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ESENCHYMAL STEM CELLS SUPPORT DORSAL ROOT GANGLION
EURONS SURVIVAL BY INHIBITING THE METALLOPROTEINASE
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. SCUTERI,* M. RAVASI, S. PASINI, M. BOSSI AND

. TREDICI

ipartimento di Neuroscienze e Tecnologie Biomediche, Università
egli Studi di Milano-Bicocca, via Cadore 48, 20052 Monza, Italy

bstract—The positive effect of adult undifferentiated mes-
nchymal stem cells (MSCs) on neuronal survival has already
een reported, although the mechanisms by which MSCs
xert their effect are still a matter of debate. Here we have
emonstrated that MSCs are able to prolong the survival of
orsal root ganglion (DRG) neurons mainly by inhibiting
ome proteolytic enzymes, and in particular the pathway of
etalloproteinases (MMPs), a family of proteins that are in-

olved in many neuronal processes, including survival. The
nhibition of MMPs was both direct, by acting on MT-MMP1,
nd indirect, by acting on those proteins that regulate MMPs’
ctivation, such as Timp-1 and Sparc. The importance of the
MPs’ down-regulation for neuronal survival was also dem-
nstrated by using N-isobutyl-N-(4-methoxyphenylsulfonyl)-
lycyl hydroxamic acid (NNGH), a wide range inhibitor of
etalloproteinases, which was able to increase the survival
f DRG neurons in a significant manner. The down-regulation
f MMPs, obtained both by MSC contact and by chemical

nhibition, led to the inactivation of caspase 3, the executor of
poptotic death in DRG neurons cultured alone, while
aspase 7 was found to be irrelevant for the apoptotic pro-
ess. The capacity of MSCs to prevent apoptosis mainly by
nactivating the metalloproteinase pathway is an important
nding that sheds light on MSCs’ mechanism of action, mak-

ng undifferentiated MSCs a promising tool for the treatment
f many different neurodegenerative pathologies. © 2011

BRO. Published by Elsevier Ltd. All rights reserved.

ey words: DRG neurons, mesenchymal stem cells, apopto-
is, metalloproteinase inhibition.

he positive effect of adult undifferentiated mesenchymal
tem cells (MSCs) on nerve regeneration, axonal growth
nd neuronal survival has already been reported (Akiyama
t al., 2002; Zhao et al., 2002; Cuevas et al., 2004; Scuteri
t al., 2006; Liu et al., 2010), although the mechanisms by
hich MSCs exert their effects are still unclear. Different
xplanations have been proposed: (1) undifferentiated
SCs are supposed to increase neuronal viability by trans-
ifferentiation mechanisms (Sanchez-Ramos et al., 2000;
eng et al., 2006; Phinney and Prockop, 2007), or (2) by

Corresponding author. Tel: �39-02-64488119; fax: �39-02-
4488250.
-mail address: arianna.scuteri@unimib.it (A. Scuteri).
bbreviations: DRG, dorsal root ganglia; ECM, extra-cellular matrix;
MPs, metalloproteinases; MSCs, mesenchymal stem cells; MT-
a
MP1, membrane-type matrix metalloproteinase-1; NNGH, N-isobu-

yl-N-(4-methoxyphenylsulfonyl)-glycyl hydroxamic acid.

306-4522/11 $ - see front matter © 2011 IBRO. Published by Elsevier Ltd. All right
oi:10.1016/j.neuroscience.2010.10.065
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eleasing neurotrophic factors (Crigler et al., 2006; Yo-
hida et al., 2007). It is, however, difficult to reproduce the
ransdifferentiation as it is strongly dependent on the ex-
erimental conditions and, therefore, this mechanism is
till a matter of debate (Lu et al., 2004). On the other hand,
he release of trophic factors, which is widely accepted, is

well-recognized mechanism, but not the only one, in-
olved in MSCs’ positive effect (Crigler et al., 2006). The
elease of other molecules, different from trophic factors,
ble to modify the expression of pro-survival genes should
e also considered.

In a previous study (Scuteri et al., 2006) we demon-
trated, by using both direct and indirect co-cultures and
SC conditioned medium, that undifferentiated MSCs
ere able to promote the differentiation and prolong the
urvival of dorsal root ganglia (DRG) dissociated neurons.
RG neurons survived up to 60 days or more when co-
ultured with MSCs, while DRG neuronal primary cultures
aturally underwent cellular death after a few weeks. This
rotective effect was due neither to transdifferentiation
echanisms (the number of neurons did not increase), nor

o the release of soluble factors since direct contact be-
ween neurons and MSCs was essential for the long-
asting survival of DRG neurons. For this reason, to inves-
igate the molecular mechanisms responsible for the effect
f MSCs’ direct contact on DRG neurons, we studied the
odifications of the proteins that mediate cell contact,

uch as adhesion molecules and extracellular matrix pro-
eins, by using a specific low-density microarray. Proteins
mportant for the correct cellular contact include matrix

etalloproteinases (MMPs), a family of proteolytic en-
ymes, some of which are membrane-bound and some
thers which are secreted, that also control many pro-
esses occurring in neurons, ranging from morphogenesis
nd aging to inflammation and apoptosis (Muroski et al.,
008). The death of neurons in cultures is mediated by
MP activation (Gu et al., 2005; Thirumangalakudi et al.,
007; Xue et al., 2009), which may occur both through the
ctivation of the precursor zymogens and through inhibi-
ion, mainly by tissue inhibitors of metalloproteinases
TIMPs). The proteolitic activation of MMP precursor zy-
ogens may be carried out by different MMPs or by other
olecules such as Sparc that are able to activate MMP2

Yan and Sage, 1999; McClung et al., 2007). However,
hanges in the control of their activity may result in neuro-

ogical diseases.
In particular, it is known that MMPs are able to activate

he apoptotic machinery in many cellular models (Lee et

l., 2004) due both to their involvement in inflammation

s reserved.

mailto:arianna.scuteri@unimib.it
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athways (Pagenstecher et al., 1998) and also to their
bility to tamper with the correct cell-ECM (extra-cellular
atrix) interaction which results in a form of apoptotic
eath termed anoikis (Valentijn et al., 2004). The impor-
ance of cellular adhesion for cell survival is widely recog-
ized, and anoikis as a peculiar form of apoptosis has
een studied and demonstrated in many adherent cells
Frish and Francis, 1994), especially in neurons (Bozzo et
l., 2006). This process is mediated by the balance in the
xpression of pro/antiapototic proteins and by the activa-
ion of caspases, the final executors of the death pathway
Bozzo et al., 2006).

Here, we reported changes in the expression of MMPs
n cultures of neurons alone (fated to early death), and in
ultures of MSCs and neurons, destined to long-lasting
urvival, demonstrating, for the first time, that MSCs are
ble to prolong neuronal survival by inhibiting the MMP
athway and thus reducing apoptosis.

EXPERIMENTAL PROCEDURES

ll the procedures on animals were carried out under anesthesia
n accordance with the European Communities Council Directive
6/609/EEC.

All the experiments were repeated at least three times to
alidate the results.

RG neuron primary cultures

RG from 15-day-old embryonic Sprague–Dawley rats (Harlan
taly, Udine, Italy) were aseptically removed, pelleted and disso-
iated with trypsin. Neuronal cells, which are postmitotic neurons,
ere cultured onto a single layer of rat tail collagen surfaces in 35
m dishes for 5 days in AN2 medium made up of MEM (Invitro-
en, Carlsbad, CA, USA), plus 15% Calf Bovine Serum (Hyclone,
ogan, UT, USA), 50 �g/ml ascorbic acid (Sigma Chemical Co.,
t. Louis, MO, USA), 1.4 mM L-glutamine (Invitrogen), 0.6% glu-
ose (Sigma Chemical Co.) supplemented with 5 ng/ml NGF
Invitrogen), and plated onto collagen-coated dishes. After 24 h,
eurons were treated for 5 days with AN2 medium to which were
dded 5 ng/ml NGF and 2=-deoxy-5-fluorouridine (Fudr 10�5 M
igma Chemical Co.) to remove satellite cells. Neurons were then

ncubated with AN2 medium with 5 ng/ml NGF.
The neuronal survival was evaluated by counting viable neu-

ons, characterized by the presence of a refracting outline, at
ifferent time points in a blind manner (day: 0, 7, 14, 21, 30)
Scuteri et al., 2009).

SC cultures

SCs were obtained from the bone marrow of 10-week-old fe-
ale Sprague–Dawley rats by flushing the femur and tibia diaph-

sis with 2 ml/bone of �-MEM to which was added 2 mM L-
lutamine and antibiotics. MSCs were expanded in �-MEM me-
ium (Lonza Group Ltd Switzerland) plus 20% ES cell screened
etal Bovine Serum (FBS, Hyclone) (Donzelli et al., 2007).

For direct co-cultures, MSCs were added to neurons at a
ensity of 100,000 cells/dish. Co-cultures were maintained in AN2
edium with 5 ng/ml NGF. The medium was changed once a
eek. Indirect co-cultures were established with neurons being
eeded onto the upper surface of a collagen-coated cover glass
esting on a single layer of MSCs plated at a density of 100,000
ells/dish. Indirect co-cultures were maintained in AN2 medium
ith 5 ng/ml NGF. The medium was changed once a week
Scuteri et al., 2006). 4
icroarray analysis

e used the Oligo GEArray System (SABiosciences Corporation,
D, USA) according to the manufacturer’s instructions. The iso-

ation of RNA was performed using the ArrayGrade TM Total RNA
solation Kit. For the conversion of experimental RNA to labeled
arget cRNA, TrueLabeling-AMP TM 2.0 cRNA Synthesis and
abeling was used. The gene hybridization and detection were
erformed using Oligo GEArray (Hybtube protocol). The data
nalysis was carried out with the GEArray Expression Analysis
uite (SABiosciences Corporation).

The statistical analysis was performed using the ANOVA test
nd Tukey’s Multi comparison Test with the GraphPad Prism
GraphPad Software, San Diego, CA, USA) statistical package.

In order to confirm the results obtained in the microarray
nalysis and to localize the proteins whose expression was sig-
ificantly changed after co-cultures with respect to neurons and
SCs alone, we performed immunofluorescence studies (Scuteri
t al., 2006). The primary antibodies used were anti-NeuN
Chemicon International, Temecula, CA, USA, 1:50), anti-Map2
Chemicon, 1:200), anti-Sparc (Genetex Inc. San Antonio, TX,
SA, 1:1000), anti-Timp-1 (Calbiochem, San Diego, CA, 1:50).
halloidin (Invitrogen, 1:20) was used to visualize the actin fila-
ents of MSCs.

tudy with NNGH metalloproteinase inhibitor

-isobutyl-N-(4-methoxyphenylsulfonyl)-glycyl hydroxamic acid
NNGH, metalloproteinase inhibitor, Biomol. Intern. LP, PA, USA)
as dissolved in dimethilsulfoxide (DMSO, Sigma Chemicals Co.,
t. Louis, MO, USA) to make a stock solution of 2 mM concen-

ration which was diluted with medium to obtain our working
oncentrations (1.3, 2 and 3 �M). The working solution concen-
ration of DMSO was always very low and not cytotoxic for neu-
ons (Scuteri et al., 2009). Neuronal cultures were exposed to
NGH for one month, the culture medium was changed twice a
eek and the NNGH effectiveness was confirmed by zymography.

ymography

common and simple method described in the literature to eval-
ate the activity of membrane-type matrix metalloproteinase-1
MT-MMP1) is the study of the activity of some of its substrates,
uch as MMP2 and MMP9, by gelatin zymography (Yamamoto et
l., 2008). Cells were washed twice with PBS, solubilized in lysis
uffer (10 mM Tris–HCl, pH 7.5, 0.25% Triton X100) and soni-
ated. Protein quantification was performed using the Bradford
ethod, then protein aliquots were solubilized in Laemmli buffer
� without �-mercaptoethanol and run onto 10% SDS-Polyacryl-
mide gels (SDS-PAGE) with 2 mg/ml of gelatin (porcine skin)
issolved in bidistilled water. After the running onto the gel, the

atter was washed twice with washing buffer (Triton X-100 2.5%
/v in bidistilled water) and then incubated in a buffer containing
aCl 150 mM, Tris–HCl pH 7.5 and CaCl2 5 mM for 48 h at 37 °C.
els were then stained with Comassie Blue 0.25 g in 100 ml of a
olution containing 45% methanol and 10% glacial acetic acid in
idistilled water. Reagents were purchased from Sigma Chemi-
als Co. After rinsing with demineralized water, gel images were
cquired with a 100 Imaging System (Eastman Kodak Co, Roch-
ster, NY, USA).

LISA assays

he supernatants from DRG neurons, MSCs and co-cultures were
nalyzed at different time points (from 2 to 7 weeks) by ELISA for
imp-1 (Boster Biological Technology, Ltd, Malden, MA, USA) and
parc (Cusabio Biotech Co., Newark, DE, USA) following the
rotocol provided by the manufacturers. Finally, the reaction was
topped and the optical density of each well was determined at

50 nm within 30 min.
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poptosis detection

Flow Cytometry. DRG neurons, MSCs and co-cultures
ere detached used trypsin-EDTA, washed twice with PBS and

hen stained with FITC-Annexin V according to the manufacturer’s
rotocol (Becton Dickinson, San Josè, CA, USA). The cells were

ig. 1. Analysis of Timp-1 and Sparc. (a) Confocal microscopy detect
eurons and not in neurons alone (Timp-1 red, Map2 green, Phalloidin
f culture the protein was present only in neurons alone and not in co

able 1. Expression fold variation of adhesion-mediating genes after
o-culture

Neurons Co-culture P-value

T-MMP1 2,445�0,392 0,901�0,047 P�0.05
imp-1 0,647�0,074 2,625�0,265 P�0.001
parc 10,030�0,068 2,657�0,152 P�0.001
asigin 13,257�0,693 3,069�0,050 P�0.001
damst1 0,194�0,009 0,041�0,010 P�0.05
c) Elisa assay for Timp-1: The secreted form of Timp-1 was increased in co-cu
f culture. * P�0.05, ** P�0.001.
cquired by FACSCanto (Becton Dickinson) and the analysis was
erformed on at least 105 events. For each sample the negative
ignal was set on unstained cells.

Electron microscopy. The cultures were fixed for 30 min in
% paraformaldehyde and 2% glutaraldehyde in 0.12 M phos-
hate buffer and then post-fixed in 1% OsO4 in cacodylate buffer

or 30 min, dehydrated in ethanol and embedded in epoxy resin.
ltra-thin sections were stained with Uranyl Acetate and Lead
itrate and observed with a Philips CM10 transmission electron
icroscope (Philips Medical Systems S.p.A., Monza, Italy).

Immunofluorescence study of caspases. An immunofluo-
escence study of the activation state of the executor caspases 3
nd 7 was performed as previously described (Scuteri et al., 2006)
sing antibodies directed against active-caspase 3 (Cell Signalling
echnology, Danvers, MA, USA, 1:500) and active-caspase 7
Calbiochem, 1:100).

p-1: After 30 d of culture the protein was present only in co-cultured
ale bar: 25 �m. (b) Confocal microscopy detection of Sparc: After 30 d
neurons (Sparc red, Map2 green, Phalloidin blue). Scale bar: 25 �m.
ion of Tim
blue). Sc
-cultured
lture medium with respect to the medium of neurons alone after 5 wk
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RESULTS

nalysis of adhesion and extracellular matrix
olecule expression patterns

n the co-cultures of DRG neurons and MSCs, the microar-
ay analysis (Table 1) evidenced a statistically significant
own-regulation, with respect to the cultures of neurons
nd MSCs alone, of MT-MMP1 (also termed MMP14), a
embrane-bound protein able to activate the metallopro-

einase pathway by inducing MMP2 activation (Fillmore et
l., 2001). Concomitantly, there was a statistically signifi-
ant over-expression of the metalloproteinase inhibitor
ene Timp-1 which is responsible for the activity inhibition
f MMP9 (Rivera et al., 2002). The genes codifying for
ome anti-adhesive molecules, such as Sparc, Basigin
nd Adamst1, were also down-regulated in a significant
anner.

To validate these findings at the protein level, we per-
ormed immunofluorescence studies which confirmed that
he metalloproteinase inhibitor Timp-1 was present only in
eurons co-cultured with MSCs while it was absent in
eurons alone. The immunostaining for Timp-1 was
resent both in the nucleus and in the cytoplasm of neu-
ons (Fig. 1a).

On the contrary, the anti-adhesive protein Sparc was
resent in the nucleus and in the cytoplasm of neurons
lone but not in neurons co-cultured with MSCs (Fig. 1b).

The data obtained with microarrays concerning Basigin
nd Adamst1 failed to be validated at the protein level.

The Elisa assay performed to assess the release of
imp-1 in the different culture media evidenced a higher
uantity of this protein in the medium of co-cultures with
espect to the medium of neurons cultured alone, and the
ifference increased at later times (5–7 weeks) (Fig. 1c),
hus confirming the Microarray results, while the Elisa as-
ay performed to assess the quantity of Sparc released in
he different culture media evidenced a very low amount of
ecreted-Sparc, close to the detectable threshold, in all the
amples analyzed.

After 1 month of co-culture, MMP2 activity decreased
n co-cultures with respect to neurons or MSCs alone, and
he band corresponding to the active-MMP9, present in
eurons at the beginning, disappeared in co-cultures (Fig.
). MMP activity inhibition was not observed in indirect
o-cultures of neurons and MSCs. In indirect co-cultures
SCs were unable to prolong the neuronal survival

Scuteri et al., 2006). We can, therefore, affirm that direct
ontact with MSCs induces the down-regulation of the
MP pathway and of Sparc in DRG neurons.

ffects of MSCs on neuronal apoptotic death

RG neurons cultured alone underwent apoptotic death,
s demonstrated by cytofluorimetric studies using Annexin
and by electron microscopy. The cytofluorimetric studies
ith Annexin V demonstrated that phosphatidylserine de-

ection, a very early apoptotic sign, was strongly reduced in
significant manner in co-cultures with respect to neurons

ultured alone (from more than 60% to 9%) even after only

5 days of culture (Fig. 3a). Electron microscopy evi- (
enced the degeneration of the nucleus, that became
enser than normal, and of the cytoplasm which was filled
y electron-dense material (Fig. 3b). At later stages of
egeneration there were a lot of electron-dense fragments
hich is consistent with an autophagic/apoptotic phenom-
non (González-Polo et al., 2005). In the co-cultures, neu-
ons had a normal appearance and MSCs formed multiple
ayers underneath (Fig. 3b).

Moreover, the involvement of caspases, the executors
f apoptotic death, was verified by immunofluorescence
nalysis of the active form of caspases 3 and 7. In the
ultures of neurons alone, some nuclei were immunoposi-
ive for the active form of caspase 3, an executor of the
poptotic pathway, after 14 days of culture, while we did
ot observe the involvement of caspase 7. After 1 month of
ulture, the active form of caspase 7 was undetectable in
ll the cultures, while most of the neurons resulted immu-
opositive for caspase 3. Conversely, in the co-cultures of
eurons and MSCs caspase 3 immunopositivity was ab-
ent (Fig. 3c).

ffect of metalloproteinase inhibition on neuronal
urvival

aving demonstrated that MSCs in contact with the DRG
eurons inhibit the neuronal pathway of metalloprotein-
ses directly, by acting on MT-MMP1, and indirectly,
hrough the up-regulation of Timp-1 and the down-regula-
ion of Sparc, we used MMPs’ inhibition to study the action
f these enzymes on neuronal survival. Since MT-MMP1
as a wide substrate specificity and given that the MMPs’
athway is crosslinked, it is plausible that many MMPs
ay be involved. For these reasons the NNGH metallo-
roteinase wide range inhibitor (Arendt et al., 2007) was
sed, at doses of 1.3 �M, 2 �M, and 3 �M. The lowest
ose of NNGH (1.3 �M) was ineffective while NNGH 3 �M
as toxic for neurons.

As shown in Fig. 4a, at the beginning of the experiment

ig. 2. Analysis of MMP activity by zymography. After 30 d of culture,
oth active-MMP2 and active-MMP9 forms decreased in co-cultures
ith respect to neurons and MSCs alone. Ctrl�represents the positive
ontrol of active MMP2 and active MMP9.
T0), both untreated control neurons and neurons treated
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ith NNGH were vital and had numerous processes. After
4 days of exposure to NNGH, untreated control cultures
ere suffering, with some signs of cellular degeneration,
s demonstrated by the presence of cellular debris. On the
ontrary, NNGH-treated cultures maintained a healthy ap-
earance. After 30 days, untreated control neurons
howed evident signs of cellular degeneration while neu-
ons treated with NNGH were only marginally affected.

The count of viable neurons demonstrated that the
urvival of neurons alone was greatly decreased after 14
ays of culture, and it got worse until 30 days. On the
ontrary, neurons cultured with NNGH survived longer
han neurons alone in a statistically significant manner
Fig. 4b). Finally, neurons co-cultured with MSCs did not
how any signs of cellular degeneration and were able to
urvive up to 30 days of culture (Fig. 4b).

NNGH was also able to prevent the activation of

ig. 3. Apoptosis detection. (a) Annexin V test: In neurons cultured a
o-cultures (9%) and MSCs alone (19%) at the cytofluorimetric analys
nd a cytoplasm with electron-dense material. In the co-cultures, both
ar: 5 �m. (c) Confocal microscopy: Active-caspase 3 was present in
Active-caspase 3 green, NeuN red, Phalloidin blue). Scale bar: 10 �
aspase 3, since the percentage of neurons positive for A
ctive-caspase 3 decreased in NNGH-treated cultures
about 20%) with respect to cultures of neurons alone
more than 90%) (Fig. 5). Since the inhibition of caspase 3
ctivation occurred also in the co-culture of neurons with
SCs, this observation demonstrates that the MSC-de-
endent inhibition of MMPs is important for the protection
f neurons from apoptosis.

DISCUSSION

n the present study, we have demonstrated that the pos-
tive role of MSCs on neuronal survival is due to the down-
egulation of the MMP pathway. Microarray analysis shows
hat co-cultures present a down-regulation of some MMPs
hat are known to activate other MMPs involved in cellular
poptotic death. Furthermore, in co-cultures there is also a
own-regulation of Sparc, which in turn activates MMPs.

4 d there are more cells positive for annexin V (61%) with respect to
ectron microscopy: After 14 d neurons showed nuclear degeneration
(top left) and the underlying MSCs had a normal appearance. Scale

alone but not in neurons co-cultured with MSCs after 14 d of culture.
lone for 1
is. (b) El
neurons
ll these findings, together with the observed up-regulation
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f Timp-1 and its increased release in the culture medium,
nd the pro-survival effect of an inhibitor of MMPs, suggest
hat MMPs have a specific role in the survival of neurons
o-cultured with undifferentiated MSCs.

The involvement of MMPs in neuronal death has al-
eady been demonstrated both in vivo (Romanic et al.,
998; Lee et al., 2004; Gu et al., 2005; Kiaei et al., 2007)
nd in vitro (Guedez et al., 1998) by using chemical inhib-

tors or knockout animals. These studies have evidenced
hat the lack or deficiency of some MMPs protects various
euronal populations from apoptosis. In the same way, the

ncrease in MMPs’ activity, obtained by recombinant MMP
dministration, was able to increase the cell death of var-

ous neurons exposed to toxic stimuli (Jourquin et al.,
003; Manabe et al., 2005; Muroski et al., 2008). In some
f these models MMP9 and MMP2 are directly involved in
euronal apoptosis and neuronal damage (Gu et al., 2005;
ang et al., 2008) as also occurred in our study. In our
odel, the chemical inhibition of the MMP neuronal path-

ig. 4. Evaluation of NNGH effect on neuronal survival. (a) Untre
NGH-treated neurons were still vital after 30 d of culture. Scale bar:
ay was able to determine an increase in neuronal viability t
ven if the pro-survival action was less effective than in the
SC co-culture, suggesting that the effect of MSCs does
ot occur only through MMP pathway inhibition. In fact, the
MP inhibitor does not block the activity of Sparc, a pro-

ein that acts not only on MMP pathways, but which is also
ble to directly activate the caspase 3-dependent apoptotic
rocess (Tang and Tai, 2007).

A high level of MMP activity, which may depend on a
own-regulation of the TIMP family, has been reported in
any degenerative disorders of the CNS (Gu et al., 2005;
iaei et al., 2007; Kim et al., 2007; Thirumangalakudi et al.,
007). In our model, where neuronal survival was in-
reased by MSC co-culture, Timp-1 expression was up-
egulated, thus protecting neurons from death. This obser-
ation is in accordance with a study in which the over-
xpression of Timp-1 in transgenic mice, as well as the
reatment with recombinant Timp-1, was neuroprotective
or cortical neurons (Tejima et al., 2009).

In our model the expression of the anti-adhesive pro-

rons showed degeneration signs after days 14 and 30 of culture.
(b) Cell viability was expressed as a percentage�SD. P�0.001.
ein Sparc was down-regulated in co-cultured neurons with
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espect to neurons cultured alone, but the total amount of
ecreted Sparc was very low in all the culture media ana-
yzed. However, besides being a secreted glycoprotein,
parc also has many biological functions carried out inside

he cells (Yan and Sage, 1999) ranging from cell cycle
egulation, to apoptosis, to activation of MMPs’ pathway
Yan and Sage, 1999; McClung et al., 2007). For this
eason it is plausible that in our model Sparc acts as a
etalloproteinases and/or caspases activator rather than
y exerting its counteradhesive properties.

Previous studies have linked the over-expression of
MPs and Sparc to alterations in the interactions between

ells and the extracellular matrix causing a particular kind
f apoptotic death termed anoikis (Rivera et al., 2002; Lee
t al., 2004; Valentijn et al., 2004; Tang and Tai, 2007;
ang et al., 2007), a model of apoptosis in which the “toxic
timulus” is represented by the loss of cellular adhesion to
he ECM, or at least to an incorrect cell-ECM interaction
Valentijn et al., 2004). In anoikis, caspase 3, rather than
aspase 7, is the executor of the apoptotic death (Feng et
l., 2007). Similarly, in our paradigm caspase 3 was the
xecutor of apoptosis in DRG neurons.

Neuronal apoptosis may be modulated by MMPs’ path-
ay through the cell surface death receptor (Wetzel et al.,
004), and our hypothesis is that MSCs, by the direct
ellular contact, inhibit some of the surface death receptors
inked to MMPs’ pathway thus preventing the neuronal
poptosis.

CONCLUSION

he capacity of MSCs to prevent apoptosis through the
nactivation of the metalloproteinase pathway represents a
ery important feature of MSCs as an alternative to drug
reatment of neurodegenerative diseases. A high level of
MP activity is indeed a feature of many different CNS
isorders (Gu et al., 2005; Kiaei et al., 2007; Kim et al.,
007; Thirumangalakudi et al., 2007). From this point of
iew MSCs are, therefore, a promising tool for the treat-

ig. 5. Apoptosis detection by immunofluorescence. After 30 d of cu
NGH-treated cultures the number of active-caspase 3 positive neuro
cale bar: 10 �m.
ent of different neurological pathologies.
cknowledgments—We are grateful to Dr. E. Genton for her
anguage assistance and to Dr. Roberta Rigolio for the cytofluo-
imetric analysis.
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