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ABSTRACT

Recent literature demonstrated that exposure to excitatory amino acid in specific experimental conditions might
produce a defect in the autophagy pathway. Such an effect was observed in motor neurons exposed chronically
to glutamate agonists. On the other hand, it is well known that glutamate induces motor neuron death and this is
supposed to play a key role in the physiopathology of motor neuron loss in amyotrophic lateral sclerosis (ALS).
Similarly, a defective recruitment of autophagy was recently documented in ALS. In the present study we found that
exposure of motor neurons to kainic acid produces intracellular changes associated with defective autophagy. In
this experimental conditions, pharmacological activation of autophagy rescues the loss of motor neurons.
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Infroduction

The term excitotoxicity was introduced to describe
the neurotoxic effect of glutamate and its derivatives
in 1957, when it was found that high doses of gluta-
mate, given to mice systemically, induced neuronal
degeneration (Lucas and Newhouse, 1957).

Glutamate receptor-mediated excitotoxicity is
involved in the pathogenesis of many neurologic
disorders such as stroke, ischemia and slowly pro-
gressing neurodegenerative diseases (reviewed in
Dingledine et al., 1990; Meldrum and Garthwaite,
1990; Beal, 1992; Choi, 1992). This was further
extended to motor neuron degeneration in amyo-
trophic lateral sclerosis (ALS) (Rothstein et al., 1992;
1995; Bruijn et al., 2004). High levels of glutamate
have been detected in the cerebrospinal fluid of ALS
patients (Rothstein et al., 1992; 1995), suggesting an
abnormal intracellular transport of glutamate. This
might depend on a deficient glutamate clearance since

the spinal cord is deficient of astroglial glutamate
transporter in ALS transgenic models (Howland et
al., 2002) and in sporadic ALS patients (Rothstein et
al., 1995). Motor neurons are vulnerable to excitotox-
icity mostly mediated by AMPA receptors (Hugon
et al., 1989; Ikonomidou et al., 1996). Intrathecal or
intraspinal administration of AMPA receptor agonists
induces motor neuron degeneration (Ikonomidou et
al., 1996; Kruman et al., 1999). Direct application of
glutamate agonists to organotypic spinal cord cultures
as well as motor neuron cultures induces motor neu-
ron loss, which is prevented by glutamate antagonists
(Rothstein et al., 1993; Estevez et al., 1995; Carriedo
et al., 1996; Vandenberghe et al., 1998; Urushitani
et al.,, 1998; Fryer et al., 1999; Saroff et al., 2000;
Van Den Bosch and Robberecht, 2000; Urushitani
et al., 2001). High sensitivity of motor neurons to
excitotoxicity is associated with abundance of iono-
tropic glutamate receptors allowing the entry of high
Ca* levels in the absence of Ca** buffering proteins
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(Van Den Bosch et al., 2000; Van Den Bosch et al.,
2002). Therefore, glutamate causes a high Ca* influx,
which is in excess and permeate mitochondria (Van
den Bosch et al., 2006). In this way, a number of
altered mitochondria need to be cleared to keep the
cell working properly. The clearance of mitochondria
is regulated by the autophagy pathway, which in turn
is involved in excitotoxicity (Borsello et al., 2003;
Matyja et al., 2005; Shacka et al., 2007; Wang et al.,
2008) as well as in ALS (Fornai et al., 2008b; Madeo
et al., 2009; Pasquali et al., 2010).

The point which remains unclear is whether autoph-
agy counteracts or mediate excitotoxicity. In fact,
during excitotoxicity degenerating motor neurons
exhibit activation of autophagy with protein aggre-
gation within the endoplasmic reticulum (ER)
(Tarabal et al., 2005; Caldero et al., 2007). In detail,
electron microscopy of degenerating motor neurons
evidences sub-cellular alterations reminiscent of
deficient recruitment of the autophagy machinery
such as swollen mitochondria, alterations of Golgi
apparatus and ER, and abundant large cytoplasmic
vacuoles containing accumulated proteins and mito-
chondria (Caldero et al., 2007). Indeed, these mor-
phological findings suggest that it is rather a defec-
tive autophagy which characterizes the death of
motor neurons (Madeo et al., 2009; Pasquali er al.,
2009). In fact autophagy markers tend to accumulate
during an autophagy failure as occurs during exci-
totoxicity, while the same markers are expected to
be cleared by an overactive autophagy. In this way
there is a clear overlap between glutamate-induced
and ALS-related motor neuron loss (Fornai et al.,
2008a,b; Madeo et al., 2009; Pasquali et al., 2009).
In the present study we analyzed whether AMPA
receptor stimulation via kainic acid (KA) produces
activation of autophagy and whether this is defective
compared with what it is required to rescue motor
neurons. Once we confirmed that excitotoxicity
recruits autophagy, which remains defective to clear
altered proteins and organelles, we provided a phar-
macological stimulation of such a pathway in order
to ameliorate motor neuron survival.

Methods

Primary motor neuron cultures

Mixed spinal cord were obtained from 14-days-old
mice embryos as previous described (Carriedo et al.,

1996). Pregnant (14 days gestation) Swiss Webster
female Albino mice were purchased from Charles
River Laboratories (Calco, Lecco, Italy). The spinal
cords were dissected and both meninges and dorsal
root ganglia were removed. The cords were then
incubated for 10 min in 0.025% trypsin and then dis-
sociated. The cell cultures were plated at a density
of 3 “spinal cords” per well plate (35 mm dishes)
on poly-D-lysine-coated glass coverslips and main-
tained in D-MEM supplemented with 5% FBS and
5% HS. Twenty four hours after plating the medium
was replaced with Neurobasal supplemented with
B-27 and 0.5 mM glutamine. Three days after plat-
ing cytosine arabinoside (10 uM) was added and
the medium was replaced with Neurobasal supple-
mented with B-27 and changed every 3 days.

For analysis at light microscopy, motor neurons
grown on glass coverslips, inside 35 mm diameter
dishes, were transferred into cell culture plates 24
well, to perform immunohistochemistry.

Motor neuron assigned to electron microscopy were
grown in a cell culture plates 6 well where at the end
of the experiment they were fixed and then scraped
off to perform ultrastructural analysis.

Pharmacological freatments

Spinal cord cultures at 8-9 days in vitro (DIV)
were used for toxicity experiments. The cells were
treated with 1 mM lithium carbonate 30 min before
the exposure to kainic acid (50 uM for 15 min).
The N-methyl-D-aspartic acid (NMDA) receptor
antagonist MK-801 (10 uM) was added during all
KA exposure. After this time, the cultures were
rapidly washed and maintained in the free medium.
In other experiments, 1 mM lithium carbonate was
administered 30 min before KA (50 uM for 15 min),
the cell were washed and lithium was added again
for 24 h in order to persist for a longer time in the
culture previously exposed to KA. At the end of the
treatment, the cultures were processed for light and
electron microscopy.

Western blot analysis

Motor neurons from each experimental group were
lysed in TEN buffer (50 mM Tris, 2 mM EDTA, 150
mM NaCl, 1% NP-40 at pH 7.6, containing 0.1% of
phenylmethylsulfonyl fluoride (PMSF) and 10 pg/
ml of protease inhibitors) and centrifuged at 15,000
rpm for 20 min at 4°C. An aliquot of supernatant
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was used to determine protein concentration by a
protein assay kit (Sigma). Samples containing 40
pg total protein were separated by electrophoresis
on 12% sodium dodecyl sulfate-polyacrylamide
gel. The proteins were transferred to PVDF mem-
brane (Millipore, Bedford, MA, USA). The mem-
brane was immersed in blocking solution (5%
not fat dried milk in 20 mM Tris, 137 mM NaCl
at pH 7.6 containing 0.05% Tween-20) for 3 h at
4°C. Subsequently, the membrane was incubated
with primary antibody anti-beclin (1:1000; Santa
Cruz Biotechnology, Santa Cruz, CA USA) at 4°C
overnight. The blot was probed with horseradish
peroxidase-labelled secondary antibody (1:2000;
Amersham Pharmacia Biotech, Buckinghamshire,
UK,) and the bands were visualized with enhanced
chemiluminescence reagents (Amersham).

Densitometric analysis

Densitometry was used to measure immunoreactive
bands. Western blots were scanned by using Adobe
PHOTOSHOP CS2 version 9.0 (Adobe Systems,
Mountain View, CA), and the optical density (OD)
of the bands was measured by using NIH IMAGE
1.61. The relative values of each immunoreactive
band were calculated by subtracting the background
OD value from the measured OD of the bands.
Groups used for statistical analyses were always
determined within the same Western blot. The
results were confirmed by triplicate.

Immunohistochemistry on primary
cultures of motor neurons

To assess the effects of treatments on motor neuron
survival, primary cultures were stained with the
motor neuron antibody SMI32. Immunostaining was
extended to Beclin-1 as an autophagy protein.

At first, cells were fixed in a solution containing 4%
paraformaldehyde in 0.1 M phosphate buffer (PB),
pH 7.3 (10 min); after washing in PB cell cultures
were incubated with Triton-X 0.1% in PB (15 min),
followed by 3% hydrogen peroxide (10 min).
Before incubation with primary antibodies, a block-
ing solution (10% normal goat serum in PBS) was
added for 1 hour at room temperature.

All solutions containing the primary antibodies
were prepared in PB containing 2% normal goat
serum and incubated overnight at 4°C; we used
primary antibodies against beclin-1 (mouse, 1:50;

Santa Cruz) and SMI-32 (mouse, 1:1000; Covance,
Emeryville, CA, USA).

For the immunoperoxidase procedure, the second-
ary biotinylated antibody (anti-mouse IgG; Vector
Laboratories, Burlingame, CA USA) was used at a
dilution of 1:200 for 1 hour at room temperature, fol-
lowed by incubation with ABC kit (1 hour at room
temperature, Vector Laboratories) and diaminoben-
zidine (Vector Laboratories).

For the immunofluoresce staining, we used anti-
mouse IgG conjugated to Cy3 (red, 570 nm;
Chemicon, Billerica, MA USA) diluted 1:400 and
the anti-mouse IgG conjugated to fluorescein (green,
510-520 nm; Vector Laboratories) at a dilution of
1:100 (1 and a half hour, at room temperature).
Finally, glass coverslips containing cells were
mounted on polylysinated slides by using glyc-
erol (fluorescence stained motor neurons) or DPX
plastic mounting media (Sigma Aldrich, St. Louis,
MO USA) after dehydration in alcohol (peroxidase
stained motor neurons).

Immunohistochemical reactions were analysed by
using a light microscope (Nikon Eclipse 80i, Japan)
equipped with a fluorescent lamp.

Densitometry of beclinl-immunofluorescent motor
neurons was carried out by drawing the cell body
profile using an image analysis software (Molecular
Machine & Industries AG, Glattburgh, Switzerland)
and measuring the optical density of the selected
area as described. In particular, for each treatment,
we drew the profile of 50 motor neurons and we
measured signal intensity by using NIH IMAGE
1.61 to evaluate beclin-1 immunostaining. This
analysis was carried out at 20x magnification by
two independent observers, blind to treatments. The
values given for optical density represent the mean
+ SEM obtained by three independent experiments
and was expressed as arbitrary units.

Cell count and morphometric analysis

The effects of each treatment on motor neuron surviv-
al were measured by counting the number of SMI-32-
positive motor neurons in a total of 3 slides per group.
Measurement of motor neuron diameter (n = 500
each experiment) was performed by an image analy-
sis software (Molecular Machine & Industries AG,
Glattburgh, Switzerland) which allowed to draw the
diameter of the cell under observation and read the
value.
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In particular, SMI-32 immunoperoxidase was used
to count motor neuron number, whereas SMI-32
immunofluorescence was used to measure motor
neuron diameter.

All measurements were carried out at 20x magnifi-
cation by two different observers (M.F, A.B), blind
to treatments.

Electron microscopy

Fixation of primary motor neurons was carried out
directly into the culture dishes rinsing the cells into the
fixing solution (0.1% glutaraldehyde and 2% parafor-
maldehyde in 0.1 M PBS, pH 7.4) for 2 h. The fixed
cells were scraped from the culture dishes and centri-
fuged at 15,000 g for 20 min. Pellets were post-fixed in
1% OsO, buffered solution, dehydrated in ethilic alco-
hol and embedded in Epon-araldite. Ultrathin sections
of culture cells were stained with uranyl acetate and
lead citrate, and finally examined at Jeol Jem 100SX
transmission electron microscope (Jeol, Tokyo, Japan).

Statistical analysis

Cell counts, morphometric and densitometric data
are expressed as mean + SEM obtained by three
independent experiments. Cell count is expressed
as the percentage of SMI-32 positive motor neurons
compared with control. Statistical analysis was car-
ried out by using analysis of variance (ANOVA)
followed by post-hoc tests (Fisher or Sheffe). The
differences among experimental groups were con-
sidered statistically significant for P < 0.05.

Results

Lithium protects against kainic acid-induced motor
neuron loss

Kainic acid (50 uM) induced a dramatic reduction
in the percentage of SMI-32-positive motor neurons
(13.74% =+ 3.62) compared with controls (100% =+
10.07) (Figs. 1D, 1G and 1A, 1G respectively).
Lithium (1 mM) given 30 min before KA and left in
the medium for further 24 hours protected the motor
neurons from death as revealed by counting SMI132-
positive motor neurons (57.46% + 2.31) (Figs. 1F,
1G). In contrast, pre-treatment with lithium lasting
only 30 min before KA administration was unable to
protect motor neurons from KA-induced cell death
(20.92% + 1.87) (Figs. 1E, 1G).

The effects of 24 hours lithium exposure on KA also
produce the preservation of the motor neurons size.
In fact after KA exposure motor neurons increase
their diameter (29 + 0.35 um) (Figs. 2D, 2G) com-
pared with control (21.23 + 0.29 pum) (Figs. 2A,
2G). A similar increase in motor neuron size was
observed when lithium exposure was limited for 30
minutes before KA (27.59 + 0.91 um) (Figs. 2E,
2@G). In contrast, this was absent when lithium was
left in the cultures 24 hours after KA washed out
(20.86 = 1.08 um) (Figs. 2F, 2G).

Kainic acid-induced motor neuron loss is
caused by a defective autophagy

To asses the involvement of autophagy in the exci-
totoxic effect of KA we evaluated the expression of
beclin 1, which is a marker of the autophagy path-
way, by immunoblotting and immunofluroscence.
As shown in the gel of Fig. 3H, KA produced the
highest expression of beclin-1. Similarly, immu-
nohistochemistry showed that in KA-treated motor
neurons (Figs. 3D, 3G) immunofluorescence for
beclin 1 was more intense than in control cultures
(Figs. 3A, 3G).

The ultrastructural analysis of motor neurons treated
with KA revealed damaged swollen mitochondria
with matrix diluted and broken and disorganized
cristae. In addition in the cytoplasm of these motor
neurons close to altered mitochondria it is possible
to observe autophagy-related structures (Fig. 4C).

Autophagy activation is protective against
KA-induced neurotoxicity

Immunoblotting for the autophagy protein beclin-1
showed that lithium exposure for 24 h after KA
decreased the expression of beclin 1 compared with
KA (Fig. 3H). In contrast, when lithium was given
only for 30 min before KA expression of beclin-1
was unchanged compared with KA alone (Fig. 3H).
The same data were observed at immunofluores-
cence (Figs. 3E, 3G) which confirmed that 24 h of
lithium exposure after KA were needed to decrease
beclin 1 expression (Figs. 3F, 3G). Note that lithium
given alone does not alter the levels of beclin 1
(Figs. 3B, 3C, 3G).

Again, ultrastructural alterations induced by KA
were prevented only by prolonged lithium adminis-
tration (24 h), which led to a decrease of damaged
mitochondria (Fig. 4D). Motor neurons treated with
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Fig. 1. - Lithium protects motor neurons from KA-induced excitotoxicity. Immunoperoxidase with the anti-SMI 32
antibody selective for motor neurons either in the absence (A-C) or in the presence (D-F) of KA. KA destroys motor
neurons (D, G), that is attenuated by lithium administration lasting 24 h after KA (F, G). Lithium administered only
for 30 min before KA is not effective (E, G). (A) Control; (B, C) motor neurons culture treated with lithium for 30 min
and for 24 h, respectively. (G) Number of motor neurons in the culture after each tfreatment; (data are expressed
as the percentage of motor neurons number respect to the control). *P < 0.0001 compared with control, Li 30, Li
24; **P < 0.05 compared with control, Li 30, Li 24, KA, KA + Li 30. Scale bar: 83 um.

lithium for prolonged time (24 h) revealed cyto-
plasmatic authophagosomes surrounded by well
preserved mitochondria (Fig. 4D). In contrast, when
lithium was given only 30 min before KA mitochon-
dria remained aberrant (data not shown).

Discussion

In the present work we confirm that exposure of
motor neurons to the glutamate agonist KA produces
a massive cell death. This effect is associated with
severe alterations persisting im spared motor neu-
rons. For instance, a significant increase in cell size

measured as motor neuron diameter was constantly
observed after a brief exposure to KA. This effect
when analyzed in depth using electron microscopy
consisted of enlargement of ER and Golgi apparatus
with formation of aberrant large autophagy vacu-
oles often containing altered mitochondria. In these
motor neurons the mitochondria appear as giant
organelles with severe alteration in their inner trim.
This ultrastructural features are reminiscent of a non
effective recruitment of the autophagy pathway. In
fact, when the expression of the autophagy protein
beclin-1 was analyzed a huge increase was observed
in the absence of autophagy progression. Since
beclin-1 is part of the autophagy machinery and get
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Fig. 2. - Lithium prevents increase of motor neuron size induced by KA. Immunofluorescence with the anti-SMI 32
antibody of motor neurons culture. Note that KA increases motor neurons diameter (D, E, G) as compared with
either control (A, G), or with lithium 30 min (B, G) and lithium 24 h (C, G). Lithium administered for 24 h prevents
this effect (F, G). Data represent the mean + SEM of three independent experiments. *P < 0.01 compared with the

other groups. Scale bars: 28 um.

metabolized upon its recruitment in the autophagy
process, such a beclin-1 increase was very likely to
be the consequence of an autophagy failure. In fact,
upon autophagy stimulation we could no longer
observe the persistence of high amount of beclin-1
which was associated with the rescue of autophagy
progression at ultrastructural level. Such a stimula-
tion of autophagy occurs by administration for pro-
longed time (24 h) of lithium to motor neurons. In
this experimental conditions before observing spared
neurons at ultrastructural level we could detect the
protection of KA-induced motor neuron loss. This
protective effect of lithium was obtained by admin-
istering low doses of lithium starting 30 min before
KA and lasting 24 h after KA. In these experimental

conditions protection against KA-induced motor
neuron death was impressive (almost a half). As
mentioned above this was accompanied by pres-
ervation of motor neuron morphology. In, fact,
lithium-treated motor neurons exhibited a normal
size and a high amount of neuronal processes. It is
known that lithium enhances axonal regeneration
after spinal cord injury (Huang et al., 2003; Yick et
al., 2004; Wada et al., 2005) and increases collateral
axon branching and giant growth cones in different
neuronal types (Lucas et al., 1998; Williams et al.,
2002). This effect of lithium on preserving neuronal
morphology was also described in G93A transgenic
mice both in the spinal cord and brain stem (Fornai
et al., 2008a; Ferrucci et al., 2010). Since lithium
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Fig. 3. - Beclin-1 in motor neurons. After KA beclin-1 increases and this effect is occluded when lithium is adminis-
tered for 24 h after KA but not when lithium persists only 30 min in the cell culture. Immunofluorescence images
shows beclin-1 in control (A), lithium 30 (B) lithium 24 h (C) after KA (D) or following combined administration
Lithium + KA with Lithium persisting for 30 min (E) or 24 h (F). The graph in G shows the densitometric analysis of
beclin-1 immunofluorescence. Data represent the mean + SEM of three independent experiments. *P < 0.0001
compared with control, Li 30, Li 24; **P < 0.05 compared with control, Li 30, Li 24, KA, KA + Li30. In (H) immunoblot-
fing. Data represent the mean + SEM of three independent experiments. *P < 0.001 compared with control, Li 30,
Li 24; **P < 0.05 compared with control, Li 30, Li 24, KA, KA + Li30. Scale bar: 62 pm.

is known to promote the differentiation of newly
formed neural cells toward neuronal phenotype in
the hippocampus (Kim et al., 2004; Wexler et al.,
2008) and spinal cord (Juan et al., 2007; Fornai et
al., 2008a), it remains to be established whether
occurrence of a higher motor neuron number is pro-
duced by preventing cell death and/or increasing cell
proliferation and differentiation. In our experimental
conditions, we did not investigate the occurrence of
neuronogenesis after lithium exposure, The benefi-
cial effects of lithium on motor neurons survival are
attributed to its antioxidant and antiapoptotic prop-
erties (Shin et al., 2007), the inhibition of the glyco-

gen synthase kinase-3 (GSK-3; Feng et al., 2008),
or the activation of autophagy (Fornai et al., 2008a).
Typical autophagic vacuoles, containing altered mito-
chondria and other cytoplasmic material, were found
within remaining motor neurons of G93A mice at
the end of disease (Fornai et al., 2008a,b) and defec-
tive autophagy is now widely recognized as a com-
mon phenomenon in ALS. In particular, even when
an increase in both autophagy-related formations
and autophagy proteins are found in motor neurons
(Kinch et al., 2003; Morimoto et al., 2007; Li et al.,
2008), this represents the consequence of defective
autophagy progression. In fact, as demonstrated by
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Li24
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Fig. 4. - Ultrastructural alterations induced by KA are prevented by lithium. Representative pictures of motor neurons
ultrastructure from control culture (A), from culture treated with lithium for 24 h (B), from culture treated with KA (C)
and from culture treated with Lithium + KA with Lithium persisting 24 h (D). In culture treated with KA TEM micrograph
shows mitochondrial vacuolation (C), prevented by treatment with Lithium persisting 24 h (D). Normal mitochondria
morphology in control culture (A) and after Lithium for 24 h alone (B). Scale bar: A, B, D = 0.3 um, C = 0.4 pm.

Venkatachalam et al. (2008) defective autophagy in
diseased motor neurons is accompanied by accumu-
lation of large vesicles identified as autophagosomes
(Venkatachalam et al., 2008).

Neuropathological features of ALS both sporadic
and familial are now recognized as a consequence
of defective autophagy pathway.

Ultrastructural analysis provided also in the pres-
ent study demonstrates that activation of autophagy
produces the clearance of large stagnant autophagy
vacuoles, and damaged mitochondria accumulating
in diseased motor neurons.

In the last years increased evidence indicates that
lithium protects neuronal cells against different
toxic insults, such as ischemia and excitotoxicity. In
particular, lithium prevents ischemic-induced brain
injury (Nonaka and Chuang, 1998; Xu et al., 2003;
Cappuccio et al., 2005), and it was found to prevent
KA-induced excitotoxic cytopathological changes

and motor neuron death in chicken embryo (Caldero
et al., 2010). The mechanisms underlying such a
neuroprotection are under investigation, and it is
likely that multiple pathway are involved. In fact,
lithium is known to target different molecules, thus
affecting multiple (and often opposite) pathways,
and the final effect critically depends on the dose
(for a dedicated review see Pasquali et al., 2010).

In particular, lithium at low doses inhibits inositol
monophosphatase (Ki = 0.8 mM) thus causing a
reduction of inositol 1,3,5-triphosphate IP; (Sarkar
et al., 2005; Sarkar and Rubinsztei, 2006) and acti-
vation of autophagy (Criollo et al., 2007).
Interestingly, activation of glutamate receptors has
been reported to increase the levels of IP,, by hydro-
lyzing PIP2 (Ruiz et al., 2009) suggesting that glu-
tamate produces an autophagy deficiency that might
be crucial for motor neuron survival. Thus, lithium
through inhibiton of IMPase is able to directly coun-
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teract this effect, allowing the autophagy pathway to
normally proceed within the motor neurons.

This data suggest the occurrence of a defective
autophagy in motor neurons after KA exposure
that produces motor neurons death and utrastruc-
tural alterations. These consist of increased motor
neurons size, damaged mitochondria, protein accu-
mulation, large cytoplasmic vacuoles placed in
perinuclear positions. Intriguingly these cellular
pathology is reminiscent of ALS, which in turn is
characterized by a defective autophagy. We report
that pharmacological activation of the autophagy
machinery is able to counteract KA-mediated motor
neuron damage.

Aknowledgements

We are grateful to S. Paolo Foundation to provide
research funds and IRCCS Neuromed - Ricerca
corrente finalizzata Min. San. 2011-2013 on
“Fisiopatologia e meccanismi di sopravvivenza nel
motoneurone”.

References

Beal ML.F. Role of excitotoxicity in human neurologi-
cal disorders. Curr. Op. Neurobiol., 2: 657-662,
1992.

Borsello T., Croquelois K., Hornung J.P., Clarke P.G.
N-methyl-d-aspartate-triggered neuronal death in
organotypic hippocampal cultures is endocytic,
autophagic and mediated by the c-Jun N-terminal
kinase pathway. Eur. J. Neurosci., 18 (3): 473-485,
2003.

Bruijn L.I., Miller T.M., Cleveland D.W. Unraveling
the mechanisms involved in motor neuron degen-
eration in ALS. Annu. Rev. Neurosci., 27: 723-749,
2004.

Caldero J., Tarabal O., Casanovas A., Ciutat D.,
Casas C., Llado J., Esquerda J.E. Excitotoxic
motoneuron disease in chick embryo evolves with
autophagic neurodegeneration and deregulation of
neuromuscular innervation. J. Neurosci. Res., 85:
2726-2740, 2007.

Calder6 J., Brunet N., Tarabal O., Piedrafita L., Hereu
M., Ayala V., Esquerda J.E. Lithium prevents
excitotoxic cell death of motoneurons in organo-

typic slice cultures of spinal cord. Neuroscience,
165 (4): 1353-1369, 2010.

Cappuccio 1., Calderone A., Busceti C.L., Biagioni
F., Pontarelli F., Bruno V., Storto M., Terstappen
G.T., Gaviraghi G., Fornai F., Battaglia G.,
Melchiorri D., Zukin R.S., Nicoletti F., Caricasole
A. Induction of Dickkopf-1, a negative modulator
of the Wnt pathway, is required for the develop-
ment of ischemic neuronal death. J. Neurosci., 25
(10): 2647-2657, 2005.

Carriedo S.G., Yin H.Z., Weiss J.H. Motor neu-
rons are selectively vulnerable to AMPA/kainate
receptor-mediated injury in vitro. J. Neurosci., 16:
4069-4079, 1996.

Choi D.W. Bench to bedside: the glutamate connec-
tion. Science, 258: 241-243, 1992.

Criollo A., Vicencio J.M., Tasdemir E., Maiuri
M.C., Lavandero S., Kroemer G. The inositol tri-
sphosphate receptor in the control of autophagy.
Autophagy, 3: 350-353, 2007.

Dingledine R., McBain C.J., McNamara J.0.
Excitatory amino acid receptors in epilepsy. Trends
Pharmac. Sci., 11: 334-338, 1990.

Estevez AG., Stutzmann J.M., Barbeito L. Protective
effect of riluzole on excitatory amino acid-mediat-
ed neurotoxicity in motoneuron-enriched cultures.
Eur. J. Pharmacol., 280: 47-53, 1995.

Feng H.L., Leng Y., Ma C.H., Zhang J., Ren M.,
Chuang D.M. Combined lithium and valproate
treatment delays disease onset, reduces neurologi-
cal deficits and prolongs survival in an amyotrophic
lateral sclerosis mouse model. Neuroscience, 155:
567-572, 2008.

Ferrucci M., Spalloni A., Bartalucci A., Cantafora
E., Fulceri F., Nutini M., Longone P., Paparelli
A., Fornai F. A systematic study of brainstem
motor nuclei in a mouse model of ALS, the
effects of lithium. Neurobiol Dis., 37 (2): 370-
383, 2010.

Fornai F., Longone P., Cafaro L., Kastsiuchenka O.,
Ferrucci M., Manca M.L., Lazzeri G., Spalloni
A., Bellio N., Lenzi P., Modugno N., Siciliano
G., Isidoro C., Murri L., Ruggieri S., Paparelli A.
Lithium delays progression of amyotrophic lateral
sclerosis. Proc. Natl. Acad. Sci. U.S.A., 105: 2052-
2057, 2008a.

Fornai F., Longone P., Ferrucci M., Lenzi P., Isidoro
C., Ruggieri S., Paparelli A. Autophagy and
amyotrophic lateral sclerosis: the multiple roles of
lithium. Autophagy, 4: 527-530, 2008b.

Fryer H.J., Knox R.J., Strittmatter S.M., Kalb R.G.
Excitotoxic death of a subset of embryonic rat

motor neurons in vitro. J. Neurochem., 72: 500-
513, 1999.



110 F FULCERI ET AL.

Howland D.S., Liu J., She Y., Goad B., Maragakis
N.J., Kim B., Erickson J., Kulik J., DeVito L.,
Psaltis G., DeGennaro L.J., Cleveland D.W.,
Rothstein J.D. Focal loss of the glutamate trans-
porter EAAT?2 in a transgenic rat model of SODI1
mutant-mediated amyotrophic lateral sclerosis
(ALS). Proc. Natl. Acad. Sci. U.S.A., 99: 1604-
1609, 2002.

Huang X., Wu D.Y., Chen G., Manji H., Chen D.F.
Support of retinal ganglion cell survival and axon
regeneration by lithium through a Bcl-2-dependent
mechanism. Invest. Ophthalmol. Vis. Sci., 44 (1):
347-354, 2003.

Hugon J., Vallat J.M., Spencer P.S., Leboutet M.J.,
Barthe D. Kainic acid induces early and delayed
degenerative neuronal changes in rat spinal cord.
Neurosci. Lett., 104: 258-262, 1989.

Ikonomidou C., Qin Qin Y., Labruyere J., Olney J.W.
Motor neuron degeneration induced by excitotoxin
agonists has features in common with those seen in
the SOD1 transgenic mouse model of amyotrophic
lateral sclerosis. J. Neuropathol. Exp. Neurol., 55:
211-224, 1996.

Juan L., Dawei Z., Julie A.D. Increased number
and differentiation of neural precursor cells in
the brainstem of superoxide dismutase 1(G93A)
(G1H) transgenic mouse model of amyotrophic
lateral sclerosis. Neurol. Res., 29: 204-209, 2007.

Kim J.S., Chang M.Y., Yu L.T., Kim J.H., Lee S.H.,
Lee Y.S., Son H. Lithium selectively increases
neuronal differentiation of hippocampal neural
progenitor cells both in vitro and in vivo. J.
Neurochem., 89 (2): 324-336, 2004.

Kinch G., Hoffman K.L., Rodrigues E.M., Zee
M.C., Weeks J.C. Steroid-triggered programmed
cell death of a motoneuron is autophagic and
involves structural changes in mitochondria. J.
Comp. Neurol., 457: 384-403, 2003.

Kruman I.I., Pedersen W.A., Springer J.E., Mattson
M.P. ALS-linked Cu/Zn-SOD mutation increases
vulnerability of motor neurons to excitotoxicity by
a mechanism involving increased oxidative stress
and perturbed calcium homeostasis. Exp. Neurol.,
160: 28-39, 1999.

Li L., Zhang X., Le W. Altered macroautophagy in
the spinal cord of SOD1 mutant mice. Autophagy,
4: 290-293, 2008.

Lucas D.R. and Newhouse J.P. The toxic effect
of sodium L-glutamate on the inner layer of the
retina. Arch. Ophthalm., 58: 193-201, 1957.

Lucas F.R., Goold R.G., Gordon-Weeks P.R., Salinas
P.C. Inhibition of GSK-3beta leading to the loss of

phosphorylated MAP-1B is an early event in axo-
nal remodelling induced by WNT-7a or lithium. J.
Cell. Sci., 111 (10): 1351-1361, 1998.

Madeo F., Eisenberg T., Kroemer G. Autophagy for
the avoidance of neurodegeneration. Genes. Dev.,
23: 2253-2259, 2009.

Matyja E., Taraszewska A., Naganska E., Rafalowska
J. Autophagic degeneration of motor neurons in a
model of slow glutamate excitotoxicity in vitro.
Ultrastruct. Pathol., 29: 331-339, 2005.

Meldrum B. and Garthwaite J. Excitatory amino
acid neurotoxicity and neurodegenerative disease.
Trends Pharmat. Sci., 11: 379-387, 1990.

Morimoto N., Nagai M., Ohta Y., Miyazaki K.,
Kurata T., Morimoto M., Murakami T., Takehisa
Y., Ikeda Y., Kamiya T., Abe K. Increased autoph-
agy in transgenic mice with a G93A mutant SOD1
gene. Brain Res., 1167: 112-117, 2007.

Nonaka S. and Chuang D.M. Neuroprotective effects
of chronic lithium on focal cerebral ischemia in
rats. Neuroreport., 9 (9): 2081-2084, 1998.

Pasquali L., Longone P., Isidoro C., Ruggieri S.,
Paparelli A., Fornai F. Autophagy lithium, and
amyotrophic lateral sclerosis. Muscle. Nerve, 40:
173-194, 2009.

Pasquali L., Ruffoli R., Fulceri F., Pietracupa S.,
Siciliano G., Paparelli A., Fornai F. The role of
autophagy: what can be learned from the genet-
ic forms of amyotrophic lateral sclerosis. CNS.
Neurol. Disord. Drug Targets, 9: 268-278, 2010.

Rothstein J.D., Martin L.J., Kuncl R.W. Decreased
glutamate transport by the brain and spinal cord
in amyotrophic lateral sclerosis. N. Engl. J. Med.,
326: 1464-1468, 1992.

Rothstein J.D., Jin L., Dykes-Hoberg M., Kuncl RW.
Chronic inhibition of glutamate uptake produces a
model of slow neurotoxicity. Proc. Natl. Acad. Sci.
U.S.A., 90: 6591-6595, 1993.

Rothstein J.D., Van Kammen M., Levey A.l., Martin
L.J., Kuncl R.W. Selective loss of glial glutamate
transporter GLT-1 in amyotrophic lateral sclerosis.
Ann. Neurol., 38: 73-84, 1995.

Ruiz A., Matute C., Alberdi E. Endoplasmic reticu-
lum Ca(2+) release through ryanodine and IP(3)
receptors contributes to neuronal excitotoxicity.
Cell Calcium., 46 (4): 273-281, 2009.

Sarkar S., Floto R.A., Berger Z., Imarisio S.,
Cordenier A., Pasco M., Cook L.J., Rubinsztein
D.C. et al. Lithium induces autophagy by inhibit-
ing inositol monophosphatase. J. Cell. Biol., 170:
1101-1111, 2005.



KAINIC ACID AND NEURODEGENERATION 111

Sarkar S. and Rubinsztein D.C. Inositol and IP3 lev-
els regulate autophagy: biology and therapeutic
speculations. Autophagy, 2: 132-134, 2006.

Saroff D., Delfs J., Kuznetsov D., Geula C. Selective
vulnerability of spinal cord motor neurons to non-
NMDA toxicity. NeuroReport, 11: 1117-1121,
2000.

Shacka J.J., Lu J., Xie Z.L., Uchiyama Y., Roth
K.A., Zhang J. Kainic acid induces early and
transient autophagic stress in mouse hippocampus.
Neurosci. Lett., 414 (1): 57-60, 2007.

ShinJ.H.,Cho S.I.,, LimH.R., Lee J.K., Lee Y.A., Noh
J.S., Joo 1.S., Kim K.W., Gwag B.J. Concurrent
administration of Neu2000 and lithium produces
marked improvement of motor neuron survival,
motor function, and mortality in a mouse model
of amyotrophic lateral sclerosis. Mol. Pharmacol.,
71: 965-975, 2007.

Su H., Zhang W., Guo J., Guo A., Yuan Q., Wu W.
Lithium enhances the neuronal differentiation of
neural progenitor cells in vitro after transplantation
in to the avulsed ventral horn of adult rats through
the secretion of brain-derived neurotrophic factor.
J. Neurochem., 108: 1385-1398, 2009.

Tarabal O., Caldero J., Casas C., Oppenheim R.W_,
Esquerda J.E. Protein retention in the endoplasmic
reticulum, blockade of programmed cell death and
autophagy selectively occur in spinal cord moto-
neurons after glutamate receptor-mediated injury.
Mol. Cell. Neurosci., 29: 283-298, 2005.

Urushitani M., Shimohama S., Kihara T., Sawada
H., Akaike A., Ibi M., Inoue R., Kitamura Y.,
Taniguchi T., Kimura J. Mechanism of selective
motor neuronal death after exposure of spinal cord
to glutamate: involvement of glutamate-induced
nitric oxide in motor neuron toxicity and nonmotor
neuron protection. Ann. Neurol., 44: 796-807, 1998.

Urushitani M., Nakamizo T., Inoue R., Sawada H.,
Kihara T., Honda K., Akaike A., Shimohama
S. N-methyl-D-aspartate receptor-mediated mito-
chondrial Ca** overload in acute excitotoxic motor
neuron death: A mechanism distinct from chronic
neurotoxicity after Ca®* influx. J. Neurosci. Res.,
63 (5): 377-387, 2001.

Vandenberghe W., Van Den Bosch L., Robberecht
W. Glial cells potentiate kainate-induced neuronal
death in a motoneuron-enriched spinal coculture
system. Brain Res., 807: 1-10, 1998.

Van Den Bosch L. and Robberecht W. Different
receptors mediate motor neuron death induced by

short and long exposures to excitotoxicity. Brain
Res. Bull., 53: 383-388, 2000.

Van Den Bosch L., Vandenberghe W., Klaassen H.,
Van Houtte E., Robberecht W. Ca2+-permeable
AMPA receptors and selective vulnerability of
motor neurons. J. Neurol. Sci., 180: 29-34, 2000.

Van Den Bosch L., Van Damme P., Vleminckx
V., Van Houtte E., Lemmens G., Missiaen L.,
Callewaert G., Robberecht W. An alphamercapto-
acrylic acid derivative (PD150606) inhibits selec-
tive motor neuron death via inhibition of kainate-
induced Ca2+ influx and not via calpain inhibition.
Neuropharmacology, 42: 706-713, 2002.

Van Den Bosch L., Van Damme P., Bogaert E.,
Robberecht W. The role of excitotoxicity in the
pathogenesis of amyotrophic lateral sclerosis.
Biochim Biophys Acta, 1762: 1068-1082, 2006.

Venkatachalam K., Long A.A., FElsaesser R.,
Nikolaeva D., Broadie K., Montell C. Motor defi-
cit in a Drosophila model of mucolipidosis type IV
due to defective clearance of apoptotic cells. Cell,
135: 838-851, 2008.

Wada A., Yokoo H., Yanagita T., Kobayashi H.
Lithium: potential therapeutics against acute brain

injuries and chronic neurodegenerative diseases. J.
Pharmacol. Sci., 99 (4): 307-321, 2005.

Wang Y., Han R., Liang Z.Q., Wu J.C., Zhang X.D.,
Gu Z.L., Qin Z.H. An autophagic mechanism is
involved in apoptotic death of rat striatal neurons
induced by the non-N-methyl-D-aspartate receptor
agonist kainic acid. Autophagy, 4 (2): 214-226,
2008.

Wexler E.M., Geschwind D.H., Palmer T.D. Lithium
regulates adult hippocampal progenitor develop-
ment through canonical Wnt pathway activation.
Mol. Psychiatry, 13 (3): 285-292, 2008.

Williams R.S., Cheng L., Mudge A.W., Harwood
A.J. A common mechanism of action for three
mood-stabilizing drugs. Nature, 417: 292-295,
2002.

Xu J., Culman J., Blume A., Brecht S., Gohlke P.
Chronic treatment with a low dose of lithium pro-
tects the brain against ischemic injury by reducing
apoptotic death. Stroke, 34 (5): 1287-1292, 2003.

Yick L.W., So K.F., Cheung P.T., Wu W.T. Lithium
chloride reinforces the regeneration-promoting
effect of chondroitinase ABC on rubrospinal neu-

rons after spinal cord injury. J. Neurotrauma, 21
(7): 932-943, 2004.



