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Creatine Treatment Promotes Differentiation
of GABA-ergic Neuronal Precursors in
Cultured Fetal Rat Spinal Cord
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Creatine is a substrate of cytosolic and mitochondrial
creatine kinases. Its supplementation augments cellular
levels of creatine and phosphocreatine, the rate of ATP
resynthesis, and improves the function of the creatine
kinase energy shuttle. High cytoplasmatic total creatine
levels have been reported to be neuroprotective by
inhibiting apoptosis. In addition, creatine has direct
antioxidant effects, which may be of importance in
amyotrophic lateral sclerosis. In the present study, we
investigated the effects of creatine [5 mM] on survival
and differentiation of cultured GABA-immunoreactive
(-ih and choline acetyltransferase (ChAT)-ir rat spinal
cord neurons. Furthermore, we addressed the neuropro-
tective potential of creatine supplementation against 3-
nitropropionic acid (3-NP) induced toxicity. General cell
survival and total neuronal cell density were not altered
by chronic creatine treatment. We found, however, after
chronic creatine and short-term creatine exposure a sig-
nificantly higher density of GABA-ir neurons hinting to a
differentiation-inducing mechanism of creatine. This
notion is further supported by a significant higher content
of GAD after creatine exposure. Creatine supplementation
also exerted a partial, but significant neuroprotection for
GABA-ir neurons against 3-NP induced toxicity. Interest-
ingly, chronic creatine treatment did not alter cell density
of ChAT-ir neurons but promoted their morphologic differ-
entiation. Cell soma size and number of primary neurites
per neuron were increased significantly after creatine sup-
plementation. Taken together, creatine supplementation
promoted the differentiation or the survival of GABAergic
neurons and resulted in partial neuroprotection against
3-NP induced toxicity. The data suggest that creatine
may play a critical role during development of spinal cord
neurons. © 2007 Wiley-Liss, Inc.
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Large amounts of energy are required to maintain
the functional activities of the brain and nervous tissues,
e.g., for maintenance of membrane potential, calcium ho-
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meostasis, neurotransmitter processing, intracellular sig-
nalling, and axonal as well as dendritic transport (Ames,
2000). Impaired energy homeostasis is suggested to con-
tribute to neuronal deterioration in various neurological
disease states (Tarnopolsky and Beal, 2001). Creatine is a
substrate for cytosolic brain specific creatine kinase (BB-
CK) and ubiquitous mitochondrial creatine kinase (uMt-
CK) and thereby modulating ATP metabolism in the cell
by increasing the phosphocreatine (PCr) pool (Woznicki
and Walker, 1979; Wallimann and Hemmer, 1994) and
enhancing the function of a cellular energy shuttle, cou-
pling sites of ATP production and ATP consumption
(Bessman and Geiger, 1981; Wallimann et al., 1989,
1992, 1999). Neurons are known to have a low capacity
to synthesize creatine (Braissant et al., 2005), hence they
rely on creatine supply from glia cells and from the blood
stream (Tachikawa et al., 2004).

Uptake of creatine into the cells is accomplished by
specific high-affinity, sodium and chloride-dependent
creatine transporters (Nash et al., 1994). Exogenous crea-
tine supplementation for 3 days has been reported to
increase intracellular creatine and PCr levels (Holtzman
et al., 1998) and to provide neuroprotection in several
models of acute and chronic disease states (Klivenyi et al.,
1999; Matthews et al., 1999; Brewer and Wallimann,
2000; Ferrante et al., 2000). A new window of creatine
mediated eftects has been opened by a very recent report
that showed that creatine is not only synthesized and
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taken up by neurons of the central nervous system but
also released in an action-potential dependent exocytotic
manner (Almeida et al., 2006). This observation suggests
that creatine can also play a role as a neuromodulator.
Most recently, creatine was shown to protect cultured
cells from hyperosmotic shock, by a significant increase of
creatine uptake into cells, indicating that creatine can
work as a compensatory osmolyte (Alfieri et al., 2006)

We have shown previously neuroprotective proper-
ties of creatine against toxic insults induced by 1-methyl-
4-phenyl pyridinium (MPP-+) (Andres et al., 2005c¢) or 6-
hydroxydopamine (6-OHDA) treatment (Andres et al.,
2005a) in rat ventral mesencephalic cultures. Creatine
supplementation has also been shown to have protective
effect after spinal cord injury (Hausmann et al., 2002;
Rabchevsky et al., 2003) and in transgenic mouse-model
of amyotrophic lateral sclerosis (ALS) (Klivenyi et al.,
1999; 2004; Zhang et al., 2003; Dupuis et al., 2004),
where the direct antioxidant properties of creatine may be
implicated (Lawler et al., 2002). Mitochondrial defects
and glucose use impairments are implicated in the patho-
genesis of motor neuron degeneration in ALS but their
precise contribution to the disease mechanism remains
unclear. Nevertheless, a marked reduction in cerebral cor-
tex ATP levels was detected in ALS mouse model well
before symptom onset (Browne et al., 2006).

We showed recently that creatine promoted the
GABA-ergic phenotype of cultured rat striatal neuronal
precursors (Andres et al., 2005b). Improving cellular
energy metabolism by creatine supplementation may fur-
thermore offer a feasible approach not only to reduce
neuronal deterioration during spinal cord injury, but also
to influence neuronal differentiation and survival in the
context of cell replacement strategies. Hence we exam-
ined in the present study the effects of creatine on survival
and differentiation of neuronal precursor cells in tissue
cultures of rat spinal cord.

MATERIALS AND METHODS

Preparation of Rat Cell Cultures

Rat fetuses staged at embryonic day (E) 14 (EO = day
of vaginal plug) were removed from deeply anaesthetized (ke-
tamine 100 mg/kg b.w. and xylazine 10 mg/kg b.w.) preg-
nant Wistar rats (Janvier Breeding Center, France). Using mi-
croscopic guidance, the spinal cords were dissected in cold
DMEM (Gibco, Carlsbad, CA) according to procedures
described previously (Kleitman et al., 1998) with minor modi-
fications, i.e., the dorsal root ganglia were removed carefully.
Spinal cord tissue was rinsed with cold DMEM and cell sus-
pension prepared by means of mechanical dissociation in
DMEM (Andres et al., 2005b). For immunocytochemistry and
viability assays, aliquots were pipetted (seeding density of 600
viable cells/mm?) in 24-well plates (Multiwell 3047, 14-mm
diameter per well; Falcon, Becton Dickinson, Franklin Lakes,
NJ) containing glass coverslips of 12-mm diameter (Assistent,
Germany). For immunoblot analysis, aliquots were pipetted
(seeding density of 600 viable cells/mm?®) in 6-well plates
(Multiwell 3046, 34 mm diameter per well; Falcon). Culture

wells were coated with a solution of poly-r-lysine (0.1 mg/
ml; Sigma, St. Louis, MO) in 0.15 M sodium borate buffer,
pH 8.3 over night and washed three times with sterile PBS
before adding culture medium. All animal procedures were
approved by the Animal Research Ethics Committee of the
Canton Berne, Switzerland and the University of Berne
Animal Care and Use Committee, Switzerland.

Treatment Regimen

The cells were grown 7 days in vitro (DIV) in culture
medium consisting of 55% DMEM (Gibco), 32.5% Hank’s
balanced salt solution (Gibco), 1.5% glucose, 10% FCS
(Gibco), and 1% 0.01 M HEPES. Medium was changed at
DIV2 and DIV5. Antibiotics/antimycotics (1:100 diluted
cocktail of stock containing streptomycin [10,000 pg/ml],
penicillin {10,000 U/ml], and amphotericin B [25 pg/ml];
Gibco 15240-062) were present for the first 2 days in culture
(Spenger et al., 1995). Cells were incubated at 37°C in a 95%
air/5% CO, humidified atmosphere.

The culture wells were assigned randomly to each of
the experimental groups: control, [5 mM] creatine chronic for
7 days, [5 mM] creatine for 2 days (DIV5-7). Untreated cul-
tures served as controls. Neurotoxicity was brought about by
adding 3-NP [5 mM] at DIV5. At DIV7, the cultures were
either fixed for histologic assessments or further processed for
viability assays and Western blotting.

MTT Assay

The water-soluble, yellow tetrazolium salt 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 1is
reduced by the succinate dehydrogenase system of active mi-
tochondria to purple formazan crystals that are insoluble in
aqueous solution, and hence, are often used to quantify meta-
bolic activity and cell survival in cultures (Rubinstein et al.,
1990). In brief, the MTT (Sigma) solution (5 mg/ml in sterile
PBS), prepared just before use, was added to the spinal cord
cultures (final concentration = 0.5 mg/ml) for 4 hr at 37°C
in the incubator. After aspiration of the medium, 500 pl
DMSO was added to resolve the resulting MTT-formazan
product (Widmer and Hefti, 1994). The culture plates were
gently agitated on a shaker at room temperature for 10 min.
For quantification, 500 pl of DMSO was added and after a
good mix, the absorbance of the resulting supernatant was
measured at 540 nm and read against DMSO in the linear
range of the absorption curve using a microplate reader
(Benchmark Plus; Bio-Rad, Hercules. CA).

Western Blotting

Expression of proteins was determined by immunoblot
analyses carried out according to the method of Laemmli
(Laemmli, 1970) with some modifications. Cultured spinal
cord cells were rinsed twice with sterile ice-cold HBSS and
lysis buffer containing leupeptin (1 pl/ml), phenylmethylsul-
phonyl fluoride (PMSF, 5 pl/ml) in HBSS was added to
culture wells. The cells for each sample were scraped from a
single 6-well culture dish and the cell suspension transferred
in an Eppendorf tube and stored at —80°C. Lysates were soni-
cated for 1 min and then centrifuged for 5 min at 10,000 rpm
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on a cooled Eppendorf centrifuge. The resulting supernatants
were used for protein content determination according to the
method of Bradford using the Bio-Rad protein assay (Brad-
ford, 1976). The supernatants were diluted in 25% sample
buffer containing 0.2 M Tris-HCI, pH 7.0, 30% glycerol, 6%
sodium dodecyl sulfate (SDS), 15% B-mercaptoethanol, and
0.0075% bromophenol blue. This solution was incubated at
95°C for 5 min. SDS-PAGE was carried out using a 10 or
12% SDS-polyacrylamide separating gel with 10 pg of sample
protein per lane. Proteins were blotted using the dry tech-
nique on a 0.2 um Sequi-Blot PVDF membrane (Bio-Rad)
equilibrated previously in methanol and then in blotting
buffer. Electrophoretic transfer was carried out at a constant
current of 120 mA during 1 hr in blotting bufter consisting of
39 mM glycine, 48 mM Tris, 0.375% SDS, and 20% metha-
nol. Equal sample loading and transfer efficiency and were
checked by Coomassie Blue staining of the gels and by revers-
ible Ponceau S staining of the blotting membranes, respec-
tively. After decolorization by rinsing twice in TBS butffer (20
mM Tris, pH 7.5, 150 mM NaCl) for 5 min, the blots were
blocked for 1 hr with 5% fat-free milk powder, 0.2% Tween-
20 (Merck, Darmstadt, Germany) in TBS, and incubated with
the primary antibodies: mouse monoclonal anti-BB-CK,
1:1,000 (kindly provided by Dr. B. Wieringa, University of
Nijmegen) (Sistermans et al., 1995); rabbit polyclonal anti-
uMt-CK, 1:1,000 (Schlattner et al., 2002); mouse monoclonal
anti-MAP-2, 1:500 (Sigma); rabbit polyclonal anti-glutamate
decarboxylase 65/67 (GADygs,67) (Chemicon, Temecula, CA);
mouse monoclonal anti-B-III-tubulin, 1:2000 (Promega,
Madison, WI); mouse monoclonal anti-NeulN, 1:700 (Chem-
icon); and mouse monoclonal anti-a-tubulin, 1:20,000 (Boeh-
ringer-Mannheim, Mannheim, Germany) overnight at 4°C in
the same solution. The blots were washed twice in TBS con-
taining 0.2% Tween-20 (Merck) and incubated subsequently
with an affinity purified HRPO-coupled secondary antibody
(donkey anti-mouse, 1:4,000 or 1:20,000; donkey anti-rabbit,
1:4,000 or 1:10,000; Jackson ImmunoResearch, West Grove,
PA) in TBS containing 5% milk powder for 2 hr at room
temperature. Blots were washed three times in 0.2% Tween-
20 containing TBS and incubated for 1 min in chemilumines-
cent substrate (SuperSignal West Pico Trial Kit; Pierce, Rock-
ford, IL). Amplified chemiluminescence was detected and
films were scanned. Band densities were quantified using
Image ] software (NIH, Bethesda, MD). For normalization of
data, total BB-CK and total uMt-CK data were normalized to
o-tubulin data before expressing as mean * SEM. All mea-
surements were carried out in triplicates.

Immunohistochemistry

At the end of the culture period, cultures were washed
twice in 0.1 M PBS (pH; 7.4) and fixed in 4% paraformalde-
hyde in 0.1 M PBS for 20 min at room temperature. After 4
X 10 min washes in PBS, cultures were preincubated for 60
min in PBS containing 0.1% Triton X-100 and 10% horse se-
rum. After a brief wash in PBS, cultures were incubated over-
night at 4°C with primary antibodies: rabbit polyclonal anti-
GABA, 1:5,000 (Sigma); mouse monoclonal anti-BB-CK,
1:500; rabbit polyclonal anti-uMt-CK (Andres et al., 2005b),
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1:500; polyclonal goat anti-ChAT, 1:500 (Chemicon); mouse

monoclonal anti-B-III-tubulin, 1:1000 (Promega); mouse
monoclonal anti-GFAP, 1:800 (Boehringer-Mannheim);
mouse monoclonal 1:2500 anti-MAP-2 (Sigma); mouse

monoclonal anti-NeuN, 1:500 (Chemicon) diluted in PBS
containing 0.05% Triton X-100 and 2.5% horse serum. Subse-
quent to 3 X15 min washes in PBS, cultures were incubated
for 2 hr with biotinylated secondary antibodies (anti-mouse,
anti-rabbit, or anti-goat antibodies; Vector Laboratories, Bur-
lingame, CA) diluted 1:200 in PBS containing 0.05% Triton-
X-100 and 2.5% horse serum. Cultures were then washed in
PBS (3 X 10 min) and incubated with an avidin-biotin conju-
gate of peroxidase (Vector Laboratories) for 60 min. Visualiza-
tion of tissue bound antibodies was carried out using a metal-
enhanced 3,3'-diaminobenzidine substrate kit (Pierce). After a
wash in PBS cultures were rinsed in aqua destillata, the glass
slides removed from the culture wells and embedded in Aqua-
mount (BDH, Poole, UK) on regular glass slides for light mi-
croscopy. For double immunofluorescence analyses cultures
were incubated with mixtures of primary antibodies as
described above and exposed subsequently for 2 hr at room
temperature to a proper mixture of secondary antibodies
(Alexa Fluor anti-rabbit 594 nm, Alexa Fluor anti-mouse 488
nm, 1:250; Molecular Probes, Eugene, OR). Cultures were
then mounted in PBS containing 50% glycerol and examined
under a Leitz epifluorescence microscope.

Quantification of Cells

Quantification of GABA-ir neurons in the cultures was
carried out using bright field microscopy (Leica, Heerbrugg,
Switzerland). Cell counts were carried out in six areas selected
randomly per well (X10 objective) (Andres et al., 2005b). To
be quantified, cells had to fulfill the following criteria: 1)
show a dark staining pattern well above that determined in
negative control cultures; 2) have at least one visible process;
and 3) a well-defined pericaryon. Cell counts were done in a
blinded experimental design (Schaller et al., 2005). The varia-
tion in cell densities between different cultures based on SD
was 13%. Mean densities in control cultures for GABA-ir and
ChAT-ir neurons were 76.8 * 6.7 cells/mm?® and 0.16 *
0.02 cells/mm” (mean * SEM), respectively (n = 11-18 cul-
tures from three to five independent experiments). For assess-
ment of total neuronal cell number, randomly chosen visual
fields (six per culture) in each of the cultures from control
cultures were examined using phase contrast microscopy (X40
objective) (Andres et al., 2005b). Because we detected 722.4
+ 213 cells/mm® total neuronal cells (mean * SEM),
GABA-ir cells represented about 10% and ChAT-ir cells
about 0.2%o of total neurons in our cultures, respectively.

Morphometric Analyses

GABA-ir neurons (n = 96 cells per group) and ChAT-
ir neurons (n = 47 cells per group), selected randomly in con-
trol and creatine treated [5 mM] cultures (810 cultures per
group; 12 cells per culture for GABA-ir neurons and 8-11
cultures per group; 13—17 cells per cultures for ChAT-ir neu-
rons), were analyzed (two to three independent experiments).
In brief, for quantitative morphometry only clearly visible pri-
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Fig. 1. Schematic drawing indicating the six randomly chosen areas of 0.9 mm? (boxes) for mor-
phologic analysis of neurons (A). The photomicrographs show an individual GABA-immunoreac-
tive neuron (arrow, B) and visualize how the different morphologic parameters were analyzed (C).
The total number of primary neurites emerging from the cell body (arrows) were counted, the cell
soma area outlined (white), and the longest process of the individual GABA-ir neuron identified
(white arrowhead) and the length measured as depicted by the dotted line (C).

mary neurites were included for measurements when they
could be undoubtedly assigned to single neurons. The Lucia
Neuron Tracing System (Nikon) was used in combination
with a Leitz microscope (X20 objective). GABA-ir neurons
selected randomly in control and creatine-treated cultures
were analyzed. The following parameters were investigated
for all neurons: cell soma area [pim?], number of primary neu-
rites emerging from the cell body [n] and the neurite length
delineated by the longest process of the individual neuron
[mm] (indicated by the white arrowhead in Fig. 1C) was iden-
tified by means of a radius measure (Ducray et al., 2006). In
case that process length exceeded the visual frame the visual
field was adjusted (Fig. 1).

GABA-ir neurons from control cultures (192 cells ana-
lyzed from 14 cultures, three independent experiments)
showed a mean cell soma area of 93.3 * 1.8 um?, 3.2 * 0.1
primary neurites emerging from the cell body, and a mean
neurite length/neuron of 86.0 * 2.1 um (mean = SEM).
The variability between different cultures was as follows: SD
in percentage of mean for soma size, longest process and num-
ber of primary neurites per neurons was 15.6%, 19.2%, and
13.8%, respectively, in control cultures. ChAT-ir neurons
from control cultures (47 cells analyzed from 11 cultures,
three independent experiments) showed a mean cell soma area
of 163.3 £ 8.4 um~, 3.6 = 0.2 primary neurites emerging
from the cell body and a mean neurite length/neuron of
118.4 = 4.5 pm (mean = SEM).

Statistical Evaluation

Statistical analysis of cell densities and morphometric
analyses were carried out by using a software package (Statis-
tica 5.0; StatSoft, Tulsa, OK) available commercially. The ex-
perimental groups were compared using analysis of variance
(ANOVA) followed by Student-Newman-Keuls post-hoc test.
Morphologic parameters were analyzed using the two-sided
non-parametric Mann-Whitney U-test. Difterences were con-
sidered statistically significant at P < 0.05. Values are pre-
sented as mean = SEM.

RESULTS

Expression of BB-CK and uMt-CK Isoenzymes
in Rat Spinal Cord Tissue and In Vitro

Both isoforms of CK, i.e., cytosolic brain-specific
(BB-CK) and the mitochondrial (uMt-CK) isoforms,
were found to be expressed in rat spinal cord tissue at the
day of dissection. Notably, only a faint staining was
observed in white matter (Fig. 2E,F). Both CKs were also
found to be expressed in cultured spinal cord neurons as
assessed by colocalization analyses for BB-CK and uMt-
CK with the neuronal markers microtubule-associated
protein 2 (MAP-2) and neuronal nuclei (NeuN) (Fig.
3A-D). In accordance, Western blot analysis illustrated
signals for both CK isoforms (Fig. 4A). As compared to
controls, creatine treatment resulted in significantly higher
levels of uMt-CK in spinal cord cultures (Fig. 4B). In
contrast, expression levels of BB-CK did not differ signifi-
cantly between groups (Fig. 4B).

Effects of Creatine Supplementation on
Expression of MAP-2, NeuN, and B-III-Tubulin
in Spinal Cord Cultures

Chronic and 2-day creatine exposure resulted in an
increased expression levels of MAP-2, a general marker
for neurons that is reported to represent a dendritic and
somal marker (Matus et al., 1986) (Fig. 5A). Notably, the
rate of increase differed markedly between the experi-
ments, which resulted in a rather high variation with an
outcome of 210 * 82% (mean = SEM). In line with this
observation, MAP-2-positive neurons were stained more
heavily in creatine-treated cultures as compared to con-
trols (Fig. 5B). This finding likely accounted for the
higher densities of MAP-2 positive neurons detected after
chronic creatine treatment with 100.0 £ 8.2% and 137.3
* 9.2% for control and creatine treatment, respectively
(mean * SEM; n = 7 from two independent experi-
ments). The creatine treatment also resulted in an increase
of expression levels of neuronal nuclei (NeulN) (Fig. 5A).
Appearance of the marker protein NeulN is coincident
with neuronal differentiation and the cells exit from the
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Fig. 2. Digitalized photomicrographs of sections from E14 rat spinal cord stained for Nissl (A),
microtubule-associated protein 2 (B), neuronal nuclei (C), neurofilament 200 kD (D), ubiquitous
mitochondrial creatine kinase (E), and cytosolic brain specific creatine kinase (F). Scale bar = 200
pm. DH, dorsal horn; DR G, dorsal root ganglion; fp, floor plate of s.c. neuroepithelium; ne, neu-
roepithelium; rfp, roof plate of s.c. neuroepithelium; sl, sulcus limitans; vec, ventral commisure of
s.c.; VH, ventral horn.

cell cycle (Mullen et al., 1992). In contrast, no differences
were detected for B-III-tubulin protein levels between
groups (Fig. 5A). It has been reported that neuronal pre-
cursor cells (NPC) plated for differentiation undergo a se-
quential pattern of protein expression recapitulating the
developmental differentiation or regeneration of neurons.
The sequential expression of nestin, and then B-III-tubu-
lin show the first steps of differentiation of these NPC
into more mature neurons (Gingras et al., 2007). Similarly
to the effects seen for B-III-tubulin, unchanged levels for
the astroglial marker glial fibrillary acidic protein (GFAP)
were observed (data not shown).

Effects of Creatine Supplementation on General
Survival in Spinal Cord Cultures

Creatine treatment did not affect the total number of
neuronal cells in the cultures with 100.0 £ 6.6% and 100.7
* 4.9% for control and creatine treatment, respectively
(mean = SEM; n = 20 from two to three independent
experiments). Similarly, creatine did not alter measures of
the MTT assay with 100.0 = 0.4% and 98.5 * 1.8% for
control and creatine treatment, respectively (mean = SEM;
n = 12 from two independent experiments). Semi-quanti-
tative measures showed no difference in cell density of (3-
[I-tubulin and GFAP positive cells for control and crea-
tine-treated cultures (Fig. 6). Total protein levels were
found to be increased significantly in the creatine-treated
cultures (by 1.3-fold) (data not shown).
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Effects of Creatine Supplementation on Cell
Densities and Morphology of GABA-ir
Neurons in Spinal Cord Cultures

Western blot analysis showed an upregulation (1.2-
fold) in expression of glutamate decarboxylase 65 (GADgs),
after chronic creatine treatment, whereas no effect was
observed for GADygs after creatine exposure from DIV5-7
(Fig. 5A). Signal intensity for GADg; did not differ between
all groups studied (Fig. 5A). Chronic creatine treatment
resulted in significantly higher densities of GABA-ir neurons
as compared to control (Fig. 7). Interestingly, and in contrast
to what was observed in the Western blots for GAD levels,
a significant increase was also seen when creatine was present
only for 2 days, i.e., from DIV5-7 (Fig. 7C).

The analyses of morphologic parameters of GABA-
ir neurons showed no significant differences between the
chronically creatine-treated group and untreated controls.
Soma size and neurite length were unaltered, whereas a
moderate 8.9% lower number of primary neurites/neuron
was detected (Table I).

Effects of Creatine Supplementation Against
a Neurotoxic Insult Induced by
3-Nitropropionic Acid

We then aimed at investigating the neuroprotective
potential of creatine against 3-INP induced toxicity in spi-
nal cord cultures. Exposure of spinal cord cultures to the



1868

Ducray et al.

Fig. 3. Colocalization analyses for cytosolic brain specific creatine ki-
nase (BBCK) and ubiquitous mitochondrial creatine kinase (uMtCK)
with the neuronal markers microtubule-associated protein 2 (MAP2)
and neuronal nuclei (NeuN) in spinal cord cultures grown for 7
days. The digitalized photomicrographs of double immunofluores-

neurotoxin 3-NP [5 mM] for 2 days (DIV5-7) resulted in
significantly lower GABA-ir cell densities (Fig. 8A-D)
and overall viable cell numbers as assessed using the MTT
assay, as compared to untreated controls and assessed at
DIV7 (Fig. 8E). Concomitant creatine treatment exerted
a partial but significant neuroprotection with significantly
higher densities of GABA-ir neurons, as compared to cul-
tures not exposed to creatine (Fig. 8D). In contrast, crea-
tine treatment failed to exert a protective profile on over-
all viable cell numbers (Fig. 8E). 3-NP treatment also
affected morphology of GABA-ir cells. We observed that
soma size and neurite length of GABA-ir neurons were
reduced significantly after exposure to 3-NP, whereas
numbers of primary neurites per GABA-ir neuron were
unaffected (Table II). Concomitant creatine supplementa-
tion exerted a partial but significant neuroprotective effect

cence for MAP2 and uMtCK (A) or BBCK (B) and NeuN and
uMtCK (C) or BBCK (D) and corresponding merges show that all
neurons expressed both isoforms of CK. Hoechst stain was used to
indicate number of cells in the cultures. Scale bar = 50 pm.

on neurite length of GABA-ir neurons (1.2-fold) but did
not counteract the reduction of soma size caused by the
3-NP treatment (Table II).

Effects of Creatine Supplementation on Cell
Densities and Morphology of ChAT-ir
Neurons in Spinal Cord Cultures

In cultured rat spinal cord tissue chronic creatine
supplementation [5 mM] had no significant effect on den-
sities of ChAT-ir neurons as compared to controls (Fig.
9). Interestingly, a slight tendency for an increase in cell
density of ChAT-ir neurons was observed when creatine
was present from DIV5-7 (1.2-fold) (Fig. 9).

In contrast, morphology of ChAT-ir neurons was
affected significantly after chronic creatine supplementa-
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tion when a significant increase (1.3-fold) of the soma size
of ChAT-ir cells and a higher number of primary neurites
per ChAT-ir neuron was detected (Fig. 10, Table III).
Two days of creatine exposure (DIV5-7), however, failed
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Fig. 4. Western blot analyses for levels of both cytosolic brain-spe-
cific (BB-CK) and ubiquitous mitochondrial (uMt-CK) creatine ki-
nases (A), in spinal cord cultures grown for 1 week in absence (con-
trol, co) or presence of creatine [5 mM] for 1 week (crO-7) or from
DIV5-7 (cr5-7). Note the upregulation in the expression of uMt-
CK (filled bars) for both creatine treatment regimen whereas no sig-
nificant changes were observed for BB-CK (B). Membranes were re-
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Fig. 5. Western blot analyses for levels microtubule-associated pro-
tein 2 (MAP2), Neuronal nuclei (NeulN), B-III-tubulin and gluta-
mate decarboxylase (GAD), in spinal cord cultures grown for 1 week
in absence (control, co) or presence of creatine [5 mM] for 1 week
(cr0=7) or from DIV5-7 (cr5-7). Note the unchanged level of
expression of B-III-tubulin, whereas an upregulation in the expres-
sion of MAP2 and NeuN for both creatine treatment regimen, and
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to exert an effect on investigated morphologic parameters
of ChAT-ir neurons (Table III).

DISCUSSION

We have shown previously that creatine exposure
protected cultured rat neurons against neurotoxic insults
(Andres et al.,, 2005a—c) and that differentiation of cul-
tured striatal precursor cells was promoted by creatine
supplementation (Andres et al., 2005b). These results
accommodated functional evidence for the presence of
CKs in cultured brain tissue of rat origin. In line with this
notion, we found that both isoforms of CK, i.e., BB-CK
as well as uMt-CK, are expressed in the spinal cord cul-
tures. Although we detected that all neurons colocalized
with BB-CK and uMt-CK in our spinal cord cultures,
previous reports have shown that CKs are also present in
oligodendrocytes and astrocytes (Molloy et al., 1992; Kal-
dis et al., 1996; Andres et al., 2005b).

In the present study, we show that chronic and
DIV5-7 creatine treatment resulted in a moderate but sig-
nificant increase in the density of GABA-ir neurons in
spinal cord cultures, whereas the total neuronal cell num-
ber and general viability, as assessed by the MTT forma-
zan assay, and levels of B-IlI-tubulin were not affected.
The unchanged total neuronal cell numbers in combina-
tion with a significantly higher percentage of GABA-ir
cells strongly points to a promotion of differentiation of
the GABA-ergic phenotype due to creatine exposure.
The moderately elevated GAD levels further support this
assumption. Notably, we cannot rule out that creatine
also regulated GABA-ergic neuron survival due to the
rather modest magnitude of eftects slight changes in cell
death could affect GABA-ergic cell densities. It seems,
however, that creatine supplementation does not affect
morphologic differentiation of GABA-ir neurons, as no
alterations were observed in comparison to control cul-
tures. These findings are in agreement with the outcome

an increase in signal intensity for GADgs (A) after chronic creatine
treatment was observed. Membranes were reprobed with a-tubulin
as loading control. The representative digitalized photomicrographs
show MAP2 positive neurons in spinal cord cultures grown for 1
week in absence (B) or presence of creatine [5 mM] (C). Note the
stronger staining intensity in the creatine exposed cultures. Scale bar
= 50 pm.
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Fig. 7. Effects of creatine exposure on density of GABA-ir neurons
in spinal cord cultures grown for 1 week. The representative photo-
micrographs show GABA-ir neurons in untreated controls (A) and
after creatine [5 mM] treatment during the whole culture period (B).
Scale bar = 50 um. Quantitative analyses showed significantly higher
GABA-ir cell densities in cultures exposed to creatine [5 mM] during

seen for creatine treatment in striatal cultures (Andres
et al., 2005b). Nevertheless, the observations that levels of
MAP-2 protein were higher in creatine-treated cultures as
compared to controls together with no effects seen on
morphology of GABA-ir neurons is somewhat puzzling as
MAP-2 is reported to represent a dendritic and somal
marker (Matus et al., 1986). We did not carry out colocal-
ization studies for GABA and MAP-2 hence we can at
present only suggest that in GABA-ir fibers and in the
soma of GABA-ir neurons higher levels of MAP-2 were
expressed even though morphology was not altered. Sup-

Fig. 6. The representative digitalized
photomicrographs show B-III-tubulin-
ir neurons (A,B) and GFAP-ir cells
(C,D) in spinal cord cultures grown for
1 week in absence (A,C) or presence of
creatine [5 mM] (B,D). Scale bar = 50
pm.
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the whole culture period (cr 07, filled bar) and for 2 days from
DIV5-7 (cr 5-7, gray bar) as compared to untreated controls (co,
open bar) (C). Data are expressed as percentage of untreated con-
trol values and are given as mean * SEM (n = 12-34 from four
to 10 independent experiments). *Indicates significance (P < 0.05)
vs. control.

port for this notion is given by our semi-quantitative im-
munohistochemical analyses for MAP-2 that showed that
in creatine-treated cultures staining intensity was stronger
as compared to controls. Notably, it has been reported
that BDNF exposure did not result in changes in distribu-
tion of MAP-2 but strengthened the intensity of labeling
of developing cortical neurons (Fukumitsu et al., 1997).
In addition, considering that GABA-ir cells contributed
only to about 10% of total neuronal cell number in our
cultures one could assume that the effects seen for creatine
exposure on MAP-2 protein levels and correspondingly
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TABLE I. Effects of Chronic Creatine Treatment on
Morphologic Parameters of GABA-ir Neurons in Primary
Dissociated Spinal Cord Cultures

Process Primary
Soma size length neurites
(n = 96) (n = 96) (n = 120)
(wm?) (pm) (n)
Control 94.6 £ 2.6 88.3 £ 3.1 32 * 0.1
[76.8-129.4] [71.4-132.8] [2.6-3.8]
Creatine 93.0 £ 238 93.1 £ 3.0 29 * 0.1
[70.6-119.0] [78-109.9] [2.3-3.8]
Difference 1.7% 5.5% 8.9%

Cultures were grown for 1 week in absence (control) or presence of cre-
atine [5 mM]. Parameters per individual GABA-ir neurons were assessed
as described in Material and Methods. Values are given as mean = SEM.
Number in brackets show range of individual parameters per group.
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Fig. 8. Effects of creatine exposure on density of GABA-ir neurons
and on general cell viability in cultures undergoing a neurotoxic
insult. The representative photomicrographs show GABA-ir cells
from control (A), 3-NP (B), and combination of creatine and 3-NP
(C) treated cultures. Scale bar = 50 pm. Spinal cord cultures were
grown for 1 week and exposed for 2 days from DIV 5-7 to 3-NP [5
mM] alone (3-NP, dotted bars) or a combination of creatine [5 mM]
and 3-NP (comb, hatched bars). Untreated cultures served as controls
(co, open bars). 3-INP exposure significantly lowered GABA-ir cell
densities and overall viable cell numbers. (D,E). Concomitant crea-
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on densities of MAP-2-positive neurons reflected an
action on a larger number of neurons. Together with the
observation of a higher total protein level and a stronger
NeuN signal in creatine-treated cultures in absence of
alteration in total neuronal cell numbers, we speculate
that creatine promoted not only the maturation of
GABA-ir cells but rather supported differentiation or mat-
uration of a larger population of neuronal cells. This
notion is furthermore supported by our observation that
basically all MAP-2 and NeulN positive neurons showed
colocalization with both isoforms of CKs. In addition,
our results with unchanged levels of (B-IlI-tubulin and
increased expression levels of MAP-2 and NeuN may
hint at the idea that the increase in GABA-ir cell density
reflects an advanced maturation of already committed
neuronal precursors.

The fact that creatine could induce differentiation of
neural precursors is supported by a report describing the
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tine treatment resulted in a partial but significant protection on 3-NP
induced GABA-ir cell loss (D) whereas no eftects were observed for
the MTT read out (E). Data are presented as a percentage of 3-NP
values and are given as mean = SEM (n = 27 from seven independ-
ent experiments for cell densities; n = 11 from three independent
experiments for MTT assay). *Indicates significance (P < 0.05) vs.
corresponding control, “Indicates significance (P < 0.05) vs. 3-NP
group. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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TABLE II. Effects of Creatine Treatment on Morphologic
Parameters of GABA-ir Neurons in Spinal Cord Cultures
Exposed to 3-NP

Process Primary

Soma length neurites

size (n = 96) (n = 96) (n = 96)

(nm2) (Hm) (n)

Control 92.1 * 25 83.8 £ 29 3.1 0.1
[43.9-153.6] [27.8-160.7] [2.0-8.0]
3-NP 69.9 = 1.7° 57.3 = 2.9° 3.0 = 0.1°
[36.6-136.2] [19.5-182.2] [2.0-6.0]
Comb 75.5 = 1.9° 68.0 = 2.5 2.9 = 0.1°
[37.1-160.6] [32.5-160.9] [2.0-6.0]

Cultures were grown for 7 days in vitro. 3-NP [5 mM] exposure was
carried out from DIV5-7 in absence (3-NP) or presence of creatine
[5 mM] (comb). Untreated cultures served as controls. Parameters per
individual GABA-ir neurons were assessed as described in Material and
Methods. Values are given as mean = SEM. Number in brackets show
range of individual parameters per group.

“Indicates significance (P < 0.05) vs. corresponding control.

PIndicates significance (P < 0.05) vs. 3-NP group.

“Not significantly different.

expression of BB-CK in developing zebrafish embryo.
Expression of BB-CK was shown to be highly dynamic,
often being expressed transiently in specific cells for a
short period only, indicating a well-timed cell-type spe-
cific functions of CK in the zebrafish embryo (Dickmeis
et al., 2001). Interestingly, BB-CK expression was absent
in spinal cord of 2-day-old zebrafish embryos a stage
when neuronal networks have to become functional. The
authors suggested, based on their observations, that BB-
CK may be involved in creatine phosphate metabolism
related to differentiation of neurons in the spinal cord
(Dickmeis et al., 2001).

Mitochondrial synthesis of phosphocreatine is re-
stricted to those neurons that express uMtCK. Elevated
levels of creatine in neurons (after creatine supplementa-
tion) together with the activity of uMt-CK can protect
these cells during periods of increased energy demands
(Schlattner et al., 2006). Such a cell protection by creatine
is achieved through uMt-CK-dependent fast and efficient
cycling of mitochondrial ADP (Meyer et al., 2006). In a
recent study, an overall decrease or unchanged levels in
uMt-CK expression has been described during the early
postnatal period in mice, but with persisting high levels of
expression in brain regions that continue development
postnatally indicating that uMt-CK plays an important
role during the developmental maturation of neuronal
cells (Boero et al., 2003). The high expression of uMt-
CK in these brain regions seems related to neuronal activ-
ity, e.g., seizures can induce elevated uMt-CK expression
in these brain regions (Boero et al. 2003). Whether the
availability of extracellular creatine would also affect this
pattern in vivo remains unknown, but in our neuronal
cell cultures at least, we observed a marked upregulation
of uMt-CK 1in vitro after creatine administration, indicat-
ing that this CK substrate can also affect, by as of yet
unknown mechanisms, the regulation of uMt-CK

1

ChAT-ir cell densities
(% of contral)

co cr 0-7 cr 5-7

Fig. 9. Effects of creatine exposure [5 mM] on density of ChAT-ir
neurons in spinal cord cultures grown for 1 week. Creatine exposure
during the whole culture period (cr 0-7, filled bar) and for 2 days
from DIV5-7 (cr 5-7, gray bar) did not significantly affect ChAT-ir
cell densities as compared to untreated controls (co, open bar). Data
are presented as a percentage of control values and are given as mean
*+ SEM (n = 7-8 from two independent experiments).

enzyme expression in neurons. As mentioned above on
the outcome seen for creatine on MAP-2 expression this
latter finding hints to an effect of creatine not only on
GABA-ir cells but on a larger number of subpopulations
of neurons.

Treatment with the irreversible succinate dehydro-
genase inhibitor 3-NP was reported to result in death of
GABA-ergic neurons with depletion of cellular energy
reserves as an initiating step (Beal et al.,, 1993; Greene
et al., 1998). The finding that creatine treatment provided
partial neuroprotection against 3-INP toxicity in our spinal
cord cultures supports the idea of an improved cellular
energy metabolism of GABA-ir neurons. The cellular and
molecular mechanisms by which neurons respond to
increased creatine levels remain, however, equivocal
(Wallimann et al., 1992; 1999; Friedman and Roberts,
1994; Wallimann and Hemmer, 1994; Brewer and Walli-
mann, 2000; Brustovetsky et al., 2001). Reduced CK ac-
tivity, due to oxidative damage of CK has been reported
in transgenic ALS mice (Wendt et al., 2002). There is also
evidence for a direct anti-apoptotic effect of creatine in
conjunction with uMt-CK by preventing or delaying mi-
tochondrial permeability transition pore opening, an early
trigger event for apoptosis (O’Gorman et al., 1997;
Dolder et al., 2003). Notably, we did not detect a protec-
tive effect by creatine on general cell viability in our spi-
nal cord cultures. Overall number of cells in the cultures
include neuronal, glial, and the pool of stem/precursor
cells. MTT is also metabolized by glial cells and little is
known about metabolization by stem/precursor cells.
Hence we assume that 3-NP toxicity was exerted mainly
in more mature neurons such that the partial neuropro-
tective effect seen on GABA-ir neurons with creatine
supplementation was masked.

The neuroprotective effect of creatine in our culture
paradigm was rather modest. It may well be that longer
culture periods or tissue from older fetuses would have
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Fig. 10. Effects of creatine exposure on morphology of ChAT-ir neurons in spinal cord cultures
grown for 1 week. The representative digitalized photomicrographs show ChAT-ir neurons grown
in the absence (A) or presence of creatine [5 mM] from DIV0-7 (B). Scale bar = 50 pm.

TABLE III. Effects of Creatine Exposure on Morphologic
Parameters of ChAT-ir Neurons in Primary Dissociated
Spinal Cord Cultures

Process Primary
Soma size length neurites

(n = 31-47) (n = 15-38) (n = 31-47)

() () (n)

Control 163.3 * 8.4 118.4 £ 45 3.6 0.2
[60.0-300.0] [84.0-168.0] [2.0-7.0]

Cr 0-7 204.1 % 8.6 130.3 + 5.8" 47 * 0.3"
[125.0-320.0] [96.2-182.0] [2.0-7.0]

Cr5-7 176.3 * 10.9° 120.0 * 5.1° 3.6 *0.2°
[60.6-363.3] [70.7-193.5] [2.0-6.0]

Spinal cord cultures were grown for 1 week in absence (control) or pres-
ence of creatine [5 mM] from DIV0-7 (Cr 0-7) or DIV5-7 (Cr 5-7).
Parameters per individual ChAT-ir neurons were assessed as described in
Materials and Methods. Values are given as mean = SEM. Number in
brackets show range of individual parameters per group.

*Indicates significance (P < 0.05) vs. corresponding control.

"Not significantly different.

shown a more distinct effect exerted by creatine. More-
over, a report by Hanson et al. (1998) observed that a
large variety of peptides was able to significantly promote
survival of although only by about 20-35% whereas com-
binations thereof resulted in marked increases. These
findings together with the effect observed for creatine
treatment on our rat spinal cord cultures suggest that
creatine should be combined with other neuroprotective
factors to achieve a substantial neuroprotection. Such
combinations may include neurotrophic factors like
neurotrophins or members of the glial cell line-derived
neurotrophic factor family of growth factors (Zurn et al.,
1994, 1996).

There is great interest in using cell replacement
strategies to repair the damaged central nervous system.
Embryonic spinal cord tissue transplants are a rich source
of neural-restricted and glial-restricted progenitors. To
evaluate the potential of spinal cord progenitor cells,
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Nakamura et al. (2005) used in vitro-expanded neuro-
spheres and showed that these cells grafted into lesioned
neonatal rat spinal cord can survive, migrate, and differen-
tiate into neurons and oligodendrocytes, but rarely into
astrocytes. Furthermore, transplantation of these cells pro-
moted functional recovery of locomotion and reflex
responses (Nakamura et al., 2005). In certain motoneuron
diseases, such as ALS and spinal muscular atrophies, lower
motoneurons are destroyed and muscle function cannot
be restored except by reinnervation from alternate moto-
neuron sources. In this context, Erb et al. (1993) reported
that transplanted motoneurons survived up to 18 weeks
and reinnervated the denervated target muscle. We did
not observe a significant effect of creatine supplementa-
tion on ChAT-ir cell densities in our cultures, however,
creatine treatment increased soma size significantly and
number of primary neurites per ChAT-ir neuron. This
favors the view that creatine promoted neuronal differen-
tiation rather than survival. Notably, the differentiation
inducing actions exerted by creatine seem to differ
depending on the targeted neuronal cell type, i.e., induc-
tion of GABA-ergic phenotype but not of morphologic
complexity whereas morphology was altered but not den-
sity of ChAT-ir neurons. Based on the outcome of our
study, it can be speculated that concurrent creatine sup-
plementation may offer a way for enhanced reinnervation
capacity of transplanted spinal motoneurons.

Our data show that creatine supplementation pro-
moted the differentiation of, and had a neuroprotective
effect on, cultured rat spinal cord GABAergic neurons.
The data suggest that creatine may play an important role
during development of spinal cord neurons. The present
findings may also have implications for cell replacement
strategies and for the treatment of spinal cord injuries.

ACKNOWLEDGMENTS

We thank Dr. S. Krebs and D. Biischi for excellent
technical assistance and Dr. B. Wieringa for kindly pro-
viding the monoclonal anti-BB-CK antibody.



1874 Ducray et al.

REFERENCES

Alfieri RR, Bonelli MA, Cavazzoni A, Briggotti M, Fumarola C, Sestili
P, Mozzoni P, De Palma G, Mutti A, Carnicelli D, Vacondio F, Silva
C, Borghetti AF, Wheeler KP, Petronini PG. 2006. Creatine as a com-
patible osmolyte in muscle cells exposed to hypertonic stress. ] Physiol
576:391-401.

Almeida LS, Salomons GS, Hogenboom F, Jakobs C, Schoffelmeer
ANM. 2006. Exocytotic release of creatine in rat brain. Synapse
60:118-123.

Ames A III. 2000. CNS energy metabolism as related to function. Brain
Res Brain Res Rev 34:42-68.

Andres RH, Huber AW, Schlattner U, Pérez-Bouza A, Krebs SH, Seiler
RW, Wallimann T, Widmer HR. 2005a. Effects of creatine treatment
on the survival of dopaminergic neurons in cultured fetal ventral mes-
encephalic tissue. Neuroscience 133:701-713.

Andres RH, Ducray AD, Huber AW, Pérez-Bouza A, Krebs SH,
Schlattner U, Seiler RW, Wallimann T, Widmer HR. 2005b. Effects
of creatine treatment on survival and differentiation of GABAergic neu-
rons in cultured striatal tissue. ] Neurochem 95:33—45.

Andres RH, Ducray AD, Pérez-Bouza A, Schlattner U, Huber AW,
Krebs SH, Seiler RW, Wallimann T, Widmer HR. 2005c. Creatine
supplementation improves dopaminergic cell survival and protects
against MPP+ toxicity in an organotypic tissue culture system. Cell
Transpl 14:537-550.

Beal MF, Brouillet E, Jenkins BG, Ferrante RJ, Kowall NW, Miller JM.
1993. Neurochemical and histologic characterization of striatal excito-
toxic lesions produced by the mitochondrial toxin 3-nitropropionic
acid. ] Neurosci 13:4181-4192.

Bessman SP, Geiger PJ. 1981. Transport of energy in muscle: the phos-
phoryl creatine shuttle. Science 211:448-452.

Boero J, Qin W, Cheng J, Woolsey TA, Strauss AW, Khuchua Z. 2003.
Restricted neuronal expression of ubiquitous mitochondrial creatine ki-
nase: changing patterns in development and with increased activity.
Mol Cell Biochem 244:69-76.

Bradford MM. 1976. A rapid and sensitive method for the quantification
of microgram quantities of protein utilizing the principle of protein dye
binding, Anal Biochem 72:248-254.

Braissant O, Henry H, Villard AM, Speer O, Wallimann T, Bachmann
C. 2005. Creatine synthesis and transport during rat embryogenesis:
spatiotemporal expression of AGAT, GAMT and CT1. BMC Dev Biol
5:9.

Brewer GJ, Wallimann TW. 2000. Protective effect of the energy pre-
cursor creatine against toxicity of glutamate and beta-amyloid in rat
hippocampal neurons. ] Neurochem 74:1968-1978.

Browne SE, Yang L, DiMauro JP, Fuller SW, Licata SC, Beal MF. 2006.
Bioenergetic abnormalities in discrete cerebral motor pathways presage
spinal cord pathology in the G93A SOD1 mouse model of ALS. Neu-
robiol Dis 22:599-610.

Brustovetsky N, Brustovetsky T, Dubinsky JM. 2001. On the mecha-
nisms of neuroprotection by creatine and phosphocreatine. ] Neuro-
chem 76:425-434.

Dickmeis T, Rastegar S, Aanstad P, Clark M, Fischer N, Plessy C, Rosa
F, Korzh V, Strahle U. 2001. Expression of brain subtype creatine ki-
nase in the zebrafish embryo. Mech Dev 109:409-412.

Dolder M, Walzel B, Speer O, Schlattner U, Wallimann T. 2003. Inhibi-
tion of the mitochondrial permeability transition by creatine kinase sub-
strates. Requirement for micro compartmentation. ] Biol Chem
278:17760-17766.

Ducray AD, Krebs SH, Schaller B, Seiler RS, Meyer M, Widmer HR.
2006. GDNF family ligands display action profiles on cultured
GABAergic and serotonergic neurons of rat ventral mesencephalon.
Brain Res 1069:104-112.

Dupuis L, Oudart H, René F, Gonzalez de Aguilar JL, LoefHer JP. 2004.
Evidence for defective energy homeostasis in amyotrophic lateral sclero-

sis: benefit of a high-energy diet in a transgenic mouse model. Proc
Natl Acad Sci U S A 101:11159-11164.

Erb DE, Mora RJ, Bunge RP. 1993. Reinnervation of adult rat gastro-
cnemius muscle by embryonic motoneurons transplanted into the axo-
tomized tibial nerve. Exp Neurol 124:372-376.

Ferrante RJ, Andreassen OA, Jenkins BG, Dedeoglu A, Kuemmerle S,
Kubilus JK, Kaddurah-Daouk R, Hersch SM, Beal MF. 2000. Neuro-
protective effects of creatine in a transgenic mouse model of Hunting-
ton’s disease. J Neurosci 20:4389—4397.

Friedman DL, Roberts R. 1994. Compartmentation of brain-type crea-
tine kinase and ubiquitous mitochondrial creatine kinase in neurons:
evidence for a creatine phosphate energy shuttle in adult rat brain.
J Comp Neurol 343:500-511.

Fukumitsu H, Ohashi A, Nitta A, Nomoto H, Furukawa S. 1997.
BDNF and NT-3 modulate expression and threonine phosphorylation
of microtubule-associated protein 2 analogues, and alter their distribu-
tion in the developing rat cerebral cortex. Neurosci Lett 238:107-110.

Gingras M, Champigny MF, Berthod F. 2007. Difterentiation of human
adult skin-derived neuronal precursors into mature neurons. J Cell
Physiol 210:498-506.

Greene JG, Sheu SS, Gross RA, Greenamyre JT. 1998. 3-Nitropropionic
acid exacerbates N-methyl-D-aspartate toxicity in striatal culture by
multiple mechanisms. Neuroscience 84:503-510.

Hanson MG, Shen S, Wiemelt AP, McMorris FA, Barres BA. 1998.
Cyclic AMP elevation is sufficient to promote the survival of spinal
motor neurons in vitro. ] Neurosci 15:7361-7371.

Hausmann ON, Fouad K, Wallimann T, Schwab ME. 2002. Protective
effects of oral creatine supplementation on spinal cord injury in rats.
Spinal Cord 40:449-456.

Holtzman D, Togliatti A, Khait I, Jensen F. 1998. Creatine increases survival
and suppresses seizures in hypoxic immature rat. Pediatr Res 44:410-414.

Kaldis P, Hemmer W, Zanolla E, Holtzman D, Wallimann T. 1996.
‘Hot spots’ of creatine kinase localization in brain: cerebellum, hippo-
campus and choroids plexus. Dev Neurosci 18:542-554.

Kleitman N, Wood P, Bunge R. 1998. Tissue culture methods for the
study of myelination. In: Culturing nerve cells. Banker G, Goslin K,
eds. Cambridge, MA: MIT p 545-594.

Klivenyi P, Ferrante RJ, Mattews RS, Bogdanov MB, Klein AM,
Andreassen OA, Mueller G, Wermer M, Kaddurah-Daouk R, Beal
MF. 1999. Neuroprotective effects of creatine in a transgenic animal
model of amyotrophic lateral sclerosis. Nat Med 5:347-350.

Klivenyi P, Kiaei M, Gardian G, Calingasan NY, Beal MF. 2004. Addi-
tive neuroprotective effects of creatine and cyclooxygenase 2 inhibitors
in a transgenic mouse model of amyotrophic lateral sclerosis. ] Neuro-
chem 88:576-582.

Laemmli UK. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature 227:680-685.

Lawler JM, Barnes WS, Wu G, Song W, Demaree S. 2002. Direct antioxi-
dant properties of creatine. Biochem Biophys Res Comm 290:47-52.

Matus A, Bernhardt R, Bodmer R, Alaimo D. 1986. Microtubule-associ-
ated protein 2 and tubulin are differently distributed in the dendrites of
developing neurons. Neuroscience 17:371-389.

Matthews RT, Ferrante RJ, Klivenyi P, Yang L, Klein AM, Mueller G,
Kaddurah-Daouk R, Beal MF. 1999. Creatine and cyclocreatine
attenuate MPTP neurotoxicity. Exp Neurol 157:142-149.

Meyer LE, Machado LB, Santiago AP, da-Silva WS, De Felice FG,
Holub O, Oliveira MF, Galina A. 2006. Mitochondrial creatine kinase
activity prevents reactive oxygen species generation: antioxidant role of
mitochondrial kinase-dependent ADP re-cycling activity. J Biol Chem
281:37361-37371.

Molloy GR, Wilson CD, Benfield P, de Vellis J, Kumar S. 1992. Rat
brain creatine kinase messenger RNA levels are high in primary cul-
tures of brain astrocytes and oligodendrocytes and low in neurons.
J Neurochem 59:1925-1932.

Journal of Neuroscience Research DOI 10.1002/jnr



Mullen RJ, Buck CR, Smith AM. 1992. NeuN: a neuronal specific nu-
clear protein in vertebrates. Development 116:201-211.

Nakamura M, Okano H, Toyama Y, Dai HN, Finn TP, Bregman BS.
2005. Transplantation of embryonic spinal cord-derived neurospheres
support growth of supraspinal projections and functional recovery after
spinal cord injury in the neonatal rat. ] Neurosci Res 81:457-468.

Nash SR, Giros B, Kingsmore SF, Rochelle JM, Suter ST, Gregor P,
Sejdin MF, Caron MG. 1994. Cloning, pharmacological characteriza-
tion and genomic localization of the human creatine transporter.
Recept Channels 2:165-174.

O’Gorman E, Beutner G, Dolder M, Koretsky AP, Brdiczka D, Walli-
mann T. 1997. The role of creatine kinase in inhibition of mitochon-
drial permeability transition. FEBS Lett 414:253-257.

Rabchevsky AG, Sullivan PG, Fugaccia I, Scheff SW. 2003. Creatine
diet supplement for spinal cord injury: influences on functional recov-
ery and tissue sparing in rats. ] Neurotrauma 20:659-669.

Rubinstein LV, Shoemaker RH, Paull KD, Simon RM, Tosini S, Ske-
han P, Scudiero DA, Boyd MR. 1990. Comparison of in vitro anti-
cancer-drug-screening data generated with a tetrazolium assay versus a
protein assay against a diverse panel of human tumor cell lines. J Natl
Cancer Inst 82:1113-1118.

Schaller B, Andres RH, Huber AW, Meyer M, Perez-Bouza A, Ducray
AD, Seiler RW, Widmer HR. 2005. Effect of GDNF on differentia-
tion of cultured ventral mesencephalic dopaminergic and non-dopami-
nergic calretinin-expressing neurons. Brain Res 1036:163—172.

Schlattner U, Reinhart C, Hornemann T, Tokarska S, Wallimann T.
2002. Isoenzyme-directed selection and characterization of anti-creatine
kinase single chain Fv antibodies from a human phage display library.
Biochim Biophys Acta 1579:124-132.

Sistermans EA, de Kok Y], Peters W, Ginsel LA, Jap PH, Wieringa B.
1995. Tissue- and cell-specific distribution of creatine kinase B: a new
and highly specific monoclonal antibody for use in immunohistochem-
istry. Cell Tissue Res 280:435—446.

Spenger C, Hyman C, Studer L, Egli M, Evtouchenko L, Jackson C,
Dahl-Jorgensen A, Lindsay RM, Seiler RW. 1995. Effects of BDNF on
dopaminergic, serotonergic, and GABAergic neurons in cultures of
human fetal ventral mesencephalon. Exp Neurol 133:50-63.

Tachikawa M, Fukaya M, Terasaki T, Ohtsuki S, Watanabe M. 2004.
Distinct cellular expressions of creatine synthetic enzyme GAMT and

Journal of Neuroscience Research DOI 10.1002/jnr

Creatine and Rat Spinal GABA-ir Neurons 1875

creatine kinases uCK-Mi and CK-B suggest a novel neuron-glial rela-
tionship for brain energy homeostasis. Eur ] Neurosci 20:144-160.

Tarnopolsky MA, Beal MF. 2001. Potential for creatine and other thera-
pies targeting cellular energy dysfunction in neurological disorders. Ann
Neurol 49:561-574.

Wallimann T, Schnyder T, Schlegel J, Wyss M, Wegmann G, Rossi A,
Hemmer W, Eppenberger HM, Quest AF. 1989. Subcellular compart-
mentation of creatine kinase isoenzymes, regulation of CK and octa-
meric structure of mitochondrial CK: important aspects of the phos-
phoryl-creatine circuit. Prog Clin Biol Res 315:159-176.

Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger H. 1992.
Intracellular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the
‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem J
281:21-40.

Wallimann T, Hemmer W. 1994. Creatine kinase in non-muscle tissues
and cells. Mol Cell Biochem 133-134:193-220.

Wallimann T, Schlattner U, Guerrero L, Dolder M. 1999. The phospho-
creatine circuit and creatine supplementation, both come of age! In:
Mori A, Ishida M, Clarke JF, editors. Guanidino compounds. Vol. 5.
Tokyo: Blackwell Science Asia PTY Ltd. p 117-129.

Wendt S, Dedeoglu A, Speer O, Wallimann T, Beal MF, Andreassen
OA. 2002. Reduced creatine kinase activity in transgenic amyotrophic
lateral sclerosis mice. Free Radic Biol Med 32:920-926.

Widmer HR, Hefti F. 1994. Neurotrophin-4/5 promotes survival and
difterentiation of rat striatal neurons developing in culture. Eur J Neu-
rosci 6:1669-1679.

Woznicki DT, Walker JB. 1979. Formation of a supplemental long time-
constant reservoir of high-energy phosphate by brain in vivo and
in vitro reversible depletion by potassium depolarization. J Neurochem
33:75-80.

Zhang W, Narayanan M, Friedlandler RM. 2003. Additive neuroprotec-
tive effects of minocycline with creatine in a mouse model of ALS.
Ann Neurol 53:267-270.

Zurn AD, Baetge EE, Hammang JP, Tan SA, Aebischer P. 1994. Glial
cell line-derived neurotrophic factor (GDNF), a new neurotrophic fac-
tor for motoneurones. NeuroReport 6:113-118.

Zurn AD, Winkel L, Menoud A, Djabali K, Aebischer P. 1996. Com-
bined effects of GDNF, BDNF, and CNTF on motoneurones differen-
tiation in vitro. J Neurosci Res 44:133-141.



