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ALS associated mutant SOD1 impairs the motor neurons and astro-
cytes and wild type astrocyte secreted-factors reverse the impaired

motor neurons

Thangavelu Soundara Rajan, Prem Prakash Tripathi, Upasna Arya, Himanshu K. Mishra and

Jamuna R. Subramaniam

Department of Biological Sciences and Bioengineering, Indian Institute of Technology, Kanpur 208016, INDIA

KEY WORDS

ABSTRACT

cAMP
Oxidative stress
Reserpine
Motor neurons
Forskolin

ALS

Corresponding Author:

Jamuna R. Subramaniam, Ph.D

Background: Amyotrophic Lateral Sclerosis, in which motor neurons degenerate, leading to paralysis, not
only the affected motor neurons, but the surrounding non-neuronal cells also contribute significantly to the
disease. However, the disease mechanism is not known. Purpose: In this study we have addressed the disease
mechanism by expressing the ALS associated mutant SOD1%7® in the motor neurons (mMN) and astrocytes
(mA) cell lines. Methods: A series of cell culture assays, immunostaining, RT-PCR and Western blot analysis
were performed. Results: We noticed impairments in both these cell types. The mMN motor neurons were in-
sensitive to forskolin, a known activator of adenylate cyclase, which leads to motor neuron death. In addition,
less number of MMN were positive for phosphorylated neurofilament-H (pNFH) unlike the normal motor neu-
rons. Similarly, the mutant SOD1 expressing astrocytes (mA) had two impairments: The inability to activate the
oxidative stress protection and the absence of secretory factor(s). Normal astrocytes and their secreted factors
could restore the pNFH in the mMN but not the mA. In addition, we show that pNFH restoration is a specific
function since the insensitivity of mMN to forskolin could be rescued by neither normal astrocytes nor their
secreted factors. Conclusion: Thus we demonstrate some of the abnormalities caused by the ALS associated
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mutant SOD1%"and a potential way, to reverse an abnormality through cell replacement.
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Introduction

Amyotrophic Lateral Sclerosis (ALS) is an adult onset neurode-
generative disease, caused by degeneration of motor neurons
leading to paralysis and eventually death. The disease occurs in
sporadic and familial forms. Several gene mutations are linked
to ALS. One of them is in the enzyme Cu-Zn superoxide dis-
mutase | (SOD1)." Around 90 individual SOD1 mutations? have
been identified. Expression of the mutant human SOD1 (G93C,
G37R, G85R and others) in mice lead to motor neuron disease
development.>®* Mutant SOD1 (mSOD1) causes ALS through a
gain of toxic function in a autosomal dominant fashion.’

ALS development is a complex phenomenon due to abnormali-
ties in motor neurons and non-neuronal cells.”® Though the
disease initiation affects the motor neurons, the trigger or the
defining event is not yet known. The major non-neuronal cells
surrounding, supporting and dynamically interacting with the
motor neurons are the astrocytes. Though the identity of the
non-neuronal cells is not known, lack of mSOD1 in them is
speculated to delay the disease development in ALS mice de-
spite mSOD1 in the motor neurons.

Alteration in the signal cascade is manifested as phosphoryla-
tion changes in both ALS patients® and mSOD1 mice.'®'" The
differentiation of the triggering event versus secondary con-
sequence is however not known. Here, we set out to address
the role of cyclic AMP (cAMP) a second messenger signal cas-
cade essential for a cell’'s normal functions. Forskolin, which
activates adenylate cyclase increases intracellular cAMP leading
to motor neuron death.’? another signal cascade event we ad-
dressed was neurofilament-H (NFH) phosphorylation. NFs are
intermediary filament proteins expressed exclusively in the neu-
rons. These include NFH, NFM and NFL of 200kD, 160kD and

68kD, respectively.’ These NFs are dynamically phosphorylated
by second messenger dependent and independent kinases' in
the carboxyl terminal KSP repeats. Because of the contribution
of mSOD1 non-neuronal cells to the disease we addressed the
impairments in the mA. mSOD1 mediated oxidative stress in
the motor neurons' but not the astrocytes is well known. Simi-
larly, there are reports of toxic factors secretion by the mA.""7
but the role of trophic factors is not adequately investigated.

In this report, we address and identify gross level impairments
in the mSOD1%¥® motor neurons and astrocytes and the re-
versal of one of them with normal astrocytes / their secreted
factors. In addition, we show that in the milieu of mutant
SOD1%7% expressing astrocytes, normal astrocytes could retain
their function and contribute to the reversal of the impairment
in the motor neurons. But to get complete protection, addi-
tional impairments need to be addressed.

Methods

Mammalian cell culture

The adherent mouse spinal cord motor neuron cell line, NSC34'8
(a kind gift from Neil Cashmann) and rat C6 glioma cell line
was grown in DMEM medium with high glucose (Hyclone), 5%
fetal bovine serum, penicillin G (100 units/ml), streptomycin
(100 ug/ml), and amphotericin B (1 ug/ml) at 37°C in 5% CO,
and 95% air in a humidified incubator.

Cloning and generation of SOD1 expression cell lines

The human genomic wildtype and mutant SOD1¢3’f fragments
of 12 kb* were obtained by EcoR1 digestion and cloned in pcD-
NA3.1. These recombinant plasmids were transfected with Lipo-
fectamine 2000 into the NSC34 and C6 cell lines and the stable
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lines were obtained by geneticin (G418) treatment. Individual
clones were obtained by limited dilution clonal selection.

Forskolin treatment

Astrocytes and neuronal cultures were plated onto 12-mm di-
ameter cover slips in 12 well plates with cell density of 3x10%/
ml and 4x103/ml, respectively. After 24h, cells were treated with
100 uM forskolin (Sigma, USA). After 24h, cells were mounted
with Hoechst and were counted in three sets.

Co-culture and conditioned medium assays

The normal and mutant SOD1 expressing motor neurons and
astrocytes were plated at the cell density of 6 X 10% and 2X10°
respectively. The immunostaining was carried out after 2 days
of co-culture grown in the standard medium described above.
The specific cell density combination was obtained after opti-
mization.

Conditioned medium treatment

Astrocytes were plated at cell density of 3x10%/ml in 12 well
plates. Neuronal cultures were plated onto 12-mm diameter
cover slips with cell density of 4x103/ml in 12 well plates. After
24h, medium of neuronal cultures was replaced with cell free
conditioned medium of astrocytes. Proper controls had also
been taken. After 48h, they were immunostained for pNFH.
The numbers of pNFH positive and negative cells were counted
from 10 fields in duplicates, in three sets.

Immunocytochemistry

The neuronal/astrocytic cells were fixed with 4% paraformal-
dehyde (pH 7.8) for 15 min at room temperature. Cells were
then blocked with 3% normal goat serum, 0.1% Triton X-100
in PBS (pH 7.4) followed by primary antibody staining ( anti-
rat-phosphorylated NFH, MAB5448, Chemicon;1:50 /anti-
rabbit- S-100, Sigma;1:200) for 2h and secondary antibody
staining (anti-rat FITC1:100, anti-rabbit FITC1:1000) for 1h at
room temperature.

Reverse Transcriptase -PCR

RNA was extracted from neuronal cultures using TRI reagent
(Sigma, USA). RNA was then reverse transcribed (RT) with MMLV
reverse transcriptase using random hexamers in the presence of
RNAse inhibitor. Primer sequence used is given in Table 1. The cy-
cling parameters used were, 94°C for 30 min, 30 cycles of 94°C
for30s, 54°Cfor 305, 72°C for 45 s and finally, 72°C for 10 min.
PCR was carried out using Veriti thermal cycler (Applied Biosys-
tems, USA). The amplicons were then separated by agarose gel
electrophoresis (1.8%).

Table 1: PCR primers used for RT-PCR analysis of neurofilament
expression

Forward primer (5’ to 3’) | Reverse primer (5’ to 3’)

NFL TAGCGCCATGCAGGACA- | TCTTCCTGGACGTGGCTG-
CAATC GTAT

NFM CGCCACAACCACGAC- | CGGCCTCTTCCTTCTC-
CTCA CTCTTT

NFH TCGGCCCAAGAGGAGA- | ATGGAGGGAATTTTTGG-
TAAC GAGTC

B-Actin |[TCTACGAGGGCTAT- | ACGGATGTCAACGTCA-
GCTCTCC CACTT
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Oxidative stress assay and reserpine treatment

For the oxidative stress induction and cell death assays we
followed the published protocol'® with minor modifications.
Approximately 3X102 cells/well of the mammalian rat glioma cell
line, C6 were plated in 24 well plates on 11mm glass coverslips.
On day 3 the cells were treated with DMSO or reserpine and
on day 4 with 0.2 mM tBH (Tert-butyl hydroperoxide). On day
5, cells were tested for viability. The medium was removed and
the cells on the coverslips were fixed with 4% paraformaldehyde
in PBS, followed by Hoechst 33342 staining and mounting.?
The slides were viewed with 10X, 40X objectives in Axioskop
fluorescence microscope (Zeiss, Germany). Normal/ live cells
showed moderate blue fluorescence of the nucleus with the
nucleus appearing bigger whereas dead/sick cells showed highly
dark/dense staining indicative of condensed chromatin which
is indicative of apoptotic cell death.?" The dose response was
determined for both tBH and reserpine. The lowest concentra-
tion of tBH required to kill the C6 cells was 0.2 mM. On day 3,
the cells were treated with different concentrations like 165 nM,
410 nM and 820 nM of reserpine (in DMSO) in duplicates. On
day 4, cells were induced for oxidative stress by 0.2 mM tBH. The
minimal concentration of reserpine (165nM) that could provide
protection against tBH was selected and further assayed for the
extent of protection against oxidative stress.

Western Blotting

Proteins were extracted from neuronal/astrocytic cultures by soni-
cation in hypotonic extraction buffer (50mM Tris, 1mM EDTA pH
8.0) and centrifugation. The supernatant was collected and pro-
tein concentration was determined using Bio-Rad protein assay
dye reagent. 20 pg of protein extract was separated by poly acryl-
amide gel electrophoresis and blotted to nitrocellulose membrane
(Pall Corporation, USA). Membranes were subjected to amido-
black staining for loading control followed by destaining. Mem-
branes were blocked in 5% w/v dried skimmed milk in TBS-T Buffer
(20mM Tris-HCl, 137mM Nadl, 0.1% Tween) for 1h at room tem-
perature. The membranes were incubated overnight with primary
antibody (rat phosphorylated NFH, Chemicon International, USA,
rabbit anti-GDNF, Santa Cruz Biotechnology, USA) at 4°C (1:200
dilution in 1% blocking buffer). After washing with TBS-T buffer
three times, membranes were incubated with secondary antibody
(anti rat-HRP/Protein A-peroxidase) for 1h at room temperature at
1:1000 dilutions in TBS-T buffer. After washing with TBS-T buffer
for three times, membranes were subjected to detection using
ChemilLucent detection system kit (Chemicon International, USA).
The Western blots were carried out three times with three differ-
ent cell preparations and quantitated by densitometry.

Immunoprecipitation

Astrocytes were seeded at 3x10%/ml in 60mm plates. After 48h,
2ml media were collected and subjected to immunoprecipi-
tation?? with rabbit anti-GDNF antibody (Santa Cruz Biotech-
nology, USA) for 16 h at 4°C followed by addition of Protein
A-Agarose beads (Sigma, USA) for 16 h at 4°C. In addition,
neat medium was taken as control. Immunoprecipitated beads
were then collected and washed three times with 1X PBS buf-
fer, boiled 8-10 minutes in sample loading buffer and then sub-
jected to western blotting analysis.

Statistical Analysis

Statistical analysis was carried out using SigmaPlot. The stu-
dent t-test was done to determine the statistical significance.
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Results

Though mutant SOD1 has been implicated to cause the motor
neuron disease through gain of a toxic function, the exact na-
ture of the toxic function is not known. Reports and evidence
suggest that ALS progresses by a complex pathway wherein
several cell types contribute to the disease. Our results ad-
dressed the abnormalities in motor neurons and astrocytes.

Generation and characterization of mutant SOD1 expressing
motor neurons and astrocytic cell lines

In order to get the in vitro cell culture conditions closer to
the disease system, we chose the mouse spinal cord mo-
tor neuron cell line, NSC34 and the rat glioma astrocytic
cell line, C6 to represent the motor neurons and astro-
cytes respectively. We stably transfected these cell lines
with the wildtype or mutant human genomic SOD1.537}
For motor neurons we used two individual clones and the
mixed culture and for astrocytes we used only the mixed
culture stably expressing mutant SOD1. The motor neu-
rons and astrocyte cell lines were confirmed by choline
acetyl transferase and S-100 immunostaining respectively
(Fig. 1A). Human SOD1 expression was confirmed by Western
blots analysis against human/ mouse SOD1 (Fig. 1B).

I. Impairments in the motor neurons

Mutant SOD1 expressing motor neurons manifested two im-
pairments.

i) cAMP signaling

Cyclic AMP is a ubiquitous second messenger system used by
various signaling cascades like GPCR signaling, insulin signaling
and growth hormone signaling. cAMP is an essential second
messenger for normal functioning of a cell. Strangely, mutant
SOD1 motor neurons (MMN) are unresponsive to forskolin, an
adenylate cyclase activator leading to increase in cAMP levels,
unlike the wildtype NSC34 motor neurons, which succumb to
forskolin leading to cell death (Fig. 2). We evaluated whether
this is a generic response to mutant SOD1 phenotype. When
mutant SOD1 astrocytes were treated with forskolin, similar
result resembling the non SOD1 expressing astrocytes were
seen (Fig. 2).

ii) Mutant SOD1 expression in the motor neuron reduces the
pNFH positive motor neurons

The NSC34 cells showed robust expression of phosphorylated
NFH. The phosphorylated NFH was identified using the pNFH
antibody (Chemicon, USA). This antibody is exclusive for the
phosphorylated KSP repeats present in the carboxy terminal
of the NFH. While both the NSC34 and the wildtype SOD1 ex-
pressing motor neuron lines showed extensive pNFH expression,
the mutant SOD1 expressing motor neurons showed reduced
staining for the pNFH, especially, in terms of the number of
motor neurons. While 70-80% of NSC34 and SOD1"" motor
neurons showed pNFH (Fig. 3a, b), only 30-40% of the mMN
showed pNFH (Fig. 3c). In order to identify the specific type of
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Fig. 1: Generation of SOD1 expressing motor neuron and astrocyte cell lines. A. a. The motor neuron cell line, NSC34, immunostained for choline
acetyltransferase. Scale bar 100ug/m. b. The astrocytic cell line, C6, immunostained for S-100. Scale bar ug/m B. human SOD1 expressing: a) 1- non
transgenic 2) human WT SOD1 expressing NSC34 cell line. b. Individual clones of mutant SOD1%7f motor neuron cell line.

b) mutant SOD1 expressing (1) and not expressing Astrocytic cell line, C6.
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Fig. 2: Mutant SOD1 expression impairs cAMP signaling in motor neurons and makes these motor neurons resistant to cell death induced by forskolin.

A. a), ¢) and e) — without forskolin treatment; b), d) and f) - forskolin treatment; a) and b) are normal NSC 34 cells; c¢) and d) are mutant SOD1 express-
ing NSC34 cells; e) and f) are C6 astrocytes. Green — phosphorylated NFH: blue — Hoechst staining of the nuclei. Scale bar -5um. B. The quantitative
estimation of the motor neuron cell death upon forskolin treatment. The NSC34 cells and the wildtype SOD1 expressing cells are sensitive to forskolin
treatment and show severe cell death whereas mutant SOD1 expressing cells were insensitive to forskolin treatment. ** P< 0.005

downregulation of pNFH, we evaluated the expression of all the
three NFs expression by RT-PCR (data not shown). We did not
see any change in the expression of NFs. Similarly, when the
pNFH protein was detected by Western blots analysis with the
same pNFH antibody we could not find a significant difference
in the pNFH level between NSC, NSC"T and NSC®7® (data not
shown). Therefore, the observed down regulation could be as-
cribed to reduction in pNFH which was detected at the cellular
level (Fig. 3a—c).

Il. Impairments in the astrocytes

1. Mutant SOD1 expressing astrocytes could not restore
the pNFH

As constant crosstalk occurs between the astrocytes and motor
neurons, we asked whether the astrocytes could restore the pNFH
in the mutant SOD1 motor neurons. For this we co-cultured the
motor neurons and astrocytes. While normal astroyctes- motor
neurons did not alter the pNFH in the mutant SOD1 expressing
coculture, the mMN showed reduction in pNFH (Fig. 5).

2. Mutant SOD1 expressing astrocytes could not be protected
against oxidative stress

The susceptibility of mMN to oxidative stress is well document-
ed. But, so far we do not know how mutant SOD1 express-
ing astrocytes respond to stress and whether they could be
protected against oxidative stress. We tested oxidative stress
protection by treating the astrocytes with reserpine, an anti-
hypertensive drug which instills stress tolerance? in C. elegans
(unpublished results). Hence, we assayed the normal and mu-
tant SOD1 astrocytes, with and without reserpine treatment
for their protection against tert-butyl hydroperoxide (tBH) me-

diated oxidative stress. First, we evaluated whether reserpine
will be able to provide protection against oxidative stress in
mammalian cell culture (Fig. 4) as in C.elegans (unpublished
results). For this, we treated normal C6 astrocytic cell line with
the ROS generating tBH at 0.2 mM concentration. This caused
cell death which is within the reported range in cell culture
systems." The C6 cells showed extensive cell death (Fig. 4A-a)
upon tBH treatment. First we identified the concentration of
reserpine required to provide protection against oxidative
stress (Fig. 4B) and arrived at 165 nM. When the C6 cells were
first treated with 165 nM reserpine for 24h and then subject-
ed to oxidative stress by tBH, reserpine provided protection
against cell death [Fig. 4A-c and 4C]. The normal astrocytes
but not the mutant SOD1 astrocytes could be significantly pro-
tected against oxidative stress (Fig. 4C). Thus, mutant SOD1
astrocytes have severe impairment in their oxidative stress
protection machinery.

Ill. Crosstalk between astrocytes and motor neurons could
reverse the impaired mutant SOD1 motor neurons

1. Cell non-autonomous regulation of pNFH in the mutant
SOD1 motor neurons

As mutant SOD1 astrocytes could not restore the pNFH in
mMN, we asked whether this effect is due to mutant SOD1
or pNFH is non cell autonomously regulated in the motor neu-
rons. When the mutant SOD1 motor neurons were co-cultured
with normal astrocytes, the pNFH- expressing motor neurons
could be restored close to normal (Fig. 5B-c, C).

2. The crosstalk occurs through the astrocytes secreted factors

In order to identify whether the communication is driven by neu-
rotrophic factors, we cultured the mutant SOD1 motor neurons

www.annalsofneurosciences.org
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Fig. 3: Mutant SOD1 downregulates phosphorylated NFH (pNFH) levels in the motor neuron cell line. In comparison with a) normal and b) wildtype
SOD1 expressing motor neuron cell lines, the number of pNFH positive cells were drastically less in mMN (c). Scale bar -5pm.
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Fig. 4: Mutant SOD1 expressing astrocytes could not be rescued from oxidative stress. Reserpine provides resistance against oxidative stress in the
rat glioma cell line, C6 but the mutant SOD1%7} astrocytes does not respond to reserpine treatment. A.Hoechst33342- stained a) control b) TBH
treated c) reserpine followed by TBH treated cells. The sick cells show condensed nuclei which are indicated by white arrows. The healthy cell nucleus
is indicated by white arrowhead. The control panel (a) shows more number of cells compared to the tBH treatment (b). Scale bar — 5um. B. Reserpine
dose response curve to determine the minimal concentration of reserpine required for protection against oxidative stress. The condensed nucleus/
chromatin containing cells were considered as dead cells and the moderate staining with bigger clear nuclear appearance were counted as normal
live cells. C. Reserpine protects against oxidative stress in the normal C6 astrocytes but not the mutant SOD1 expressing astrocytes. The reserpine
concentration is 165 nM. ** P<0.005

with the conditioned medium of normal or mutant SOD1 astro- restore the pNFH expression (Fig. 6B). Thus, astrocytes derived
cytes. The normal astrocytes conditioned medium (Fig. 6A-b, c) secreted factors regulate the expression of pNFH and this is lack-
but not that of mutant SOD1 astrocytes (Fig. 6A-a) was able to ing in the mutant SOD1 astrocytes.
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Fig. 5: Crosstalk between the astrocytes and motor neurons. Restoration of phosphorylated NFH levels by normal astrocytes. A. Coculture of astrocytes
and motor neurons are shown. a) bright field C6 glioma cells and NSC34 motor neurons. MN- motor neurons; a- astrocytes; b) motor neurons immu-
nostained with pNFH antibody. c) overlay of motor neurons and astrocytes. Scale bar-5um. The yellow arrow indicates motor neurons and the white
arrow indicates astrocytes nucleus. Green —pNFH; blue — Hoechst33342. B a. C6 glioma cells and NSC 34 coculture — pNFH staining in the NSC34 cells
b) Reduced pNFH immunostaining in a coculture of mutant SOD1 expressing NSC34 motor neurons and C6 astrocytes. c). Coculture with normal C6
astrocytes restores pNFH expression in the mMN. C. Determination of minimal number of normal astrocytes required to restore pNFH in mMN in the
milieu of mA.
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Fig. 6: Secretory factors of normal astrocytes restore the pNFH expression. A. Supplementation of secretory factors of C6 astrocytes can restore the

pNFH in mMN. a). mMN- mA b). mMMN- mA treated with conditioned medium from MN-A. c) Conditioned medium of A in mMMN- mA. Scale bar-5 pm.
B. Increase in the fraction of pNFH positive motor neurons upon C6 (A) conditioned medium treatment. ** - P = 0.008.

www.annalsofneurosciences.org ANNALS OF NEUROSCIENCES VOLUME 18 NUMBER 2 APRIL 2011



ANNALS

RES ARTICLE

3. The pNFH level restoration is independent of GDNF

As several trophic factors are shown to provide protection in
the ALS mice, we next addressed the role of the most promi-
nent trophic factor secreted by glia, the glial derived neu-
rotrophic factor, GDNF, in the pNFH upregulation. For this, we
determined the level of the secreted GDNF by immunoprecipi-
tation and Western blot analysis (Fig. 7). The GDNF level was
not significantly altered when normal and mutant SOD1 astro-
cytes were analyzed suggesting GDNF is not a trophic factor. It
is possible the other secreted factor(s) could be playing a role
in the pNFH upregulation.

4. Astrocytes can increase the pNFH, despite the presence of
mutant SOD1 astrocytes

We also studied the effect of normal astrocytes in the milieu of
mutant SOD1 astrocytes. For this, we co-cultured varying num-
bers of normal astrocytes with the mutant SOD1 astrocytes and
motor neurons. If we could provide 50% normal astrocytes,
then the pNFH level could be restored to normalcy. Thus, in es-
sence we have shown that reduction in pNFH could be rescued
by normal astrocytes (Fig. 5) or their secreted factors (Fig. 6)
even in the presence of mutant SOD1 expressing astrocytes.

Discussion

In ALS, though the motor neurons degenerate, the disease seems
to be progressing due to involvement of various cells of the cen-
tral nervous system.® Here, we show evidence for impaired mo-
tor neurons and astrocytes in an in vitro system elicited due to
the expression of the ALS associated mutant SOD1.37R The mu-
tant SOD1 expression-mediated impairment could be ascribed to
the lack of response to cAMP activation through the adenylate
cyclase activator, forskolin, which is crucial to respond to extra-
cellular signals (Fig. 2). Next, we noticed the reduction in the
number of pNFH positive cells in the mMNs. NFH is highly phos-
phorylated by second messenger dependent and independent
kinases like glycogen synthase kinase-3 and cdk5,% Erk2, Erk5%
and protein kinase A,'* protein kinase C?¢in the carboxyl terminal
KSP repeats. Hence, the two impairments could be interrelated
or independent. These two impairments together suggest im-
pairments in the signaling cascade.

C S
W C6 C6%™® (g Ce%m

160
110

90

Fig. 7: GDNF secretion is unaltered upon expression of mutant SOD1
in the C6 astrocytes. C- Cell lysate; S- secreted. The secreted GDNF was
detected after immunoprecipation with GDNF antibody.

In this regard, so far the cAMP cascade had not been evalu-
ated in ALS. But a recent report suggests that in a cell cul-
ture model similar to ours, oxidative stress induces histone
deacetylase downregulation.?” The major donwregulated
histone deacetylase is the cAMP response element binding
protein (CBP), which is a transcriptional coactivator. This CBP
is also known to be the target of caspase-6.2 The histone
deacetylase inhibitors could protect the motor neurons but
not against the disease in the ALS model mice. Putting to-
gether, we suggest that the overall cCAMP cascade needs to be
addressed to secure protection against the disease. Moreover,
though forskolin mainly acts through activation of adenylate
cyclase, it is known to act through other mechanisms like ion
channel inactivation,?® hence, the delineation of the cAMP
cascade would help to address the mechanism of forskolin
action as well. This in turn could identify new targets impaired
in ALS motor neurons.

As non- neuronal cells are becoming imminent players in ALS,
we asked about the potential abnormalities in the mSOD1 as-
trocytes. We noticed two impairments namely, lack of certain
secretory factors and the inability to activate the oxidative
stress mechanism. Oxidative stress, as a cause for ALS, has long
been suggested. So far, the reports have focused on the oxida-
tive stress in the motor neurons. Here, what we find that there
is the impairment of oxidative stress protection machinery in
the astrocytes.

The major impairments in astrocytes so far reported are the re-
duction in the glutamate transporter; GLT-1(EAAT2), in the ALS
patients®® and ALS model mice/rats.3' The only drug, riluzole,
which provides modest protection in ALS serves to decrease glu-
tamate. In addition, some toxic factors which are detrimental
to the motor neurons have been reported to be secreted by
the mutant SOD1 astrocytes.'®'” Also, astrocytes are known to
influence the type of AMPA receptors expressed by the motor
neurons and hence their vulnerability to excitotoxicity.>? Here,
we report a new impairment, namely, the inability to restore
the pNFH expression in the mSOD1 expressing motor neurons.
It is possible that this is the result of absence of a factor rather
than secretion of toxic factor. Interestingly, GDNF, long thought
to be a potential protective factor, is not impaired in the mSOD1
astrocytes and GDNF secretion is maintained (Fig. 7). Hence, it
is possible that pNFH is regulated independent of GDNF. This
provides a potential way to restore the pNFH related pathway
to normalcy in ALS.

Upon treatment of mMN with normal astrocytes or their condi-
tioned medium we could not reverse the insensitivity of mMN
to forskolin (data not shown). Future studies to understand the
impairments in the cAMP system and ways to reverse them will
greatly help to provide protection against ALS.
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