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Despite some advances in the understanding of amyotrophic lateral sclerosis (ALS) pathogenesis, significant achievements in
freating this disease are still lacking. Mesenchymal stromal (stem) cells (MSCs) have been shown o be effective in several mod-
els of neurological disease. To determine the effects of the infravenous injection of MSCs in an ALS mouse model during the symp-
tomatic stage of disease, MSCs (1 x 10%) were intravenously injected in mice expressing human superoxide dismutase 1 (SOD1)
carrying the G93A mutation (SOD1/G93A) presenting with experimental ALS. Survival, motor abilities, histology, oxidative stress
markers and (*H)p-aspartate release in the spinal cord were investigated. MSC injection in SOD1/G93A mice improved survival
and motor functions compared with saline-injected controls. Injected MSCs scantly home to the central nervous system and
poorly engraft. We observed a reduced accumulation of ubiquitin agglomerates and of activated astrocytes and microglia in
the spinal cord of MSC-treated SOD1/G93A mice, with no changes in the number of choline acetyltransferase- and glutamate
fransporter type 1-positive cells. MSC administration turned around the upregulation of metallothionein MRNA expression and of
the activity of the antioxidant enzyme glutathione S-transferase, both associated with disease progression. Last, we observed that
MSCs reverted both spontaneous and stimulus-evoked neuronal release of (*H)p-aspartate, a marker of endogenous glutamate,
which is upregulated in SOD1/G93A mice. These findings suggest that intravenous administration of MSCs significantly improves
the clinical outcome and pathological scores of mutant SOD1/G93A mice, thus providing the rationale for their exploitation for
the treatment of ALS.
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INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is
a late-onset progressive neurodegenera-
tive disease affecting motor neurons
(MNss) and leading irreversibly to death
(1). To date, approved treatments only
modestly prolong survival in ALS pa-
tients (2). Development of more effective
therapies is hampered by the poor un-
derstanding of the mechanisms of neu-

ronal death. Most ALS cases are spo-
radic, while approximately 10% are in-
herited, sometimes because of mutations
in the Cu/Zn superoxide dismutase
(SOD1) gene (3) that induce MN killing
by an unknown gain of toxicity. Selective
vulnerability of MNs likely arises from a
combination of mechanisms such as pro-
tein misfolding, mitochondrial dysfunc-
tion, oxidative damage, defective axonal
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transport, glutamate-mediated excitotox-
icity, insufficient growth factor signaling
and inflammation (4). Injury of MNs is
enhanced by damage incurred by non-
neuronal neighboring cells accelerating
disease progression (5). Because sporadic
and familial ALS affect the same neu-
rons, studying SOD1 transgenic mice
may provide a better understanding of
pathogenic mechanisms and testing of
therapies for ALS (6).

Mesenchymal stromal (stem) cells
(MSCs) are a heterogeneous cell popula-
tion recently demonstrated to display a
remarkable therapeutic plasticity result-
ing in their ability of dampening inflam-
mation, inhibiting pathogenic immune
responses and releasing neuroprotective
factors (7). However, MSCs have been
mistakenly considered capable of repair-
ing almost every tissue because of their



intrinsic capacity of differentiating into
other cell lineages (8). On the basis of
these features, MSCs have been injected
intravenously in mice with experimental
autoimmune encephalomyelitis (EAE), a
model of multiple sclerosis resulting in
clinical amelioration, halting of autoim-
munity, decrease of demyelination and
preservation of axons (9,10). Importantly,
intravenous injection of bone
marrow—derived MSCs in patients with
acute graft versus host disease led to a
dramatic clinical improvement (11).

Early reports suggested that MSCs, ad-
ministered during the presymptomatic
phase of disease, improve motor per-
formances of transgenic SOD1 mice
when intravenously injected (12) or
transplanted into the spinal cord (13) or
intrathecally (14). In this study, we dem-
onstrate that intravenous injection of
MSCs after disease onset in mutant
SOD1 mice results in a significant delay
of symptoms and death and associates
with an improvement of several histolog-
ical and biochemical parameters.

MATERIALS AND METHODS

Animals

B6SJL-TgN SOD1/G93A1Gur mice ex-
pressing high copy number of mutant
human SOD1 with a Gly”Ala substitu-
tion (SOD1/G93A) and B6SJL-TgN
(SOD1)2Gur mice expressing wild-type
human SOD1 (SOD1) (15) were origi-
nally obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and bred at the
animal facility of the Department of Ex-
perimental Medicine in Genoa, where
they were kept until experiments were
carried out. Mice were intravenously in-
jected into the tail with 10° MSCs or
saline at d 90. Three groups of animals
were used: saline-treated transgenic non-
mutated SOD1, saline-treated and MSC-
treated transgenic mutated SOD1/G93A
mice. A total of 92 animals were used.
Sexes were balanced in each experimen-
tal group to avoid bias due to sex-related
intrinsic differences in disease severity.
Animals were housed at a constant tem-
perature (22 + 1°C) and relative humidity

(50%) under a regular dark-light sched-
ule (lights on from 7:00 AM to 7:00 PM).
Food (type 4RF21 standard diet obtained
from Mucedola Settimo Milanese, Milan,
Italy) and water were freely available. All
experiments were carried out in accor-
dance with the European Community
Council Directive of 24 November 1986
(86/609/EEC). All efforts were made to
minimize animal suffering and to use
only the number of animals necessary to
produce reliable results.

Isolation, Expansion, Transfection and
Injection of MSCs

Bone marrow—derived MSCs were
prepared as previously described (9).
Briefly, MSCs were isolated from 6- to 8-
wk-old female C57Bl/6] mice (Harlan
Laboratories, Udine, Italy), maintained
in culture in Mesencult basal medium
supplemented with Mesenchymal Stem
Cell Stimulatory Supplement (StemCell
Technologies, Vancouver, BC, Canada) at
37°C in humidified 5% CO, incubator
and expanded in vitro by plastic adher-
ence at the appropriate plating concen-
tration. Mature MSCs were defined by
their ability to differentiate into bone,
cartilage and fat and by the expression
of CD9", Sca-17, CD44" and CD73" and
the lack of hematopoietic markers
CD457, CD34™ and CD11b™ as previously
reported (9). To track cells in vivo, MSCs
were transfected with a Luciferase gene
reporter vector pL-Luc-IH, as reported
elsewhere (16). Cells between culture
passages 8-15 were suspended in 200 uL
of phosphate-buffered saline (PBS)
(Sigma-Aldrich, St. Louis, MO, USA) at
a concentration of 1 x 10° and intra-
venously injected in SOD1/G93A mu-
tant mice after the onset of motor symp-
toms (d 90). PBS-injected SOD1/G93A
mice were used as controls.

Survival and Motor Perfformance
Survival time was identified as the
time at which MSC- or saline-injected
SOD1/G93A mice were unable to roll
over within 20 s after being pushed on
their side. Survival data originated from
those animals scored in clinical tests
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only. Animal used in clinical tests were
not used for other experiments, for
which ad hoc MSC- or saline-injected
mice were used. The effects of MSCs on
the progression of the disease symptoms
were investigated by Rotarod task, motor
deficit scores and weighing, all of which
are commonly used to evaluate SOD1/
GI3A animals (17). Beginning at d 60,
MSC- or saline-injected animals were as-
sessed every 5 d, until d 95, and then
three times a week, until death. The clini-
cal tests were performed in randomized
order by an observer blinded to the
treatment.

For the Rotarod test, the time for
which an animal could remain on the ro-
tating cylinder was measured using an
accelerating Rotarod apparatus (Rota-
Rod 7650; Ugo Basile, Varese, Italy). In
this procedure, the rod rotation gradu-
ally increases in speed from 4 to 40 rpm
over the course of 5 min. The time that
the mice stayed on the rod until falling
off or passively stayed on the rod was re-
corded. The first 2 wks of tests were con-
sidered training.

For motor deficits, MSC- or saline-
injected mice were rated for disease pro-
gression by scoring the extension reflex
of hind limbs and gait posture. Mice
were evaluated for signs of motor deficit
using a five-point score scale (5, no sign
of motor dysfunction; 0, complete im-
pairment). See Supplementary Table S1
for the complete score evaluation scale.
Body weight was measured immediately
before behavioral tests.

Histology

Animals were sacrificed at d 125 + 2,
and samples were collected for histologi-
cal analysis, except for the analysis of
MSC engraftment, where animals were
also euthanized 24 and 48 h or 35 d after-
MSC transplantation. SOD1/G93A mice
treated with MSCs or PBS (control
group) were transcardially perfused with
4% paraformaldehyde, and brain and
spinal cord were removed, post-fixed
with the fixative for 4 h, washed in PBS
and embedded in paraffin (Bio Optica,
Milan, Italy). All sections were cut at
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5 um on a microtome and stained for his-
tological and immunofluorescence exam-
ination. Microglia and astrocytes were
stained using, respectively, an isolectin
IB4 conjugate (marker for microglia; In-
vitrogen, Milan, Italy) and a polyclonal
rabbit anti-cow glial fibrillary acid pro-
tein (GFAP) (DAKO, Milan, Italy), both
diluted 1:100, as primary antibody. Glu-
tamate transporter 1 (GLT1), MNs and
ubiquitin debris were stained using the
following: guinea pig anti-GLT1 poly-
clonal antibody (Chemicon, Millipore,
Vimodrone, Milan, Italy) diluted 1:100, a
rabbit anti-choline acetyltransferase
(ChAT) polyclonal antibody (as marker
for MNs) (Chemicon, Millipore) diluted
1:500 and mouse anti-ubiquitin mono-
clonal antibody (Chemicon, Millipore)
diluted 1:250. We also used a rabbit poly-
clonal anti-inducible nitric oxide syn-
thase (iNOS) (Abcam, Cambridge, UK)
diluted 1:100, a rabbit polyclonal anti-
fractalkine receptor CX3CR1 (Abcam) di-
luted 1:100, a rabbit anti-insulin growth
factor (IGF1) (Abcam) diluted 1:200 and
an anti-human/mouse nuclear
receptor—related 1 protein (Nurrl) (R&D,
Milan, Italy) diluted 1:200. A rabbit anti-
luciferase (Sigma-Aldrich) diluted 1:100
was used to identify the presence of
MSCs inside the central nervous system
(CNS). To quantify MSCs, a systematic
random series of every tenth coronal sec-
tion (20 um) throughout the entire spinal
cord and brain was obtained (a mean of
25 sections per animal). The numerical
density of cells was then estimated as
positive elements/mm? acquired at 20x
magnification using a Zeiss Axio Imager
M1 light microscope equipped with an
AxioCam MRc5 digital camera and a
40x/0.75 Ec Plan objective lens set with
the acquisition software Axio Vision 4.7
(Zeiss, Milan, Italy).

Quantification of Gene Expression
Mice were sacrificed at d 125 + 2, and
spinal cords were rapidly dissected,
quickly frozen in liquid nitrogen and
stored at —80°C until use. Total RNA was
isolated by the acid phenol-chloroform
procedure using the Trizol reagent

(Sigma-Aldrich) according to the manu-
facturer instructions, converted to cDNA
and amplified with the LightCycler 480
Sybr Green I Master (Roche, Milan, Italy)
and 1 umol/L of each primer pair (TIB
MolBiol, Genoa, Italy) using a Light Cy-
cler 480 (Roche). Hypoxanthine-
phosphoribosyl-transferase (HPRT) was
used as the housekeeping gene to nor-
malize the expression data. The relative
expression of target genes in comparison
to the housekeeping reference gene was
performed following the AC, method by
using the LightCycler 480 Software re-
lease 1.5.0 SP3 (Roche). Gene expression
is represented as relative mRNA amount
(fold induction) compared with the con-
trol sample. Analysis of the expression
levels of metallothionein (MT) genes was
carried out as described elsewhere using
a Chromo 4™ System real-time poly-
merase chain reaction (PCR) apparatus
(Bio-Rad, Milan, Italy) (17). Real-time
(RT)-PCRs were performed in a final vol-
ume of 20 uL containing 10 ng cDNA,

10 uL iTaq SYBR Green Supermix with
ROX (Bio-Rad) and 0.25 umol /L of each
primer pair (TIB MolBiol). Glyceralde-
hyde 3-phosphate dehydrogenase
(GAPDH) was used as the housekeeping
gene. The expression of MT-1, MT-2 and
MT-3 in spinal cord was assessed in
SOD1/G93A mice during disease pro-
gression and after MSC treatment. The
list of all primer pairs is available in the
supplementary material (Supplementary
Table S2).

Determination of
Glutathione S-Transferase Activity
Animals were sacrificed at d 125 + 2,
and glutathione S-transferase (GST) activ-
ity in spinal cord was measured as previ-
ously reported (18). Aliquots of pooled
spinal cord samples from each experimen-
tal group were homogenized in 10 vol-
umes (w/v) of ice-cold PBS (50 mmol /L,
pH 7.8) and centrifuged at 700g for 5 min
at 4°C. The supernatant was further cen-
trifuged at 10,000¢ for 20 min at 4°C, and
the resulting supernatant was used for
determination of enzyme-specific activity.
GST activity was evaluated using 1-chloro-
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2,4-dinitrobenzene (CDNB) as a substrate.
Aliquots diluted in 50 mmol/L PBS

(pH 7.8) were incubated with 100 mmol/L
GSH and 100 mmol /L. CDNB. The forma-
tion of 5-(2,4-dinitrophenyl)-glutathione
conjugate was evaluated by monitoring
the increase in absorbance at 340 nm at
25°C. GST-specific activity was expressed
as micromoles per minute per milligram
of sample protein. Spectrophotometric
analyses were carried out at 25°C using a
Varian Cary 50 spectrophotometer (Var-
ian, Turin, Italy).

Preparation of Synaptosomes and
Release Experiments

Animals were sacrificed at d 125 + 2,
and spinal cord synaptosomes were pre-
pared and purified on Percoll® gradients
as previously described (19). The tissue
was homogenized in 14 volumes of
0.32 mol/L sucrose and buffered at pH 7.4
with Tris-HCL. The homogenate was cen-
trifuged (5 min, 1,000¢ at 4°C) to remove
nuclei and debris, and the supernatant
was gently stratified on a discontinuous
Percoll gradient (2, 6, 10 and 20% v/v in
Tris-buffered sucrose). After centrifuga-
tion at 33,500 for 5 min, the layer be-
tween 10% and 20% Percoll (synaptoso-
mal fraction) was collected. Synaptosomes
were resuspended in physiological me-
dium and labeled with 0.02 umol /L
[’H]p-aspartate. Aliquots were distributed
on microporous filters placed at the bot-
tom of a set of parallel superfusion cham-
bers maintained at 37°C. Superfusion was
then started with physiological medium
at a rate of 0.5 mL/min and continued for
48 min. After 36 min of superfusion to
equilibrate the system, samples were col-
lected as follows: two 3-min samples (¢ =
36-39 and 4548 min; basal efflux) before
and after one 6-min sample (t = 39-45 min;
stimulus-evoked release). Stimulation with
a 90-s pulse of 15-25 mmol /L KCl was ap-
plied at t = 39 min. Collected samples and
superfused synaptosomes were counted
for radioactivity. Tritium released in each
sample was calculated as fractional rate x
100. The stimulus-evoked neurotransmit-
ter overflow was estimated by subtracting
the transmitter content of the two 3-min



samples representing the basal efflux
from the content of the 6-min sample col-
lected during and after the stimulating
pulse.

Statistics

Data are expressed as mean + standard
error of the mean (SEM), and p values
<0.05 were considered significant. The
Kaplan-Meier plot was used to evaluate
survival time, and the log-rank test was
applied to compare the cumulative
curves. The Mann-Whitney test was used
for the analysis of two populations of
means. Comparison of more than two
mean populations was performed using
the analysis of variance (ANOVA) fol-
lowed by Bonferroni test (INSTAT soft-
ware; GraphPad Software, San Diego,
CA, USA).

All supplementary materials are available
online at www.molmed.org.

RESULTS

MSCs Improve Survival and Motor
Functions in SOD1/G93A Mice
Intravenous administration of 10°
MSCs after the disease onset significantly
prolonged the lifespan of SOD1/G93A
mice compared with saline-treated mice
(survival average: 116.1 + 3.4 d for saline-
treated mice versus 133.4 + 3.8 d for
MSC-injected mice; p < 0.005). The Kap-
lan-Meier survival curve is reported in
Figure 1A. MSC injection significantly
slowed disease progression, as depicted
by a delayed decline of motor perform-
ances in all tests (Figures 1B-D). In de-
tail, saline-injected SOD1 mice (healthy
nonmutated control mice) maximally
performed in the Rotarod task along the
observation period (not shown). As ex-
pected, the performance of saline-treated
SOD1/G93A mice declined starting
around d 80 and rapidly worsened (Fig-
ure 1B). A similar decline was observed
in the extension reflex of hind limbs (Fig-
ure 1C) and in the gait (Figure 1D) tests.
MSC-treated SOD1/G93A mice per-
formed significantly better than saline-
treated SOD1/G93A mice in all tests
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Figure 1. Effect of MSC administration on survival and disease progression of SOD1/G93A
mice. Animals were intravenously injected with 10° MSCs or saline at d 90 and monitored
for motor abilities and body weight. Survival fime was determined when animals were un-
able to roll over within 20 s affer being pushed on their side. Eleven MSC-treated and 13
saline-treated SOD1/G93A mice were used. (A) Survival. Survival time was examined by
Kaplan-Meyer analysis. The difference between Kaplan-Meyer curves was significant af

p < 0.01 (log-rank test). (B) Rotarod. Animals were tested starting on d 60 every 5 d until

d 9 and were then examined 3 d/wk. Falling off time was recorded. (C) Extension reflex.
Measures were obtained as reported in (A). Animals were rated according to a 5-0 score
scale (see Supplementary Table S1). (D) Gait impairment. Measures were obtained as re-
ported in (A). Each animal was rated according fo a 5-0 score scale (see Supplementary
Table S1). (E) Body weight. Body weight was measured immediately before behavioral
testing. Values were compared with those from saline-injected SOD1 mice (n = 12).
Means + SEM are reported. *p < 0.05 at least (Mann-Whitney).
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(Figures 1B-D). MSCs halted the decline
in body weights of SOD1/G93A mice,
which were already significantly lower
than weights in SOD1 nonmutated mice
(Figure 1E). Symptoms onset and sur-
vival values of saline-injected mice did
not significantly differ from those rou-
tinely observed for the SOD1/G93A
colony bred in our laboratory (not
shown). These results demonstrate that
MSC intravenous administration has a
significant impact on survival and motor
performances in mice with experimental
ALS.

MSCs Migrate in the CNS After
Infravenous Administration
Luciferase-positive cells were detected
24 and 48 h after injection throughout the
entire spinal cord of animals injected
with luciferase-gene reporter vector-
transfected MSCs (83.3 + 36.5 cells/ mm?
at 24 h after injection; 57.8 + 52.2 cells/
mm? at 48 h after injection. The number
of labeled MSCs significantly decreased
at d 20 after injection (7.03 + 1.31 cells/
mm?) and almost vanished at d 35 after
injection (1.66 + 1.65 cells/mm?) (Fig-
ures 2A-E). No significant difference
among different cord sections was ob-
served at all time points. A limited num-
ber of MSCs was identified in hypothala-
mus, especially in the subpial layer and
around the ventral commissure at 24 h
(9.34 + 3.14 cells/mm?), 48 h (4.70 + 1.57
cells/mm?), 20 d (2.61 + 1.03 cells/ mm?)
and 35 d (2.08 + 1.62 cells/mm?) after in-
jection (Figures 2F-]). These findings
prove that only a small number of MSCs
can migrate into the CNS of SOD1/G93A
mice after intravenous administration
and suggest that their clinical effect is not
likely to rely on long-term engraftment.

MSC Administration Improves
Histological Pathology Traits

The number of cells immunoreactive
for ubiquitin, a marker of abnormal pro-
tein degradation in neurons (20), was
significantly reduced in the spinal cord
of MSC-treated compared with saline-
treated SOD1/G93A mice at the end
stage of disease (d 125 of age) (Figure 3A

100pm

100pm 100pm

E J

= 140 c
2 120 @ 12
8 8 10
S 100 S
2 2 g
i5 o0 Z *
o o
a 60 % 6 ]’ 5
[0
g 40 g 4 *
% 20 * * '% 2 ’—I—‘
3 0 — 3o
24h  48h < 23 24h  48h < 2
o7 %
%fs %J’s U U
Time post-injection Time post-injection

Figure 2. Tracking of MSCs in vivo after transfection with a luciferase gene reporter vector
pL-Luc-IH. Luciferase-positive cells were detected at 20x magnification in the spinal cord
(A-E) and in the hypothalamus (F-J). Mice were injected with LUC-positive MSCs and sac-
rificed 24 and 48 h or 20 and 35 d after injection. Histology was performed on 5-um sec-
fions with a mouse anfi-luciferase antibody. DAPI (4',6-diamidino-2-phenylindole) was used
for cell nucleus detection. Upper panels show representative images of tissues collected
24 h (A E), 48 h (B, F).20 d (C, G) or 35 d (D, H) after injection. Quantification (E, J) was per-
formed on a systematic random series of six sections per animal, every tenth coronal sec-
fion (20 um), throughout the entire spinal cord and brain; data (means + SEM) represent
the number of positive cells/mm?. Eight MSC-treated mice were used. *p < 0.05 af least
(ANOVA plus Bonferroni). Scale bar, 100 um.

798 | UCCELLI ET AL. | MOL MED 18:794-804, 2012



>

)
- o
o

- a

Ubiquitin
positive cells (n
ONDBOOOWON :

(g}

N
o

n w
o o

GLT1 positive cells (n)
3

o

[] saline-injected SOD1/G93A mice

GLT1 mRNA expression

a3 W

ChAT positive cells (n)

o N H» O @

O

85K 8

= 3
o
—~

(fold induction)
&

f=3
L

8

Il MSC-injected SOD1/G93A mice

Figure 3. Effect of MSC administration on the number of ubiquitin-immunoreactive (A),
ChAT-immunoreactive (B) and GLT1-immunoreactive (C) cells and on mRNA expression of
GLT1 (D) in the spinal cord of SOD1/G93A mice. SOD1/G93A mice were freated with 10°
MSCs or saline at d 90 and sacrificed at d 125. The following antibodies were used for his-
tology: mouse anti-ubiquitin, 1:250; rabbit anti-ChAT, 1:500; guinea pig anti-GLT1, 1:100.
Seven MSC-tfreated and seven saline-injected SOD1/G93A mice were used. Quantifica-
tion was performed on six sections per animal, from three segments apart. mMRNA was de-
tected by RT-PCR using GAPDH mRNA as a reference. Data (means + SEM) represent the
number of positive cells/mm? (A-C) or fold induction with respect to controls (D). *p < 0.01

(Mann-Whitney).

and Supplementary Figure S1A; 14.4 +
0.68 cells/mm? for saline-treated versus
10.9 + 0.31 cells/mm? for MSC-injected
animals; p < 0.001). Conversely, we could
not observe significant modification of
the number of cells positive for the MN-
specific enzyme ChAT in MSC-treated
mice compared with saline-treated
SOD1/G93A mice (Figure 3B and Sup-
plementary Figure S1B; 8.73 + 0.25 cells/
mm? for controls versus 9.50 + 0.30 cells/
mm? for treated animals) and for GLT1,
the expression of which is selectively re-
duced in ALS (21) (Figure 3C and Sup-
plementary Figure S1C; 31.3 £ 0.75 cells/
mm? for controls versus 32.5 + 0.87 for
MSC-treated animals). However, GLT1
mRNA expression was almost doubled
in SOD1/G93A mice in the end stage of

disease after MSC treatment (Figure 3D).
Next, we evaluated the effect of MSCs on
reactive astrocytes and microglia. The
number of GFAP-positive cells was sig-
nificantly reduced in spinal cord (Figure
4A and Supplementary Figure S1D),
brain cortex (Figure 4B) and hippocam-
pus (Figure 4C) of MSC-treated
SOD1/G93A mice compared with saline-
treated controls (spinal cord: 18.97 + 0.49
cells/mm? versus 15.93 + 0.51 cells/mm?;
p < 0.001; cortex: 8.30 + 0.67 cells/ mm?
versus 5.09 + 0.60 cells/ mm? p <0.01;
hippocampus: 24.48 + 1.32 cells/mm?
versus 7.54 + 1.23 cells/ mm?; p < 0.001).
Similarly, the number of microglia cells,
identified as IB4-positive cells, was sig-
nificantly decreased in the spinal cord
after administration of MSCs (17.5 +
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1.55 cells/mm? versus 11.8 + 1.52 cells/
mm? p < 0.01) (Figure 4D and Supple-
mentary Figure S1E), whereas no signifi-
cant difference was observed in cortex
(6.98 + 4.00 cells/mm? versus 8.24 + 3.74
cells/mm?) and hippocampus (6.70 +
1.93 cells/mm? versus 5.40 + 2.47 cells/
mm?) (Figures 4E, F).

To evaluate whether this effect associ-
ates with a change in the expression of
molecules involved in some functional
activities of microglia (22), immunostain-
ing of spinal cord sections for iNOS, IGF1,
CX3CR1 and Nurrl was performed. No
significant changes were observed be-
tween saline- or MSC-treated SOD1/G93A
mice for any of the markers under analy-
sis (Supplementary Figures S2A-D). Sim-
ilarly, no significant differences of related
mRNA expression levels could be de-
tected in spinal cord of both groups of
mice (Supplementary Figures S3A-D). In
contrast, we observed a significant
downregulation of the RNA expression
for interleukin (IL)-1p and tumor necro-
sis factor (TNF)-o. in the mice treated
with MSCs compared with controls (Sup-
plementary Figures S3E and S3F).

These results demonstrate that MSC
administration reduces ubiquitin inclu-
sions as well as astrocyte and microglia
proliferation and related inflammation in
MNs of SOD1/G93A mice.

MSCs Reduce the Oxidative Stress
Condition Occurring During Disease
Progression in SOD1/G93A Mice

To address the impact of MSC admin-
istration on the oxidative stress occur-
ring in SOD1/G93A mice, we measured
the constitutive and progression-
associated expression of MTs in the
spinal cord. The constitutive expression
of MT mRNA in control mice was higher
for MT-3, intermediate for MT-1 and
lower for MT-2 (Figure 5A). The mRNA
expression of all MT isoforms increased
in the spinal cord of SOD1/G93A mice
during disease progression, and the in-
crease was more pronounced for MT-3,
the neuron-specific isoform (Figure 5B).
MSC administration resulted in a strik-
ing downregulation of MT-2 and MT-3
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isoforms at d 125 in treated compared
with saline-treated SOD1/G93A mice;
on the contrary, MT-1 expression was
not modified (Figure 5C). Next, we eval-
uated the activity of the antioxidant en-
zyme GST in the spinal cord of SOD1
and saline- or MSC-treated SOD1/G93A
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mice at d 125. GST-specific activity was
significantly increased in SOD1/G93A
mice, when compared with SOD1 mice,
and MSC treatment reverted such an in-
crease by about 65% (Figure 5D). These
results suggest that MSCs have a deep
impact on the oxidative stress occurring

794-804, 2012

in experimental ALS, as demonstrated
by the ability to dampen the increase of
antioxidant molecules.

MSCs Normalize the Excessive
(®*H)p-Aspartate Release in the Spinal
Cord of SOD1/G93A Mice

We previously observed that both the
spontaneous and the stimulus-evoked re-
lease of [’H]p-aspartate from prelabeled
spinal cord synaptosomes were signifi-
cantly elevated in SOD1/G93A mice at
the late stage of disease, compared with
SOD1 animals (23). Similarly, in the pres-
ent experiments, the spontaneous and the
15 mmol /L (Figure 6A) or 25 mmol /L
(Figure 6B) KCl-evoked release of [*H]p-
aspartate was significantly increased in
saline-injected SOD1/G93A with respect
to saline-treated SOD1 control mice. The
increase of both basal and the 15 or
25 mmol/L KCl-stimulated release of
[3H]D-aspartate was reduced to control
values after MSC administration. Thus,
MSC injection results in the significant in-
hibition of the excessive release of gluta-
mate in experimental ALS.

DISCUSSION

In this study, we demonstrated that al-
logeneic MSCs, isolated from C57B6
mice, prolong survival and improve
motor performance in SOD1/G93A mice.
Previous reports demonstrated that
MSCs help motor functions and mod-
estly increase survival of SOD1/G93A
mice only when administered before dis-
ease onset (12-14). The first major
achievement of this study was the obser-
vation that MSCs were able to signifi-
cantly delay animal death when injected
after the occurrence of clinical symp-
toms, a condition in which most treat-
ments fail.

Survival improvement and behavioral
tests in MSC-treated SOD1/G93A mice
were associated with a significant de-
crease of the number of cells immunore-
active for ubiquitin, a protein adduct that
targets proteins for degradation via the
proteasome (24). The expression of mu-
tant SOD1 protein leads to proteasome
inhibition, which can contribute to MN
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not affect the number of GLT1-express-
ing cells in spinal cord of SOD1/G93A
mice. GLT1 is a glutamate transporter

suffering and death (25). Therefore, our
data may indicate that MSCs may reduce
the proteasome inhibition associated
with ALS progression. This effect was
observed regardless of any evidence of
preservation of MNs positive for ChAT,
an enzyme for which inhibition by mis-
folded SOD1 species leads to an im-
paired axonal transport (26), indicating
no changes in the number of MNs after
MSCs. Similarly, MSC administration did

preferentially expressed on astrocytes
and provides trophic support to MNs
through the rapid recovery of synaptic
glutamate (27). GLT1 expression and
function is decreased in SOD1 mutant
mice, and this reduction was proposed as
a major cause of excessive glutamate and
excitotoxicity in ALS (21). A recent study
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reported the ability of human adipose-
derived stem cells to upregulate the ex-
pression of GLT1 in SOD1/G93A-bearing
astrocytes, which resulted in enhanced
glutamate uptake function (28). The his-
tological data presented here do not
allow defining whether tissue GLT1 lev-
els are reestablished after MSC adminis-
tration. However, quantitative RT-PCR
results showed a positive effect of the
MSCs on GLT1 mRNA expression in the
spinal cord of SOD1/G93A mice, sug-
gesting that this augment may be the re-
sult of an enhanced production by the
single cell rather than of an increased
number of GLT1-expressing cells. Re-
gardless of a direct effect of MSCs on
GLT1 expression, the observation that
both basal and stimulus-evoked release
of glutamate, which are increased in
SOD1/G93A mice (23), were inhibited by
MSC administration indicates that the
treatment ameliorates the excitotoxic sce-
nario during the development of pathol-
ogy. These findings also suggest that an
excess of glutamate, brought about by
neurotransmitter release, plays a role in
disease progression and further supports
the therapeutic effect of MSCs.

A second major result of this study
was the demonstration that MSCs are
effective, even when injected intra-
venously. So far, the only study reporting
on the effect of MSCs in symptomatic
hSOD1(G93A) rats was on the basis of
intrathecal cell delivery, leading to
chimerism of endogenous astrocytes in
the lumbar spinal cord (29). However,
MSC intravenous administration has
been shown to be effective in EAE, a
model for multiple sclerosis, where in-
flammation is likely to play a role in the
recruitment of cells to the CNS (10), and
in experimental stroke (30) and other dis-
ease models (31), where the acute onset
of tissue damage may lead to the release
of chemokines (32) and other signal mol-
ecules possibly involved in the recruit-
ment of MSC-bearing Toll-like receptors
on their surface (33). Because of the wide
consensus on the best cell dose for the
treatment of experimental neurological
diseases, the lack of reliable scales for
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translating mouse cell dose to humans
and robust data suggesting that one in-
jection suffices to achieve significant in-
hibition of inflammation and fostering of
neuroprotection in EAE (31), we injected
10° MSCs only once after disease onset, a
situation that may well represent future
clinical scenarios for ALS patients. We
showed that a small number of intra-
venously injected MSCs can be detected
in the CNS of SOD1/G93A mice early
after infusion, but they rapidly disappear
over time. Although these results may
appear surprising, they are in line with
the most recent studies showing that
MSCs act at a distance in many experi-
mental diseases without or with limited
engraftment (10,34-37). There is now
overwhelming evidence that after intra-
venous administration, almost all MSCs
are entrapped in the lungs, and the few
passing through this filter are rapidly re-
jected, if of allogeneic or xenogeneic ori-
gin, and rapidly cleared from the CNS
(38), where, in contrast to neural precur-
sor cells, they are likely not to find an ap-
propriate microenvironment to engraft
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and generate neurogenic ectopic niches
(39). Thus, although MSCs may con-
tribute to tissue repair by cell differentia-
tion, mainly in circumstances where dif-
ferentiation is oriented toward their
physiological cellular fate (40), functional
improvement is observed in most animal
models by transient appearances of the
cells, suggesting that paracrine mecha-
nisms based on molecules secreted by
MSCs (36,41-43) are likely to play a
major role in the therapeutic plasticity of
these cells (38,44).

In this study, we also assessed the dy-
namics of expression of MTs in the spinal
cord of SOD1/G93A mice. MTs play a
neuroprotective function through their
intracellular role of radical and toxic
metabolite scavengers and their extracel-
lular release from astrocytes promoting
axonal growth (45). There is substantial
evidence supporting the hypothesis that
oxidative stress plays a role in ALS
pathogenesis, being one of the mecha-
nisms by which MN death occurs (46).
Therefore, changes in MT expression are
consistent with the hypothesis that MTs
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may serve an important protective func-
tion in experimental ALS (47). Expres-
sion of all three MTs increased signifi-
cantly during the course of experimental
ALS, thus demonstrating a close relation-
ship between disease progression and
levels of MTs. The upregulation of MT
mRNA paralleled with the increased ac-
tivity of the antioxidant enzyme GST
during disease progression. Here we
show that MSC administration reverted
the upregulation of MTs and the in-
creased activity of GST in SOD1/G93A
mice, thus suggesting that MSCs exert,
similarly to that described in EAE (18), a
remarkable antioxidative and neuropro-
tective effect.

Lastly, we observed that MSC systemic
administration results in a decreased
number of IB4-positive microglia and
GFAP-positive astrocytes as well as a
decreased expression of TNFa and IL1f
in the spinal cord of MSC-treated
SOD1/G93A mice compared with saline-
treated animals. Because of the role of
activated microglia in the oxidative
stress—-mediated and inflammatory insult
leading to neurodegeneration in
SOD1/G93A mice (5) and to the role of
molecules released by astrocytes in the
degeneration of spinal MNs (48), we pos-
tulate that MSCs may influence noncell
autonomous processes involved in ALS
pathogenesis.

CONCLUSION

The results presented here confirm
that intravenous injection of MSCs, an
adult stem cell type currently under clin-
ical scrutiny for several neurological dis-
eases (31), is an appealing treatment for
human ALS. The results strongly support
the clinical translation of this treatment.
Recent reports have demonstrated the
safety of MSC transplantation, when in-
jected locally in the spinal cord, intraven-
tricularly or intravenously in ALS sub-
jects (49,50). Because of the lack of
effective treatment for ALS and the
known safety profile of MSCs (51), these
data encourage careful clinical evalua-
tion in the framework of rigorous phase
IT clinical trials.
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