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Abstract—The accumulation of reactive microglia in the de-
generating areas of amyotrophic lateral sclerosis (ALS) tis-
sue is a key cellular event creating a chronic inflammatory
environment that results in motoneuron death. We have de-
veloped a new culture system that consists in rat spinal cord
embryonic explants in which motoneurons migrate outside
the explant, growing as a monolayer in the presence of glial
cells. The proinflammatory cytokines tumor necrosis factor
alpha (TNF-«) and interferon gamma (IFN-y) have been pro-
posed to be involved in ALS-linked microglial activation. In
our explants, the combined exposure to these cytokines re-
sulted in an increased expression of the pro-oxidative en-
zymes inducible nitric oxide synthase (iNOS), the catalytic
subunit of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, gp91°"°* and cyclooxygenase-2 (COX-2),
as compared to each cytokine alone. This effect was related
to their cooperation in the activation of the transcription
factor nuclear factor kappa B (NF-«B). TNF-« and IFN-y also
cooperated to promote protein oxidation and nitration, thus
increasing the percentage of motoneurons immunoreactive
for nitrotyrosine. Apoptotic motoneuron death, measured
through annexin V-Cy3 and active caspase-3 immunoreactiv-
ities, was also found cooperatively induced by TNF-a and
IFN-v. Interestingly, these cytokines did not affect the viabil-
ity of purified spinal cord motoneurons in the absence of glial
cells. It is proposed that the proinflammatory cytokines
TNF-a and IFN-y have cooperative/complementary roles in
inflammation-induced motoneuron death. © 2009 IBRO. Pub-
lished by Elsevier Ltd. All rights reserved.
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Amyotrophic lateral sclerosis (ALS) is a progressive neu-
rodegenerative disease characterized by degeneration of
motor cortex, brain stem and spinal cord motoneurons
(Shaw, 2005). ALS was traditionally regarded as a “neuron
only disease,” however, increasing evidences have dem-
onstrated that glial cells, in particular activated microglia,
may contribute to the initiation and progression of this
disease (Sargsyan et al., 2005; Weydt and Moller, 2005;
Boillee et al., 2006).

ALS tissue is characterized by neuroinflammatory
changes observed in both sporadic and familial ALS and in
the superoxide dismutase 1 (SOD1) transgenic mouse
model of ALS (McGeer and McGeer, 2002; Mhatre et al.,
2004; Weydt and Moller, 2005). The key cellular event
signaling the presence of neuroinflammation in ALS is the
accumulation of reactive microglia in the degenerating ar-
eas (Henkel et al., 2004; Turner et al., 2004; Sargsyan et
al., 2005). The microglial reactivity is initiated before mo-
toneuron loss (Hall et al., 1998; Henkel et al., 2006), sug-
gesting that microglia are activated early in the pathogen-
esis of ALS, either sensing the earliest neuronal stress or
triggering the process. In accordance with this microglial
activation, numerous systemic immune alterations have
been described both in ALS patients and in the transgenic
mouse model (Zhang et al., 2005; Banerjee et al., 2008;
Holmoy, 2008). Several studies have reported T cell (CD4,
CD8 and CD40 positive) infiltration along the vessel walls
of the spinal cord and brain of ALS patients (Troost et al.,
1989; Kawamata et al., 1992; Graves et al., 2004); these
activated T cells may directly activate macrophages/micro-
glia through cell-cell contact or may release their own
inflammatory mediators, in particular, the proinflammatory
cytokine interferon gamma (IFN-v), one of the most potent
microglia-activating factors (Hanisch, 2002). IFN-vy-acti-
vated microglia are, in turn, a source of the proinflamma-
tory cytokine tumor necrosis factor alpha (TNF-«) (Ha-
nisch, 2002). This cytokine has been demonstrated to be
an autocrine/paracrine signal for microglia and proposed to
be implicated in the chronic activation of microglia ob-
served in neurodegenerative disorders (Ghezzi and Men-
nini, 2001; Kuno et al., 2005). In this regard, increased
levels of the cytokines IFN-y and TNF-a have been re-
ported in the blood of ALS patients (Poloni et al., 2000;
Babu et al., 2008) and in the spinal cord of the transgenic
mouse model (Elliott, 2001; Hensley et al., 2003).
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Among the secretion products of activated microglia,
nitric oxide (NO), produced after the induction of type Il
nitric oxide synthase (iNOS) in microglia, plays a critical
role in mediating neurotoxicity associated with the neuroin-
flammation process (Dawson and Dawson, 1998). We
have recently addressed the interaction between IFN-y
and TNF-« in the regulation of NO generation in pure
microglial cultures and have demonstrated that both cyto-
kines are required, through a very specific interplay, for the
up-regulation of the INOS (Mir et al., 2008). In this study,
we have developed a new culture system to assess the
functionality of spinal cord motoneurons in the presence of
microglia: we have observed that motoneurons from rat
spinal cord embryonic explants, growing on plates covered
with polyornithine and laminin, have the singularity of mi-
grating outside the spinal cord, and grow as a monolayer of
cells surrounded by glial cells. This system offers some
advantages for the individual study of these motoneurons.
In this new model, we have assessed the interaction be-
tween the proinflammatory cytokines TNF-« and IFN-y on
microglial activation, NO and oxidative stress generation
and, importantly, the functional implications on the viability
of spinal cord motoneurons.

EXPERIMENTAL PROCEDURES
Materials

Rat and murine IFN-y or TNF-a was purchased from PeproTech
EC Ltd. (London, UK). The selective iNOS inhibitor 4H-1,3-thiazin-
2-amine, 5,6-dihydro-6-methyl-hydrochloride [AMT] was from
Cayman Chemical (Ann Arbor, MI, USA). Other reagents were
from Sigma-Aldrich (St. Louis, MO, USA), except when indicated.

Rat spinal cord embryonic explants and cytokine
treatments

Embryos at gestational age of 15-16 days (E15-16) were removed
by cesarean section from pregnant Sprague—Dawley rats (Charles
River, Barcelona, Spain). Lumbar spinal cords were dissected from
each embryo with forceps, transferred to ice cold Leibowitz's 15
medium (L15) and the meninges and ganglia carefully removed.
Cords were transversely sectioned into 350-um slices with a
Macllwain tissue chopper (Gomshall, Surrey, UK). Sections were
carefully placed at a density of 20 sections per well on 35 mm-
wells precoated with poly-bL-ornithine (30 wg/ml) and L-laminin (2
ng/ml) and containing 2 ml of Eagle’s minimal essential medium
(MEM) supplemented with 5% heat-inactivated horse serum, 5%
fetal bovine serum, 2 mM glutamine, 0.6% glucose and 15 ug/ml
gentamicin. Explants were maintained at 37 °C under a humidified
5% CO, atmosphere. To avoid the detachment of explants the
wells were not manipulated during the first 4 days after platting;
then, medium was changed and thereby every 3 days. After 5
days in vitro, some cells of the spinal cord, including motoneurons,
started the migration outside the explant (Fig. 1). All treatments
started 10 days after the explant procedure.

Where indicated, rat spinal cord embryonic explants were
exposed for 48 h to IFN-y (10 ng/ml), TNF-a (10 ng/ml) or both
cytokines together, in the presence or absence of the selective
iNOS and nicotinamide adenine dinucleotide phosphate (NADPH)
oxidase inhibitors, AMT (10 wM) and apocynin (1 mM), respec-
tively. The time of exposure and the concentration of the cytokines
were chosen based on our previous work demonstrating microglial
activation, iINOS induction and NO generation with these particular

conditions (Mir et al., 2008), and other studies (He et al., 2002;
Mander and Brown, 2005; Gibbons and Dragunow, 2006).

Immunohistochemistry

The following primary antibodies were used for immunohisto-
chemistry: anti-microtubule-associated protein 2 (MAP2) (1:1000)
from Chemicon (Temecula, CA, USA); SMI-32 (1:1000) from Ab-
cam plc (Cambridge, UK); anti-Islet1 (40.2D6, 1:200) from Devel-
opmental Studies Hybridoma Bank (lowa City, IA, USA); anti—
vesicular acetylcholine transporter (VAChT) (1:500) from Synaptic
Systems (Géttingen, Germany); anti-iNOS (1:200) from BD Bio-
sciences (Franklin Lakes, NJ, USA); anti-active caspase-3 (1:200)
from Cell Signaling Technology (Danvers, MA, USA); anti-nitroty-
rosine (1:750) from Upstate (Charlottesville, VA, USA) and anti—
glial fibrillary acidic protein (anti-GFAP; 1:1000) from DAKO
(Glostrup, Denmark). For lectin cytochemistry, the lectin from
Lycopersicon esculentum (tomato lectin) labeled with fluorescein
isothiocyanate (FITC) (25 ng/ml) was used.

Rat spinal cord embryonic explants were exposed to cyto-
kines as indicated and then fixed with 4% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4 for 30 min at 211 °C. Explants were
permeabilized for 5 min with methanol, washed three times with
Tris buffer saline (TBS), pH 7.4 and then blocked in 0.1% Triton
X-100, 5% normal horse serum (NHS) in TBS for 1 h. For active
caspase-3 immunohistochemistry, 0.4% Triton X-100 and 20%
NHS were used for permeabilization and blocking, respectively.
Explants were then incubated overnight at 4 °C with one or two of
the above primary antibodies. Immunohistochemical controls, per-
formed by omitting the primary antibody, resulted in the abolition
of the immunostaining. For immunofluorescence, sections were
incubated for 1 h with the appropriate secondary antibody, Alexa
Fluor 555 goat anti-rabbit IgG (1:200), Alexa Fluor 488 goat anti-
mouse IgG (1:200) or Alexa Fluor 350 goat anti-mouse 1gG (1:
200) (Invitrogen, Carlsbad, CA, USA). Cultures were then washed
and mounted using Gelmount solution. In some cases of immu-
nohistochemistry the secondary antibody used was a biotinylated
goat—antimouse and explants were processed according to the
standard avidin—biotin complex procedure (Vector Laboratories,
Burlingame, CA, USA); the diaminobenzidine (DAB) reaction was
used for color development.

For co-localization of SMI-32 and Islet1-positive neurons, ex-
plants were first incubated with Islet1 antibody, followed by incu-
bation with biotinylated goat anti-mouse antibody and processed
for the DAB reaction as described above. After incubating with
avidin/biotin blocker (Vector Laboratories) to saturate all free avi-
din or biotin residues, explants were then reprobed with SMI-32
antibody followed by incubation with Alexa Fluor 488 goat anti-
mouse |gG. Because both SMI-32 and Islet1 are monoclonal
antibodies, goat anti-mouse antibodies applied after SMI-32 incu-
bation may also react with Islet1-positive cells. To test the spec-
ificity of the secondary antibody against SMI-32, the second pri-
mary antibody (SMI-32) was omitted; in this case, no green fluo-
rescence was detected (not shown), indicating that there was no
cross-reactivity.

Images were obtained using a Leica DMR epifluorescence
microscope (Leica Microsystems, Wetzlar, Germany) equipped
with a Leica DC300 camera and software. Some samples were
also imaged under a Leica TCS SP2 confocal laser scanning
microscope.

Quantification of apoptotic motoneuron death

To assess whether a given cytokine treatment affected the viability
of motoneurons, its ability to induce apoptotic cell death was
monitored by means of the APOAC annexin V-Cy3 apoptosis
detection kit (Sigma-Aldrich); this kit detects the presence of phos-
phatidylserine residues on the outer leaflet of the plasma mem-
brane by means of the protein annexin conjugated to the fluoro-
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Fig. 1. Migration of cells from rat spinal cord embryonic explants. (A) Immunohistochemistry for MAP2 in a rat spinal cord embryonic explant after five
days in vitro showing interneurons in the process of migration outside the explant. (B) Immunohistochemistry for SMI-32 in an explant after seven days
in vitro showing motoneurons in the process of migration outside the ventral side of the spinal cord. * Indicates the location of the explant in (A) and
(B). (C, D) Immunohistochemistry for (C) MAP2 and (D) SMI-32 showing that motoneurons are co-labeled with MAP2 and SMI-32 antibodies, and that
interneurons are positive for MAP2 (arrows) but are not labeled with the SMI-32 antibody. (E—H) Identification of motoneurons in rat spinal cord
embryonic explants after 10 days in vitro by dual labeling using (E) SMI-32 and (F) Islet1 antisera with fluorescein and DAB staining, respectively and
by using (G) SMI-32 and (H) VAChT antisera. Note the co-localization of SMI-32 with Islet1 and with VAChT immunoreactivities. (I, J) Immunofluo-
rescence for (I) GFAP and (J) tomato lectin in rat spinal cord embryonic explants after 10 days in vitro showing (I) astrocytes and (J) microglial cells
that have migrated outside the explant. Scale bars=80 um (A), also applies to (B). (C) Forty micrometers, also applies to (D) and (I). (E) Twenty
micrometers also applies to (F), (G), (H) and (J).
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chrome Cy3.18 (Koopman et al., 1994). Briefly, explants were
rinsed with phosphate-buffered saline (PBS), pH 7.4 at 37 °C for
10 min, and then exposed to annexin V-Cy3 (1 pg/ml) in the
binding buffer supplied by the manufacturer. Then, explants were
rinsed again with PBS and processed for SMI-32 immunofluores-
cence. The percentage of motoneurons undergoing apoptotic cell
death was assessed by counting the number of annexin V-Cy3
positive cells that could be identified as motoneurons both by
morphological and immunocytochemical criteria (i.e. double la-
beled with annexin V-Cy3 and SMI-32), relative to the total num-
ber of motoneurons (SMI-32 positive) in the whole area of the well.
Only motoneurons with their somata out of the explant were
counted. The mean number of counted motoneurons in control
wells was 787 (n=20). Cell counts were done blindly as to the
treatment condition and at least three different wells were counted
for each experimental condition. The procedure described here for
the quantification of annexin V positive motoneurons also applies
for the quantification of active caspase-3 and nitrotyrosine positive
motoneurons after the indicated experimental treatments.

Western blotting

Rat spinal cord embryonic explants were exposed to cytokines as
indicated and, after treatments, explants were rinsed rapidly in ice
cold PBS and lysed in 2% sodium dodecyl sulfate (SDS), 125 mM
Tris buffer, pH 6.8 containing a cocktail of protease inhibitors
(Complete Mini; Roche Pharmaceuticals, Basel, Switzerland). Ly-
sates were sonicated and proteins quantified by means of the DC
Protein Assay from Bio-Rad Laboratories (Hercules, CA, USA).
Protein equivalents from each sample were resolved in SDS—
polyacrylamide gel electrophoresis and electrotransferred to 0.45
um nitrocellulose membranes (Amersham, Buckinghamshire, UK)
using a Bio-Rad semidry trans-blot, according to the manufac-
turer’s instructions. Membranes were blocked at 21+1 °C for
1 h with PBS containing 5% non-fat dry milk, 0.5% bovine serum
albumin (BSA) and 0.2% Tween 20. Membranes were probed
overnight at 4 °C with the adequate primary antibodies: anti-iNOS
(1:4000) or anti—cyclooxygenase-2 (anti-COX-2; 1:2000) from
Cayman Chemical Company; anti-gp91°"°* (1:2000) or anti-a-
tubulin (1:10,000) from Sigma-Aldrich. Membranes were then
washed with PBS for 10 min at 21+1 °C (three times) and incu-
bated for 2 h with the appropriate peroxidase-conjugated second-
ary antibodies. These antibodies were used at the dilutions rec-
ommended by the suppliers. Blots were finally developed with the
chemiluminescent peroxidase substrate and visualized in chemi-
luminescence film (Amersham). The apparent molecular weight of
proteins was determined by calibrating the blots with pre-stained
molecular weight markers (Bio-Rad).

NO determination in culture medium

Rat spinal cord embryonic explants were exposed for 48 h to
IFN-vy (10 ng/ml), TNF-a (10 ng/ml) or both cytokines together in
the presence or absence of the selective iINOS inhibitor AMT. NO
produced by the explants was determined in culture media by
assaying the amount of nitrite, a stable oxidation product of NO,
using the Griess reagent (Green et al., 1982), as previously de-
scribed (Mir et al., 2008).

Nuclear factor kappa B (NF-«B) activity
measurements

NF-«B activation was assessed in rat spinal cord embryonic ex-
plants exposed for 24 h to IFN-y (10 ng/ml), TNF-« (10 ng/ml) or
both cytokines together by means of the NF-«B transcription factor
Assay Kit (TransAMTM) from Active Motif, as previously described
(Mir et al., 2008). Briefly, explants cultured in four 35 mm-wells
were collected and mixed for every treatment to perform the

assay. Nuclear extracts were prepared and incubated with an
immobilized oligonucleotide containing an NF-«B consensus bind-
ing site. The NF-«B complex bound was then detected with an
antibody against an epitope of the p65 (RelA) subunit of NF-«B,
followed by incubation with the adequate peroxidase-conjugated
secondary antibody and with a developing solution.

Protein carbonyl measurement

Oxidative damage of rat spinal cord embryonic explants was
determined after exposure for 48 h to IFN-vy (10 ng/ml), TNF-« (10
ng/ml), or both cytokines together, by measuring the content of
protein carbonyl as determined by the 2,4-dinitrophenylhydrazine
(DNPH) spectrophotometric assay. In this assay, DNPH reacts
with protein carbonyls, forming a Schiff base to produce the cor-
responding hydrazone, which can be analyzed spectrophotometri-
cally (Levine et al., 1994). Embryonic explants cultured in four 35
mm-wells were collected and mixed for every treatment to perform
the assay. Explants were scraped and sonicated on ice in 500 ul
of cold 50 mM sodium phosphate buffer pH 6.7 containing 1 mM
EDTA and a cocktail of protease inhibitors (Complete Mini; Roche
Pharmaceuticals), and homogenates centrifuged at 10,000xg for
15 min at 4 °C. Supernatants were collected and the ratio of
absorbances 280/260 nm was checked to be more than 1, as
nucleic acids may erroneously contribute to a higher estimation of
carbonyls. Total protein content in the supernatants was mea-
sured by means of the DC Protein Assay from Bio-Rad Labora-
tories. The supernatant fraction was divided in two 200 pl aliquots,
one sample was treated with 800 ul DNPH and the other sample
with an equal volume of 2.5 M HCI. Both samples were incubated
in the dark at 211 °C for 1 h and vortex-mixed at 15-min
intervals. Both aliquots were precipitated on ice for 5 min with 1 ml
of 20% (wt/vol) trichloroacetic acid and then centrifuged at
10,000 g for 10 min at 4 °C. Supernatants were then reprecipi-
tated with 10% trichloroacetic acid and centrifuged as above. The
precipitates were washed three times with ethanol/ethyl acetate
(1:1 vol/vol) and the final pellet was dissolved in 6 M guanidine
HCI in 20 mM sodium phosphate buffer, pH 6.7. Insoluble debris
was removed by centrifugation as above. The difference spectrum
of the DNPH-treated sample versus the HCI control was deter-
mined, and the results were expressed as nanomoles of DNPH
incorporated per milligram of protein, based on the absorption of
21.0 mM~" cm™ at 375 nm for aliphatic hydrazones.

Mouse motoneurons isolation and quantification of
cell survival

Motoneurons were purified from mouse embryos by optimizing
different steps of protocols described for chicken (Soler et al.,
1998) and mouse motoneurons (Arce et al., 1999) isolation.
Briefly, mouse embryo (E12.5) spinal cords were dissected and
the dorsal half was removed. Ventral cords were chopped into
pieces and incubated for 10 min at 37 °C in GHEBS buffer (137
mM NaCl, 2.7 mM KCl, 22.2 mM glucose, 25 mM Hepes buffer pH
7.4 and 20 IU/ml penicillin plus 20 ug/ml streptomycin) containing
0.025% trypsin. Then cords were mechanically dissociated and
collected under a 4% BSA cushion. The largest cells were then
isolated by centrifugation (10 min at 520Xg) on an OptiPrep
(iodixanol) (Axis-Shield plc, Dundee, Scotland) density gradient.
At the end of this procedure, cells were again centrifuged through
a BSA cushion. The collected cells were pooled in a tube contain-
ing culture medium, counted with a hemocytometer and plated on
four-well culture dishes (Falcon, BD Biosciences) precoated with
poly-pDL-ornithine and L-laminin at a density of 1250 cells per well.
Culture medium was Neurobasal (GIBCO, Invitrogen) supple-
mented with the B27 supplement (GIBCO, Invitrogen), 2% horse
serum, 0.5 mM L-glutamine, 25 uM 2-mercaptoethanol and the
recombinant neurotrophic factors: brain-derived neurotrophic fac-
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tor (BDNF) (1 ng/ml), glial cell line-derived neurotrophic factor
(GDNF) (10 ng/ml), ciliary neurotrophic factor (CNTF) (10 ng/ml),
cardiotrophin-1 (CT-1) (10 ng/ml) and hepatocyte growth factor
(HGF) (10 ng/ml) (PeproTech EC Ltd.).

For survival experiments, motoneurons were exposed for 48 h
to TNF-a (10, 50 or 100 ng/ml), IFN-y (10, 50 or 100 ng/ml), or
both cytokines together. The expression of receptors for proin-
flammatory cytokines in spinal cord motoneurons at E12.5 gesta-
tional age has already been reported (Sedel et al., 2004). Quan-
tification of motoneuron survival was performed by counting the
number of large phase-bright neurons with long axonal/neurite
processes in the whole area of the well. The percentage of sur-
viving cells in the different conditions studied was normalized with
respect to the number of cells present in control (non-treated)
cultures. Motoneurons cultured for 48 h in supplemented Neuro-
basal medium but in the absence of neurotrophic factors were
taken as a negative control of cell survival. The mean number of
counted motoneurons in control wells was 172+8 (n=9). Cell
counts were done blindly as to the treatment condition and at least
three different wells were counted for each experimental condi-
tion.

Statistics

All experiments were repeated at least three times. Data are
expressed as mean=SEM values. One-way analysis of variance
(ANOVA) followed by Bonferroni test was used for the statistical
evaluations. Differences were considered significant when the
P-value was <0.05.

RESULTS

Characterization of migrating motoneurons in rat
spinal cord embryonic explants

We observed that in rat spinal cord embryonic explants
after five days in vitro growing on plates covered with
polyornithine and laminin, some cells started the migration
outside the explant. Neurons, identified by anti-MAP2, mi-
grated from different points around the spinal cord (Fig.
1A). Motoneurons were first identified by anti—neurofila-
ment heavy chain (NF-H, SMI-32) immunostaining and on
the basis of their morphology: large bodies (>20 um) of
rounded or triangular shape with a single well-defined axon
(see also De Paola et al., 2008); these SMI-32-positive
cells started the migration from the ventral side of the
spinal cord (Fig. 1B). The SMI-32-positive population could
also be labeled with the anti-MAP2 antibody (Fig. 1C, D),
however, the spinal cord interneurons, positive for MAP-2,
were not positive for the SMI-32 antibody (Fig. 1C, D).
After 10 days in vitro, motoneurons appeared forming
groups growing in monolayers outside the explant (Fig.
1E). To further confirm that these cells corresponded to
motoneurons, the co-localization of SMI-32 with Islet1, a
LIM homeodomain transcription factor assumed to be ex-
pressed specifically by motoneurons (Yamada et al., 1993;
Tsuchida et al., 1994; Francisco-Morcillo et al., 2006) and
with the cholinergic marker VAChT (Wetts et al., 2001;
Hartig et al., 2007) was assessed. Migrating cells with
large cell bodies and SMI-32 positive were found to be
labeled both by the Islet1 (Fig. 1E, F) and by the VAChT
antibody (Fig. 1G, H); thus indicating that the SMI-32-
positive population corresponded to spinal cord motoneu-
rons. Other migrating cells were identified as astrocytes as

well as microglia by means of GFAP (Fig. 1l) and tomato
lectin (Fig. 1J) immunohistochemistry, respectively.

TNF-a and IFN-y cooperate in iNOS, gp91P"°* and
COX-2 expression via NF-«B in rat spinal cord
embryonic explants

The expression of the INOS enzyme was assessed in rat
spinal cord embryonic explants after different cytokine
treatments. In control explants, low expression of iINOS
was detected; however, exposure to IFN-y (10 ng/ml), but
not TNF-« (10 ng/ml), significantly increased iNOS expres-
sion (Fig. 2A). In agreement with our previous study in pure
microglial cultures (Mir et al., 2008), when explants were
exposed to both cytokines together, INOS expression was
clearly increased in comparison with IFN-y alone (Fig. 2A).
This result was confirmed by measuring NO production in
culture media. The levels of nitrite, an oxidation product of
NO, were consistent with the expression levels of INOS
after the different cytokine treatments (i.e. the maximal
nitrite levels were obtained in the presence of TNF-a and
IFN-v). The selective iNOS inhibitor AMT blocked NO pro-
duction stimulated by the combination of both cytokines
(Fig. 2B). To assess which cell of the spinal cord explants
expressed iNOS in response to the cytokines, immunohis-
tochemistry co-localization experiments were performed
and showed that, after exposure to TNF-a and IFN-y, the
increase in iINOS expression occurred specifically in mi-
croglia (Fig. 2D), but not in astroglia (Fig. 2E).

The transcription factor NF-«kB plays a key role in iNOS
gene induction, and we have previously demonstrated that
TNF-a and IFN-y cooperate in iINOS gene expression
through increased NF-«B activation in microglia (Mir et al.,
2008). To assess the mechanism underlying the coopera-
tive effect between the two cytokines on iNOS expression
and NO production; experiments were performed in which
NF-kB binding to DNA was studied in nuclear extracts
obtained from explants exposed to TNF-«, IFN-y or both
cytokines together. In agreement with our previous study
(Mir et al., 2008), both TNF-a and IFN-y were able to
induce NF-«B activation above the basal levels; however,
when cells were challenged with both cytokines together, a
significant increase in NF-«B binding to DNA was ob-
served, as compared to the effect of each cytokine alone
(Fig. 2C). On the basis of the observation of INOS expres-
sion, we postulated that TNF-a and IFN-y might also co-
operatively regulate the transcription of other genes also
containing kB motifs. Therefore, the expression of the
catalytic subunit of the NADPH oxidase, gp91P"°* (other-
wise known as Nox2) (Gauss et al., 2007) and the lipid-
oxidizing enzyme COX-2 (Nakao et al., 2002) were stud-
ied. As shown in Fig. 2A, these enzymes were induced by
TNF-a but not by IFN-vy; however, and importantly to our
study, when both cytokines were added together an in-
crease in the expression levels of both gp91°P"°* and
COX-2 was clearly detected. Together, these results indi-
cated that TNF-a and IFN-y cooperate, via the transcrip-
tion factor NF-«B, to increase the expression of oxidative
stress-inducing enzymes.
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Fig. 2. TNF-a and IFN-vy cooperate in iNOS, gp91P"°* and COX-2 expression via NF-«B. Rat spinal cord embryonic explants were exposed for 48 h
to TNF-a or IFN-y (both at 10 ng/ml) alone or in combination, as indicated. (A) Western blots showing iNOS, gp91P"°* and COX-2 immunoreactivities
in lysates (15 ng of protein) of rat spinal cord embryonic explants after the indicated treatments. a-Tubulin immunoreactivity is shown as a control of
total protein loaded per lane. A representative immunoblot of three independent experiments is shown. (B) Amounts of NO in culture media of rat spinal
cord embryonic explants after the indicated treatments by measuring nitrite using the Griess reagent. The selective inhibitor of INOS AMT (10 M) was
used as a negative control to block NO production when indicated. Columns represent the mean=+SEM of six independent experiments with three wells
for experimental condition. * P<0.01 as compared to control (untreated) and to explants exposed to TNF-« and T P<0.001 as compared to the other
experimental paradigms (ANOVA followed by Bonferroni test). (C) Rat spinal cord embryonic explants were exposed for 24 h to TNF-« or IFN-y (both
at 10 ng/ml) alone or in combination, as indicated, and nuclear extracts prepared and assayed for NF-«B activity as described in Experimental
Procedures. Columns represent values of optical density (OD) corrected by the micrograms of total nuclear proteins in the extract and are the
mean=SEM of three independent experiments with four wells for experimental condition. * P<0.05 as compared to control (untreated) explants and
atleast T P<0.01 as compared to the other experimental paradigms (ANOVA followed by Bonferroni test). (D) Immunohistochemistry for iNOS in rat
spinal cord embryonic explants after the indicated treatments. The explants were also labeled with tomato lectin to show microglial cells. INOS shows
co-localization with tomato lectin (merge). (E) Double immunohistochemistry for iNOS (red) and GFAP (green) in rat spinal cord embryonic explants
exposed to TNF-a and IFN-y. Scale bars=20 um, applies to all photographs in (D) and (E).

TNF-a and IFN-y cooperate in inducing oxidative
stress in rat spinal cord embryonic explants

(ONOQO); this anion, in turn, can nitrate tyrosine groups of
proteins and forms the stable compound 3-nitrotyrosine.
Thus, nitrotyrosine immunoreactivity can be used as an
indicator of NO and superoxide production (Dawson and
Dawson, 1998). When explants were exposed for 48 h to
TNF-a or IFN-v a significant increase in the percentage of
motoneurons (SMI-32 positive) that were also nitrotyrosine
positive was detected. However, exposure of explants to

Total protein carbonyl content after exposure to the cyto-
kines TNF-a and IFN-y was examined in rat spinal cord
embryonic explants to assess the extent of oxidative free
radical damage to proteins. When explants were exposed
for 48 h to TNF-a or IFN-y (both at 10 ng/ml) a significant
increase in carbonyl levels as compared to control (un-

treated) explants was observed. The levels of protein car-
bonyl content were significantly higher in the explants ex-
posed to IFN-y than in those exposed to TNF-« (Fig. 3A).
When the above cytokines were added in combination a
further and significant increase in oxidized proteins was
observed (Fig. 3A).

iNOS and NADPH oxidase produce NO and superox-
ide (O, "), respectively, which combine by a diffusion-lim-
ited reaction to form the more toxic oxidant peroxynitrite

IFN-vy resulted in a higher percentage of nitrotyrosine pos-
itive motoneurons than in those exposed to TNF-a (Fig.
3B). Interestingly, and in accordance with the previously
described effects of TNF-a and IFN-y on NO production,
when explants were exposed to both cytokines together,
this percentage was significantly increased in comparison
with each cytokine alone (Fig. 3B, C). Moreover, immuno-
histochemistry for SMI-32 showed shrunken somata and
condensed cytoskeleton in motoneurons treated with
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Fig. 3. TNF-a and IFN-y cooperate in inducing oxidative stress in rat spinal cord embryonic explants. Rat spinal cord embryonic explants were
exposed for 48 h to TNF-a or IFN-y (both at 10 ng/ml) alone or in combination, as indicated. (A) Levels of protein carbonyl content of oxidatively
modified proteins measured in explants after the indicated treatments by the DNPH spectrophotometric assay. Columns represent the mean=SEM
of three independent experiments with four wells for experimental condition. At least * P<<0.05 as compared to control (untreated) explants, # P<0.01
as compared to explants exposed to TNF-«a and at least T P<0.01 as compared to the other experimental paradigms (ANOVA followed by Bonferroni
test). (B) Quantification of nitrotyrosine positive motoneurons as described in Experimental Procedures in rat spinal cord embryonic explants treated
as indicated. Columns represent the mean=SEM of six independent experiments with three wells for experimental condition. At least * P<0.05 as
compared to control (untreated) explants, # P<0.01 as compared to explants exposed to TNF-a and at least T P<0.01 as compared to the other
experimental paradigms (ANOVA followed by Bonferroni test). (C) Representative immunofluorescence images of rat spinal cord embryonic explants
treated as indicated and double-labeled with SMI-32 and anti-nitrotyrosine. (D) Representative immunohistochemistry for SMI-32 (DAB reaction) in rat
spinal cord embryonic explants treated as indicated. Scale bars=40 um; applies to all photographs in (C) and (D).

TNF-a and IFN-v, as compared to control (untreated) cells, toneurons (SMI-32 positive) that were also annexin V pos-
suggesting that the viability of spinal cord motoneurons itive was detected. Exposure to IFN-vy resulted in a higher
was compromised after exposure to these cytokines (Fig. percentage of annexin V positive motoneurons as com-
3C, D). pared to TNF-a alone (Fig. 4A). Interestingly, when ex-

plants were exposed to both cytokines together, this per-
centage of motoneurons significantly increased in compar-
ison with each cytokine alone (Fig. 4A, B), and this effect

TNF-a and IFN-y cooperate in inducing apoptotic
motoneuron death

It has been demonstrated that when the rat spinal cord is could be completely abolished in the presence of the se-
exposed to peroxynitrite, it induces neuronal apoptotic cell lective INOS inhibitor AMT (10 uM) or in the presence of
death together with caspase-3 activation (Bao and Liu, the selective NADPH oxidase inhibitor apocynin (1 mM)
2003); and also that free nitrotyrosine exposure induces (Fig. 4A). To further assess that the increase in annexin-
apoptotic motoneuron death (Peluffo et al., 2004). Thus, Cy3 immunofluorescence indicated an early event of the
the potential effects of the cytokines TNF-a and IFN-y apoptotic pathway, the activation of the executioner
inducing apoptotic motoneuron death were studied. As caspase-3 was studied in explants exposed to TNF-a and
shown in Fig. 4A, when rat spinal cord embryonic explants IFN-v. A significant increase in the percentage of motoneu-
were exposed for 48 h to TNF-a or IFN-y (both at 10 rons that were positive for active caspase-3 was detected

ng/ml), a significant increase in the percentage of mo- as compared to control cells in these explants (Fig. 4C, D).
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Fig. 4. Cooperative induction of apoptotic motoneuron death by TNF-a and IFN-v. Rat spinal cord embryonic explants were exposed for 48 h to TNF-«
or IFN-vy (both at 10 ng/ml) alone or in combination and, in this case, in the absence or presence of the selective inhibitor of INOS AMT (10 uM) or
the selective NADPH inhibitor apocynin (1 mM), as indicated. (A) Quantification of apoptotic motoneuron death by labeling them with annexinV-Cy3
as described in Experimental Procedures. Columns represent the mean+=SEM of six independent experiments with three wells for experimental
condition. At least * P<<0.05 as compared to control (untreated) explants, # P<0.01 as compared to explants exposed to TNF-« and at least T P<0.01
as compared to the other experimental paradigms (ANOVA followed by Bonferroni test). (B) Representative immunofluorescence images of rat spinal
cord embryonic explants treated as indicated and double-labeled with SMI-32 and annexin V-Cy3. (C) Quantification of active caspase-3 positive
motoneurons as described in Experimental Procedures in rat spinal cord embryonic explants treated as indicated. Columns represent the mean=SEM
of three independent experiments with three wells for experimental condition. * P<<0.001 as compared to control (untreated) explants (Student’s t-test).
(D) Representative immunofluorescence images of rat spinal cord embryonic explants treated as indicated and double-labeled with SMI-32 and
anti-active caspase-3. Scale bars=40 um, applies to all photographs in (B) and (D).

Interestingly, the percentage of motoneurons positive for addition, no variation in the number of surviving motoneu-
active caspase-3 matched the percentage of annexin V rons was observed (not shown). Thereafter, the concen-
positive motoneurons found after exposure to the cytokine tration of the cytokines was increased to 50 and 100 ng/ml;
combination (Fig. 4A, C). Together, these results indicated however, no effects could be observed in the parameters
that the proinflammatory cytokines TNF-a and IFN-y co- described above after treatments with TNF-« or IFN-vy at
operate to induce apoptotic cell death in spinal cord mo- these high cytokine concentrations (Fig. 5A, B). Thus,
toneurons. these results indicated the lack of toxicity of these cyto-
kines on spinal cord motoneurons in the absence of glial
TNF-«a and IFN-y do not affect the viability of purified cells.
spinal cord motoneurons
To further confirm that the presence of activated microglia DISCUSSION
and the increased oxidative stress after exposure to the Several models have been developed for the in vitro study
proinflammatory cytokines TNF-a and IFN-y may be in- of the functionality of spinal cord motoneurons in the pres-
volved in inducing motoneuron death, a culture of purified ence of glial cells. The rat organotypic spinal cord culture
spinal cord motoneurons was used. In this culture, mo- preserves the in vivo horizontal architecture; however, in
toneurons exposed for 48 h to TNF-« or IFN-y alone or in this model, the detailed microscopic study of motoneurons
combination, at the concentrations employed in the rat is limited by the thickness of the spinal cord sections
spinal cord embryonic explant, i.e. 10 ng/ml, appeared (Rothstein et al., 1993; Tolosa et al., 2008). The dissoci-

similar to untreated cultures based on cell morphology; in ated spinal cord culture works with overall embryonic cords
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Fig. 5. Lack of effects of TNF-a and IFN-vy on the viability of purified motoneurons. (A) Photomicrograph using phase-contrast microscopy of control
(untreated) or exposed for 48 h to TNF-« and IFN-vy (both at 100 ng/ml) spinal cord motoneurons from mouse embryos. The motoneurons were isolated
by centrifugation on an OptiPrep density gradient. (B) Quantification of motoneuron viability after the different indicated treatments as described in
Experimental Procedures. Motoneurons cultured in the absence of neurotrophic factors (no NTFs) were taken as negative control of cell survival.
Columns represent the mean=SEM of three independent experiments with three wells for experimental condition. * P<0.001 as compared to control

(untreated) cultures. Scale bar=30 um, applies to both photographs.

and the tissue is separated mechanically by repeated trit-
uration. In this model, the efficiency, i.e. the final number of
cultured motoneurons per well is rather small (Bar-Peled et
al.,, 1999). Here, we present a new culture system for
spinal cord motoneurons in the presence of glial cells; this
model is based on that embryonic motoneurons and other
spinal cord cells migrate outside the explant (Fig. 1), and
the main advantage is that motoneurons appear forming
monolayers surrounded by glial cells; this fact allows for
the detailed microscopic study of motoneurons and, prob-
ably, for other techniques such as electrophysiology. In
addition, as the tissue has not been mechanically tritu-
rated, the efficiency of this model, in terms of the final
number of cultured motoneurons, is very high. In the
present work we have not investigated the process of
migration of motoneurons; however, in chick embryos it

has been demonstrated that motoneuron somata are con-
fined to the CNS by interactions with the so-called bound-
ary cap cells (a neural crest subpopulation present in the
motor exit points). The surgical elimination of these cells
results in motoneuron migration out of the spinal cord
(Vermeren et al., 2003). Thus, it can be proposed that, in
our model, migration of motoneuron somata from the spi-
nal cord occurs through motor exit points that have been
disrupted when lumbar spinal cords were removed and
sectioned.

The proinflammatory cytokines TNF-« and IFN-y have
been proposed to be involved in ALS-linked microglial
activation (He et al., 2002; Sargsyan et al., 2005; Wen et
al., 2006), thus suggesting a rationale for their application
in our culture model. The present results demonstrating
cooperative effects of TNF-a and IFN-y on iNOS expres-
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sion and NO production (Fig. 2A, B) are in agreement with
those previously obtained in pure cultures of microglial
cells (Mir et al., 2008). In these cultures, we demonstrated
that the cooperative effects of TNF-«a and IFN-y on micro-
glial INOS expression relied in part on their cooperative
effects on NF-«B and interferon regulatory factor-1 (IRF-1)
activation, two key transcription factors regulating iNOS
gene expression (Mir et al., 2008). As similar results on
NF-«B activation were obtained when explants were ex-
posed to the above cytokines (Fig. 2C) and iINOS was
mainly induced in microglia (Fig. 2D), but not in astroglia
(Fig. 2E), the same mechanisms described in pure micro-
glial cultures may be claimed for the cooperative effects of
TNF-a and IFN-y on iNOS expression found in our ex-
plants. Interestingly, in spinal cords of ALS patients iINOS
immunoreactivity was also found increased; however, it
was observed mainly in reactive astrocytes (Sasaki et al.,
2000). The discrepancy with our results may be due to the
short-term period (48 h) of exposure to cytokines; thus,
microglia may respond earlier to TNF-a and IFN-y than
astroglia. iINOS has also been found up-regulated in glial
cells of the spinal cord of early symptomatic and end-stage
transgenic mutant SOD1 mice and the time course of INOS
up-regulation paralleled that of motoneuron loss (Almer et
al., 1999). Also in this sense, NO produced by lipopolysac-
charide (LPS)-activated microglia has been shown to be
implicated in motoneuron injury (Zhao et al., 2004).

Superoxide is produced by the microglial enzyme
NADPH oxidase, also known as phagocytic oxidase
(Phox) (Lambeth, 2004; Wilkinson and Landreth, 2006).
The present results indicate that TNF-a and IFN-y also
have cooperative effects on the induction of the catalytic
subunit of the NADPH oxidase, the gp91P"°* (Fig. 2A). As
the transcriptional regulation of this subunit is mediated via
NF-kB (Gauss et al., 2007), the cooperative effects be-
tween the two cytokines tested on gp91P"°* expression are
probably related to their cooperative induction of NF-«B
activation. However, the fact that IFN-y induced NF-«B
activation similarly to TNF-« but failed to induce the ex-
pression of gp91P"°* (Fig. 2A, C), strongly suggests that
TNF-a activates additional transcription factors also needed
for the efficient expression of gp91P"°* (and similarly for
COX-2).

As NO rapidly reacts with the superoxide anion to form
the potent oxidant peroxynitrite, our results suggested that
the coexposure to TNF-a and IFN-y could result in in-
creased peroxynitrite generation, as compared both to
control explants or explants exposed to each cytokine
alone. Peroxynitrite has been proposed to mediate the
toxic activities of NO by inducing lipid oxidation and both
protein oxidation and nitration (Dawson and Dawson,
1998). To confirm this point, oxidative damage of proteins,
as well as protein nitrotyrosination, was assessed. As ex-
pected, the combined exposure of explants to TNF-« and
IFN-vy resulted both in increased protein carbonyl content
(Fig. 3A) and in increased percentage of nitrotyrosine pos-
itive motoneurons (Fig. 3B, C), as compared to control
explants or explants exposed to each cytokine alone.
These results are in agreement with those obtained in the

spinal cords of the transgenic mouse model and in ALS
patients were it has been described increased protein
oxidative damage (llieva et al., 2007; Liu et al., 2007), and
increased 3-nitrotyrosine immunoreactivity in degenerating
spinal cord neurons (Beal et al., 1997; Cha et al., 2000).
IFN-v, when added alone, induced more protein oxidation
and nitration than TNF-« alone (Fig. 3A, B). As reactive
oxygen species are produced as a consequence of normal
aerobic metabolism, it is likely that the increased NO pro-
duction observed in explants exposed to IFN-vy alone (Fig.
2B) also resulted in increased peroxynitrite production and,
consequently, in increased protein oxidation and nitration
(see also Bentz et al., 2000). In addition, the effects of
TNF-a alone in terms of protein oxidation and nitration
(Fig. 3A, B) can be explained by the increased superoxide
production as a result of the activity of the gp91°P"°* and
COX-2 enzymes induced by this cytokine, as compared to
control explants (Fig. 2A). The superoxide produced by
these enzymes is expected to react with basal NO to
produce peroxynitrite. It is assumed that gp91°P"* is ex-
pressed exclusively by activated microglia in the nervous
system (Wilkinson and Landreth, 2006) and in fact, after
coexposure to TNF-a and IFN-v, its immunoreactivity co-
localized with that of tomato lectin in our explants (data not
shown); by contrast, microglia appear to predominantly
express the COX-1 isoform, whereas COX-2 isoform is
induced by TNF-a mainly in neurons and astrocytes (Con-
silvio et al., 2004 and other references therein).

The coexposure to TNF-a and IFN-vy resulted in coop-
erative effects on apoptotic motoneuron death, measured
as the percentage of annexin V positive motoneurons (Fig.
4A). Interestingly, this effect could be abolished by inhib-
iting the enzymes iINOS with AMT or the NADPH oxidase
with apocynin (Fig. 4A). Recently, it has been demon-
strated that inhibition of NADPH oxidase with apocynin
blocks LPS-mediated motoneuron injury (Li et al., 2008).
Moreover, deletion of Nox gene significantly slowed dis-
ease progression and improved survival in the SOD1
transgenic mice (Marden et al., 2007). Together, these
findings reinforce our hypothesis indicating that peroxyni-
trite and other nitrogen and oxygen reactive species, pro-
duced as a result of the activity of the above microglial
enzymes, are key factors in neuroinflammation-induced
motoneuron death. The coexposure to TNF-a and IFN-y
also resulted in similar increases in the percentage of
active caspase-3 positive motoneurons (Fig. 4C, D). These
findings are in agreement with those obtained in the trans-
genic mouse model of ALS, indicating that caspase-3 ac-
tivation appears before (Wengenack et al., 2004), and at
the onset of motor axon loss and that, in vitro, caspase-3
activity can be induced by oxidative stress (Pasinelli et al.,
2000). In addition, a study in a motoneuron cell line
showed that cells transfected with mutant human SOD1
have more annexin V binding than do wild-type cells and
cells transfected with the normal human SOD1 (Cookson
et al., 2002). In the spinal cord of ALS patients increased
caspase-3 activity has also been described, as well as
motoneurons with morphological features resembling ap-
optosis (Martin, 1999; Sathasivam and Shaw, 2005). The
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present results also demonstrate that the cytokines TNF-«
and IFN-v, alone or in combination, do not affect the via-
bility of motoneurons in the absence of glial cells (Fig. 5A,
B). These findings are in agreement with those in which
exposure of purified rat spinal cord embryonic motoneu-
rons to TNF-a (100 ng/ml) did not affect motoneuron sur-
vival; however, a redistribution of mitochondria was de-
tected (Stommel et al., 2007). Also in this sense, the
combined exposure of a mouse motoneuronal cell line to
TNF-a and IFN-vy altered the ultrastructural features and
the functionality of mitochondria (Ferri et al., 2008). Mito-
chondrial failure induced by these cytokines may not be
sufficient to induce a death phenotype on purified mo-
toneurons, but may increase their susceptibility to glial-
induced oxidative stress, thus causing the release of ap-
optogenic mitochondrial mediators (Emerit et al., 2004). In
addition, TNF-a gene knockout did not affect life span or
the extent of motoneuron loss in the SOD1 transgenic
mice, thus suggesting that TNF-« alone is not a key factor
in motoneuron degeneration (Gowing et al., 2006). These
findings can be explained first, because TNF-a has both
neuroprotective and neurotoxic effects related to the dif-
ferent signaling pathways activated by their receptors
TNFR1 and TNFR2 (Ghezzi and Mennini, 2001) and, con-
sequently, TNF-a acts synergistically/cooperatively with
other cytokines (i.e. IFN-vy, present results) to promote
neuronal death (see also He et al., 2002); and second,
because some proinflammatory cytokines (i.e. IL-13 and
TNF-a) have redundant functions in vivo; thus, in the
knockout of TNF-«a an increase in the transcripts encoding
for IL-18 was detected (Gowing et al., 2006).

CONCLUSION

In summary, we have developed a new culture system to
study the functionality of spinal cord motoneurons in which
the activation of microglia with the proinflammatory cyto-
kines TNF-a and IFN-vy reproduces some of the features of
ALS in terms of pro-oxidative enzymes expression, protein
oxidation and nitration, and apoptotic motoneuron death.
Activation of microglial INOS and NADPH oxidase has
been reported to act synergistically to kill neurons (Mander
and Brown, 2005); these findings prompt us to propose
that the proinflammatory cytokines TNF-«a and IFN-y have
complementary roles in inflammation-induced motoneuron
death; i.e IFN-y induces iINOS expression but not gp91Phx
expression and the opposite occurs in the presence of
TNF-«; when the two cytokines act together both enzymes
are simultaneously and increasingly induced, thus result-
ing in increased motoneuron death.
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