservatives such as various
antibacterial and antifungal agents, including but not limited
to parabens (e.g., methylparabens, propylparabens), chlo-
robutanol, phenol, sorbic acid, thimerosal or combinations
thereof.

[0112] In accordance with the present invention, the com-
position is combined with the carrier in any convenient and
practical manner, i.e., by solution, suspension, emulsifica-
tion, admixture, encapsulation, absorption and the like. Such
procedures are routine for those skilled in the art.

[0113] In a specific embodiment of the present invention,
the composition is combined or mixed thoroughly with a
semi-solid or solid carrier. The mixing can be carried out in
any convenient manner such as grinding. Stabilizing agents
can be also added in the mixing process in order to protect
the composition from loss of therapeutic activity, i.e., dena-
turation in the stomach. Examples of stabilizers for use in an
the composition include buffers, amino acids such as glycine
and lysine, carbohydrates such as dextrose, mannose, galac-
tose, fructose, lactose, sucrose, maltose, sorbitol, mannitol,
etc.

[0114] In further embodiments, the present invention may
concern the use of a pharmaceutical lipid vehicle composi-
tions that include a suppressor of hemichannel permeability,
one or more lipids, and an aqueous solvent. As used herein,
the term “lipid” will be defined to include any of a broad
range of substances that is characteristically insoluble in
water and extractable with an organic solvent. This broad
class of compounds are well known to those of skill in the
art, and as the term “lipid” is used herein, it is not limited to
any particular structure. Examples include compounds
which contain long-chain aliphatic hydrocarbons and their
derivatives. A lipid may be naturally occurring or synthetic
(i.e., designed or produced by man). However, a lipid is
usually a biological substance. Biological lipids are well
known in the art, and include for example, neutral fats,
phospholipids, phosphoglycerides, steroids, terpenes, lyso-
lipids, glycosphingolipids, glycolipids, sulphatides, lipids
with ether and ester-linked fatty acids and polymerizable
lipids, and combinations thereof. Of course, compounds
other than those specifically described herein that are under-
stood by one of skill in the art as lipids are also encompassed
by the compositions and methods of the present invention.
[0115] One of ordinary skill in the art would be familiar
with the range of techniques that can be employed for
dispersing a composition in a lipid vehicle. For example, the
suppressor of hemichannel permeability may be dispersed in
a solution containing a lipid, dissolved with a lipid, emul-
sified with a lipid, mixed with a lipid, combined with a lipid,
covalently bonded to a lipid, contained as a suspension in a
lipid, contained or complexed with a micelle or liposome, or
otherwise associated with a lipid or lipid structure by any
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means known to those of ordinary skill in the art. The
dispersion may or may not result in the formation of
liposomes.

[0116] The actual dosage amount of a composition of the
present invention administered to an animal patient can be
determined by physical and physiological factors such as
body weight, severity of condition, the type of disease being
treated, previous or concurrent therapeutic interventions,
idiopathy of the patient and on the route of administration.
Depending upon the dosage and the route of administration,
the number of administrations of a preferred dosage and/or
an effective amount may vary according to the response of
the subject. The practitioner responsible for administration
will, in any event, determine the concentration of active
ingredient(s) in a composition and appropriate dose(s) for
the individual subject.

[0117] In certain embodiments, pharmaceutical composi-
tions may comprise, for example, at least about 0.1% of an
active compound. In other embodiments, the an active
compound may comprise between about 2% to about 75% of
the weight of the unit, or between about 25% to about 60%,
for example, and any range derivable therein. Naturally, the
amount of active compound(s) in each therapeutically useful
composition may be prepared is such a way that a suitable
dosage will be obtained in any given unit dose of the
compound. Factors such as solubility, bioavailability, bio-
logical half-life, route of administration, product shelf life,
as well as other pharmacological considerations will be
contemplated by one skilled in the art of preparing such
pharmaceutical formulations, and as such, a variety of
dosages and treatment regimens may be desirable. In other
non-limiting examples, a dose may also comprise from
about 1 microgram/kg/body weight, about 5 microgram/kg/
body weight, about 10 microgram/kg/body weight, about 50
microgram/kg/body weight, about 100 microgram/kg/body
weight, about 200 microgram/kg/body weight, about 350
microgram/kg/body weight, about 500 microgram/kg/body
weight, about 1 milligram/kg/body weight, about 5 milli-
gram/kg/body weight, about 10 milligram/kg/body weight,
about 50 milligram/kg/body weight, about 100 milligram/
kg/body weight, about 200 milligram/kg/body weight, about
350 milligranvkg/body weight, about 500 milligram/kg/
body weight, to about 1000 mg/kg/body weight or more per
administration, and any range derivable therein. In non-
limiting examples of a derivable range from the numbers
listed herein, a range of about 5 mg/kg/body weight to about
100 mg/kg/body weight, about 5 microgram/kg/body weight
to about 500 milligram/kg/body weight, etc., can be admin-
istered, based on the numbers described above.

[0118] Alimentary Compositions and Formulations

[0119] In one embodiment of the present disclosure, the
suppressors of hemichannel permeability are formulated to
be administered via an alimentary route. Alimentary routes
include all possible routes of administration in which the
composition is in direct contact with the alimentary tract.
Specifically, the pharmaceutical compositions disclosed
herein may be administered orally, buccally, rectally, or
sublingually. As such, these compositions may be formu-
lated with an inert diluent or with an assimilable edible
carrier, they may be enclosed in hard- or soft-shell gelatin
capsule, or they may be compressed into tablets, or they may
be incorporated directly with the food of the diet.

[0120] In certain embodiments, the active compounds may
be incorporated with excipients and used in the form of
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ingestible tablets, buccal tables, troches, capsules, elixirs,
suspensions, syrups, wafers, and the like (Mathiowitz et al.,
1997; Hwang et al., 1998; U.S. Pat. Nos. 5,641,515; 5,580,
579 and 5,792, 451, each specifically incorporated herein by
reference in its entirety). The tablets, troches, pills, capsules
and the like may also contain the following: a binder, such
as, for example, gum tragacanth, acacia, cornstarch, gelatin
or combinations thereof; an excipient, such as, for example,
dicalcium phosphate, mannitol, lactose, starch, magnesium
stearate, sodium saccharine, cellulose, magnesium carbon-
ate or combinations thereof; a disintegrating agent, such as,
for example, corn starch, potato starch, alginic acid or
combinations thereof; a lubricant, such as, for example,
magnesium stearate; a sweetening agent, such as, for
example, sucrose, lactose, saccharin or combinations
thereof; a flavoring agent, such as, for example peppermint,
oil of wintergreen, cherry flavoring, orange flavoring, etc.
When the dosage unit form is a capsule, it may contain, in
addition to materials of the above type, a liquid carrier.
Various other materials may be present as coatings or to
otherwise modify the physical form of the dosage unit. For
instance, tablets, pills, or capsules may be coated with
shellac, sugar, or both. When the dosage form is a capsule,
it may contain, in addition to materials of the above type,
carriers such as a liquid carrier. Gelatin capsules, tablets, or
pills may be enterically coated. Enteric coatings prevent
denaturation of the composition in the stomach or upper
bowel where the pH is acidic. See, e.g., U.S. Pat. No.
5,629,001. Upon reaching the small intestines, the basic pH
therein dissolves the coating and permits the composition to
be released and absorbed by specialized cells, e.g., epithelial
enterocytes and Peyer’s patch M cells. A syrup of elixir may
contain the active compound sucrose as a sweetening agent
methyl and propylparabens as preservatives, a dye and
flavoring, such as cherry or orange flavor. Of course, any
material used in preparing any dosage unit form should be
pharmaceutically pure and substantially non-toxic in the
amounts employed. In addition, the active compounds may
be incorporated into sustained-release preparation and for-
mulations.

[0121] For oral administration, the compositions of the
present disclosure may alternatively be incorporated with
one or more excipients in the form of a mouthwash, denti-
frice, buccal tablet, oral spray, or sublingual orally—admin-
istered formulation. For example, a mouthwash may be
prepared incorporating the active ingredient in the required
amount in an appropriate solvent, such as a sodium borate
solution (Dobell’s Solution). Alternatively, the active ingre-
dient may be incorporated into an oral solution such as one
containing sodium borate, glycerin and potassium bicarbon-
ate, or dispersed in a dentifrice, or added in a therapeuti-
cally-effective amount to a composition that may include
water, binders, abrasives, flavoring agents, foaming agents,
and humectants. Alternatively the compositions may be
fashioned into a tablet or solution form that may be placed
under the tongue or otherwise dissolved in the mouth.

[0122] Additional formulations which are suitable for
other modes of alimentary administration include supposi-
tories. Suppositories are solid dosage forms of various
weights and shapes, usually medicated, for insertion into the
rectum. After insertion, suppositories soften, melt or dis-
solve in the cavity fluids. In general, for suppositories,
traditional carriers may include, for example, polyalkylene
glycols, triglycerides or combinations thereof. In certain
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embodiments, suppositories may be formed from mixtures
containing, for example, the active ingredient in the range of
about 0.5% to about 10%, and preferably about 1% to about
2%.

[0123] Parenteral Compositions and Formulations

[0124] In further embodiments, suppressors of hemichan-
nel suppression may be administered via a parenteral route.
As used herein, the term “parenteral” includes routes that
bypass the alimentary tract. Specifically, the pharmaceutical
compositions disclosed herein may be administered for
example, but not limited to intravenously, intradermally,
intramuscularly, intraarterially, intrathecally, subcutaneous,
or intraperitoneally U.S. Pat. Nos. 6,7537,514, 6,613,308,
5,466,468, 5,543,158; 5,641,515; and 5,399,363 (each spe-
cifically incorporated herein by reference in its entirety).
Solutions of the active compounds as free base or pharma-
cologically acceptable salts may be prepared in water suit-
ably mixed with a surfactant, such as hydroxypropylcellu-
lose. Dispersions may also be prepared in glycerol, liquid
polyethylene glycols, and mixtures thereof and in oils.
Under ordinary conditions of storage and use, these prepa-
rations contain a preservative to prevent the growth of
microorganisms. The pharmaceutical forms suitable for
injectable use include sterile aqueous solutions or disper-
sions and sterile powders for the extemporaneous prepara-
tion of sterile injectable solutions or dispersions (U.S. Pat.
No. 5,466,468, specifically incorporated herein by reference
in its entirety).

[0125] In all cases the form must be sterile and must be
fluid to the extent that easy injectability exists. It must be
stable under the conditions of manufacture and storage and
must be preserved against the contaminating action of
microorganisms, such as bacteria and fungi. The carrier can
be a solvent or dispersion medium containing, for example,
water, ethanol, polyol (i.e., glycerol, propylene glycol, and
liquid polyethylene glycol, and the like), suitable mixtures
thereof, and/or vegetable oils. Proper fluidity may be main-
tained, for example, by the use of a coating, such as lecithin,
by the maintenance of the required particle size in the case
of dispersion and by the use of surfactants. The prevention
of the action of microorganisms can be brought about by
various antibacterial and antifungal agents, for example,
parabens, chlorobutanol, phenol, sorbic acid, thimerosal,
and the like. In many cases, it will be preferable to include
isotonic agents, for example, sugars or sodium chloride.
Prolonged absorption of the injectable compositions can be
brought about by the use in the compositions of agents
delaying absorption, for example, aluminum monostearate
and gelatin.

[0126] For parenteral administration in an aqueous solu-
tion, for example, the solution should be suitably buffered if
necessary and the liquid diluent first rendered isotonic with
sufficient saline or glucose. These particular aqueous solu-
tions are especially suitable for intravenous, intramuscular,
subcutaneous, and intraperitoneal administration. In this
connection, sterile aqueous media that can be employed will
be known to those of skill in the art in light of the present
disclosure. For example, one dosage may be dissolved in
isotonic NaCl solution and either added hypodermoclysis
fluid or injected at the proposed site of infusion, (see for
example, “Remington’s Pharmaceutical Sciences” 15th Edi-
tion, pages 1035-1038 and 1570-1580). Some variation in
dosage will necessarily occur depending on the condition of
the subject being treated. The person responsible for admin-
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istration will, in any event, determine the appropriate dose
for the individual subject. Moreover, for human administra-
tion, preparations should meet sterility, pyrogenicity, general
safety and purity standards as required by FDA Office of
Biologics standards. Sterile injectable solutions are prepared
by incorporating the active compounds in the required
amount in the appropriate solvent with various of the other
ingredients enumerated above, as required, followed by
filtered sterilization. Generally, dispersions are prepared by
incorporating the various sterilized active ingredients into a
sterile vehicle which contains the basic dispersion medium
and the required other ingredients from those enumerated
above. In the case of sterile powders for the preparation of
sterile injectable solutions, the preferred methods of prepa-
ration are vacuum-drying and freeze-drying techniques
which yield a powder of the active ingredient plus any
additional desired ingredient from a previously sterile-fil-
tered solution thereof. A powdered composition is combined
with a liquid carrier such as, e.g., water or a saline solution,
with or without a stabilizing agent.

[0127] Miscellaneous Pharmaceutical Compositions and
Formulations
[0128] In other preferred embodiments of the invention,

the active compound suppressor of hemichannels may be
formulated for administration via various miscellaneous
routes, for example, topical (i.e., transdermal) administra-
tion, mucosal administration (intranasal, vaginal, etc.) and/
or inhalation.

[0129] Pharmaceutical compositions for topical adminis-
tration may include the active compound formulated for a
medicated application such as an ointment, paste, cream or
powder. Ointments include all oleaginous, adsorption, emul-
sion and water-soluble based compositions for topical appli-
cation, while creams and lotions are those compositions that
include an emulsion base only. Topically administered medi-
cations may contain a penetration enhancer to facilitate
adsorption of the active ingredients through the skin. Suit-
able penetration enhancers include glycerin, alcohols, alkyl
methyl sulfoxides, pyrrolidones and luarocapram. Possible
bases for compositions for topical application include poly-
ethylene glycol, lanolin, cold cream and petrolatum as well
as any other suitable absorption, emulsion or water-soluble
ointment base. Topical preparations may also include emul-
sifiers, gelling agents, and antimicrobial preservatives as
necessary to preserve the active ingredient and provide for
a homogenous mixture. Transdermal administration of the
present invention may also comprise the use of a “patch”.
For example, the patch may supply one or more active
substances at a predetermined rate and in a continuous
manner over a fixed period of time.

[0130] In certain embodiments, the pharmaceutical com-
positions may be delivered by eye drops, intranasal sprays,
inhalation, and/or other aerosol delivery vehicles. Methods
for delivering compositions directly to the lungs via nasal
aerosol sprays has been described e.g., in U.S. Pat. Nos.
5,756,353 and 5,804,212 (each specifically incorporated
herein by reference in its entirety). Likewise, the delivery of
drugs using intranasal microparticle resins (Takenaga et al.,
1998) and lysophosphatidyl-glycerol compounds (U.S. Pat.
No. 5,725,871, specifically incorporated herein by reference
in its entirety) are also well-known in the pharmaceutical
arts. Likewise, transmucosal drug delivery in the form of a
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polytetrafluoroetheylene support matrix is described in U.S.
Pat. No. 5,780,045 (specifically incorporated herein by
reference in its entirety).

[0131] The term aerosol refers to a colloidal system of
finely divided solid of liquid particles dispersed in a lique-
fied or pressurized gas propellant. The typical aerosol of the
present invention for inhalation will consist of a suspension
of active ingredients in liquid propellant or a mixture of
liquid propellant and a suitable solvent. Suitable propellants
include hydrocarbons and hydrocarbon ethers. Suitable con-
tainers will vary according to the pressure requirements of
the propellant. Administration of the aerosol will vary
according to subject’s age, weight and the severity and
response of the symptoms.

[0132] Kits of the Disclosure

[0133] Any of the compositions described herein may be
comprised in a kit. In a non-limiting example, a suppressor
of hemichannel (for example, Tonabersat or a prodrug
thereof as described in FIG. 5) may be comprised in a kit.
[0134] The kits may comprise a suitably aliquoted a
suppressor of hemichannel permeability and, in some cases,
one or more additional agents. The component(s) of the kits
may be packaged either in aqueous media or in lyophilized
form. The container means of the kits will generally include
at least one vial, test tube, flask, bottle, syringe or other
container means, into which a component may be placed,
and preferably, suitably aliquoted. Where there are more
than one component in the kit, the kit also will generally
contain a second, third or other additional container into
which the additional components may be separately placed.
However, various combinations of components may be
comprised in a vial. The kits of the present invention also
will typically include a means for containing the suppressor
of hemichannel permeability and any other reagent contain-
ers in close confinement for commercial sale. Such contain-
ers may include injection or blow-molded plastic containers
into which the desired vials are retained.

[0135] When the components of the kit are provided in
one and/or more liquid solutions, the liquid solution is an
aqueous solution, with a sterile aqueous solution being
particularly preferred. The suppressor of hemichannel per-
meability composition(s) may be formulated into an inject-
able composition. In which case, the container means may
itself be a syringe, pipette, and/or other such like apparatus,
from which the formulation may be applied to an infected
area of the body, injected into an animal, and/or even applied
to and/or mixed with the other components of the kit.
[0136] However, the components of the kit may be pro-
vided as dried powder(s). When reagents and/or components
are provided as a dry powder, the powder can be reconsti-
tuted by the addition of a suitable solvent. It is envisioned
that the solvent may also be provided in another container
means.

[0137] The following examples have been included to
provide guidance to one of ordinary skill in the art for
practicing representative embodiments of the presently dis-
closed subject matter. In light of the present disclosure and
the general level of skill in the art, those of skill can
appreciate that the following examples are intended to be
exemplary only and that numerous changes, modifications,
and alterations can be employed without departing from the
scope of the presently disclosed subject matter. The syn-
thetic descriptions and specific examples that follow are
only intended for the purposes of illustration, and are not to
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be construed as limiting in any manner to make compounds
of the disclosure by other methods.

EXAMPLES

[0138] Human iPSC astrocyte culture: The generation,
characterization of the human iPSC lines and their differ-
entiation into astrocytes have been previously described by
our group**-!. Briefly, our 25-30 day spinal cord differen-
tiation protocol relies on extrinsic morphogenetic instruc-
tions to pattern neural progenitor cells (NPC) along the
rostro-caudal and dorso-ventral axis. For the generation of
hiPSC-A, NPC were cultured for up to 90 days in vitro
(DIV) with “astrocyte differentiating medium™>®. The
human iPSC-derived astrocyte lines from healthy subjects
and both sporadic and familial ALS patients utilized for this
study are listed in Table 1. For Western Blot purposes,
hiPSC-A from healthy subjects and ALS patients were
cultured for 86 DIV and then plated in 6 well plates at a
density of 200,000 cells/wells. Astrocytes were allowed to
recover and become confluent for 4 days (i.e. 90 DIV) prior
to collection of protein samples and immunoblotting.

TABLE 1

Human iPSC-derived astrocyte and MN lines used herein.

Phenotype
hiPSC astrocyte line
CS25 Control
CiPS Control
JHO82 Control
GO018 Control
JHO13 Slow Sporadic
JHO36 Slow Sporadic
JHO029 Typical Sporadic
JHO17 Typical Sporadic
JHO58 Rapid Sporadic
JH040 Rapid Sporadic
GO017 Slow Familial (SOD129%4)
GO004 Slow Familial (SOD129%4)
GO 028 Slow Familial (SOD179%4)
GO013 Rapid Familial (SOD144%)
GO 002 Rapid Familial (SOD1447)
GO 007 Rapid Familial (SOD1447)

39B Rapid Familial (SOD144%)

39B2.5 39B isogenic corrected line (SOD1*'*)
hiPSC-MN line
GMO01582 Control
CS25 Control
[0139] Human iPSC-motor neuron culture: Briefly, NPC

differentiated with the aforementioned spinal cord pattern-
ing protocol were cultured for up to 60 DIV with “neuronal
differentiating medium™>**°. To prevent astrocyte overpro-
liferation, neuronal cultures were treated once with 0.02 uM
cytosine arabinoside (Ara-C) (Millipore Sigma) for 48 h.
While the majority of these cells are Tuj1+/ChAT+, consis-
tent with a spinal motor neuronal phenotype, a smaller
subset of neurons (Tujl1+/ChAT-) is also present and con-
sists mainly of GABAergic interneurons>®,

[0140] Human iPSC-astrocyte and hiPSC-motor neuron
co-culture: Human iPSC-A form healthy subjects and ALS
patients were cultured for 86 DIV and then plated in 24 well
plates on glass cover-slips at a density of 20,000 cells/well.
Four days later, hiPSC-MN from control samples, cultured
for 60 DIV prior to use, were plated on the top of astrocytes

Nov. 12, 2020

at a density of 50,000 cells/well. This was considered day 1
of co-culture. Co-cultures were maintained in motor neu-
ronal medium enriched with 1% FBS for a total of 14 days
before fixing for immunocytochemistry. Co-culture medium
was changed every third day with half medium exchange.
For pharmacological assays on Cx43 HC, we used GAP19
(Tocris, 53533) at a concentration of 340 pM?'° and
tonabersat (SB-220453) at concentrations of 1 uM, 10 uM
and 100 uM”® (Millipore Sigma, SML1354).

[0141] Human iPSC-astrocyte and hiPSC-motor neuron
co-culture in a transwell system: Human iPSC-MN from
control samples were cultured for 56 DIV and then plated in
12 well plates on glass coverslips at a density of 250,000
cells/well. In parallel cultures, hiPSC-A from healthy sub-
jects and ALS patients were cultured for 86 DIV and then
plated in the top inserts of 12 well plates (12 mm diameter,
with 0.4 um pore polyester membrane insert) (Corning,
3460) at a density of 48,000 per insert. Four days later, the
inserts with 90 DIV astrocytes were placed on the top of
12-well plates with 60 DIV motor neurons at the bottom.
This was considered day 1 of “transwell” co-cultures. Half
medium exchanges were performed from both the top and
the bottom compartments. Transwell co-culture were other-
wise maintained as conventional co-cultures and neurons on
glass coverslips were fixed for immunocytochemistry after
14 days.

[0142] Multi-electrode array culture and recordings:
Multi-electrode array (MEA) plates (MultiChannel Systems,
60MEA200/30iR-Ti-gr,) with 60 electrodes, including 59
active and 1 reference, and a MEA2100 (MultiChannel
Systems) platform were used for the recording of neuronal
activity in hiPSC-A/-MN co-cultures as we have previously
described®®. Briefly, hiPSC-A from healthy subjects and
ALS patients and hiPSC-MN from a single control line were
serially co-cultured at densities of 100,000 cells/plate and
500,000 cells/plate, respectively. We analyzed the following
electrophysiological parameters: spike rate, burst rate, and
percentage of spiking and bursting electrodes (on the overall
59 recording electrodes). The recording of the baseline
activity of MEA plates was performed every 3 days over
1-minute period for 2 weeks after initial plating. For phar-
macological assays, we performed 5 minutes recordings to
capture slower electrophysiological effects of HC block-
ers36: baseline MEA activity for 1 minute, activity for 1
minute after 100 pl medium exchange with drug vehicle, and
activity for 3 minutes after the exchange of 100 ul of
medium containing the compound of interest and the drug
vehicle. For analysis purposes, we considered only the
electrodes with spike rate >0. Spiking and bursting activity
is expressed as the mean of individual MEA plates.

[0143] Data presentation and statistical analysis: All data
were analyzed using GraphPad Prism software (La Jolla,
Calif.). Graph bars represent mean+SEM and individual
observations are shown as scatter plots. Data were analyzed
using Student’s t-test, one-way ANOVA or two-way
ANOVA, followed by Tukey’s test for multiple comparisons
as described in figure legends. The statistical significance
was set at p<0.05 (*p<0.05, **p<0.01, ***p<0.001). All
experiments were performed in at least 3 technical repli-
cates. The number (n) of experimental conditions is indi-
cated in the figure legends.
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Example 1

[0144] Multielectrode (MEA) of hiPSC-Astrocyte/Neuron
cultures demonstrates astrocyte influences on neuron firing
and effects of Cx43 HC blockers. The inventors also wanted
to establish the acute effects of hiPSC-derived astrocytes on
hIPSC-Neuron spike activity. The inventors utilized a mul-
tielectrode array system that allows them to measure neu-
ronal spike activity serially. The inventors first established a
time course by which control hiPSC-Astro mature hiPSC-
Neurons and show that spike activity increases from 7 DIV
to 21 DIV (FIG. 2A). The inventors also verified that in the
absence of hiPSC-Astro co-culture, hiPSC-Neurons cultured
alone show a delayed maturation in neuronal activity (FIG.
2B). The inventors then utilized the hiPSC-Astro/Neuron
co-culture to study how blocking astrocyte Cx43 HC would
affect hiPSC-Neuron spike activity. The addition of the
Cx43 HC blocker Gap-19 shows reduced neuronal firing 1
minute after application (FIGS. 2C, 2D). Similarly, the
application of tonabersat (Cx43-specific HC blocker)
reduced hiPSC-Neuron firing 1 and 5 minutes after appli-
cation. Tonabersat also reduced hiPSC-Neuron spike rate,
burst rate, number of electrodes firing and bursting (FIG.
2E).

Example 2

[0145] Tonabersat reduces control and ALS IPSC-Astro
HC-mediated hiPSC-Neuron firing in a dose-dependent
manner.

[0146] Microelectrode array was used for the analysis of
the acute effects of tonabersat on hiSPC-Neuron spike
activity. Human control and ALS iPSC-Astro were co-
cultured with control hiPSC-Neurons for 1 week prior to
recording. The application of tonabersat at 10 uM and 100
UM resulted in a reduction of hiPSC-Neuron spike activity
1 minute after application but 100 uM tonabersat is neces-
sary to reduce ALS hiPSC-astrocyte mediated neuron spike
activity as measured by MEA (FIG. 3). This phenomenon
may reflect our observations that Cx43 and, specifically,
Cx43 HC are enriched in ALS human iPSC-astrocytes (not
shown).

Example 3

[0147] The Cx43 HC blocker tonabersat provides dose-
dependent neuroprotection to hiPSC-MN.

[0148] The inventors’ findings from rodent models and
from human ALS samples suggest that Cx43 HC may
provide an appropriate target for ALS therapeutics. Tonab-
ersat (SB-220453) was selected for its translational potential
in human clinical trials and has been shown’-® to specifically
block Cx43 HC at low concentrations (1-10 pM).

[0149] To examine the potential of tonabersat in prevent-
ing hiPSC-A and Cx43 HC mediated neurotoxicity, we
co-cultured control hiPSC-MN with either control hiPSC-A,
FALS hiPSC-A, or SALS hiPSC-A. We utilized direct
co-culture (FIGS. 4A-K) and transwell (FIGS. 41.-V) para-
digms as described above and found that tonabersat protects
hiPSC-MN from ALS astrocyte-mediated death in a dose-
dependent manner in both systems. At doses of 1 uM and 10
uM, tonabersat blocks Cx43 HC and rescues ChAT* MNs,
including a subpopulation of Isl1* MN. A higher concen-
tration of 100 uM, tonabersat was not neuroprotective, and
likely reflects a long-term effect on reducing gap junction
trafficking instead of HC activity, as described previously®
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(FIGS. 4A-K). The neuroprotective effect of tonabersat was
also seen in a transwell study (FIGS. 4L-V), suggesting that
tonabersat’s neuroprotection is HC-mediated and further
confirming the importance of Cx43 HC in toxicity. We
believe that the neuroprotective effects of tonabersat are
specific to Cx43 HC on astrocytes since the application of
tonabersat to cultures of hiPSC-MN alone did not have any
effect on hiPSC-MN survival (FIG. 5A). Interestingly, we
also observed that tonabersat was protective to non-MN
populations (ChAT™ and Isl1™ neurons), similar to the results
seen with Gap19 treatment (FIGS. 5B, 5C).

[0150] In the CNS, tonabersat’s actions may translate to
an astrocyte-mediated reduction of neuronal excitability’~*,
as suggested by in vivo studies showing tonabersat’s inhibi-
tory effects on cortical spreading depression®>~° and sei-
zures®”>>%, We have previously used’® multielectrode array
(MEA) in a fully human iPSC-based platform to evaluate
how astrocytes influence MN electrophysiology (FIG. 6A),
and here we employ that system to evaluate the electro-
physiological actions of tonabersat in vitro. We first utilized
control co-cultures of hiPSC-A/MN on MEA plates to study
how the pharmacological blockade of hiPSC-A Cx43 HC
would affect hiPSC-MN electrophysiological activity. The
addition of tonabersat (FIG. 6B) at a concentration of 10 uM
significantly reduced neuronal spiking and bursting activity
within 5 minutes of application. The effect was dose-
dependent, as a lower concentration of tonabersat (i.e. 1 pM)
was less effective (FIG. 6B). These actions parallel those of
Cx43 HC-specific blocker Gap19 (FIG. 6C), confirming our
previous observations that Cx43 HC influences neuronal
firing®®. To ensure that these effects were astrocyte-medi-
ated, we tested tonabersat on hiPSC-MN alone in culture and
did not observe any change in neuronal electrophysiological
activity (FIG. 6D).

[0151] We then evaluated these electrophysiological find-
ings in the context of ALS (FIG. 7). Human control and ALS
hiPSC-A were co-cultured with control hiPSC-MN and then
recorded serially for 2 weeks. We observed a transient
increase in neuronal spiking and bursting activity in the
co-cultures with SALS and FALS hiPSC-A when compared
to control co-cultures (FIG. 7A), which occurred early
during the 2-week recording period (most significantly at
DIV 6 of co-culture), followed by a depression of electro-
physiological activity (particularly at DIV 14 of co-culture).
This transient ALS astrocyte-mediated hyperexcitability was
significantly reduced by the acute treatment with tonabersat
(FIG. 7B), to levels of spiking and bursting activity not
significantly different from those of the untreated control
co-cultures.

[0152] We then evaluated whether this ALS astrocyte-
mediated neuronal hyperexcitability correlated temporally
with our previous findings on ALS astrocyte and Cx43 HC
mediated neurotoxicity. To address this, we used the co-
culture paradigm with ALS and control hiPSC-A/MN co-
cultures but with an abbreviated course of treatment with
tonabersat (FIG. 7C). Interestingly, we observed neuropro-
tection of control hiPSC-MN in co-culture with ALS
hiPSC-A only when 10 uM tonabersat was applied at an
early-time point (i.e. from day 5 to day 8 of co-culture),
which corresponded to the period of neuronal hyperexcit-
ability as recorded by MEA. This protection did not occur at
a later time-point (from day 11 to day 14 of co-culture),
when MEA demonstrated neuronal hypoactivity in co-cul-
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tures with ALS hiPSC-A. These effects were not limited to
MNs, as we observed similar neuroprotection for ChAT~
neurons as well (FIG. 7C).

[0153] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by
reference and were set forth in its entirety herein.

[0154] The use of the terms “a” and “an” and “the” and
similar referents in the context of describing the invention
(especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is
incorporated into the specification as if it were individually
recited herein. All methods described herein can be per-
formed in any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as”) provided herein, is intended merely to better illuminate
the invention and does not pose a limitation on the scope of
the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.
[0155] Preferred embodiments of this invention are
described herein, including the best mode known to the
inventors for carrying out the invention. Variations of those
preferred embodiments may become apparent to those of
ordinary skill in the art upon reading the foregoing descrip-
tion. The inventors expect skilled artisans to employ such
variations as appropriate, and the inventors intend for the
invention to be practiced otherwise than as specifically
described herein. Accordingly, this invention includes all
modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements
in all possible variations thereof is encompassed by the
invention unless otherwise indicated herein or otherwise
clearly contradicted by context.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 2

<210> SEQ ID NO 1

<211> LENGTH: 9

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic Sequence

<400> SEQUENCE: 1

Lys Gln Ile Glu Ile Lys Lys Phe Lys
1 5

<210> SEQ ID NO 2

<211> LENGTH: 20

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: Synthetic Sequence

<400> SEQUENCE: 2

Tyr Gly Arg Lys Lys Arg Arg Gln Arg Arg Arg Lys Gln Ile Glu Ile

1 5 10

Lys Lys Phe Lys
20

15

[0208] 53 Herdon H I, Jerman J C, Stean T O, Middlemiss
D N, Chan W N, Vong A K, et al. Characterization of the
binding of [31-1]-SB-204269, a radiolabelled form of the
new anticonvulsant SB-204269, to a novel binding site in
rat brain membranes. Br J Pharmacol. 1997; 121(8):
1687-91.

1. A method for treatment of a neurodegenerative disease
in a subject in need thereof comprising administering to the
subject an effective amount of a suppressor of hemichannel
permeability.

2. The method of claim 1 wherein the neurodegenerative
disease is amyotrophic Lateral Sclerosis (ALS)
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3. The method of claim 1, wherein a pharmaceutical
composition of the suppressor of hemichannel permeability
is administered to the subject.

4. The method of claim 1, wherein the suppressor of
hemichannel permeability is administered in a dose that
inhibits hemichannel permeability but not gap junction
permeability.

5. The method of claim 1, wherein the suppressor of
hemichannel permeability is tonabersat, or a salt, solvate,
derivative or prodrug thereof.

6. The method of claim 1, wherein the hemichannel is
connexin or pannexin.

7. The method of claim 1, wherein the hemichannel is
connexin 43 (Cx43).

8. The method of claim 1, further comprising the step of
protecting motor neurons of the subject from death.

9. The method of claim 1, further comprising the step of
minimizing a concentration of a motor neuron toxin in a
subject.

10. The method of claim 1, further comprising the step of
reducing neuron firing of the subject.

11. The method of claim 1, further comprising the step of
reducing ubiquitin deposition in the motor neurons of the
subject.

12. A method for treatment of Amyotrophic Lateral Scle-
rosis (ALS) in a subject in need thereof comprising admin-
istering to the subject an effective amount of a suppressor of
hemichannel permeability.

13. The method of claim 12, wherein a pharmaceutical
composition of the suppressor of hemichannel permeability
is administered to the subject.

14. The method of claim 12, wherein the suppressor of
hemichannel permeability is administered in a dose that
inhibits hemichannel permeability but not gap junction
permeability.

15. The method of claim 12, wherein the suppressor of
hemichannel permeability is tonabersat, or a salt, solvate,
derivative or prodrug thereof tonabersat, or a salt, solvate,
derivative or prodrug thereof.

16. The method of claim 12, wherein the hemichannel is
connexin or pannexin.

17. The method of claim 12, wherein the hemichannel is
connexin 43 (Cx43).

18. The method of claim 12, further comprising the step
of protecting motor neurons of the subject from death.

19. The method of claim 12, further comprising the step
of minimizing a concentration of a motor neuron toxin in a
subject.

20. The method of claim 12, further comprising the step
of reducing neuron firing of the subject.
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21. The method of claim 12, further comprising the step
of reducing ubiquitin deposition in the motor neurons of the
subject.

22. A method for treatment of Amyotrophic Lateral Scle-
rosis (ALS) in a subject in need thereof comprising admin-
istering to the subject an effective amount of a suppressor of
connexin and/or pannexin permeability.

23. The method of claim 22, wherein the neurodegenera-
tive disease is amyotrophic Lateral Sclerosis (ALS)

24. The method of claim 22, wherein a pharmaceutical
composition of the suppressor of hemichannel permeability
is administered to the subject.

25. The method of claim 22, wherein the suppressor of
hemichannel permeability is administered in a dose that
inhibits hemichannel permeability but not gap junction
permeability.

26. The method of claim 22, wherein the suppressor of
connexin and/or pannexin permeability is tonabersat, or a
salt, solvate, derivative or prodrug thereof.

27. The method of claim 22, wherein the hemichannel is
connexin 43 (Cx43).

28. The method of claim 22, further comprising the step
of protecting motor neurons of the subject from death.

29. The method of claim 22, further comprising the step
of minimizing a concentration of a motor neuron toxin in a
subject.

30. The method of claim 22, further comprising the step
of reducing neuron firing of the subject.

31. The method of claim 22, further comprising the step
of reducing ubiquitin deposition in the motor neurons of the
subject.

32. A method for treatment of Amyotrophic Lateral Scle-
rosis (ALS) in a subject in need thereof comprising admin-
istering to the subject an effective amount of tonabersat, or
a salt, solvate, derivative or prodrug thereof.

33. The method of claim 32, wherein the subject is
administered an effective amount of one or more compounds
of Formula (I) and/or Formula (II), a prodrug of tonabersat,
or a combination thereof.

34. The method of claim 32, wherein tonabersat has the
formula of Formula (I).

35. The method of claim 32, further comprising admin-
istering to the subject one or more additional biologically
active agents.



