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Neuroprotective mechanisms of creatine occur in the absence of
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There is substantial evidence that creatine administration exerts
neuroprotective effects both in vitro and in vive. The precise
mechanisms for these neuroprotective effects however are as yet
unclear. We investigated whether creatine administration could exert
neuroprotective effects in mice deficient in ubiquitous mitochondrial
creatine kinase (UbMi-CK). UbMi-CK-deficient mice showed increased
sensitivity to 1-methyl-1, 2, 3, 6-tetrahydropyridine (MPTP)-induced
dopamine depletion and loss of tyrosine hydroxylase (TH) stained
neurons. Isolated mitochondria from these mice showed no alterations
in calcium retention, oxygen utilization, membrane potential, or
swelling in response to a calcium challenge. Creatine administration
significantly increased brain concentrations of both creatine and PCr
in the UbMi-CK knockout mice. Creatine administration to the UbMi-
CK-deficient mice exerted significant neuroprotective effects against
MPTP toxicity that were comparable in magnitude to those seen in
wild-type mice. These results suggest that the neuroprotective effects of
creatine are not mediated by an effect on UbMi-CK to inhibit the
mitochondrial permeability transition, and are more likely to be
mediated by maintenance of appropriate ATP/ADP and PCr/Cr levels.
© 2004 Published by Elsevier Inc.
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Several isoforms of creatine kinase are compartmentalized
within cells to form a buffering system for cellular energy stores,
which is thought to be important in tissues with high and
fluctuating energy requirements such as brain and muscle. The
creatine kinase system can shuttle high-energy phosphates (PCr) to
sites of energy usage in the cell, such as ion pumps in organelles in
the plasma membranes or dynamic cytoskeletal structures and
molecular motors. Creatine may therefore exert neuroprotective
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effects by increasing PCr levels, and thereby providing extra
energy for ion homeostasis and the functional and structural
integrity of mitochondria. We and others showed that PCr levels
are increased by creatine supplementation both in vitro and in vivo
(Brewer and Wallimann, 2000; Ferrante et al., 2000; Holtzman et
al., 1998; Matthews et al., 1998). Other neuroprotective effects of
creatine may be due to increased glutamate reuptake (Xu et al.,
1996), and scavenging of free radicals (Lawler et al., 2002).

Creatine exerts neuroprotective effects in vitro as well as in
vivo. Creatine protects against both glutamate and PR-amyloid
toxicity in rat hippocampal neurons (Brewer and Wallimann,
2000). Creatine also protects against 3-nitropropionic and gluta-
mate neurotoxicity in rat hippocampal and striatal neurons (Brus-
tovetsky et al., 2001). We initially showed that creatine protects
against both malonate and 3-nitropropionic acid (3-NP) striatal
neurotoxicity in vivo (Matthews et al., 1998). We also found dose-
dependent protection against MPTP toxicity (Matthews et al.,
1999). Others found protection against traumatic brain injury
(Sullivan et al., 2000). More recently, we found that creatine exerts
neuroprotective effects in transgenic mouse models of both ALS
and Huntington’s disease (Andreassen et al., 2001; Ferrante et al.,
2000; Klivenyi et al., 1999). Creatine also is protective in the
wobbler mouse model of motor neuron disease (Ikeda et al., 2000).
Phosphocreatine promotes recovery of ischemic heart tissue in
vitro (Sharov et al., 1987), and improves survival of cultured
myotubes deficient in dystrophin (Pulido et al., 1998).

A proposed mechanism of neuroprotection is inhibition of
activation of the mitochondrial permeability transition pore
(mPTP) that is linked to both necrotic and apoptotic cell death
(Bernardi et al., 1998). Creatine can stabilize mitochondrial iso-
form of creatine kinase (Mi-CK) in an octomer that can inhibit
activation of the mPTP (O’Gorman et al., 1997). Whether this is an
important component of the neuroprotective effects of creatine in
vivo however remains controversial (Brustovetsky et al., 2001;
Sullivan et al., 2000). To resolve whether inhibition of mPTP plays
a role in the neuroprotective effects of creatine, we examined the
effects of creatine in ubiquitous mitochondrial creatine kinase
(UbMi-CK)-deficient mice. Mice deficient in UbMi-CK are viable
and fertile, and show no physical or behavioral deficits (Steeghs et
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al., 1995). If an interaction of creatine with Mi-CK to stabilize the
MPTP plays an important role in the neuroprotective effects of
creatine, then creatine feeding should not exert protective effects in
UbMi-CK-deficient mice. In the present experiments, we therefore
examined whether creatine protects against MPTP neurotoxicity in
UbMi-CK-deficient mice.

Materials and methods
Experimental animals

Our experiments were conducted in accordance with the Na-
tional Institutes of Health guidelines for the care and use of
experimental animals. UbMi-CK knockout mice were generated
as described (Steeghs et al., 1995). Briefly, a 7 kbp Sstl DNA
fragment was isolated from a genomic lambda FIX™ II phage
library of mouse F1 hybrid [CBAxXC57Bl/6] spleen DNA. The
complete 4.8 kbp murine UbCKmit gene is encompassed within
this genomic region. Starting from this subclone, a replacement-
type vector for homologous recombination was constructed. From
this DNA, the 0.6 kbp BamHI-Bgl/Il fragment was deleted and
replaced by a 1.1 kbp neomycin resistance (neo") cassette. This
vector was introduced into the wild-type E14 ES cells by electro-
poration. E14 clones that were positive for homologous recombi-
nation were injected into recipient C57B1/6 blastocysts and
transferred into the uterus of pseudopregnant (C57Bl/6xCBA)F1
females. Resulting chimeric males were mated with C57Bl/6
females for 12 generations. Mice heterozygous for mutant UbMi-
CK allele were intercrossed and null mutants were obtained. The
mice were bred locally.

Chemicals

All chemicals were purchased from Sigma (St. Louis, MO)
unless otherwise indicated.

Isolated mitochondria measurements

Nonsynaptic mouse forebrain mitochondria were isolated by
the Percoll gradient separation method as described (Sims, 1990).
For each experiment, brains of two mice of each type were
pooled. The isolation procedure was performed simultaneously
and strictly in parallel with both wild-type and UbMi-CK-defi-
cient mouse forebrain tissue. Animals of approximately 12
months of age were used. Membrane potential of isolated
mitochondria was estimated using the fluorescence of safranine
O (2.5 uM) with excitation and emission wavelengths of 495 and
586 nm, respectively (Starkov et al., 2002). Changes in the
extramitochondrial medium-free Ca®>" were followed using the
fluorescence of Calcium Green 5N (“Molecular Probes”, USA)
with excitation and emission wavelengths of 506 and 532 nm,
respectively. Mitochondrial swelling was estimated by a conven-
tional method, from changes in light scattering of mitochondrial
suspension using a fluorimeter set at 660 nm excitation and
emission wavelengths with 10:5 nm excitation/emission slits and
an 8% transmittance filter set over the photomultiplier window.
For all fluorescence measurements, a Hitachi F4500 fluorescent
spectrometer equipped with a water-thermostated cuvette holder
and a stirrer was utilized.

Dopamine measurement

Control and UbMi-CK knockout mice were fed lab chow diets
supplemented with 2% creatine, or a standard unsupplemented diet
for 2 weeks before MPTP administration. MPTP (20 mg/kg, 5 ml/
kg, i.p.) was administered four times at 2-h intervals to control,
heterozygous, and homozygous knockout mice (n = 12/group). The
animals were killed at 1 week, and both striata were rapidly
dissected on a chilled glass plate and frozen at —70°C. The
samples were subsequently thawed in 0.4 ml of chilled 0.1 M
perchloric acid and sonicated. Aliquots were taken for protein
quantification using a spectrophotometric assay. Other aliquots
were centrifuged, and dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA) were measured in super-
natants by HPLC with electrochemical detection. Concentrations
of dopamine and metabolites were expressed as ng/mg protein
(mean + SEM).

MPP" levels

To determine whether MPTP uptake or metabolism was altered,
MPTP 20 mg/kg was administered intraperitoneally four times, 2
h apart, and mice were killed 90 min after the last injection (n = 6/
group). MPP" levels were quantified by HPLC with UV detection
at 295 nm. Samples were sonicated in 0.1 M perchloric acid, and
an aliquot of supernatant was injected onto a Brownlee aquapore
X03-224 cation exchange column (Rainin, Woburn, MA). Samples
were eluted isocratically with 90% 0.1 M acetic acid and 75 mM
triethylamine HCI, pH 2.3, adjusted with formic acid and 10%
acetonitrile.

Measurements of creatine, phosphocreatine, and ATP

Wild-type and homozygous Mi-CK knockout mice (10 mice
per group) fed 2% creatine for 2 weeks were killed by the freeze-
clamp procedure for measurements of creatine, phosphocreatine,
ADP, and ATP in cerebral cortex as previously described (Mat-
thews et al., 1998).

Histological analysis

Control and homozygous UbMi-CK knockout mice were fed
lab chow diets supplemented with 2% creatine, or a standard
unsupplemented diet for 2 weeks before MPTP administration.
MPTP (20 mg/kg, 5 ml/kg, i.p.) was administered three times at 2-
h intervals to control, heterozygous, and homozygous knockout
mice (n = 6/group). After 1 week, the mice were deeply anesthe-
tized with pentobarbital and perfused with ice-cold 0.9% saline
followed by 4% paraformaldehyde in 0.1 M sodium phosphate-
buffered saline, pH 7.4. Brains were removed, postfixed for 2 h in
the same fixative, and then placed in 30% sucrose overnight at
4°C. Serial coronal sections (50 pum) were cut through the
substantia nigra. Two sets consisting of eight sections each, 100
um apart, were prepared. One set of sections was used for Nissl
staining (cresyl violet). Another set was processed for tyrosine
hydroxylase (TH) immunohistochemistry using avidin—biotin per-
oxidase technique. Briefly, free-floating sections were pretreated
with 3% H,0, in PBS for 30 min. The sections were incubated
sequentially in (a) 1% bovine serum albumin (BSA)/0.2% Triton
X-100 for 30 min, (b) rabbit anti-TH affinity purified antibody
(Chemicon, Temecula, CA; 1:2000 in PBS/0.5% BSA) for 18 h, (c)
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Table 1
Number of neurons in the substantia nigra pars compacta in mitochondrial
creatine kinase knockout and control mice with or without MPTP treatment

Experimental group Tyrosine hydroxylase  Nissl

Control/normal diet/PBS 9151 + 460 10629 + 396
Control/normal diet/MPTP 6326 + 540%* 6903 + 265%**
Control/creatine/MPTP 8085 + 424" 9639 + 547"

Knockout/normal diet/PBS 9305 £ 761
Knockout/normal diet/ MPTP 6285 + 134™
Knockout/creatine/MPTP 8052 + 485"

10848 + 606
6778 + 269
9512 + 460"

Creatine attenuates MPTP-induced neurodegeneration in the SNpc of wild-
type controls and Mi-CK knockout mice. Neuronal counts (means = SEM)
were made using the optical fractionator method.

** P < 0.01, vs. control/normal diet/PBS.

*** P < 0.001, vs. control/normal diet/PBS.

# P < 0.05, vs. control/normal diet/ MPTP.

## p < 0.001, vs. control/normal diet/MPTP.

** P < 0.01, vs. knockout/normal diet/PBS.

X P <0.001, vs. knockout/normal diet/PBS.

* P <0.05, vs. knockout/normal diet/MPTP.

P <0.01, vs. knockout/normal diet/MPTP.

biotinylated anti-rabbit IgG (Vector Laboratories, Burlingame, CA;
1:500 in PBS/0.5% BSA) for 1 h, and (d) avidin—biotin—perox-
idase complex (Vector; 1:500 in PBS) for 1 h. The immunoreaction
was visualized using 3,3-diaminobenzidine tetrahydrochloride
dihydrate (DAB) with nickel intensification (Vector) as the chro-
mogen. All incubations and rinses were performed with agitation
using an orbital shaker at room temperature. The sections were
mounted onto gelatin-coated slides, dehydrated, cleared in xylene,
and coverslipped. The numbers of Nissl-stained or TH-immuno-
reactive cells in the substantia nigra pars compacta (SNpc) were
counted using the optical fractionator method in the Stereo Inves-
tigator (v. 4.35) software program (Microbrightfield, Burlington,
VT).

Statistical analysis

Results are expressed as the mean = SEM. Statistical com-
parisons were made using one-way ANOVA followed by New-
man—Keuls post hoc tests, or two-way ANOVA for the data in
Table 1.

Fig. 1. Ca*"-induced changes in membrane potential, Ca®>" uptake, and
swelling of mouse brain mitochondria. Incubation medium was composed
of 125 mM KCI, 2 mM KH,PO,, 1 mM MgCl,, 13.6 mM NaCl, 20 mM
HEPES (pH 7.2), 0.2 mg/ml fatty-acid-free bovine serum albumin, 5 pM
EGTA, 10 mM potassium succinate, and 1 pM rotenone;  =37°C. In A, the
incubation medium was supplemented with 2.5 pM safranine O. In C, the
incubation medium was supplemented with 0.1 pM Calcium Green 5N.
Mitochondria were added at 0.125 mg/ml. (A) Membrane potential of
mouse brain mitochondria estimated from safranine O fluorescence
quenching as described in Materials and methods. Please note that the
tracings are inverted upside down for the sake of visual consistency. (B)
Ca®" uptake in mitochondria estimated from changes in external Ca®"
concentration measured as described in Materials and methods, and (C) the
swelling of mitochondria. Additions: Mito, mouse brain mitochondria;
ADP, 100 pM ADP; Ol, 1 pg/ml oligomycin; Ca>", 100 uM CaCly; CsA,
1.1 pM cyclosporine A; RuR, 0.4 uM Ruthenium Red; FCCP, 100 nM
FCCP; Al, 80 pg/ml alamethicin A. All tracings were produced in a single
experiment representative of five experiments performed.

Results

Brain mitochondria isolated from either wild-type or UbMi-
CK-deficient mice were incubated in high ionic strength cytosol-
mimicking medium and challenged with repeated pulses of 100
uM Ca*", and their responses were compared by several parame-
ters relevant to Ca®-induced damage and the mPTP. Fig. 1A
demonstrates that both types of mitochondria possess virtually
identical membrane potential. After addition of ADP, the mem-
brane potential transiently decreases in both types of mitochondria
indicating the onset of oxidative phosphorylation (state 3). As
shown in Fig. 1A, both the amplitude and the duration of the
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decrease in membrane potential are virtually identical in both types
of mitochondria reflecting an equal efficiency of the oxidative
phosphorylation system (mtATPase, ADP/ATP translocator, and Pi
transporter) and energy-producing system (substrate transporters
and mitochondrial respiratory chain). It is well known that change
in the membrane potential is one of the most sensitive parameters
reflecting the bioenergetic qualities of mitochondria (Beatrice et
al., 1980; Jensen et al., 1986; Petit et al., 1990; Zanotti and
Azzone, 1980). Fig. 1A indicates that in the absence of added
Ca*", the bioenergetics of UbMi-CK-deficient mitochondria are
not different from those of wild-type mitochondria. Addition of
Ca*" induced a transient decrease in membrane potential followed
by its spontaneous restoration to the initial level reflecting the
transport of Ca®" into mitochondria that is an energy-hungry
membrane potential dependent process (Gunter and Gunter,
2001; Gunter et al., 1994) (please note that an amplitude of a
deflection of tracings immediately after an addition does not bear
any relevant information as it merely reflects the insertion and
removal of a pipettor’s tip into a cuvette). Fig. 1A shows that up to
the third addition of Ca®", there was no difference in membrane
potential changes in both types of mitochondria. However, after the
third Ca®" pulse, a difference became apparent and consisted of a
delayed restoration of membrane potential in wild-type mitochon-
dria as compared to UbMi-CK mitochondria. After the fifth Ca*"
addition, membrane potential failed to spontaneously restore in
wild-type mitochondria whereas the restoration was significantly
delayed in UbMi-CK mitochondria. A specific inhibitor of MPTP
cyclosporine A (Fournier et al., 1987; Zoratti and Szabo, 1995)
promoted a partial restoration of membrane potential in both types
of mitochondria indicating an activation of mPTP. The restoration
of membrane potential was incomplete and was not further
promoted by Ruthenium Red, a specific inhibitor of the mitochon-
drial Ca** uniporter (Gunter and Gunter, 2001; Gunter et al., 1994).
This indicates that incomplete restoration of the membrane poten-
tial was not due to Ca®'-induced Ca**-recycling (Gunter and
Gunter, 2001; Gunter et al., 1994). Overall, these data imply that
there is no significant difference between wild-type and UbMi-CK
mitochondria in handling moderate amounts of Ca®" (up to 2400
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nmol/mg protein) whereas higher amounts (4000 nmol/mg protein)
of Ca®" induced permanent damage to bioenergetics, which was
similar in both types of mitochondria (Fig. 1A). However, UbMi-
CK mitochondria appear to be slightly more resistant to massive
Ca®" loading, since they demonstrate better restoration of mem-
brane potential after the fifth Ca®" addition.

The changes in membrane potential were paralleled by Ca®"
fluxes as shown in Fig. 1B. This figure shows that mitochondria
efficiently and rapidly remove exogenously added Ca®" upon
moderate loading. At higher Ca>" loading, mitochondrial Ca**
uptake became much slower whereas the mPTP inhibitor cyclo-
sporine A promoted the uptake (Fig. 1B). Ruthenium Red stimu-
lated the release of Ca®" back into the incubation medium. Once
again, it is clearly seen that UbMi-CK mitochondria exerted
relatively better handling of a massive Ca®" load than wild-type
mitochondria.

Opening of mPTP is frequently associated with a large
amplitude changes in light scattering of a mitochondrial suspen-
sion, which is caused by swelling of the mitochondrial matrix,
and therefore represents a convenient way of assessing mPTP
activation in vitro (Beatrice et al., 1980; Zoratti and Szabo,
1995). Fig. 1C shows that addition of ADP induced a transient
increase in light scattering of mitochondria that correlated with
changes in the membrane potential (Fig. 1A). These changes are
most likely related to the well-known effect of changes in the
mitochondrial matrix aggregation state induced by oxidative
phosphorylation (so-called “‘orthodox” to ‘“condensed” state
transition) (Hackenbrock, 1981; Mannella et al., 2001). Ca*"
additions did not induce any appreciable swelling in either type
of mitochondria. Instead, Ca®" caused a moderate increase in
light scattering. This is a well-known and frequently observed
phenomenon (Andreyev and Fiskum, 1999; Zoratti and Szabo,
1995) that most likely reflects changes in matrix density of
mitochondria induced by accumulation of Ca**-phosphate precip-
itate (Kristian et al., 2002). However, a slow swelling-like
response was observed after the fifth Ca®" addition in both types
of mitochondria, which was always blocked and reversed by
cyclosporin A. Although a similar slow decrease in light scatter-
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Fig. 2. Effects of MPTP on dopamine, DOPAC, and HVA in wild-type control, UbMi-CK heterozygous knockout, and homozygous knockout mice. *P <
0.001, as compared to PBS-treated animals; **P < 0.05, as compared to MPTP-treated wild-type mice, ***P < 0.05, as compared to PBS-treated wild-type
mice, #P < 0.05, as compared to MPTP-treated wild-type mice, ##P < 0.002, as compared to MPTP-treated homozygous knockout animals.
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Fig. 3. Photomicrographs of TH-immunostained sections through the
substantia nigra pars compacta of wild-type controls (A—C) and UbMi-CK
knockout mice (D—F) showing TH-positive neurons following treatment
with PBS (A, D), MPTP (B, E), and MPTP and dietary creatine (C, F).
Scale bar, 200 pm.

ing was reproducibly observed in all experiments, the amplitude
and the velocity of that swelling were inconsistent and varied in
both types of mitochondria. As expected, an addition of a pore-
forming peptide alamethicin induced similar large amplitude

swelling of both types of mitochondria thus indicating their equal
ability to swell (Sansom, 1993). Similar findings were made with
a four-channel respiration system (Zhu et al., 2002).

The effects of administration of MPTP in wild-type controls and
UbMi-CK knockout mice are shown in Fig. 2. The dose of MPTP we
used (4 X 20 mg/kg) produced a significant dopamine depletion of
52% in wild-type controls on unsupplemented diet (P < 0.001). The
same dose of MPTP produced a 61% depletion of dopamine in
heterozygous UbMi-CK knockout mice that was not statistically
significant as compared to MPTP-treated wild-type mice, and a
significant 70% dopamine depletion in homozygous UbMi-CK
knockout mice (P < 0.05). Supplementation with 2% creatine
produced significant protection against MPTP-induced depletion
of dopamine both in wild-type mice (38% protection) and in
homozygous UbMi-CK knockout mice (98% protection; P < 0.05
and P < 0.001, respectively). This dose of MPTP produced a
significant depletion of HVA in wild-type controls. There was a
trend toward decreased levels of HVA in the UbMi-CK knockout
mice on an unsupplemented diet, but this did not reach statistical
significance. Creatine supplementation produced significant protec-
tion against MPTP-induced depletion of HVA in both the wild-type
mice as well as in the homozygous UbMi-CK knockout mice (P <
0.05 and P <0.001, respectively). The increased sensitivity to MPTP
was not caused by an alteration in metabolism of MPTP to MPP*
because striatal MPP" levels did not significantly differ between the
wild-type and the UbMi-CK knockout mice at 90 min after MPTP
administration (controls, 96.7 + 17.1 ng/mg protein; UbMi-CK
knockout, 109.6 + 20.8 ng/mg protein).

Creatine significantly attenuated the MPTP-induced neuro-
degeneration in both the wild-type controls and UbMi-CK
knockout mice. In wild-type controls, MPTP significantly re-
duced the numbers of TH-immunostained and Nissl-stained
neurons in the substantia nigra pars compacta (SNpc) compared
with PBS-treated mice by 31% (P <0.01) and 35% (P < 0.001),
respectively (Table 1, Fig. 3). In UbMi-CK knockout mice,
MPTP produced a 32% reduction of TH-positive neurons (P <
0.01, vs. PBS) and 38% decrease (P < 0.001, vs. PBS) in the
number of Nissl-stained neurons in SNpc. In MPTP-treated wild-
type controls, 2% dietary creatine treatment significantly in-
creased the numbers of surviving TH-positive neurons (P <
0.05) and Nissl-stained cells (P < 0.001) compared with the
unsupplemented groups. In UbMi-CK knockout mice, creatine

AMP PCr/Cr
0.5 *
12
10 0.4
= *
D
g 8 g 0.3
en 6 * 5
E & 02
g 4
| .
0 0
CTX STR CBL CTX CBL
B wildtype [] UbMiCK ko UbMICK ko with Cr

Fig. 4. AMP levels and effects of creatine supplementation for 2 weeks on PCr/Cr concentrations in wild-type (wt) and UbMi-CK-deficient mice. PCr/Cr
concentrations were significantly increased in the UbMi-CK mice after creatine supplementation (*P < 0.001).
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supplementation significantly attenuated the MPTP-induced loss
of TH-immunoreactive neurons (P < 0.05) and Nissl-stained cells
(P < 0.01) to a comparable extent.

The effects of creatine supplementation on PCr/Cr levels in
cerebral cortex and cerebellum are shown in Fig. 4. There were no
significant changes in ADP, ATP in the wild-type mice as com-
pared to UbMi-CK-deficient mice at baseline (data not shown).
AMP levels were significantly reduced in both cerebral cortex and
striatum of UbMi-CK-deficient mice. Creatine supplementation
significantly increased concentrations of creatine and PCr in
cerebral cortex of UbMi-CK-deficient mice, and there was a
similar trend in cerebellum.

Discussion

Mi-CK is part of a complex of proteins that form an efficient,
tightly coupled multienzyme energy channel, which generates and
transports PCr to the cytoplasm. The creatine transporter has
recently been localized to the inner mitochondrial membrane and
there is evidence that there may be subcellular compartmentaliza-
tion of Cr/PCr pools that are not fully in equilibrium (Walzel et al.,
2002a,b). Substantial evidence supports a direct functional cou-
pling of creatine kinase with Na'/K" ATPase, neurotransmitter
release, and in maintenance and restoration of ion gradients before
and after depolarization (Dunant et al., 1988; Hemmer and Wall-
imann, 1993). High energy turnover and high creatine kinase
concentrations are found in brain regions that are rich in synaptic
connections (Kaldis et al., 1996) and creatine kinase flux correlates
with brain activity as measured by EEG, as well as the amount of
2-deoxyglucose found in the brain (Sauter and Rudin, 1993).
Creatine kinase appears to be coupled directly or indirectly to
energetic processes required for calcium homeostasis (de Groof et
al., 2002; Steeghs et al., 1997; Wallimann et al., 1992). PCr is
essential for normal calcium regulation by the sarcoplasmic retic-
ulum (de Groof et al., 2002; Yang and Steele, 2002). Creatine
pretreatment delays increases in intracellular calcium produced by
3-nitropropionic acid (3-NP) in astrocytes in vitro (Deshpande et
al., 1997).

There is an extensive literature showing neuroprotective effects
of creatine both in vitro and in vivo. Creatine increases PCr levels
in cultured neurons and protects against glutamate, 3-NP, and 3-
amyloid toxicity (Brewer and Wallimann, 2000; Brustovetsky et
al., 2001). In hippocampal slices, creatine administration increased
PCr levels, delayed synaptic failure, and ameliorated neuronal
damage produced by anoxia (Carter et al., 1995; Sharov et al.,
1987; Whittingham and Lipton, 1981). Creatine administration to
rat pups for 3 days increased brain PCr levels, decreased hypoxia-
induced seizures and death, and enhanced PCr and ATP recoveries
after hypoxia (Holtzman et al., 1998).

We found that creatine administration increased brain PCr
concentrations and produced significant neuroprotection against
striatal lesions produced by the mitochondrial toxins 3-nitropro-
pionic acid and malonate (Matthews et al., 1998), and MPTP
neurotoxicity (Matthews et al., 1999). Creatine significantly ex-
tended survival, improved motor performance, protected against
loss of spinal cord motor neurons (Klivenyi et al., 1999), and
reductions in Mi-CK activity in a transgenic mouse model of ALS
(Wendt et al., 2002).

In two transgenic mouse models of Huntington’s disease,
creatine administration significantly improved survival, slowed

the development of brain atrophy, and delayed the formation of
huntingtin-positive aggregates (Andreassen et al., 2001; Ferrante
et al., 2000). Using magnetic resonance spectroscopy, we showed
that creatine administration increased brain creatine levels 21.3%
and delayed decreases in N-acetylaspartate concentrations
(Andreassen et al., 2001; Ferrante et al., 2000). Creatine admin-
istration in a model of traumatic brain injury reduced the extent of
cortical damage by 36% in mice and 50% in rats (Sullivan et al.,
2000).

A potential neuroprotective mechanism of creatine is to stabi-
lize the mPTP that is linked to both necrotic and apoptotic cell
death (Bernardi et al., 1998). The mPTP is a large pore in the inner
mitochondrial membrane that is activated by increases in mito-
chondrial calcium, free radicals, and decreases in reduced pyridine
nucleotides. The mitochondrial isoform of creatine kinase (Mi-CK)
is located at contact sites between the inner and outer membranes
where it is associated with porin (Brdiczka et al., 1998; Schlattner
et al.,, 2001). Mi-CK can convert intramitochondrially produced
ATP to PCr directly, which then gets transported to sites of energy
consumption. The mitochondrial isoform is also coupled to oxida-
tive phosphorylation via the adenine nucleotide transporter, and
creatine stimulates respiration by increasing mitochondrial ADP
(Kay et al., 2000). It was suggested that creatine converts UbMi-
CK from a dimer to an octomer, which then stabilizes the mPTP
(Dolder et al., 2003; O’Gorman et al., 1997). Creatine prevents
increases in respiration produced by Ca* with atractylate, an
activator of the mPTP. Furthermore induction of the mPTP was
inhibited in cortical mitochondria of rats fed with creatine and then
subjected to traumatic brain injury (Sullivan et al., 2000). Studies
of isolated brain mitochondria, however, found no effect of
creatine on the mPTP, and creatine supplementation for 2 weeks
before isolation of brain mitochondria also showed no effect on the
MPTP (Brustovetsky et al., 2001).

An important issue therefore is how much of the neuroprotec-
tive effects of creatine can be attributed to inhibition of the mPTP,
versus maintenance of cellular PCr and ATP levels, which are
critical to cellular homeostasis, synaptic transmission, and restora-
tion of ionic gradients. We therefore examined whether creatine
could exert neuroprotective effects in mice deficient in UbMi-CK.
Mi-CKs are encoded by two nuclear genes. Sarcomeric Mi-CK is
expressed in skeletal muscle fibers and cardiac cells, while UbMi-
CK is expressed in brain, kidney, intestinal epithelial cells, smooth
muscle, and sperm. Mice deficient in either isoform have been
generated (Boehm et al., 1996; Steeghs et al., 1995, 1997).
Surprisingly, these mice show no overt phenotypic abnormalities.

We found that mice deficient in UbMi-CK have normal ADP
and ATP levels at baseline, consistent with studies using phospho-
rous NMR spectroscopy (Kekelidze et al., 2001). Phosphorous
NMR studies showed no differences in brain PCr levels in UbMi-
CK knockout mice compared to wild-type mice (Kekelidze et al.,
2001). We found that the UbMi-CK mice have reduced AMP
levels suggesting that increased adenylate kinase activity may
contribute to maintaining ATP levels. The UbMi-CK-deficient
mice showed a greater depletion of dopamine than wild-type mice
after MPTP administration, suggesting that under conditions that
stress mitochondria, compensation is not fully adequate. Similarly,
they show greater seizure-induced decreases in PCr and ATP
(Kekelidze et al., 2001).

In the present study, isolated brain mitochondria from UbMi-
CK-deficient mice did not show any abnormalities in calcium
uptake, capacity, and retention, membrane potential, or mitochon-
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drial matrix volume changes in response to a calcium challenge.
Differences between wild-type and UbMi-CK mitochondria were
insignificant and fall within the typical variability of experiments
with isolated mitochondria. Overall, these data strongly suggest the
absence of any alterations to Ca®-dependent mPTP regulation or
elevated sensitivity to Ca**-induced damage inherently present in
mitochondria isolated from UbMi-CK-deficient mice.

If the neuroprotective effects of creatine are due to an interac-
tion of creatine with UbMi-CK to prevent the MPTP, one would
expect that creatine would not be neuroprotective in the brains of
mice deficient in the UbMi-CK. In the present experiments,
creatine administration produced significant protection against
MPTP neurotoxicity in UbMi-CK-deficient mice as assessed
biochemically and histologically. The neuroprotective effects were
comparable to those seen in wild-type mice. Furthermore creatine
administration significantly increased brain concentrations of both
creatine and PCr. These results strongly suggest that the neuro-
protective effects of creatine are not mediated by an effect on
UbMi-CK to inhibit the mPTP.

Our results are congruent with the recent studies of Brustovet-
sky et al. (2001) who found that creatine had no significant effects
on the mPTP of isolated brain mitochondria, or in brain mitochon-
dria isolated from rats fed with 2% creatine for 2 weeks. These
results suggest that the primary neuroprotective effects of creatine
are likely to be mediated by maintenance of brain PCr and ATP
levels. Creatine administration increases both skeletal muscle and
brain PCr levels in man (Dechent et al., 1999; Wiedermann et al.,
2001) and it improves exercise performance (Jacobs et al., 2002;
Jones et al., 2002). These and other findings suggest that creatine
administration is a promising strategy for the treatment of neuro-
degenerative diseases (Tarnopolsky and Beal, 2001).
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