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Abstract Spinal muscular atrophy (SMA) is a progressive
disease involving the degeneration of motor neurons with
no currently available treatment. While valproic acid (VPA)
is a potential treatment for SMA, its therapeutic mecha-
nisms are still controversial. In this study, we investigated
the mechanisms of action of VPA in the treatment of type
lI-like SMA mice. SMA and wild-type mice were treated
with VPA from 6 to 12 months and 10 to 12 months of age,
respectively. Untreated SMA littermates and age-matched
wild-type mice were used for comparison. VPA-treated
SMA mice showed better motor function, larger motor-
evoked potentials, less degeneration of spinal motor
neurons, less muscle atrophy, and better neuromuscular
junction innervation than non-treated SMA mice. VPA
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elevated SMN protein levels in the spinal cord through
SMN2 promoter activation and probable restoration of
correct splicing of SMN2 pre-messenger RNA. VPA also
increased levels of anti-apoptotic factors, Bcl-2 and Bel-xp,
in spinal neurons. VPA probably induced neurogenesis and
promoted astrocyte proliferation in the spinal cord of type
lI-like SMA mice, which might contribute to therapeutic
effects by enhancing neuroprotection. Through these effects
of elevation of SMN protein level, anti-apoptosis, and
probable neuroprotection, VPA-treated SMA mice had less
degeneration of spinal motor neurons and better motor
function than untreated type Ill-like SMA mice.
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Abbreviations

ALS amyotrophic lateral sclerosis
ATPase adenosine triphosphatase
BrdU bromodeoxyuridine

ChAT  choline acetyltransferase
CMAP compound muscle action potential
GFAP  glial fibrillary acidic protein
HDAC histone deacetylase

NeuN  neuronal nuclear

SMA spinal muscular atrophy
SMN survival motor neuron

VPA valproic acid

vWF von Willebrand factor
Introduction

Spinal muscular atrophy (SMA) is characterized by the
degeneration of spinal motor neurons and is associated with
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muscle paralysis and atrophy. Currently, no curative
treatment is available for SMA. Childhood SMA exhibits
an autosomal recessive pattern of inheritance and most
SMA patients have gene deletions, mutations, or conver-
sions of the telomeric copy of the survival of motor neuron
gene (SMNI [MIM 600354]). The centromeric SMN gene
(SMN2 [MIM 601627]) is still present in all of these SMA
patients but is not able to compensate for the SMNI gene
defect as most of the SMN2 gene product is defectively
spliced [1, 2].

Valproic acid (VPA), a histone deacetylase (HDAC)
inhibitor, increased SMN protein levels in cells derived
from SMA patients [3, 4]. SMA mice also showed less
degeneration of spinal motor neurons after VPA treatment
[5]. Furthermore, VPA increased SMN messenger RNA in
70% of SMA gene carriers and 35% of SMA patients in
vivo [6]. VPA also improved muscle strength in some SMA
patients [7, 8]. Currently, a phase II clinical trial of VPA in
SMA is ongoing [9], and SMA-related physicians and
patients are becoming more interested in VPA. However,
the therapeutic mechanisms of VPA in treating SMA are
still not fully understood.

VPA promoted neurite outgrowth independently from
regulation of the SMN protein [10]. VPA treatment
increased the level of Bcl-2 in the frontal cortex of rats
[I1, 12]. In addition, VPA induced neurogenesis in the
dentate gyrus of the rat hippocampus [13]. Furthermore,
another HDAC inhibitor, trichostatin A, increased survival
times in SMA mice and induced muscle regeneration in the
injured muscles of mice in another study [14, 15].
Understanding the therapeutic mechanisms of VPA may
not only reveal new targets for disease treatment, but may
also suggest other treatments for related diseases. In this
study, we investigated the therapeutic effects of VPA in our
SMA mice.

Materials and methods
Mice

We have previously generated SMA-like mice via a
homozygous knock-out of Smn exon 7 with transgene of
human SMN2 (Smn~~SMN2""") [16]. We further obtained
type Ill-like specific SMA mice by purification of the
genetic background (C57BL/6J) from the original mice
(SMN2 copy number of two, heterozygous, confirmed by
Southern blots). The life span of these mice is 13+2 months
[17], and they first show signs of spinal motor neurons
degeneration from 6 months of age [5].

Mice were supplied with sterile water and rodent pellets
ad libitum (two to three per cage), and were reared in the
Laboratory Animal Center of the National Taiwan Univer-
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sity College of Medicine, Taiwan. Mice were randomly
assigned to treated and untreated groups. SMA and wild-
type mice were treated with VPA from 6 to 12 months and
10 to 12 months of age, respectively. Untreated SMA
littermates and age-matched wild-type (Smn™""SMN2™"",
same strain) mice were used for comparison. Though we
did not initially include a study of VPA-treated wild-type
mice, this arm was added later for further comparisons: the
VPA treatment period in the wild-type mice was therefore
only from 10 to 12 months. In treated mice, VPA (valproic
acid sodium salt; Sigma, St. Louis, MO, USA) was added
to the daily drinking water at 0.2 mg/ml. These mice
consumed 6-10 ml of water per day, corresponding to a
total VPA consumption of approximately 40-75 mg/kg/day.
All procedures were approved by the National Taiwan
University College of Medicine, Institutional Animal Care
and Use Committee, Number #20050056.

Motor function tests

Four sets of functional tests were used to evaluate the motor
function of mice as previously described [5]. Briefly, in the
tilting test the mice were placed on a progressively tilting
wooden platform. The highest degree of inclination at which
the mice could hold on for 5 s was recorded. In the wheel
running test, the mice were placed in a running wheel and
the number of cycles run by the mouse per minute was
counted. For the RotaRod maintenance test, the mice were
placed on a RotaRod, while the rolling rate of the transverse
rod was increased and the time each mouse remained on the
rod was recorded. In the landing foot spread test, the mouse
was dropped from a height of 30 cm above the bench, and
the position of ink marks from the pre-inked fourth digit of
each hind limb upon landing was measured.

Electrophysiological study

Detailed methods for electrophysiological study have been
reported previously [5]. Briefly, supramaximal pulses were
delivered to a pair of bipolar electrodes on the exposed
sciatic nerve at the sciatic notch. An active recording
bipolar needle electrode was inserted in the gastrocnemius
muscle. Compound muscle action potentials (CMAP) were
recorded as biphasic waves, and the peak-to-peak amplitude
was measured.

Pathology

For immunohistochemistry, the lumbar spinal cord and
muscle were removed, fixed in 10% formaldehyde at room
temperature for 3 h, placed in 15% sucrose for 3 h, then in
30% sucrose at 4°C overnight, and then flash-frozen in
liquid nitrogen-cooled isopentane. Serial sections (spinal cord
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7 wm; muscle 15 pm; at least 20 sections per mouse) were
cryocut, blocked with 5% serum, and then incubated
overnight at 4°C with the following primary antibodies: anti-
choline acetyltransferase (ChAT; 1:500; Chemicon, Temecula,
CA, USA), anti-neurofilament H 200 kDa (1:200; Chemicon),
anti-SMN (1:500; exon 2 epitope, labeling both SMN1 and
SMN?2 protein; BD, Franklin Lakes, NJ, USA), anti-neuronal
nuclear antigen (NeuN; 1:50; Chemicon), anti-Bcl-2 (1:200;
Cell Signaling, Beverly, MA, USA), anti-Bcl-x; (1:200; Cell
Signaling), anti-glial fibrillary acidic protein (GFAP; 1:300;
Chemicon), and anti-von Willebrand factor (VWF; 1:50;
Sigma), or with o-bungarotoxin Alexo Fluor 555 conjugate
(1:1,000; Invitrogen, Carlsbad, CA, USA). Samples were
then washed with Tris-buffered saline with Tween 20 (TBS-
T; 10 mM Tris—HCI, pH 8.0, 150 mM NaCl, and 0.1%
Tween 20) and incubated for 1 to 3 h at room temperature
with the appropriate fluorescence dye-conjugated secondary
antibodies (1:500; Molecular Probes, Eugene, OR, USA),
then washed with TBS-T. DAPI (Sigma) was used for
nucleus staining. Tissues were examined on a fluorescence
microscope (IX70; Olympus Optical Co., Japan) fitted with a
SPOT cooled color digital camera and SPOT software v2.2
(Diagnostic Instruments, Sterling Heights, MI, USA) or a
LSM510 laser-scanning confocal microscope (Carl Zeiss,
Gottingen, Germany).

Detailed methods for H&E staining and neuronal
analysis have been reported previously [5]. Briefly, the
numbers of neurons showing nuclei were counted in the
anterior horn and categorized according to their cell size
(400-600, 600-900, and >900 wum?) and neuronal densities
were calculated for each size category.

For retrograde motor neuronal tracing, mice were
anesthetized intraperitoneally with 60 mg/kg of pentobar-
bital and then a total volume of 20 pl of fluorogold
(Fluorochrome, Denver, CO, USA) was injected in bilateral
gastrocnemius muscles using a 30 Gx 1/2 needle and a 100-pl
microsyringe (ITO, Fuji, Japan) at a speed of 1 pl/min. Mice
were then returned to their cage and 1 week later were
processed for histological analysis.

For muscle fiber-type analysis [18], muscle cryosections
were pre-incubated in acetate buffer (pH 4.3) at room
temperature for 10 min. Then, the myofibrillar adenosine
triphosphatase (ATPase) reaction was carried out in ATP
incubation medium (1.6 mg/ml ATP, 0.1 M sodium barbital,
0.18 M calcium chloride, pH 9.4) at 37°C for 20 min, 1%
calcium chloride at room temperature for 3 min, then 2%
cobalt chloride for 3 min, and finally 1% ammonium
sulfide for 3 min.

Western blot analysis

Detailed methods for Western blot analysis have been
previously reported [19]. Briefly, mouse spinal cords were

dissected out and immediately homogenized in RIPA
buffer. After centrifugation, the supernatants were collected,
separated, and subsequently electrotransferred to poly-
vinylidene fluoride transfer membrane. The blotting mem-
branes were blocked and then incubated with the primary
antibody (anti-SMN/1:1,000; anti-Bcl-2/1:50, Santa Cruz
Biotech, Santa Cruz, CA, USA; anti-Bcl-x;/1:500; anti-
Htra2-31/1:1,000, Abnova, Taipei, Taiwan; anti-phospho-
ERK42/44/1:1,000, BD; anti-ERK42/44/1:5,000, Upstate,
Lake Placid, NY, USA; anti-phospho-STAT5A/B/1:1,000,
Upstate; anti-STAT5A/5B/1:1,000, Upstate; anti-c-tubulin/
1:4,000, Santa Cruz Biotech) overnight. The membranes
then were washed and incubated with the HRP-conjugated
secondary antibody at 1:5,000 dilution (Chemicon). The
signals were visualized by autoradiography using enhanced
chemiluminescence and then quantified by densitometry
using AlphaEase (Alpha Innotech, San Leandro, CA, USA).

Analysis of SMN2 transgene expression

Methods for real-time polymerase chain reaction (PCR)
were as described previously [20]. Total RNA was extracted
from homogenized spinal cord and then converted to
cDNA. Quantitative PCR reactions were run in triplicate
for each primer set on a Roche LightCycler 1.5 (Roche,
Basel, Switzerland). Two SMN primer sets, SMN+7
(designed to amplify SMN transcript containing exon 7)
and SMNA7 (designed to amplify SMN transcript lacking
exon 7) and an endogenous Actin control primer were used
on each sample. A mouse “calibrator” sample was run on
the plate and the value for this sample was set to 1.

Bromodeoxyuridine labeling

Bromodeoxyuridine (BrdU, Sigma) was used for mitotic
labeling. For analysis of neurogenesis, SMA mice were
injected intraperitoneally with BrdU (100 mg/kg) at
11 months of age every 12 h for 3 days. After VPA (n=4)
or no treatment (n=4) for 4 weeks, the mice were killed and
spinal cord was removed for analysis (20-30 sections per
mouse). For myogenesis analysis, BrdU (150 mg/kg) was
injected intraperitoneally in SMA mice at 12 months with
(n=3) or without 6-month VPA treatment 6 h before
sacrifice. BrdU immunohistochemistry procedures using
specific antibody raised against BrdU (1:200; Chemicon)
have been previously described [21].

Statistical analysis
Values are expressed as mean + SEM. Data from the many
individual sections of spinal cord and muscles taken from

one mouse were averaged before comparison. A Wilcoxon’s
rank-sum test was used to determine the significance of
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differences in continuous data between groups. Two-tailed
P values of less than 0.05 were considered statistically
significant. STATA software (version 8.0; Stata, TX, USA)
was used for the statistical analyses.

Results
Motor function and morphology

SMA and wild-type mice were treated with VPA from 6 to
12 months and 10 to 12 months of age, respectively.
Untreated SMA littermates and age-matched wild-type
mice were used for comparison. Motor function was

measured with four different tests in SMA and wild-type
mice at 6 months of age. Motor performance was similar in
all four groups before treatment. At 12 months, VPA-
treated mice had significantly better motor function than
untreated SMA mice (Fig. 1a; P=0.02), and there was no
significant difference between motor performance in the
treated SMA and wild-type groups, except in wheel running
scores (P=0.01).

The SMA mice used here generally show obvious
muscle atrophy by 9 months of age [5]. In a comparison
using the ratio of gastrocnemius muscle mass to whole
body mass as an index of distal muscle atrophy, there was
no difference in body mass between all groups at 12 months
of age, but the gastrocnemius muscle was significantly
smaller in untreated SMA mice (Fig. 1b; P=0.02).
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Fig. 1 Motor function, morphology, and electrophysiology of untreated
SMA (S—, n=4), valproic acid (VPA)-treated SMA (S+, n=4), untreated
wild-type (W—, n=5), and VPA-treated wild-type mice (W=, n=4).
a VPA-treated SMA mice showed better motor performance than
untreated SMA mice at 12 months in tilting, wheel running, RotaRod
maintenance, and foot spreading tests. b Despite similar body weight
between groups, VPA-treated SMA mice had a higher gastrocnemius/
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whole body weight ratio than untreated SMA mice. ¢ Electric
stimulation of the sciatic nerve generated a biphasic compound muscle
action potential (CMAP) in gastrocnemius muscle. VPA-treated SMA
mice showed a higher peak-to-peak CMAP amplitude than untreated
SMA mice. d SMA mice with VPA treatment also had longer tails and
milder degrees of ear border irregularity than untreated SMA mice. *P<
0.05; **P<0.01
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By 12 months of age, untreated SMA mice showed a
significant reduction in CMAP amplitude in the gastrocnemius
following stimulation of the sciatic nerve, compared to VPA-
treated SMA mice and wild-type mice (Fig. 1¢c; P=0.02). In
addition, morphological changes seen in SMA mice such as
irregular ear borders and short tails were partially prevented
by VPA treatment (Fig. 1d) [5].

Spinal motor neuron pathology

To confirm that VPA therapeutically targets motor neurons
in SMA, 12-month-old SMA mice with or without 6 months
of prior VPA treatment were sacrificed, and the lumbar
spinal cord was removed. Staining with the motor neuron
marker ChAT showed significantly higher motor neuron
numbers in the lumbar spinal cord of VPA-treated SMA
mice in comparison with untreated SMA mice (25+2.1
compared to 16+1.6 per section; P=0.02; Fig. 2a,d).
However, as the number of large neurons was lower than
normal in both treated and untreated SMA groups, H&E
stain was used to further examine any differences in
neuronal size distribution. The ratios of neuron density in
VPA-treated SMA mice to untreated SMA mice in three
size categories (400—600, 600-900, and >900 pm?®) were
1.5, 1.4, and 1.1, respectively (Fig. 2e), suggesting that
VPA treatment was more likely to promote the survival of
smaller neurons.

Retrograde neuronal tracing experiments, using intra-
gastrocnemius injection of a fluorogold neurotracing agent
showed that the surviving motor neurons did innervate
muscle cells. The numbers of fluorescent motor neuron cell
bodies in the anterior horn of lumbar spinal cord sections
were significantly higher in VPA-treated SMA mice than in
untreated SMA mice (12.5£0.5 vs. 7.9£1.3 per section; P=
0.03; Fig. 2c,f). The number of motor neurons in VPA-
treated SMA mice was about 90% of those in wild-type
mice (P=0.2; Fig. 2d). However, the number of motor
neuron cell bodies with an axon innervating hind limb
muscles in VPA-treated SMA mice was only about 75% of
those in wild-type mice (P=0.02; Fig. 2f). This indicates
that while VPA could indeed rescue spinal motor neurons,
some of these neurons (about 15%) seem to be functionless.

Muscle fiber and neuromuscular junction

We further examined changes in muscle fibers and
neuromuscular junctions after VPA treatment. SMA and
wild-type mice were treated with VPA from 6 to 12 months
and 10 to 12 months of age, respectively. Myofibrillar
ATPase staining of the quadriceps muscle showed obvious
grouping of fiber types in SMA mice that was not present
in wild-type mice, but VPA treatment attenuated the degree
of this muscle denervation change (Fig. 3a—c). In addition,

VPA treatment of SMA mice partially corrected the muscle
abnormality with larger muscle fiber area (1,290+24 pm?
compared to 1,117+22 pum?; P=0.02; Fig. 3g) and lower
percentage of type I muscle fibers (564+3% compared to 75+
5%; P=0.03; Fig. 3h) in comparison with untreated SMA
mice.

Staining with the axonal marker neurofilament H and
neuromuscular junction marker o-bungarotoxin showed a
significantly higher percentage of innervated neuromuscu-
lar junction in the hamstring muscles of VPA-treated SMA
mice in comparison with untreated SMA mice (79+£5%
compared to 62+3%; P=0.04; Fig. 3d,e,i). However, the
percentage of innervated neuromuscular junctions in VPA-
treated SMA mice was still lower than in wild-type mice (P=
0.04; Fig. 3e,f,i). Accumulated neurofilament often fills the
neuromuscular junction in SMA [22]. After VPA treatment
in SMA mice, this neurofilament accumulation was still
frequently detected in neuromuscular junctions (Fig. 3e).

SMN protein analysis and SMN2 gene expression

SMN protein levels in the spinal cord of SMA and wild-
type mice after 6 and 2 months of VPA treatment,
respectively, were analyzed. Western blots of SMN protein
and o-tubulin showed a significant increase in SMN-
immunoreactive protein after VPA treatment in SMA mice
(0.35+£0.03 vs. 0.26+0.02; P=0.04; Fig. 4a,b). However,
SMN levels in both VPA-treated and untreated SMA mice
were significantly lower than those in wild-type mice (P=
0.01; Fig. 4b). VPA treatment did not increase SMN protein
levels in wild-type mice, which may be because pre-
existing high SMN protein expression masked the small
change due to VPA treatment. Up-regulation of SMN may
be attributed to elevated levels of Htra2-f1 by VPA
treatment in vitro [3]. However, Western blots of Htra2-
31 protein and o-tubulin showed similar Htra2-1 levels in
the spinal cord of SMA and wild-type mice with or without
VPA treatment (Fig. 4a,b). To investigate the distribution of
SMN, the spinal cord was stained for SMN antigens and the
motor neuron marker ChAT (Electronic supplementary
material, Fig. 1). A higher percentage of ChAT-immuno-
positive cells was also SMN immunopositive in the spinal
cord of VPA-treated than untreated SMA mice (49+2%
vs. 31+5%; P=0.03; Electronic supplementary material,
Fig. 1j). SMN is usually concentrated within discrete
nuclear compartments called gem bodies, where it plays
an essential role in the assembly of the spliceosomal small
ribonucleoproteins [23]. Gem numbers were also higher in
VPA-treated mice than untreated SMA mice (1.1£0.2 vs.
0.5+0.1 per cell; P=0.04; Electronic supplementary mate-
rial, Fig. 1k), implying that the additional SMN protein
from VPA treatment may be functional. To exclude the
possibility that the higher SMN levels in VPA-treated SMA
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Fig. 2 Histological analysis of the spinal anterior horn in untreated
SMA (S—, n=4), VPA-treated SMA (S§+, n=4), untreated wild-type
(W—, n=5), and VPA-treated wild-type mice (W+, n=4). a, d Spinal
cord cross-sections were stained for nuclei with DAPI (blue) and for
choline acetyltransferase (ChAT, red). VPA treatment significantly
increased motor neuron number in spinal anterior horn of SMA mice.
b, e Analyzing the neuronal density according to size (divided into
three subgroups with areas of 400-600, 600-900, and >900 um?®)

mice resulted only from higher motor neuron numbers in
the spinal cord, we also treated SMA mice from 1 to
3 months of age (a period before the onset of motor neuron
degeneration) with VPA. Western blots of SMN protein still
showed a significant increase in SMN-immunoreactive
protein following VPA treatment in SMA mice (0.42+
0.03 vs. 0.31+0.02; P=0.04).

@ Springer

revealed that small neurons were more likely to be rescued than large
neurons after VPA treatment in SMA mice. H&E stain; ¢, f
Fluorescence-labeled motor neurons with an axon innervating the
gastrocnemius muscle in the spinal anterior horn by retrograde tracing
following injection of fluorogold neurotracer into mouse gastrocne-
mius muscles. VPA treatment significantly increased fluorescence-
positive cells in the anterior horn of SMA mice. Scale bars 50 um;
*P<0.05; **P<0.01

Analyzing the SMN transcript levels by real-time PCR
revealed a higher level of SMN expression (full-length and
total transcripts) after VPA treatment (P=0.02; Fig. 4c)
indicating significant promoter led activation of the SMN2
transgene following VPA treatment. In addition, VPA
treatment marginally increased the ratio of full-length to
truncated SMN transcript (P=0.08; Fig. 4d) suggesting that
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Fig. 3 Histological analysis of
muscle fibers and neuromuscular
junctions (NMJ) in untreated
SMA (S—, n=3), VPA-treated
SMA (S$+, n=3), untreated wild-
type (W—, n=3), and VPA-
treated wild-type mice (W+, n=
3). a—¢ ATPase stain at pH 4.3
differentiated type I (dark) and
type 11 (light) fibers. VPA-treated
SMA mice showed less muscle
type grouping than untreated
SMA mice. d—f Staining with
axonal marker neurofilament H
(green) and NMJ marker o-
bungarotoxin (red) revealed
some NMJ, especially in SMA
mice, were non-innervated
(arrow) or abundantly filled with
neurofilament (arrowhead).

g VPA-treated SMA mice
showed larger muscle fiber area
than untreated SMA mice.

h VPA-treated SMA mice had a
lower percentage of type I fiber
than untreated SMA mice.

i VPA-treated SMA mice showed
higher percentage of innervated
NMJ than untreated SMA mice.
Scale bars 50 um; *P<0.05;
**P<0.01
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VPA treatment probably restores correct SMNZ2 pre-
messenger RNA (mRNA) splicing.

As SMN has functional roles in muscles [24, 25], we
also analyzed SMN expression in muscles by immunostaining
gastrocnemius muscle sections. There was more SMN signal
in muscles of VPA-treated than non-treated SMA mice
(Electronic supplementary material, Fig. 2).

Anti-apoptotic factors

In 12-month-old untreated mice, levels of both Bcl-2 and
Bcel-xy in the spinal cord were lower in SMA mice than
wild-type mice (P=0.04, Fig. 5). In 12-month-old SMA
mice that had received 6 months of VPA treatment, levels
of Bcl-2 (P=0.03) and phosphorylated ERK44/42 (P=0.04)
in the lumbar spinal cord were 1.7 to 2 times higher than in
untreated SMA mice. Unphosphorylated, native ERK44/42
levels were unaltered, suggesting that VPA may activate
ERK and induce the expression of Bcl-2 in SMA spinal
cord. In addition, we also found increased levels of Bel-xp.
in the spinal cord following VPA treatment (P=0.03). Since
Bcl-x; is a target gene of STATS [26], we also compared the
levels of phosphorylated and non-phosphorylated STATS,
but found no difference in the two groups of SMA mice.
Similar increases of Bcl-2, Bcl-xp, and phosphorylated
ERK44/42 levels (P=0.04) could also be found in the
spinal cord of wild-type mice after 2 months of VPA
treatment, indicating the VPA-related phenomenon was not
exclusive to SMA.

To investigate the distribution of Bcl-2 and Bcl-xy,
spinal cord was immunostained for Bcl-2 or Bcel-x; protein
and the neuronal marker NeuN (Electronic supplementary

a S- S+ W- W+
—| - -

Bcl-2

I 3 *II
pSTAT |

STAT-B } -' “

Tubulin ’--'--‘

pERK44/42

ERK 44/42

Level Relative to Tubulin

Fig. 5 Effects of VPA on anti-apoptotic factors in untreated SMA (S—,
n=4), VPA-treated SMA (S+, n=4), untreated wild-type (W—, n=4),
and VPA-treated wild-type mice (W=, n=4). a Western blot of spinal
cord for Bel-2, Bel-x; , phosphorylated and non-phosphorylated ERK44/
42, and STATS and «-tubulin. b Analysis of the ratio of above proteins
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material, Fig. 3). VPA-treated SMA mice had a higher
percentage of NeuN/Bcl-2 double immunopositive cells (76+
4% vs. 484+9%; P=0.04; Electronic supplementary material,
Fig. 3g) or NeuN/Bcl-x;. double immunopositive cells (59+
4% vs. 41£4%; P=0.04; Electronic supplementary material,
Fig. 3h) in the spinal cord, compared with untreated SMA
mice.

Neurogenesis and astrocyte proliferation

We further investigated the possibility of any neurogenic
effects of VPA in SMA mouse spinal cords. BrdU was
administered to 11-month-old SMA mice by intraperito-
neal injection for three consecutive days, followed by
VPA or no treatment for 4 weeks. Immunohistology of
spinal cord showed a small number of BrdU/NeuN double
positive cells in the VPA treatment group near the central
canal (about two per 1,000 cells), but not the untreated
group (Fig. 6a). There were no BrdU+/ChAT+ or BrdU+/
vWF+ double labeled cells (data not shown). We did,
incidentally, find a few GFAP+ cells mostly near the
central canal which also stained for BrdU in both VPA-
treated and untreated SMA mice (7+1.5 vs. 2£0.8 per 1,000
cells; P=0.03; Fig. 6b), indicating that VPA promotes
astrocyte proliferation.

We finally examined the effects of VPA on myogenesis
in SMA mice. After 6 months of VPA treatment, BrdU was
injected intraperitoneally 6 h before sacrifice, then sections
of gastrocnemius muscles were immunostained with anti-
bodies raised against BrdU. Despite some obvious grouping
of muscle fiber types, indicating axonal denervation, no
BrdU+ cells were found (Fig. 6¢).

to o-tubulin levels (mean = SEM) revealed lower Bcl-2 and Bel-xp
protein expression in untreated SMA mice than untreated wild-type
mice and a significant increase of Bcl-2, Bcel-x;, and phosphorylated
ERK44/42 protein levels after VPA treatment in SMA and wild-type
mice. *P<0.05
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Fig. 6 Induction of neurogenesis and promotion of astrocyte
proliferation by VPA treatment in SMA mice. a SMA mice were
treated with BrdU followed by VPA or no treatment (NT) for 4 weeks.
Sections of lumbar spinal cord were immunostained with antibodies
raised against BrdU, NeuN, and GFAP. A few BrdU+ cells near the
spinal canal of VPA-treated mice were also positive for NeuN. b There

Fig. 7 Proposed rationale for
therapeutic effects of valproic
acid in spinal muscular atrophy

e N & 0 ©

NT VPA

BrdU positive astrocyte (%o)

were more BrdU+/GFAP+ double labeled cells in VPA-treated mice
than in untreated mice. Scale bars 10 um. *P=0.03. ¢ After 6 months
of VPA treatment, SMA mice were treated with BrdU 6 h before
sacrifice. Sections of gastrocnemius muscles were then stained using
antibodies raised against BrdU. No BrdU+ cells could be detected
despite obvious grouping of muscle fiber types. Scale bars 100 um
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Discussion

We demonstrated that VPA has multiple therapeutic effects
in SMA mice (Fig. 7). We confirmed that VPA elevated
SMN protein levels in the spinal cord, through SMN2
promoter activation and probable restoration of correct
SMN2 pre-mRNA splicing in vivo. The augmented SMN
protein accumulated in the nucleus and appeared to be
normally integrated into gem bodies. Because SMA is
likely caused by insufficient levels of SMN protein in the
motor neuron [27-30], the up-regulation of SMN seen here
after VPA treatment seems to have meaningful therapeutic
effects. Up-regulation of SMN may be attributed to
elevated levels of Htra2-1 by VPA treatment in vitro [3].
However, the levels of Htra2-Bf1 did not significantly
increase in vivo, which may result from dilution of the
effects by analysis of whole spinal cord extracts. As SMN
also has functional roles in muscles [24, 25], the higher
SMN expression in muscles of VPA-treated SMA mice
may contribute to the positive therapeutic responses. VPA
also increased the level of Bcl-2 and Bcel-xy proteins in the
spinal neurons, which may reduce motor neuron apoptosis
in SMA. Furthermore, VPA probably induced neurogenesis
and promoted astrocyte proliferation in the SMA mouse
spinal cord, but the number of newly formed neurons was
small and there were no newly formed motor neurons
(absence of BrdU+/ChAT+ double labeled cells). The
practical therapeutic contribution of VPA, if any, is more
likely to be in terms of increased neuroprotection rather
than frank neurogenesis.

By a combination of effects such as increased SMN
protein levels, anti-apoptosis, and probable neuroprotection,
the VPA-treated SMA mice showed considerably less
degeneration of spinal motor neurons than untreated SMA
mice. As such, their motor function was better preserved
with less muscle denervation and atrophy than seen in
untreated SMA mice. SMA mice have short tails and
irregular ear border, possibly due to atrophy of tail muscles
resulting in a failure in return of venous blood flow and
chronic hypoxia [16]. These morphological changes were
partially prevented by VPA treatment, which may be a
result of VPA-related attenuation of neuron degeneration
and muscle atrophy. Although the number of spinal neurons
was similar in VPA-treated SMA mice and wild-type mice,
some motor neurons in the VPA-treated SMA mice seemed
to be functionless, without axons innervating muscles. In
addition, muscle denervation changes and neurofilament
accumulation in the neuromuscular junction could still be
detected in VPA-treated SMA mice. Larger spinal motor
neurons have previously been shown to be preferentially
lost in SMA [5] and here we also showed that VPA
preferentially rescued small motor neurons. Future devel-
opment of treatment by VPA or other HDAC inhibitors
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must consider extending the therapeutic effectiveness,
especially to larger motor neurons. VPA only increased
SMA protein expression by one third in this study.
However, trichostatin A could double SMN protein
expression in SMA mice and is also an attractive drug for
future clinical study [14].

VPA treatment increases the level of Bel-2 in the frontal
cortex of rats, perhaps through activation of ERK44/42 [11,
12]. We confirmed here that VPA induced both Bcl-2 up-
regulation and phosphorylation-mediated ERK activation in
the spinal cord of SMA and wild-type mice. In addition,
VPA elevated Bcl-x; without activation or induction of
STATS. To investigate the mechanism of Bel-2 and Bel-xp.
up-regulation after VPA treatment, we treated SMA-like
mouse embryonic fibroblasts with different concentrations
of VPA. However, the levels of Bcl-2, Bcel-xp, and
phosphorylated ERK44/42 did not change after treatment
(data not shown). The discrepancy between these in vivo
and in vitro results may suggest that the up-regulation of
anti-apoptotic factors by VPA is only achieved in neuronal
cells and/or in an environment of spinal neuron—glial
networks. On the other hand, the changes in Bcl-2 and
Bcel-xp could also be entirely secondary phenomena.
Further studies using neuronal cell culture and Bcl-2 or
Bcel-xy transgenic SMA mice should try to elucidate the
relationship between VPA treatment and these anti-apoptotic
factors. We also demonstrated that Bcl-2 and Bcl-xp were
similarly down-regulated in the spinal cord of SMA mice as
in SMA patients and these two anti-apoptotic factors would
thus appear to be attractive therapeutic targets for the
treatment of SMA [31, 32].

VPA has been shown to induce neurogenesis in the
dentate gyrus of rat hippocampus through up-regulation of
the ERK pathway [13]. Here we found that VPA can also
induce neurogenesis in the spinal cord of SMA mice with
activation of ERK44/42. The relationship between VPA-
related neurogenesis and the ERK pathway in the spinal
cord still needs to be investigated in further mechanistic
studies. In the normal situation, endogenous progenitor
cells reside close to the ependyma of the central canal of
the spinal cord [33, 34]. Following spinal injury, these
neural and glial progenitor cells have been shown to
proliferate [35, 36]. In another motor neuron disease,
amyotrophic lateral sclerosis (ALS), degeneration of
motor neurons stimulates progenitor cell proliferation,
migration, and differentiation in the spinal cord of ALS
model mice [37-39]. However, we did not observe
neurogenesis in the spinal cord of untreated type IlI-like
SMA mice. This may be due to the fact that motor neuron
degeneration in SMA is a less fulminant process than in
ALS: while ALS patients normally die within 5 years of
disease onset, this is not the case with type III SMA
patients [40, 41].
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We have previously demonstrated that SMA mice
showed less degeneration of spinal motor neurons with
relative preservation of motor function following VPA
treatment from 1 month of age [5]. However, a clinical
diagnosis of SMA is usually made following a patient’s
initial presentation of motor weakness, so here we
investigated the efficacy of VPA commencement later in
the disease progression. In this setting, VPA showed
considerable therapeutic benefit in the mouse model,
suggesting that VPA could be of benefit in SMA patients
after the onset of motor neuron degeneration. The VPA
serum levels in VPA-treated SMA mice were all less than
10 pg/ml, which is far less than the concentrations usually
found in patients undergoing VPA treatment for epilepsy
[42]. The results detailed here suggest that chronic low dose
VPA may prove to be a viable, effective treatment for
patients of SMA.
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