RESEARCH ARTICLE

Evidence of Hydrogen Sulfide
Involvement in Amyotrophic Lateral
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Objective: Amyotrophic lateral sclerosis (ALS) is a motor neuron disease whose pathophysiological deficits, causing
impairment in motor function, are largely unknown. Here we propose that hydrogen sulfide (H,S), as a glial-released
inflammatory factor, contributes to ALS-mediated motor neuron death.
Methods: H,S concentrations were analyzed in the cerebrospinal fluid of 37 sporadic ALS patients and 14 age- and
gender-matched controls, in tissues of a familial ALS (fALS) mouse model, and in spinal cord culture media by means
of a specific and innovative high-performance liquid chromatography method. The effects of H,S on motor neurons
cultures was analyzed immunohistochemically and by patch clamp recordings and microfluorometry.
Results: We found a significantly high level of H,S in the spinal fluid of the ALS patients. Consistently, we found
increased levels of H,S in the tissues and in the media from mice spinal cord cultures bearing the fALS mutation
SOD1G93A. In addition, NaHS, an H,S donor, added to spinal culture, obtained from control C57BL/6J mice, is toxic
for motor neurons, and induces an intracellular Ca®" increase, attenuated by the intracytoplasmatic application of
adenosine triphosphate. We further show that H,S is mainly released by astrocytes and microglia.
Interpretation: This study unravels H,S as an astroglial mediator of motor neuron damage possibly involved in the
cellular death characterizing ALS.
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myotrophic lateral sclerosis (ALS) is a lethal disease

characterized by a progressive upper and lower
motor neuron degeneration, which leads to a rapid weak-
ness of muscles and wasting."* Although the pathological
processes affecting motor neurons are largely unknown,
many factors have been implicated in the cellular dam-
age. These include excitatory amino acid neurotoxicity,
microglia-dependent inflammation, engulfment by mis-
folded protein, dysfunctional axonal transport systems,

and mutations in RNA binding proteins.>* In any case,
it is generally accepted that a severe mitochondrial dys-
function finally leads to unavoidable neuronal death.’
Despite this, there is no certainty on the intimate mecha-
nisms sustaining the progressive loss of motor neurons.
Therefore, there is a need, at both the preclinical and
clinical level, to progress the available knowledge on this
disease, either by better deciphering the processes
involved in the neuronal demise or by individuating valid
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biomarkers that are able to assist the diagnosis, giving
additional hints on the damaging mechanisms.®
Hydrogen sulfide (H,S), a colorless gas with an
unpleasant odor, considered a toxic environmental pollu-
tant, is now recognized, along with nitric oxide and car-
bon  monoxide, as an important endogenous
neuromodulator.” Three enzymes have been identified as
H,S producers in mammalian tissues: cystathionine-f-
synthase (CBS) and cystathionine-y-lyase (y-cystathionase
[CSE]) from L-cysteine,®’ and 3-mercaptopyruvate sul-
furtransferase (3MST) in combination with cysteine ami-
notransferase.”'  Whereas CBS and 3MST are
preferentially expressed in the central nervous system,
CSE is localized mainly in the peripheral tissues.'"'?
Astrocytes are the main cells that generate H,S,"” and
the regulation of its synthesis seems to be closely associ-
ated with increasing intracellular level of Ca®*." More-
over, physiological stimuli and L-glutamate greatly
enhance H,S production.' In astrocytes, H,S induces
Ca®" influx that propagates to the surrounding astrocytes
as Ca®" waves.">'® In different types of cells, including
neurons, vascular smooth muscle cells, cardiomyocytes,
and pancreatic fi-cells, H,S stimulates the activity of the
adenosine triphosphate—sensitive potassium channels.'”™"”
In the central nervous system, H,S attenuates the
neuroinflammatory processes induced by lipopolysaccha-
ride (LPS)* and amyloid-B.>' Tt suppresses oxidative
stress induced by hydrogen peroxide,”* and protects cells
against the neurotoxins rotenone and G6-hydroxydopa-
mine.”* The protective effects of H,S have been estab-
lished also in vivo in animal models of Parkinson®>%°
and Alzheimer®”?® diseases, as well as in models of cere-

bral ischemia.””*°

Conversely, some studies have
described an increased neuronal death and recruitments
of death-inducing pathways (apoptosis and necrosis) in
the presence of H,S, even at physiological concentra-
tions. It has been demonstrated that H,S exacerbates
glutamate-mediated toxicity’' and raises intracellular cal-
cium into the toxic range in a dose-dependent manner
via the activation of L-type Ca’" channels and N-
Hence, H,S

. +
has been proposed as an important modulator of Ca®

methyl-D-aspartate (NMDA) receptors.32

homeostasis and consequently of neuronal functions.

In an effort to understand the role of H,S in neu-
rodegeneration and specifically in ALS, we undertook
an unbiased observational clinical study measuring this
molecule in the plasma and in the spinal fluids of ALS
patients (male and female) and age- and gender-
matched controls. We then measured its concentration
in the SOD1G93A mouse, a familial ALS (fALS) ani-
mal model, and in the extracellular milieu of
SODIGY93A spinal cultured neurons. Finally, we
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assessed its effects on neuronal survival and intracellular

2+ .
Ca”" concentration.

Materials and Methods

Study Population: Patients and Controls and
Ethics Statement

To exclude other neurological diseases, lumbar puncture was
performed in 37 of 81 patients who were followed at the neu-
rologic clinics of the University of Rome Tor Vergata and Uni-
versity of Perugia.

Lumbar puncture (between L4 and L5 or L3 and L4 lum-
bar space) was performed following the guidelines of the local
ethical committees for routine neurological investigations. Writ-
ten consent was obtained from each patient, and the liquor was
stored. We later asked for permission to detect H,S, but the
majority of patients (26 of 37) had died. For this study, we
enrolled a total of 37 sporadic ALS patients (21 male, 16 female)
and 14 age- and gender-matched controls (6 male and 8 female).
ALS patients were diagnosed according to the revised El Escorial
criteria, showing patients with definite (n=35), probable
(n=17), possible (n = 10), or suspected (n=5) ALS on initial
diagnosis and later confirmed as definite ALS. Onset was bulbar
onset (BO; n=10) or limb onset (LO; n=27); we further
divided the LO group into 2 subgroups, upper limb onset (ULO;
n = 8) and lower limb onset (LLO; n = 19). The median score of
the revised ALS functional rating scale of ALS patients was 40.0
(37.0-44.0 as 25th—75th percentile). The median score of the
disease duration expressed in months was 9.0 (7.0-12.0). More-
over, we calculated the progression rate, defined using previously
published criteria (Amyotrophic Lateral Sclerosis Functional Rat-
ing Scale-Revised [ALSFRS-R]/discase duration in months),*
showing a median score of 0.87 (0.44-1.11). None of the ALS
patients had signs or symptoms of respiratory insufficiency, all
patients had >70% predicted forced vital capacity, and normal
daytime gas exchange. All ALS patients were riluzole naive and
sporadic, without a family history of ALS. All control patients
had no neurodegenerative diseases and based on extensive diag-
nostic evaluation, had no objective clinical, structural (cranial
magnetic resonance imaging), laboratory (cerebrospinal fluid
[CSF] analysis), or functional (electroencephalography) deficit,
suffering predominantly from headache (spondylogenic or non-
specific), lower back pain, dizziness or vestibular vertigo, and psy-
chiatric disorders. The Table illustrates the characteristics of the
patients’ population and controls.

Serum samples were collected during routine diagnostic
investigations as indicated by the treating physicians. Samples
of CSF and blood were collected in the morning, kept at 4°C,
and processed within 2 hours. Serum and CSF samples were
spun simultaneously at 2,000 X g at 4°C for 10 minutes, ali-
quoted in polypropylene tubes, and stored at —80°C until
assay. All samples were obtained with the identical procedure.

Animals and Ethics Statement
Transgenic SOD1G93A mice maintained in the C57BL/G]
background (for >10 generations) and nontransgenic C57BL/
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6] littermates were used in the study. The B6SJL-TgN (SOD1-
G93A) 1Gur mice were from our own colony, bred at the Saint
Lucia Foundation animal facility, and originally obtained from
the Jackson Laboratories (Bar Harbor, ME). All experiments
were conducted in compliance with European Council Direc-
tive 86/609/EEC and the Italian Animal Welfare Act for the
use and care of laboratory animals.

Animals with considerable motor impairment were pro-
vided food and water on the cage bottom. Before proceeding to
the dissection of tissues for biochemical analyses, the mice were
deeply anesthetized and then sacrificed by decapitation.

Screening for the presence of the human transgene was
performed as previously described.**

H>S Measurement by High-Performance Liquid
Chromatography

We developed specific and innovative high-performance liquid
chromatography (HPLC) tests to measure H,S levels in biologi-
cal fluids (CSF and serum), tissues, and spinal cord cultures.
HPLC with electrochemical detection is a sensitive approach
that can be used for the direct measurement of thiols and sul-
fides without the problems of sample dilution, reaction kinetics,
and reaction efficiency often associated with derivatization
procedures.

Briefly, the samples (CSE, sera, and tissues) were prepared
according to a standard procedure described by Bailey et al®’
with modifications. The HPLC system used to measure H,S
consisted of an autosampler, an isocratic pump (Dionex ICS
3000; Thermo Fisher Scientific, Waltham, MA), and an amper-
ometric detector. The chromatographic separation was achieved
using the IonPac AS15-5um Analytical Column (3 X 150mm)
in combination with the AG15 guard column (3 X 30mm).
The mobile phase consisted of 75mM NaOH generated by a
Sodium Hydroxide Eluent Generator Cartridge (Dionex;
Thermo Fisher Scientific), prepared daily, filtered, and soni-
cated. The flow rate was 0.5ml/min. The injected volume was
25ul. The detection of sulfide was performed by a disposable
silver working electrode and Ag/AgCl reference electrode.

All instrument control, data acquisition, and data analysis
were performed using Chromeleon software (v6.8, Dionex,
Thermo Fisher Scientific).

Tissue Collection, Mitochondria-Enriched Frac-
tion Preparation, and Western Blot Analysis

The crude mitochondrial fraction was prepared following Mal-
kus and Ischiropoulos.”® Following a first centrifugation at
6,800 X g for 15 minutes at 4°C, the pellets were washed with
sucrose, and the supernatants were centrifuged at 21,000 X g
for 30 minutes at 4°C. The resulting supernatant was retained
as the cytoplasmic fraction. The pellet, which contained the
light mitochondria and lysosomes (light M+L fraction), was
washed with sucrose and resuspended in 0.25M Sucrose. The
mitochondria were then precipitated out of the M+L fraction
by incubation with 115uM CaCl, for 30 minutes. The sample
was then centrifuged 5,000 X g for 10 minutes at 4°C to pellet
the mitochondria. The samples, loaded on 10% sodium
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dodecyl sulfate polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membrane (Invitrogen,
Carlsbad, CA), were probed with a primary antibody against
CBS (Santa Cruz Biotechnology, Santa Cruz, CA; 1:100),
visualized with enhanced chemiluminescence (ECL Plus; Amer-
sham, Piscataway, N]),34 and analyzed using Image-Quant TL
software (Amersham Biosciences, Piscataway, NJ). CBS immu-
noreactivity was normalized to beta-actin for the cytosolic frac-
tion (Sigma-Aldrich, St Louis, MO; 1:20,000) and the voltage-
dependent anion-selective channel (VDAC) for the mitochon-

drial fraction (Cell Signaling Technology, Danvers, MA; 1:500).

Spinal Cord Culture, Drug Treatments, and
Immunohistochemistry

Mixed spinal cord cultures were prepared largely as previously
described®” from 13.5-day-old embryos of a control C57BL/G]
female mated with a SOD1G93A male. Each neural tube was
dissected singularly, and the resulting mixed cultures were
seeded on poly-L-lysine—coated glass cover slips (3 cover slips
for each spinal cord/dish) Experiments on spinal cord cultures
were performed between 12 and 15 days in vitro (DIV), unless
otherwise indicated. After plating, the embryos were analyzed
for the presence of the human SOD1 gene. To suppress glia
proliferation, 3 days after seeding, arabinoside C (Ara-G;
10uM) was added to each well. LPS (100ng/ml) treatment was
performed 3 days after plating for 24 hours, and then the
medium was replaced with fresh medium.

Spinal cord cultures were exposed to the H,S donor
NaHS, following Cheung et al.®! When indicated during H,S
exposure, the NMDA receptor antagonist MK-801 (10uM),
the o-amino-3-hydroxy-5-methyl-4-isoxazole ~propionic acid
(AMPA) receptor antagonist G6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX; 25uM), and the voltage-gated Na® channel
blocker tetrodotoxin (TTX; 1uM) were added. Cultures were
then stained with SMI-32 (Covance, Princeton, NJ; 1:1,000) to
visualize motor neurons, glial fibrillary acidic protein (GFAP;
Millipore, Billerica, MA; 1:1,000) to visualize astrocytes and }-
aminobutyric acid (GABA; Sigma, St Louis, MO; 1:500) to vis-
ualize GABAergic neurons. SMI-32 and GABA positive cells
were quantified by direct counting, and their number was nor-
malized to the untreated spinal cord preparation.

Patch Clamp Recordings and Microfluorometry
Patch clamp recordings combined with microfluorometry were
performed according to published procedures.38 Extracellular
solution contained (in mM): 126 NaCl, 2.5 KCI, 1.2 MgCl,,
1.2 NaH,POy, 2.4 CaCl,, 10 glucose, and 24 NaHCO3, 290
mOsm-1, and was gassed with 95% O,—5% CO,, pH 7.4. D-
Amino-phosphonovalerate (APV; 50uM), 2,3-dihydro-6-nitro-
7-sulphamoyl-benzo(F)quinoxaline (NBQX) 10uM, TTX, or
lidocaine (1uM or 200uM, respectively) were added to prevent
calcium entry through NMDA or AMPA receptors, and action
potential-dependent glutamate release by surrounding neurons,
respectively.

Intracellular solution contained (in mM): 140 CsCl, 0.75
EGTA, 10 HEPES, 6 D-glucose, and 0.25 fura-2
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TABLE . Patients Characteristics

Characteristic Dt G

ALS Controls ALS-BO ALS-LO

ALS-ULO ALS-LLO

No. 37 14 10 8 19
Age, yr* 65.7 £10.4 592+ 124 63.6%x12.2 60.3 = 13.3 69.1 6.8
Sex, F/IM 16/21 8/6 4/6 3/5 9/10
Disease duration, mo® 9.0 (7.0-12.0) N/A 8.0 (7.0-10.0) 12.0 (9.0-18.5) 10.0 (7.0-12.0)
ALSFRS-R scorc® 40.0 (37.0-44.0) NJ/A 425 (38.0-44.0) 40.0 (37.0-43.5) 40.0 (36.0—44.0)
Progression rate? 0.87 (0.44-1.11) N/A 0.64 (0.37-1.11)  0.59 (0.33-0.93) 1.0 (0.5-1.25)

Progression rate: mean ALSFRS-R monthly decline = (48 — ALSFRS-R)/disease duration in months). The ALS group has been fur-
ther divided into 2 subgroups: ALS-BO and ALS-LO. The ALS-LO subgroup has been subdivided into ALS-ULO and ALS-LLO.

*Data are expressed as mean age = standard deviation.
®Data are expressed as median (25th-75th percentile).

ALS = patients with amyotrophic lateral sclerosis; ALSFRS-R = Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised;
BO = bulbar onset; F = female; LLO = lower limb onset; LO = limb onset; M = male; N/A = not applicable; ULO = upper limb

onset.

pentapotassium salt (Invitrogen), pH 7.3. When indicated, 2mM
adenosine triphosphate (ATP) was added to this solution. Experi-
ments were performed at 32°C.

Fura-2AM loading (10uM, Invitrogen) was achieved by
dissolving the dye in the medium for 30 minutes followed by
20 minutes in dye-free medium for de-esterification, in the
dark at 32°C. Ultraviolet excitation light (340 and 380nm) was
provided by a monochromator (TILL Photonics, Grafelfing,
Germany). Emitted light passed a barrier filter (440nm) and
was detected by charge-coupled device camera (Evolve; Photo-
metrics, Tucson, AZ), and images were acquired at 3-second
intervals using MetaFluor software. Fluorescence changes
expressed as ratio (R) were calculated from the formula R =
(F340soma-F340bg)/(F380soma-F380bg) as
reported.”’

previously

Data were analyzed with Origin (v6; OriginLab, North-
ampton, MA), expressed as mean * standard error of the mean
(SEM), and compared using 1- or 2-population Student 7 test.

Statistical Analysis
All data are expressed as mean = SEM, and p values <0.05
were considered statistically significant. For the statistical analy-
sis of patients, nonparametric tests were used, because the data
were not normally distributed; comparisons between H,S con-
centrations in ALS group patients and controls were performed
using the analysis of variance (ANOVA) Kruskal-Wallis test
and post hoc Mann—Whitney U test. We used Spearman rank
correlation to check potential correlations between H,S levels
in ALS groups and the variables age, disease duration, ALSFRS-
R score, and progression rate.

The data obtained from the H,S analysis in tissues and
cell culture media were analyzed using the Wilcoxon—-Mann—
Whitney test. Changes in CBS expression and cytosolic Ca®"
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concentration were assessed by Student # test. Neuronal death
in primary culture was assessed by ANOVA followed by the
post hoc Tukey test for N unequal.

Results

ALS Patients Displayed Increased H,S Level in
CSF

We first sought to investigate whether H,S levels were
altered in the ALS patient samples (see the Table for
patients characteristics). Liquoral H,S concentration was
significantly increased in patients with ALS compared to
controls (» < 0.00001; Fig 1). We further observed a
relationship between liquoral H,S content and the site of
disease onset, with increasing levels in the craniocaudal
direction (BO < ULO < LLO). Significantly higher levels
were found in the LO subgroups compared to the BO
subgroup (p < 0.05). Moreover, H,S concentration was
elevated in the ULO subgroup compared with the LLO
subgroup (p = 0.058). We also observed a gender differ-
ence with higher H,S levels in the CSF of ALS female
patients with respect to the male patients, although non-
significantly (not shown). No correlations were found
between liquoral H,S concentration and age, duration of
disease, or ALFRS-R score (R=0.008; R=0.14, and
R=10.20 respectively). Conversely, CSF H,S values and
progression related in the ALS group
(R=0.33; »<0.05). Interestingly, no difference in H,S
blood levels between ALS patients and controls was seen

rate were

(not shown). These results suggest that elevation of H,S
in ALS may be related to disease progression and/or
pathogenesis.
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FIGURE 1: Hydrogen sulfide (H,S) is increased in the cerebrospinal fluid (CSF) of amyotrophic lateral sclerosis (ALS) patients.
Significant differences in H,S levels were found (A) between median values in ALS patients (n=37) compared to controls
(n=14; ***p<0.00001) and (B) between median values in ALS limb onset (LO; n=27) compared to ALS bulbar onset (BO;
n=10) groups (*p<0.05). Data were analyzed with the Mann-Whitney U test. (C) The H,S values (mg/l) in the CSF are pre-
sented as medians, with ranges in parentheses. The LO group was further divided in upper limb onset (ULO =8) and lower
limb onset (LLO =19). *ALS LO>ALS BO, p<0.05; ***ALS (total)>controls, p<0.00001. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

fALS Mouse Model Harbors Increased H5S in
Neuronal Tissues

We then conducted quantitative analyses of the H,S con-
tent in cerebral tissues from the fALS mouse SOD1G93A,
an established ALS animal model®® that essentially recapit-
ulates the human form of the disease. H,S concentrations
found in the neuronal tissues of the wild-type (WT) mice
were comparable with those present in the literature™! (Fig
2A, white bars). We performed a time course analysis and
evaluated H,S content at 90 (early symptomatic), 110
(symptomatic), and 130 days of age (end stage) and found
a significant increase in H,S content in the fALS mice
compared to the age-matched WT mice.

We then analyzed the H,S content in the male and
female populations. We found significantly higher con-
centrations in the female mouse population at 110 and
130 days of age in all tissues analyzed (see Fig 2B).
Moreover, we observed a significant steady increase of
the H,S levels within each group (male and female).

Lastly, we examined the amount and cellular local-
ization of CBS. Highly expressed in the central nervous
system, CBS is among the enzymes devoted to the pro-
duction of H,S. It is a cytoplasmatic enzyme that accu-
mitochondria  under sensitive

mulates in oxygen
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conditions.*? Variation in the enzyme expression might
be due to the progressive weakness of the respiratory
muscles®® and/or dysfunction of central respiratory
drive.** ALS patients frequently experience hypoxia, a
well-described phenomenon in ALS.*™*® Compared to
the age-matched controls, the accumulation of CBS in
spinal cord mitochondria of SOD1G93A mice at end
stage was remarkably elevated (Fig 3B; p < 0.01).

Abnormal H,S Release in Mixed Spinal Cord
Cultures from SOD1G93A Mice

We then investigated whether mutant SOD1 overexpres-
sion boosts endogenous H,S release in spinal cord cul-
tures containing a mixed population of neuronal and
glial cells.

The release of H,S was examined in the media of
spinal cord culture (12-15 DIV) prepared from the fALS
mouse model and compared to WT littermates cultures.
H,S levels showed an overall significantly higher concen-
tration in the mutant cultures (Fig 4A; 4.96mg/l) com-
pared to the control cultures (2.89mg/l). Astrocytes are
the most important producers of H,S in the brain. '
Thus, we also examined whether the inhibition of their
growth had an effect on H,S levels in the culture media.
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FIGURE 2: Hydrogen sulfide (H,S) is significantly increased in the cerebral tissues of the SOD1G93A mice. (A) The figure shows
significantly increased levels of H,S in the SOD1G93A mice compared to the wild-type (WT) mice at 90, 110, and 130 days of
age (n=6 for each group; *p<0.05). (B) The figure shows a different H,S tissue distribution between the 2 genders of
SOD1G93A mice, with significant higher levels (*p<0.05) in the female mice compared to the male mice in all the tissues ana-
lyzed (indicated in the figure). Moreover the SOD1G93A mouse shows significant H,S content at 130 days compared to 90
(tp<0.05) and 110 days of age (p<0.05). Data are presented as mean =+ standard error of the mean; values were compared

by using the Wilcoxon-Mann-Whitney test.

In the presence of the antimitotic agent Ara-C (10uM),
to halt the growth of proliferating cells such as astrocytes,
H,S levels dropped significantly in the SOD1G93A cul-
tures (3.97mg/l) compared to the untreated ones. Nota-
bly, there was a negligible effect of astrocyte ablation in
WT cultures. To complement the Ara-C data,
SOD1GY93A and WT cultures were treated with LPS
(100ng/ml for 24 hours at 3 DIV) to activate microglia
and induce inflammation. LPS treatment led to a signifi-
cant increase in H,S production in the fALS cultures
compared to the control cultures (see Fig 4B). This
increase was completely reverted by the concurrent
administration of 500uM of the CBS inhibitor amino-
oxyacetate (AOA), a concentration that in preliminary
studies decreased significantly the levels of H,S in the
culture media (not shown) without being toxic for the
motor neurons. Hence, in our system, H,S seems to be
related to a proinflammatory state, and CBS appears to
be the main enzyme involved in its production.
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H,S Is Toxic to Motor Neurons
Having demonstrated increased H,S production in
mutant fALS spinal cord cultures, we then investigated
whether H,S mediates neurotoxicity to motor neurons.
For this set of experiments, we used spinal cord cultures
prepared from WT C57BL/6] mice. The H,S donor
NaHS* was added to the medium at increasing concen-
trations for 18 hours (see Fig 4C-E). We observed a
dose-dependent increase in SMI-32—positive neurons
death starting at 100uM, and reaching a complete motor
neuron loss at 800uM, while showing no toxicity to the
GFAP-positive cells (not shown). Moreover, to evaluate
the selectivity of the H,S-mediated toxicity to motor
neurons, we examined the survival of the primary spinal
GABAergic neurons. NaHS exposure was toxic to
GABAergic neurons from a concentration as high as
600uM (~60% death rate).

H,S is known to induce neuronal death through
receptors.Sl’SO Thus, we

the ionotropic glutamate
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FIGURE 3: The cystathionine-B-synthase (CBS) protein is localized in the mitochondria-enriched fraction. Western blot analysis
of CBS is shown in the cytosol (A) and mitochondria-enriched fraction (B) from wild-type (WT) and SOD1G93A spinal cord.
Whereas in the spinal cord cytosol fraction (A) there was no difference in the CBS protein expression between WT (n =5) and
SOD1G93A (n = 6), in the mitochondria-enriched fraction (B), it increased in SOD1G93A (n =10, **p<0.01) compare to the WT
(n=8). The CBS expression of the SOD1G93A mice was plotted after the normalization with beta-actin in the cytosol fraction
and with voltage-dependent anion-selective channel (VDAC) in the mitochondria-enriched fraction, in reference to the expres-
sion in the WT and presented as a ratio (Xx100). The protein amount was 25ug. Data are presented as mean = standard error

of the mean, and values were compared by using Student t test

reasoned that the H,S-dependent motor neuron death
could be reverted by the inhibition of the glutamatergic
ionotropic receptors. For this set of experiments, we used
the concentration of 100uM NaHS that has shown a
neuronal death rate of about 50% (see Fig 4C). A com-
parison between NaHS alone and NaHS+MKS801
(1ouM), an NMDA  receptor antagonist, or
NaHS+CNQX (25uM), an AMPA/kainate antagonist,
revealed a lack of protection of MK-801, but a rescue of
about 18% cell survival using CNQX (see Fig 4D).
Therefore, it seems that the H,S toxicity is partially asso-
ciated with the activation of the AMPA/kainate receptors.
Motor neurons appear to be more susceptible than other

neurons to AMPA receptor—mediated excitotoxicity.””>!

H»S Donor NaHS Elevates Ca®?* Concentration
in Spinal Motor Neurons

We measured cytosolic Ca®" concentration ([Ca’*]) in
response to NaHS in spinal motor neurons loaded with
Fura-2 AM or with Fura-2 K5 via the patch pipette during
electrophysiological recordings (Fig 5). Some neurons of
either genotype (15 of 55) showed spontaneous low-
(0.025 = 0.0032Hz)
unclamped and voltage clamped (—60 mV) conditions
that were inhibited by TTX or lidocaine (1 or 200uM,
respectively) or APV and NBQX (50 and 10 UM, respec-

tively), indicating that they were caused by an action

frequency calcium  waves in

potential-dependent synaptic release of glutamate from sur-
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rounding neurons. Resting Ca>" levels were similar in WT
and SOD1G93A neurons, being 0.33 £ 0.007, n =23,
and 0.33 £ 0.006, n = 25, respectively. Addition of NaHS
(300uM) to the bath solution silenced the calcium waves
and caused a slow onset Ca®" rise up to 0.66 = 0.05 and
to 0.71 = 0.07, after 30 minutes, in WT and SOD1G93A
neurons, respectively. The intracellular Ca®* accumulation
partially recovered upon NaHS washout.

To test whether voltage-gated calcium channels
(VGCCs)***? and/or ionotropic glutamate receptors™>*
mediated Ca®* entry in motor neurons during the super-
fusion of NaHS, we performed [Ca®*]; measures com-
bined with patch clamp recordings (see Fig 5C-F) at
holding potential of —60mV (to prevent activation of
voltage-dependent calcium channels) in the presence of
AMPA and NMDA receptor antagonists. Under these
conditions, NaHS (300uM) still caused a [Ca®'];
increase from 0.57 +0.06 to 1.14*0.1 (n=11,
»<0.001) and produced an inward current of
—45.7 £10.93pA (n= 10, see Fig 5E white bar) within
5 minutes. Both responses were similar in WT and
SOD1G93A neurons, so the data were pulled together.
NaHS-induced
strongly attenuated when the intracellular ATP concen-

Interestingly, the effects  were

tration was increased to 2mM via the recording pipette
(see Fig 5D-F). In response to NaHS application,
[Ca®"]; rose from 0.52=*0.03 to 0.66=*0.06 (n=S8,
»< 0.05) and mean current amplitude was —29 * 4.8
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FIGURE 4: Hydrogen sulfide (H,S) content is increased in mutant culture and is toxic to motor neurons. (A) Proteomic analysis
of the culture media shows significantly higher concentration of H,S in the mutant culture (n = 6; *p<0.05, wild type [WT] vs
SOD1G93A) compared to the WT cultures (n = 3). Arabinoside C (Ara-C; 10uM) treatment significantly decreased H,S levels in
the mutant culture (n=6) compared to the WT (n=3; tp<0.05, SOD1G93A_AraC vs WT_AraC). Moreover, Ara-C treatment
significantly decreased H,S content in the mutant cultures (§p<0.05, SOD1G93A vs SOD1G93A_AraC). Data are presented as
mean * standard error of the mean (SEM). (B) Again proteomic analyses confirmed significantly higher concentration of H,S in
the mutant culture (n=4) compared to the WT one (n=6; $£p<0.05, SOD1G93A control vs WT). Lipopolysaccharide (LPS)
treatment significantly increased H,S concentration in the both WT (n=4) and SOD1G93A cultures (n =4) compared to the
untreated ones of both genotypes (tp<0.05, WT LPS vs WT not treated [NT] and SOD1G93A LPS vs SOD1G93A not treated;
¥p< 0.05, SOD1G93A LPS vs WT LPS). The administration of the cystathionine-B-synthase inhibitor amino-oxyacetate (AOA)
significantly decreased H,S content in both cultures (n =4 for each group; *p<0.05, WT not treated vs WT LPS+AOA and
SOD1G93A not treated vs SOD1G93A LPS+AOA). Data are presented as mean + SEM. (C) Spinal cord cultures were exposed
to the indicated concentrations of NaHS: 25uM (n=5), 50uM (n=4), 100gM (n=11, ***p<0.005 vs NT), and 200uM (n =14,
**%<0.005 vs NT). (D) The cultures were exposed to NaHS 100uM plus MK801 (10uM; n =4) or 6-cyano-7-nitroquinoxaline-
2,3-dione (CNQX; 25uM; n=5, *p<0.05) to block N-methyl-D-aspartate and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid/kainate receptors, respectively. After 18 hours, the number of surviving cells was assessed by direct counting of SMI32-
positive cells and normalized to the NT values (n = 14). (E) The cultures were exposed to the indicated concentrations of NaHS:
400uM (n=5), 600uM (n=5), 800uM (n=4) for 18 hours. The number of surviving cells was assessed by direct counting of
cells positive for SMI-32 and y-aminobutyric acid (GABA) and normalized to the NT values (n = 7). Each treatment was counted
in triplicate. Data are presented as percentage and as mean = SEM. The values were compared by using post hoc Tukey test
for N unequal. ***p< 0.005 vs NT.

(n =38, see Fig 5E black bar). This observation suggests
that Ca®"
rons depends on a metabolic failure likely due to a drop
of neuronal ATP.

accumulation induced by NaHS in spinal neu-

Discussion

The present study analyzes the content of H,S in ALS
patients and highlights, for the first time, its potential
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role in this devastating disease. We found high levels of
H,S in the cephalorachidian fluid obtained from ALS
patients. Moreover, H,S levels were higher in the popula-
tion of patients characterized by spinal cord onset com-
pared to those with BO. The different levels of H,S
encountered in the diverse types of onset of symptoms,
being higher in patients with lumbar onset, could depend
on the damaged area being larger at the lumbar level and

Volume 77, No. 4



Davoli et al: H,S in Neuronal Death

A B NaHS 300 uM
(30 min)
1.2 4 - WT SOD1G93A
NaHS 300 uM
S
= i : ] Glut 20 uM o
§ : X l dedede * kK
- 8 T
g 0.8 - Q _ =
. S
b - € 0.4 1
o .0
0.4 I
=S| SOD1G93A+ o
—WT
LU I I B I R (N B B | 0.0 4
-10 0 10 20 30 40 50 60 70 Ctrl NaHS wash Ctrl NaHS wash
time (min)
C No ATP D
Lidocaine 200+ picrotx 100 NBQX 10 + APV 200 uM
{ ]
L] | ] g
0 NaHS 300 uM T 15— N=11
2\ : 8 ' *k Kk
a © 1
= £ =
S 1.0 5 N=8
¢
() 4
8 S
3 £ 0.5+
(=] ©
S — _ o
g FREs b e e 0.0
E O . 5 ’ 10 15(m|n)20 25 ' 30 . 35 Ctrl NaHS wash Ctd NaHS wash
E 2 mMATP F No ATP 2mM ATP
Lidocaine 200+ picrotx 100 NBQX 10 + APV 200 uM
|
] [E— 0
o NaHS 300 uM NaHS 100 yM
§ : : i
= -20
200 <
& 9 1
_-400 P
=) =
g 1.2 (z:% T
g 08 1 |
“6’ ) et : : ! -60 -
% 0 4 I :'l I T I L l T I T 'I L 'l T l T i T 'I T I T I T 'I
o 0 5 10 15 20 25 30 35 40 45 50 55 60

(min)

FIGURE 5: The [Ca®']; accumulation induced by the hydrogen sulfide (H,S) donor NaHS is adenosine triphosphate (ATP)
dependent. (A) Time course of [Ca?*]; in response to NaHS perfusion (300xM) in wild-type (WT; C57BL/6J) and SOD1G93A spi-
nal neurons loaded with Fura-2AM. NaHS application silenced the spontaneous Ca®* transients and determined a slow onset
[Ca?*]; rise, reaching a peak after 30 minutes of the H,S donor application. Arrow indicates the increase in [Ca%*]; evoked by
brief puffs of glutamate (Glut; 20uM). (B) Bar graph showing mean levels of [Ca?*]; before, at 30 minutes, and after NaHS addi-
tion (30 minutes, 300xM) in WT and SOD1G93A spinal neurons (***p<0.001). The increase partially recovered after the NaHS
washout. (C) Sample traces of voltage-clamp recordings (V014 = —60 mV, top) combined with microfluorometry (bottom) show-
ing that bath application of NaHS was still inducing a transient [Ca®*]i increase (p<0.001) in the presence of a cocktail of chan-
nel and receptor blockers. (D, E) These responses were significantly attenuated when ATP (2mM) was added to the pipette
solution. Histograms show mean changes of [Ca2*]; (*p<0.05, D) and Inans amplitude (F) in response to NaHS bath application
in the absence (n =8, white bars) or presence (n =11, black bars) of 2mM ATP. Data are presented as mean = SEM, and values
were compared by using Student t test. p< 0.001 vs Ctrl.
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on the source of H,S (if it mainly originates from the
affected tissue) eventually being more proximal to the
point of lumbar puncture. Interestingly, we also report
that the sera content of H,S is not elevated in ALS
patients with respect to control subjects, which implies
that this gas is specifically increased in the central nerv-
ous system. Moreover, the presence of a slight correlation
between H,S levels in the CSF and the progression rate
of the disease could suggest a possible prognostic role, by
indicating the speediness and severity of the pathological
process.

H,S is increasingly recognized as an important bio-
logical gaseous transmitter. At low concentrations, it has
been proposed as a neuromodulator and neuroprotec-
tant.”>™” It has important roles in the regulation of
physiological functions including learning and mem-

Ory11,55,58 59,60 In

and helps to suppress oxidative stress.
sharp contrast, based on the data presented herein, toxic
effects seem to prevail in ALS. This toxicity most likely
depends on its excessive concentration that, as a result,
affects cellular functions.

In parallel, when we analyzed the levels of H,S in
the cerebral tissues of the fALS mouse model
SOD1G93A, we found significantly increased levels of
the gas, providing further proof of a distorted H,S
metabolism in ALS. Moreover, that H,S is increased in
both human sporadic ALS and in mouse fALS reveals
that H,S reaches harmful concentrations in ALS regard-
less of whether it has a genetic origin. Our study also
unveils a significant accumulation of CBS in the
mitochondrial-enriched fraction prepared from the spinal
cords of fALS mice, which is likely associated with the
increased production of H,S in mitochondria.**> H,S
inhibits complex IV (cytochrome ¢ oxidase) of the mito-
chondrial respiratory chain.®! Noticeably, impairments in
the complex IV—driven respiration have been described
in the SOD1GY93A mouse even before disease onset.®
Hence, the higher concentration of H,S at end-stage in
the fALS mouse (130 days) foresees a loop where the
continuous increase of H,S amount, reaching toxic levels,
further distresses an already compromised mitochondrial
function.

In this context, we found that the H,S donor
NaHS causes an increase of [Ca®"]; in single motor neu-
rons, possibly due to inhibition of mitochondrial metab-
olism. Enhancing effects of NaHS on intracellular Ca**
homeostasis have been reported in different cell types
including cerebellar granule cells,”* spinal cord plus dor-
sal root gamglion,52 SHSY5Y,>* astrocytes,15 and micro-

glia.63 It has been reported that this gasotransmitter

entry via VGCCs and/or NMDA recep-

11 - . 24
tors, - and this in turn triggers Ca

. +
activates Ca®
release from the
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endoplasmic reticulum.’® Here we present evidence that
experimental conditions aimed at preventing VGCCs
and ionotropic glutamate receptor activation did not
inhibit [Ca’?"]; accumulation induced by NaHS in WT
and SOD1GY93A spinal neurons. Moreover, when addi-
tional ATP was supplied to the cytoplasm via the patch
pipette, the NaHS-induced [Ca®"); rise was strongly
reduced. These experiments support the view that mecha-
nisms other than VGCCs and glutamate receptor activa-
tion contribute to [Ca®?"]; accumulation in spinal motor
neurons exposed to NaHS.®* Thus, based on our results,
H,S by blocking the mitochondrial respiratory chain
reduces the energy supply to the cells (ATP) and
increases intracellular calcium through defects of [Ca® ™),
ATPase extruding pump and by enhancing Ca”*" release
from mitochondria. In neuronal types expressing ATD-
dependent potassium channels, by reducing intracellular
ATP content, NaHS strongly activates this conduct-
ance.”” In both mouse genotypes the [Ca®"]; responses
occurred rapidly and were transient and comparable.
This is a rather critical observation, because abnormalities
in Ca**

with mitochondrial pathology,5’66’67 have been described

homeostasis, probably closely interconnected

in ALS.*®°® In our experimental context, the finding
that the [Ca®"]; increase was comparable between control
and SODI1G93A cultures implies that the neuronal
responsiveness to H,S is not altered in the mutant motor
neurons. Instead, the overproduction of H,S found in
sporadic patients (CSF data), fALS mouse tissues, and
media obtained from mutant primary culture indicates
that in ALS H,S reaches toxic concentration, facilitating
neuronal death. This evidence supports the hypothesis
that in the spinal motor neurons of ALS patients, con-
stantly exposed to high endogenous H,S concentrations,
a partial mitochondrial disturbance could occur, mimick-
ing a chronic hypoxic condition. This interpretation is
also supported by a previous report showing that simi-
larly to H,S, cyanide, another inhibitor of mitochondrial
complex IV, causes disturbance in [Ca®"]; and activates
inward membrane currents in motor neurons.*” More-
over, the disruption of intracellular Ca®>* homeostasis in
ALS affects Ca®" binding proteins such as calbindin-
D28K and parvalbumin’®”" as well as major Ca**-
dependent folding proteins such as calreticulin and cal-
nexin.®® In this context, it is intriguing to hypothesize
that H,S, by affecting [Ca®"];, can in turn modify not
only the neurons ability to cope with Ca®" alterations
but also interfere with proper protein folding, thus rein-
forcing a self-amplifying vicious cycle in the vulnerable
neurons. Furthermore, H,S appears to interact at differ-
ent levels with nitric oxide (NO), another gaseous trans-
mitter known to be involved in ALS pathology.”* H,S
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and NO seem to affect their enzymatic production, and
also to interact further downstream, at the level of their
metabolites.”> Moreover, the link between calreticulin
expression and the motor neuron-specific Fas/NO path-
way has been recently demonstrated.”* Taken rtogether,
these findings delineate an array of interconnected signal-
ing pathways potentially linking a number of ALS-related
pathogenic mechanisms affecting both neurons and glial
cells.

Astrocytes are the most important producers of
H,S in the brain, followed by microglia.'” In ALS, non-
neuronal cells play a critical role in the neurodegenera-
tion and many authors have shown that astrocytes can
provoke spontaneous degeneration of motor neu-
rons.”®”? Hence, we reasoned that reactive astrocytes
could be the main source of H,S in our system. In keep-
ing with this possibility, we halted glial cell proliferation
in vitro. Under this condition, we measured significantly
low levels of H,S, thus demonstrating that glia cells are
an important source of H,S, even more in the mutant
cultures. Those observations are backed by treatment
with LPS, to induce microglia activation, resulting in an
increased production of H,S in both genotypes, particu-
larly in the mutant. Interestingly, the massive activation
of astrocytes and microglia in ALS elevates the produc-
tion of inflammatory markers and proinflammatory cyto-
kines,”* suggesting that H,S is produced by astrocytes
and is generated during the inflammatory processes that
are present in ALS.

H,S is an ambivalent biological agent with a biphasic
dose—response curve and opposing effects, depending on
its concentration.”’ At low concentrations (nanomolar/low
micromolar), H,S stimulates mitochondrial functions, is
an anti-inflammatory agent, protects against oxidative
stress, and improves cell viability.”” At higher concentra-
tions (mid to high micromolar), H,S is a proinflammatory
agent, suppresses cell viability, promotes cell death (necro-
sis/apoptosis), and inhibits mitochondrial function.””
Thus, we may infer that H,S overproduction, most likely
due to reactive gliosis occurring in ALS, contributes to the
ALS-related neuronal death. We also document that appli-
cation of H,S kills motor neurons at relatively low concen-
trations compared to GABAergic neurons. Motor neurons
are highly compartmentalized cells with large soma
(>20pm diameter). Moreover, their extraordinary axonal
tree, relatively fast firing rate during muscle activation, and
rapidly conducting axons, with high metabolic demands,
also contribute to their greater energy requirements.
Hence, this result indicates that, as a blocker of the mito-
chondrial respiratory chain, H,S impairs cellular energy
production more effectively in an energy-needing cell like

the motor neuron.
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In conclusion, our data suggest that H,S is probably
a player in the mechanisms of non—cell-autonomous
motor neuron death as one of the end-products of glial
activation. That we have measured higher levels of H,S in
the spinal cord and brainstem (the two most affected areas
in this fALS model) is consistent with the hypothesis that
H,S is released by glial cells during inflammation.

Our study introduces H,S as a new actor to the
cohort of proinflammatory/degenerative factors that
could be involved in the etiology of ALS. Its pathogenic
significance needs to be further assessed as a likely con-
tributor to non—cell-autonomous motor neuron death, a
characteristic trait of ALS.
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