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ABSTRACT

There has been a tremendous amount of research into the causes
of Amyotrophic Lateral Sclerosis (ALS), but yet very few
treatment options beyond amelioration of symptoms. A holistic
approach has shown anecdotal evidence of slowing disease
progression and this treatment, known as the Deanna Protocol
(DP), postulates that ALS is a metabolic disease caused by
glutamate that induces toxicity. In this study, glutamate
exposure to human motoneurons was investigated and found
not to significantly affect cell viability or electrophysiological
properties. However, varicosities were observed in axons
suggestive of transport impairment that was dose dependent for
glutamate exposure. Surprisingly, a subset of the components of
the DP eliminated these varicosities. To verify this finding a
human SOD1 patient-derived iPSC line was examined and
significant numbers of varicosities were present without
glutamate treatment, compared to the iPSC control, indicating
the possibility of a common mechanism despite different
origins for the varicosities. Importantly, the DP ameliorated
these varicosities by over 70% in the patient derived cells as
well. These results are consistent with much of the literature on
ALS and give hope for treatment not only for arresting disease
progression using compounds considered safe but also the

potential for restoration of function.
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INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS), also known as Lou Gehrig’s disease, is characterized
by a progressive neurodegeneration of upper and lower Motoneurons (MNS) in the brain and
spinal cord (1, 2). The pathological features of this disease are spasticity, hyperreflexia,
muscle weakness; atrophy and paralysis which ultimately results in death due to
compromised respiratory functions (1, 3). Although the origins of ALS are still unclear, 5 to
10% of the cases have been associated with a hereditary form of the disease and 82% with a
sporadic component (1-4). Previous research has indicated the process could proceed by
Motoneuron (MN) death (5-7), loss of Neuromuscular Junctions (NMJs) by MN dysfunction
(8-10) and the overexpression of NOGO in the contacted muscle (11, 12). Glial cells have
also been implicated in certain studies where astrocytic dysfunction has been documented
(13-16) as well as the activation of microglia that then proceeds to attack the CNS
components of the NMJ (8, 17, 18). Inflammation has been targeted in one of the modes of
microglia activation (19-23) but also has been postulated to cause slow degradation of the
MNs (24). At the genetic level mutations in the genes for Superoxide Dismutase 1 (SOD1),
TAR DNA-binding protein (TDP-43), fused in sarcoma/translated in liposarcoma
(FUS/TLS), and more recently C9-ORF72 (25) have been suggested to contribute to MN
degeneration (3, 26-28). These mutations have been proposed to primarily contribute by
initiating protein misfolding, forming protein aggregates and insoluble inclusions but also by
interfering with RNA regulation and processing (3, 28-31). Alterations in the retrograde
transport of autophagosomes have also been identified in ALS patients, by mutations in
dynein and dynactin genes, as well in the ubiquitin-proteasome pathway, with alterations in
the ubiquilin2 (UBQLNZ2), optineurin (OPTN), P62, and Valosin-Containing Protein (VCP)
genes, thus interfering with the general mechanism of protein degradation (3, 32-34).
Glutamate excitotoxicity has also been reported as a hallmark of the disease (5, 6, 35, 36).
However, there is no clear consensus on the cause or even the mechanisms that initiate and

enable disease progression, especially in sporadic cases.

The therapeutics for ALS are limited, mainly due to this inherent complexity of the disease.
Riluzole is the only FDA approved drug for treating ALS, however, its specific mechanism of
action is not well understood and only limited improvement in motor function and lifespan
are achieved (31, 37). A recent finding has targeted hyperexcitability using the drug

Retigabine and it is in clinical trials (38). Additionally, a holistic metabolic therapeutic has
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been highlighted, where anecdotal reports of patients utilizing a supplement cocktail DP
suggested the effectiveness of the treatment as indicated by an improvement in motor
function (1, 24). The DP is a collection of commercially available nutritional supplements,
formulated by Vincent Tedone, a retired orthopedic surgeon. He developed the protocol for
his daughter, Deanna when she was diagnosed with ALS. The major components of this
protocol, including proposed biological activities of each component, was described
previously (24). Studies in an ALS mouse model (hemizygous mice with transgenic
expression of a G93A mutant form of human SOD1 gene) supported the possible benefit of
this metabolic therapy for improving motor function and for extending survival (1). The
principle mode of action proposed for the DP is the targeting of metabolic pathways known
to be altered in ALS and is based on supplements, such as arginine alpha-ketoglutarate
(AAKG), Coenzyme Q10 (CoQ10), and y- Aminobutyric acid (GABA) among others. This
formulation was developed based on the literature to counteract oxidative metabolism, confer
mitochondrial protection, glutamate detoxification and energy production, which are known
to be altered in ALS pathology (1,24, 39). However, despite the positive feedback from
anecdotal reports, no solid evidence has confirmed the effectiveness of these components in a
human model, and no experiments have attempted to determine the actual mechanism of

action or to optimize the protocol.

It has been postulated that the cause of this metabolic dysregulation is glutamate toxicity.
Glutamate is one of the principal mediators of excitatory synaptic transmission in the
mammalian nervous system. High extracellular concentrations of glutamate are normally
concentrated in nerve terminals and are transient, extremely brief, and localized to the post-
synaptic terminals, where they are necessary to mediate synaptic transmission (5, 7).
Dysregulation of glutamate handling in the central and peripheral nervous systems leads to
uncontrolled Ca?* influx into neurons and secondary excitotoxicity (6). Additionally,
prolonged exposure to elevated extracellular glutamate concentrations has been shown to lead
to neuron dysfunction, damage, and death (5-7). Despite its suggested role in the progression
of multiple neuropathic conditions, the exact mechanism of glutamate-induced neurotoxicity
likely varies across different pathologies and in different neuronal subtypes. Studies from
rodent cultures indicated that glutamate exposure induced distal axonopathies, characterized
by axonal swellings and abnormal co-localization of phosphorylated and dephosphorylated
neurofilament proteins at the terminal segment of axons. This was only observed in relatively

aged (>3 weeks) MNs, but not in younger MNs or cortical neurons, but was not linked to
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ALS in this study (40). However, this observation provides a strong link between
hypertoxicity-induced axonopathy to the pathological cytoskeletal changes observed in ALS
(41, 42). All these events provide a possible mechanism underlying the pathogenesis of ALS
as it contributes to accumulation of cytotoxic species which are hypothesized as responsible
for MN degeneration (32).

To investigate the relationship between glutamate toxicity to MNs and how the DP may be
ameliorating those deficiencies, experiments were undertaken to examine the electrical
properties of MNs after inducing glutamate toxicity. Interestingly this caused the appearance
of distinct and quantifiable axonal features in cultured MNs treated with glutamate, and they
are similar to defined pathological features in ALS (41, 42). Most interestingly, these
varicosities were abolished by treatment with a subset of the metabolic protocol. These
axonal features were also present in MNs derived from ALS patient induced Pluripotent Stem
Cells (iPSCs) with the SOD1 mutation and the varicosities were also significantly reduced by
the metabolic protocol compared to WT iPSCs. These experiments, while preliminary, have
led us to propose a rationale for ALS progression based on the available literature as well as
the suggestion of an overall mechanism for the disease. It also provides the first evidence in
human in vitro systems of the possible benefits of the DP to support the anecdotal evidence in

human patients.
MATERIALS AND METHODS
Surface modification:

The surfaces for culture of the Human motoneurons (HMNs) were modified with N-1[3-
trimethoxysilyl) propyl] diethylenetriamine (DETA), a surface modification that has been
previously shown to support neuronal growth. The surface modification and characterization

were performed according to a protocol previously described by this group (43).
Cell culture:

Human spinal cord stem cell-derived motoneurons were prepared and cultured as detailed
previously (44). The spinal cord stem cell line NSI566RSC was purchased from Neural Stem
Inc. Passage 11 to 13 cells were used in this study. The induction procedure consisted of three
steps. First, for proliferation, one aliquot of cryopreserved cells (~3x10° cells) was seeded
into a T25 flask precoated with PDL in N2B medium with bFGF (10 ng/mL) in the presence
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of fibronectin (1.5 pg/mL). The medium was changed every other day, while bFGF (10
ng/mL) was added on the days when media was not changed. The cells were proliferated for
6 to 8 days to roughly 80% confluency. Next, they were trypsinized and replated onto
permanox dishes (60 mm, Nunc) coated with PDL and fibronectin at a density of 2 x 10°
cells/dish. For MN induction, the stem cells were first treated in priming medium for 4 days
with a half medium change on Day 2. They were then fed with MN differentiation medium
(44) for the remainder of the culture period every 2 days by changing half of the medium. On
day 10 in the dish, the differentiated cells were harvested with trypsin and replated onto
DETA-coated glass coverslips with a density of 200 cellss/mm?. They were maintained for 10
days on coverslips in MN medium to ensure complete differentiation and functional
maturation before any glutamate and/or DP treatments were initiated. The components of
priming medium and human motoneuron medium are described as in (44). For glutamate
experiments, 20 mM glutamate was added to the motoneuron differentiation medium and the
solution was used to perform a half medium change, bringing the final concentration down to
10 mM. Cells were maintained in glutamate treated medium for 48 hours prior to analysis.

Control cultures were treated similarly but with medium only.
Differentiation of MNs from human induced Pluripotent Stem Cells (hiPSCs):

MNs differentiated from iPSC lines isolated from an ALS patient with the SOD1 mutation
(LEU144PRO) (line ND39032) and a healthy subject (line ND41865) were analyzed. The
hiPSCs were obtained from the Coriell Institute established by the NIH and as received cells
were counted as Passage 0. Cells were passaged up to P10 utilizing the established
procedures recommended by NIH. Cells from P6~10 were used in this study for MN
induction. MNs were differentiated from iPSCs based on the protocols of (45) with the
modification of replacing Component C with LDN 193189 (0.1 uM) and SB431542 (6 pM).

Electrophysiological data acquisition and analysis:

The electrophysiological properties of treated and untreated stem cell derived MNs were
investigated immediately after each glutamate and/or DP treatment protocol using whole-cell
patch-clamp recording techniques as detailed previously (46). Briefly, cultured neurons
maintained on glass coverslips were placed in the recording chamber of a Zeiss Axioscope
2FS Plus upright microscope. The motoneurons in culture were distinguished from non-

neuronal cells visually using an infrared Differential Interference Contrast (DIC) video-
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microscope. Large multipolar cells (15 to 20 pm in diameter) with bright somas were
identified as MNs. Borosilicate glass patch pipettes (BF 150-86-10; Sutter Instrument
Company), with a resistance of 6 to 10 MQ, were made using a Sutter P97 pipette puller
(Sutter Instrument Company). Both current-clamp and voltage-clamp recordings were taken
using a Multiclamp 700A amplifier (Axon Instruments). The pipette (intracellular) solution
contained 1 mM EGTA, 140 mM K-gluconate, 2 mM MgCl,, 2 mM Na,ATP and 10 mM
HEPES (pH 7.2). The MN medium was supplemented with 10 mM HEPES (pH 7.2) and was
used as the extracellular solution for all patch experiments.

Following the formation of a giga-Q seal and membrane puncture, the cell capacitance was
compensated. Signals were filtered at 3 kHz and sampled at 20 kHz using a Digidata 1322A
interface (Axon Instruments). Data recording and analysis were performed using the
pClamp8 software (Axon Instruments). Membrane potentials were corrected by subtraction
of a 15 mV tip potential, which was calculated using Axon's pClamp8 program.
Depolarization-evoked inward and outward currents were examined in voltage-clamp mode.
Depolarization-evoked action potentials were examined in current-clamp mode and induced

using 1 second depolarizing current injections from a -70 mV holding potential.
hMN Glutamate treatment:

To test glutamate excitotoxicity, hMNs on Day 10 after replating onto coverslips were treated
with a solution of the described concentration L-glutamic acid monosodium (G1626 Sigma).
To apply the experiments, 20 mM glutamate was added to the MN differentiation medium
and the solution was used to perform a half medium change, bringing the final concentration
down to 10 mM. Cells were maintained in glutamate treated medium for 48 hours prior to
analysis. Control cultures were treated similarly but with medium only. At the end of the
treatment, hMN on coverslips were subjected to immunocytochemistry.

Cell survival studies:

To determine cellular viability, glutamate treated and untreated hMNs were incubated for 2
hours at 37°C with 1.2 mM of 2-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolim bromide
(MTT) (Sigma- Aldrich) diluted in culture medium. Supernatant removal was followed by
the addition of the solubilization reagent (0.57% acetic acid and 1% SDS in DMSO). Cell
viability was determined at 570 nm in a Synergy HT plate reader and KC4 software. The
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results were expressed as the percentage of cell survival relative to the control (untreated).

Viability was determined after 48 hours glutamate treatment.
hMN treatment with Deanna protocol formulations:

To evaluate the effectiveness of DP based formulations, hMNs were treated according to the
scheme described in Figure 3A. Little data exists for the serum concentration of each DP
component in humans, and almost no data on the CNS concentration of the components so a
brief dose response test was performed starting from the data in Supplemental Table S1 by
incubating hMNs with each component for 48 hours and measuring hMN viability by MTT.
A dosage that was high, but below that which caused MN viability loss, was utilized for
experiments. The components and dosage of the DP treatment we utilized for hMN treatment
are listed in Figure 3A. DP components were added to the hMN culture between D10-D12
simultaneously with glutamate, or between D13-D14 after the glutamate treatment was
completed. Correspondent controls were included in which either glutamate treatment or DP
components were omitted. The coverslips were then fixed for immunocytochemical analysis
on D12 or D14 after the glutamate and/or DP treatments. The treatments were applied on day
10 after replating for MNs derived from spinal cord stem cells by including the respective
components in fresh MN medium and administrated with a complete medium change. MNs
derived from iPSCs were treated according to the treatment outlined above with the DP-2

between D12 to D14 after being replated onto coverslips.
Immunocytochemistry and Microscopy:

Cells were fixed with 4% paraformaldehyde for 15 minutes at room temperature and were
then rinsed with 1x PBS two times. Cells were permeabilized for 10 minutes with 0.1%
Triton X-100. Subsequently, cells were blocked for 1 hour at room temperature in blocking
buffer (2.5% donkey serum + 2.5% goat serum + 1% BSA) and incubated with primary
antibodies overnight at 4°C. The coverslips were washed again with 1x PBS three times (5
minutes each wash) followed by the incubation with the secondary antibodies (1:250 diluted
in blocking buffer) for 2 hours, at room temperature protected from light. They were then
washed with 1x PBS (4 washes; 5 minutes each). Nuclear staining was performed by the
addition of a DAPI solution (300 uM) for 10 minutes at room temperature. ProLong® Gold
Antifade Mountant (P36930) was used to mount the coverslips onto slides. Primary

antibodies utilized in this work include: Chicken-anti-neurofilament (Millipore, 1:1000),
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mouse-anti-SMI132 (Calbiochem, 1:100), Rabbit-anti-GIuR1 (Millipore, 1:100), Rabbit-anti-
GluR2&3 (Millipore, 1:100), Goat-anti-ChAT (Millipore, 1:100), Rabbit-anti-B III Tubulin
(Sigma, 1:1000), Rabbit-anti-MAP2 (Millipore, 1:1000). The monoclonal antibody against
SV2 (mouse, 1:10) was obtained from the Developmental Studies Hybridoma Bank which is
under the auspices of the NICHD and maintained by the University of lowa. Secondary
antibodies include: Goat-anti-Mouse-488, Goat-anti-Mouse-568, Goat-anti-chicken-568,
Goat-anti-chicken-488, and Goat-anti-Rabbit-568. All the secondary antibodies were from
Invitrogen. Fluorescence imaging was performed in an UltraView™ spinning disk confocal
system (PerkinEImer) with an AxioObserver Z1 (Carl Zeiss) stand, and a Plan- Apochromat
objective 40x/0.75 air. Z-stack projections of the scanned images were processed and

modified with Volocity software.
Quantification and statistical analysis:

For the quantification of the axonal varicosities, the cells were immunostained with
neurofilament antibody and imaged by confocal microscopy. The images were analyzed with
the software image J. The number of varicosities/um at 40x magnification was calculated
from the collected images. Total axonal length from each image was measured using image J
and the number of varicosities/um was quantified. At least 30 images were collected from
each condition. Statistical analysis by one-way single factor ANOVA followed by Dunnett’s
test (alpha=0.05) was performed to compare differences between samples. The data were
represented as the mean plus or minus the sample standard error of the mean (xSEM) of three

or more independent biological repeats.

We show that the DP effectively reduces varicosities in two separate conditions: when the
varicosities are caused by glutamate (as in the wild-type line), and when the varicosities are
present without induction (as in the SOD1 mutant line). In this work, the paired nature of
varicosity analysis blocks for differences in the underlying cell lines to isolate the effect of
the drug treatment within these two conditions. By showing significant reductions in
varicosities produced by two very different experimental protocols (induced and natively
produced), we conclusively demonstrate that the DP-2 Deanna Protocol affects an underlying
mechanism for varicosity production or prevention. Based on approximations of variance
within SOD1 mutant lines and variation within the population as a whole, including both
SOD1 mutant and spinal cord stem cell derived MN, adding additional mutant cell lines

would only improve statistical confidence and decrease the minimum detectable difference
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between means by approximately 5%. This small improvement is unnecessary considering

the statistical power demonstrated in distinguishing changes among conditions in our data.
RESULTS
Cell viability assays of motoneurons exposed to glutamate

To mimic glutamate toxicity, a phenotype observed frequently in ALS pathology, hMNs
differentiated from fetal spinal cord stem cells (SCSC) (44) were exposed to glutamate for 48
hours for increasing concentrations. An MTT assay was used to establish a correlation
between glutamate dosage and cell viability (Figure 1A). The results obtained suggest that
hMN viability was not affected by 48 hours of glutamate treatment for up to a concentration
of 10 mM. Although a small decrease in viability was observed for dosages above 5 mM, the
results were not significantly different from the untreated group (Treated [1-10 mM] vs.
Untreated P>0.01).
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Figure 1. Neuronal viability and function after glutamate treatment. A) Viability of
cultured hMNs upon 48 hours treatment with increasing concentrations of glutamate,
analyzed with a MTT assay. No significant reduction in viability was observed (P>0.01).
Data represent the mean + S.E.M. B-E) Electrophysiological characterization of hMNs after
10 mM glutamate treatment. F) Analysis of the major electrophysiological parameters
indicated MNs with and without glutamate treatment have similar electrophysiological
function. Data represent the mean + SD.
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Electrophysiological properties of hMN cultures in response to glutamate treatment.

Patch clamp analysis highlighted minor alterations in hMN electrophysiological properties in
response to 48-hour glutamate exposure (Figure 1B-E). First observation is that the resting
membrane potential was less hyperpolarized in glutamate-treated MNs. Similarly, glutamate
treated MNs exhibited smaller action potential amplitudes than control cells and there was a
slight decrease in the number of cells that were capable of repetitive firing under
depolarization. However, none of these differences were statistically significant (P>0.01). In
addition, no significant differences were observed in the amplitudes of inward sodium and
outward rectifying potassium currents from glutamate treated and untreated controls. Overall,
given the severe dysfunction found in ALS MNSs, the degree of functional deficits was
relatively minor compared to what was expected (Table 1). In order to examine the
possibility that the glutamate treatment would cause a functional deficit in MNs at later time
periods, glutamate-treated MN cultures were analyzed by patch clamp again 4 days after the
cessation of glutamate treatment. No significant difference was observed between the treated
and untreated cultures over this time period (Supplemental Table S2). All these results
indicate that 48 hours Glutamate treatment did not cause functional deficits which are
detectable by the described analysis. To further evaluate the effect of glutamate on hMNs
function, the expression of glutamate receptors in the hMNs and their response to glutamate

was also confirmed in these SCSC-hMNs (Supplemental Figure S2).

Table 1. Analysis of the major electrophysiological parameters indicated no difference

between MNs with and without Glutamate treatment. Data represent the mean +/- SD.

Neurons w/ Rate of
SCSC-MN RP AP I Na+ | K+ (pA) repetitive Repetitive
mv) | mv) (PA) P Erin Firing
; (H2)
“48.82+/- | 94.06+/- | -2087.6+/- | 1590.09+/-
0, -
Control 9.15 8.34 754.02 384.3 0% 15+/-6.4
“40.86+/- | 82.88+/- | -2051.04+/- | 1761.66+/-
0, -
Glutamate 4.88 14.32 901 903 66.7% 15.3+/-7.6

Morphological changes in response to glutamate treatment.

Morphological alterations in glutamate (10 mM, 48 hours) treated MN cultures 10 days after
cell plating were also investigated by phase contrast microscopy. The formation of aberrant
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axonal swellings or varicosities in the neurites were found as a consequence of glutamate
treatment and not found for its untreated counterparts, as can be observed in Figures 2A and
B. Additional characterization of the axonal swellings was performed by immunochemical
labeling for neurofilament, which specifically stained neural axons. While few axonal
swellings were observed in the control group (Figure 2C), numerous varicosities along the
processes that were immunopositive to neurofilament were demonstrated in the glutamate
exposed hMN culture (Figure 2D). From the literature, formation of axonal varicosities
occurs as a response to multiple stimuli and stressors, including mechanical stress, axonal
damage, heat and cold, toxins, and anesthetics (47-50) as well as in neurodegenerative
diseases (51, 52). Human MNs derived from ALS patient iPSCs revealed neurofilament
aggregation as an early ALS pathological event which underlies MN pathology (53). Electron
microscopy analysis has revealed breakage of microtubules at the swelling locations, which
caused disorganization of cytoskeletal proteins and accumulation of axoplasm membrane-
bound bodies, vesicles, mitochondria and other cargo in the varicosities, which was linked to
impairment of axonal transport (47, 48, 51, 52). Since disruptions of axonal transport of
neurotransmitters and other critical biological materials necessary for synaptic function could
severely affect MN communication, these cultures were co-stained with neurofilament and
synaptic vesicle protein 2 (SV2) (Figure 2E and F). SV2 is a marker for synaptic vesicles
(54), and the impaired transport of synaptic vesicles has been utilized as a reporter for axonal
transportation deficits. Increased numbers of SV2 clusters were observed in glutamate treated
cultures (Figure 2F), but not in untreated controls (Figure 2E), and a large number were co-
localized with varicosities. This result indicates that synaptic vesicles, one of the normal
cargos of axonal transport, were accumulated in these varicosities, strongly suggesting the

impairment of axonal transport which correlates with the previous literature (51).

To further investigate the insult produced by glutamate treatment in hMNs, a dose dependent
quantification of axonal varicosities was performed. The impact of glutamate exposure on the
induction of morphologically aberrant axonal swellings was examined for hMNs 10 days
after replating that were treated for 48 hours in a dose-dependent manner (Figure 2G).
Neurofilament labeling was used to quantify the number of axonal varicosities formed. No
significant effects were observed at low glutamate treatment, 1 mM (Treated [1 mM] vs.
untreated P>0.01). However, the density of varicosities formed along the axonal network was

found to significantly increase as the glutamate dosage increased (Figure 2H) (Treated [2.5-
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10 mM] vs. untreated P<0.01). Glutamate dosages of 10 mM resulted in the highest number

of axonal varicosities.

Untreated

Varicosities/pm

Figure 2. Assessment of morphological changes in response to glutamate treatment by
phase microscopy and immunocytochemistry. A&B) The increase in axonal varicosities and
the trend towards a reduction in axon density were observed after 48 hours of glutamate
treatment (B) compared to those before treatment (A). Scale bar = 60 um. C&D) Axonal
morphology of MNs was visualized by immunocytochemistry with axonal marker NF (green)
and co-stained for actin (red) and nuclei (Dapi, blue) in Control (C) and Glutamate treated
(10 mM) (D) conditions. Note the formation of morphologically aberrant varicosities in the
treated condition (swellings stained green). Selected varicosities are highlighted by yellow
arrows. Scale bar = 30 um. E&F) Untreated (E) and 10 mM glutamate treated (F) human
motoneurons 10 days after plating were immunostained for neurofilament (green), SV2 (red)
and nuclei (blue). Panels on the left and right show the same field of view with and without
neurofilament respectively, in order to accentuate the SV2 clustering observed in glutamate
treated cultures. Scale bar = 20 um (applies to all presented images). G) Human motoneurons

were exposed to increasing doses of glutamate for 48 hours and then fixed and stained for
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neurofilament (green) and DAPI (blue). Scale bar = 30 um. H) Quantification of axonal
varicosities (normalized by axonal length) formed with increasing glutamate treatment. At
least 30 images were collected from each condition, and conditions were compared
statistically with One-way ANOVA followed by Dunnett’s test. *P < 0.01, **P < 0.001; Data

represents the mean £ S.E.M.
In vitro glutamate varicosity induction was reversed by reformulation of the DP

Axonal varicosities are an early axonal pathology caused by various insults to neurons and
axonal neuropathy has been observed in early stage of ALS pathology (31, 40, 55, 56). To
test the Deanna protocol’s effectiveness in ameliorating the varicosities induced by glutamate
exposure, hMNs were either simultaneously treated with glutamate and the DP formulation
(listed in Figure 3A), or were exposed to a 48 hours glutamate treatment and then the DP
formulation was subsequently applied for another 48 hours (Figure 3B). The DP formulation
was evaluated by counting the reduction in the number of axonal varicosities formed, through
immunolabelling with neurofilament, for 10 mM glutamate treated hMNs and compared to
the untreated hMN controls. The treatment with the complete DP formulation (DP-1) did not
change the number of axonal varicosities in either simultaneous administration or sequential

treatment.

In an attempt to further evaluate the effect of the DP on varicosity formation, the effect of
each DP component in the reduction of varicosities formed in glutamate treated hMNs was
tested. To accomplish this, each component was systematically removed and each new
formulation was tested and significant reductions were achieved with two reformulations.
Elimination of either Coenzyme Q10 (CoQ10) or Nicotinic acid (NA) reduced varicosity
formation significantly (Treated vs. Untreated P<0.05) (Figure 3C).
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Figure 3. Response of glutamate treated cultures to the DP formulations. A)
Formulations of DP-1 and DP-2. B) Schematic diagram of each hMN DP formulation
treatment. C) Glutamate excitotoxicity was not reduced by DP-1, but by eliminating either
CoQ10 and/or nicotinic acid. Following glutamate and DP treatment, hMNs were fixed and
stained for neurofilament and DAPI. The number of varicosities per um of axonal length was
calculated from the collected images. At least 30 images were collected from each condition.
One Way ANOVA followed by Dunnett’s test was used to compare DP treatments to
Glutamate 48 hour treatment (same for D). Glutamate treatment for 48 hours was different
from both untreated and DP-1 treated controls (p <0.01). Glu+DP-1 (-C0oQ10), and Glu +DP-
1 (-NA) are both significantly different from glutamate only treatment (*p<0.05). D)
Simultaneous removal of coenzyme Q10 and nicotinic acid from the DP-1 formulation
reduced the number of varicosities to basal levels. Sequential treatment (Glutamate 48 hours
+ DP-2), and simultaneous treatment ((Glutamate +DP-2) for 48 hours) are both significantly

different than glutamate treatment (*P < 0.05); Data represents the mean + S.E.M.
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Considering that the individual removal of CoQ10 and NA could reduce the number of
axonal varicosities formed, further testing was performed for a formulation where both
supplements were eliminated (Figure 3D). The removal of CoQ10 and NA produced a
significant reduction on the number of axonal varicosities formed per micrometer of axonal
length (Treated vs. untreated P<0.05). Furthermore, the number of varicosities returned to
basal levels in either simultaneous treatment or sequential treatment, with no significant
difference compared to the untreated controls (Treated vs. untreated P>0.05). This strongly
suggests the modified DP (DP-2) (Figure 3D) can reduce, if not eliminate, the pathology
induced by glutamate and gives an indication of mechanism for the disease when the

anecdotal clinical evidence is considered.
Treatment of human ALS SOD1 MN phenotype with the DP-2.

While the findings from the glutamate toxicity model were exciting, they still could be
unrelated to the pathology of the ALS phenotype. To address this question, iPSCs derived
from hMNs containing the SOD1 mutation were tested with the DP-2 protocol. This would
provide additional evidence for the DP-2 results by demonstrating correlation of the in vitro
model with the human disease phenotype, and give stronger clinical validation for controlled

testing with ALS patients.

To investigate this additional hypothesis, MNs were differentiated from an IPSC line derived
from an ALS patient with the SOD1 mutation, as well as from an iPSC line (WT) derived
from a normal subject. The differentiated culture was characterized by immunocytochemistry
with MN markers HB9, Isletl and SMI32, and more than 90% of the neurons were MNs
(Supplemental Figure S2). Electrophysiological analysis was conducted for these ALS-hMN
mutants to determine if the level of maturity reached was similar to the control hMNs. No
significant differences were identified from the patch-clamp analysis of D10-D16 cultures
(Figure 4A-D) in iPSC-MNs compared to the SCSC-MNs. The -electrophysiological
properties of the mutant iPSCs MNs were also compared to the WT iPSCs MNs and no
significant differences were observed as shown in the first two rows of Table 2. Similarly, no
significant differences were observed after DP-2 treatment as shown in the bottom row of
Table 2.
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Table 2. Analysis of the major electrophysiological parameters indicated no major
differences between WT MNs and SOD-1 MNs with and without DP-2 treatment. (Data are

expressed as mean + standard deviation).

Neurons | Rate of
AP Inward | Outward w/ Repetitive
iIPSC-hMNs RP (mV) Current | Current . . p
(mV) (PA) (PA) repetitive | Firing
P P firing | (H2)
ND41865
-57.17+/- | 87.26+/- | 1407+/- | 943.05+/-

. 0, -
(wild Control 9.3 178 12307 5711 100% 17+/-1.41
Type)

-54.47+/- | 88.71+/- | 2327.03+ | 1247.36+/
0 -
ND3go3z | ntreated | 54 1436 |1-12281 |-5083 | 100% | 148472
(SOD1) -49.67+/- | 80.65+/- | 1076.7+/- | 720.3+/- 0
DP-2 9.2 1246 630.1 469 3 100% 18.3+/-3.8

Morphological analysis of the hMNs was also performed as previously described for control
SCSC-hMNs for both the SOD1 mutant as well as the WT neurons (Supplemental Figure
S3). For consistency with the analysis in SCSC-MNs, both WT and SOD1 iPSCs-MNs were
immunostained with neurofilament antibody for quantification of axonal varicosities and co-
stained with the MN marker SMI132 to confirm the identity of neurons used for quantification
(Supplemental Figure S3). The left panel of Figure 4E clearly indicates few varicosities were
observed in iPSC derived WT-hMNs while significant numbers of varicosities were present
in the axons of the SOD1-MNs without any glutamate treatment as shown in the middle panel
of Figure 4E. Immunostaining confirmed SV2 clusters in the varicosities formed in the
mutant iPSCs as well (Figure 4F). The quantification of neurofilament-positive axonal
varicosities in the differentiated SOD1-hMN cultures indicates that they were significantly
higher than that of the WT-hMNs (Figure 4G), suggesting that axonal deficits are also present
in the hMNs with the SOD1 mutation after hMN maturation.
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Figure 4. Electrophysiological and morphological analysis of SOD1 patient hMNs with
and without DP-2 treatment. A-D) Sample traces of patch clamp recordings from SOD1
MNs. E) iPSC-hMNs stained for neurofilament (red) for wild type, SOD1 and SOD1 after
treatment with the DP-2. F) SOD1-hMN at 25 Days in culture stained with NF (red) and S\V2
(green) demonstrated pathological varicosities observed in the axons of these MNs and
clustering of SV2 in these varicosities. Scale bar: 50 pum. G) Quantification of axonal
varicosities (normalized to axonal length) in SOD1-hMNs with and without treatment with
the DP-2. SOD1 is significantly different from WT (p=0.02) and SOD1 after DP-2 treatment
(p=0.04), while WT and SOD1+DP-2 are not different (p=0.5). *P < 0.05. One Way ANOVA.
Data represent the mean £ S.E.M.

In order to determine whether the DP-2 could reverse the axonal varicosities observed in the
SOD1-MNs, the cells were treated with the DP-2 as above for 48 hours, and the
electrophysiological properties of the treated cells were measured and the number of axonal
varicosities was quantified. No significant differences were noted in the electrophysiological
properties of DP-2 treated and untreated SOD1-MNs (Table 1). However, as shown in the last
panel of Figure 4E and quantified in Figure 4G, the number of axonal varicosities was
significantly reduced after the DP-2 treatment, indicating the effectiveness of the DP-2 not
only for reducing the glutamate induced varicosities but also those present in MNs derived

from a fully differentiated human mutant phenotype.
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In using two vastly different lines to show similar responses of varicosities to the DP-2
treatment, clonal variation is accounted for in the fact that the population of combined spinal
cord stem cell derived motoneurons and SOD1 motoneurons include the variation within each
subpopulation. We show that even with the variability between two substantially different
cell lines with varicosities produced from two completely different protocols, the effect of
DP-2 on varicosities remains similar. By showing significant reductions in varicosities
produced by two very different experimental protocols (induced and natively produced), we
conclusively demonstrate that the DP-2 Deanna Protocol affects an underlying mechanism

for varicosity production or prevention utilizing only one mutant cell line.

In order to be able to claim that varicosities are caused by the SOD1 mutation itself, or to
claim a difference in the effectiveness of a treatment (e.g. DP-2) due to the SOD1 mutation,
multiple cell lines for each condition would need to be used to isolate the effect of the SOD1
mutation. However, this work focuses on the effect of the presented treatment on the
varicosities, instead of the effect of SOD1 mutations on some measured output. A mutant
SOD1 line is included to demonstrate that the effect of DP-2 on varicosities is neither
peculiar to a specific wild type line nor peculiar to varicosities produced by glutamate

addition.
DISCUSSION

This study directly links glutamate toxicity to axonal varicosities as a possible mechanism for
initial ALS progression. In addition, a metabolic treatment was shown to reduce the
varicosities, providing experimental evidence to support anecdotal reports from ALS patients
after this holistic treatment. The findings that significant axonal varicosity pathology occurs
prior to loss of electrophysiological function or loss of hMN viability indicate it is an early
disease phenotype. The presence of the varicosities in functional hMNs derived from iPSCs
from SOD1 ALS patients without glutamate treatment is also in agreement with this
conclusion. Reversal of these varicosities by DP treatment reveals a potential therapy for this

early stage of ALS pathology.

Two major cellular pathologies have been widely observed in the study of ALS:
excitotoxicity and deficit in axonal transport. Glutamate-related excitotoxicity has been
frequently reported in both sporadic and familial ALS patients based on the excitotoxicity
analysis of the plasma or CSF fluid (57, 58). In addition, cytoskeletal pathology, especially
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axonopathy, is an important hallmark in several neurodegenerative diseases and is considered
to be an early indicator for cells under extracellular or intracellular stress (59, 60). The
accumulation of neurofilament, organelles and vesicles along the axons was previously
reported in rat and tissue models of ALS, however never directly associated with glutamate
excitotoxicity (31,40,55, 56). Impaired axonal transport has been observed in early stages of
ALS pathology and correction of this deficit can significantly extend the lifespan of SOD1
mice (31, 40, 55, 56,61, 62). Especially, a study in MNs derived from iPSCs of ALS patients
demonstrated that the mutant SOD1 gene can misregulate neurofilament balance and cause
axonal varicosities which was then followed by neurite degeneration, and correction of the
neurofilament phenotype mitigated neural degeneration (53). Impairment of axonal transport
would also result in subsequent gradual loss of NMJ function which mirrors clinical
observations of a gradual loss of muscle strength preceded by dysfunction (63), the typical
phenotype of human ALS disease progression. Glutamate excitotoxicity can cause distal
axonopathy (40) and slow neurofilament-mediated axonal transport (64). Additionally,
glutamate excitotoxicity in another study was found to slow neurofilament-mediated axonal
transport in a human adrenal cortex cell line SW-13 (64). The deficit can be reversed by
Riluzole (31), the only FDA-approved drug for ALS which effect is at least partially due to

interference with glutamate-mediated toxicity (65, 66).

In this paper, we reproduced the glutamate-induced axonal pathology in hMNs in a dose-
respondent manner. Increased concentration of glutamate induced a higher density of axonal
varicosities in hMNs, which were demonstrated by neurofilament clusters. The increased
number of SV2 aggregates and their frequent co-localization with neurofilament clusters
indicated the transportation of synaptic vesicles or related proteins would probably be
hindered at these varicosities, which indicates the interruption of axonal transportation, which
agrees with previous reports concerning the role of neurofilament cluster formation in
inhibiting axonal transport of distal proteins (67). Considering the commonality of glutamate
toxicity and axonal pathology in ALS, and the relationship between these two phenotypes,
the findings from this study should be applicable for a large portion of ALS cases.

Despite the axonal neurofilament phenotype, both Glutamate-treated spinal MNs or iPSC-
derived SOD1 MNs can elicit APs under depolarization or by spontaneous activity, and no
significant electrophysiological deficit was detected. This could be due to axonal varicosities

being an early hallmark of the pathology which may occur significantly before functional
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deficits can be detected. Both hypoexcitability (68, 69) and hyperexcitability (38) phenotypes
have been reported in ALS MNs, but no electrophysiological phenotype was observed in this
study. This could be because the assay employed, patch clamp, is not sensitive enough to
detect deficit in axonal transport at this stage of pathology.

However, the key result in this study is the ability of a holistic treatment DP, developed for
ALS patients from compounds generally recognized as safe that had previously shown
anecdotal evidence of patient benefit, to reverse the pathology. The subset of compounds
labeled DP-2 not only reversed varicosities in the glutamate treated MNs, but also in SOD1
mutants derived from ALS patients. This is critically important based on recent results that
suggest protein misfolding may be a root cause of the disease for both familial and sporadic
forms (70). Two hMN cellular models for ALS were utilized in this study: SCSC- MNs
exposed to glutamate and ALS patient-derived mutant MNs. The former was chosen because
glutamate-related excitotoxicity has been frequently reported for both sporadic and familial
ALS patients based on analysis of their plasma or CSF (57, 58). To mimic the excitotoxicity
as in vivo, 10 mM glutamate was applied to the hMN culture for 48 hours. This concentration
is higher than the regular glutamate concentration in human CSF, which has been reported to
be between 0.02-20 uM depending on the technology employed to make the measurement
(71). However in the synaptic cleft, glutamate concentrations can reach the millimolar level
(72), and a concentration of 10 mM has been used to activate neurons during in vitro
electrophysiological recordings (72). When applied to human stem cells-derived MNs in this
study, this concentration was high enough to induce axonal varicosities after 48 hours
exposure but low enough to not impair the electrophysiological function of the MNs, for up

to 4 days after treatment justifying its choice to generate the glutamate toxicity model.

The importance of this excitotoxicity model is further confirmed by the fact that Riluzole, the
only FDA-approved drug for ALS, works partially by interfering with glutamate-mediated
toxicity (65, 66). In addition, due to the development of IPSC technology, patient-derived
cells are now available to model disease etiology and develop therapeutics. By combining
these two approaches for in vitro ALS modeling, findings about the cellular pathology and

any drug tested would give more representative data for eventual clinical applications.

Multiple hypotheses have been proposed for the mechanisms for glutamate hypertoxicity and
ultimate MN death in ALS, for example, intracellular oxidative stress and mitochondrial

impairment, excessive calcium and sodium influx, from which arises mitochondrial
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dysfunction, generation of free radicals and programmed cell death (6, 36). However, ALS
has also been defined as a distal axonopathy by others (73, 74), and many molecular changes
influencing MN degeneration occur at the NMJ at very early stages of the disease prior to
symptomatic onset (9). Our study demonstrated that with the tested protocol, glutamate-
induced excitotoxicity promoted axonal deformation. However, it did not affect the MN
viability, significantly affect the electrophysiological function of the hMNs in culture, or
cause delayed apoptosis. Due to the fact that synaptic function relies heavily on axon
transport (i.e. the transport of synaptic vesicles, mitochondria etc.), glutamate induced
axonopathy would cause impaired NMJ function and stability, as evidenced by typical
clinical measurement in ALS patients, such as Muscle Fiber Conduction Velocity (MFCV)
(9) and loss of NMJ synapses will eventually lead to MN death (8, 12, 75). These results
suggest that glutamate-induced failures in axonal transport might be an early event in ALS
pathology and may be an explanation of why distal structures break down first in ALS
patients. Based upon our finding and the extensive literature, our hypothesis is that ALS first
is induced by transport disruption which emphasizes gradual loss of function, then loss of
NMJ function, then cell death as a secondary effect due to loss of retrograde feedback

mechanisms such as trophic support from the muscle.

So far, very few therapeutic options for ALS patients exist, and Riluzole, the only FDA
approved therapeutic, provides an improvement in patient’s survival and motor function.
While the neuroprotective mechanism of Riluzole action is not completely understood, it is
found to be able to counteract the hyperactivity of MNs and to be related with the anti-
glutamatergic properties for glutamate uptake, release and receptor signaling (76). Other
therapeutics have been suggested in ALS, mainly targeting pathways known to be altered in
pathological conditions, such as antioxidant activity, protein aggregation, and energy
metabolism, but so far none of them have been efficacious or reproducible in clinical trials.
The benefits of the DP as an ALS therapeutic have not been clinically demonstrated yet and

only anecdotal reports in humans exist (http://winningthefight.org/t/Deanna-Protocol).

Using this model of glutamate toxicity in hMNs, we demonstrated that the toxicity of
glutamate could be ameliorated through the use of dietary supplements. The DP did not show
any effect in either simultaneous treatment or sequential treatment. The DP-2, formed by
eliminating CoQ10 and nicotinic acid, reversed the varicosity phenotype to basal levels in
both glutamate treated WT-MNs and iPSC ALS-MNs. CoQ10 and nicotinic acid are both
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involved in citric acid metabolism and energy production. Considering the fact that NA is
metabolically converted to NADH and NADPH (1, 77-79) and CoQ10 has a rapid uptake by
the liver (80), and actual plasma levels could be much lower, these two components could
potentially be beneficial if the metabolites (NADH & NADPH) of NA, or a reduced dosage

for CoQ10, in the in vitro testing were utilized instead.

This proposed early disease phenotype is supported by previous work in animal models
where treatments to protect or rescue MNs did not extend animal life (81, 82). In addition, the
harmful effect of glutamate and the therapeutic effect of Glutamate Oxaloacetate
Transaminase (GOT) supports the reported role of astrocytes in the pathology as they are
responsible for uptake of excess glutamate (14, 83, 84). The overall conclusion of the study
results demonstrates that lower levels of glutamate which would be present initially can cause
functional deficits while higher levels would lead to cell death, which would follow known

disease pathology.
CONCLUSIONS

The reversibility of axonal varicosity formation implies that treatment at this early stage can
provide an effective therapy for ALS. Therefore, abnormal axonal transport represents not
only an early detectable marker for ALS pathology but also a therapeutic target in ALS drug
screening. Familial ALS represents only about 10% of all ALS cases. SOD1 gene mutation is
responsible for about 10~20% of fALS. More than 100 SOD1 mutations have been linked to
fALS and each causes different degrees of disease severity (85). It is possible that the early
axonal varicosity phenotype may not happen in all ALS cases. However, initial
neuromuscular junction failure at the onset of all ALS cases suggests that the defective
distant communication between MN soma and its axonal terminal at an early stage could be
an important mechanism for ALS etiology, and this communication relies on axonal
transport. The commonality of this early stage axonal abnormality can be better addressed

after analyzing more ALS subtypes with patient-derived MNs.

Each component of the DP-2 formulation also needs to be analyzed and the treatment
optimized for clinical benefit as the original compounds were assembled to treat a metabolic
disease, not protein aggregation. In addition, functional studies in a NMJ system (46) need to

be carried out to confirm the connection between varicosity formation and impairment of
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muscle activity. Once this is in place, efforts could then proceed for restoration of function in

conjunction with other treatments, such as stem cell therapy.
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