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Mitochondrial and cytosolic creatine kinase (CK) isozymes
are active in cells with high and variable ATP metabolic rates.
B-Guanidinopropionic acid (GPA), a competitive inhibitor of
creatine transport, was used to study the hypothesis that the
creatine-CK-phosphocreatine (PCr) system is important in
regulating brain ATP metabolism. The CK-catalyzed reaction
rate and reactant concentrations were measured in vivo with
31P nuclear magnetic resonance spectroscopy during energy
deficit (hypoxia) or high-energy turnover (seizures) states in
urethane-anesthetized mice fed GPA, creatine, or standard
chow (controls). Brain phosphagen (i.e., cellular energy re-
serves) or PCr plus phosphorylated GPA (GPAP) concentra-
tions were equal. The phosphagen-to-NTP ratio was lower
than in controls. In vivo CK reaction rate decreased fourfold,
whereas ex vivo CK activity that was biochemically measured
was doubled. During seizures, CK-catalyzed fluxes increased
only in GPA-fed mice. Phosphagen increased in GPA-fed mice,
whereas PCr decreased in controls. Survival was higher and
brain phosphagen and ATP losses were less for hypoxic
GPA-fed mice than for controls. In contrast to mice fed GPA,
hypoxic survival and CK reactant concentrations during
hypoxia and seizures were the same in creatine-fed mice and
controls. Thus GPA, GPAP, or adaptive changes in ATP
metabolism stabilize brain ATP and enhance survival during
hypoxia in mice.

creatine kinase; hypoxia; 3P nuclear magnetic resonance;
seizures

IN SKELETAL MUSCLE AND heart, the creatine kinase (CK;
EC 2.7.3.2)-catalyzed reaction

PCr~ + MgADP~ + H* — Cr + MgATP* (1)

is thought to be important in the synthesis of cytosolic
ATP, the temporal buffering of cellular ATP concentra-
tion, and/or the regulation of reactant concentrations,
including ATP, ADP, creatine, phosphocreatine (PCr),
and pH (3, 27, 29, 32, 52, 56, 59). Like other tissues with
large and rapidly changing ATP requirements, brain
contains a relatively high PCr concentration and both
cytosolic CK (B-CK) and mitochondrial CK (Mi-CK)
isoenzymes (26, 27, 38). The brain CK isoenzymes differ
from those in skeletal muscle (24, 54). The isoenzymes
are not uniformly codistributed in cerebellar and cere-
bral hemispheres, with B-CK present in both gray and
white matter and Mi-CK present predominantly in
gray matter, a region of high and variable rates of
aerobic glycolysis (23, 28). The hypothesis for the
present study is that, in brain as in muscle, the
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CK-catalyzed reaction and/or reactants are important
in regulating ATP with a physiology that reflects the
cerebral metabolic heterogeneity.

The physiology of brain ATP metabolism, including
the creatine-CK-PCr system, has been studied in vivo
with nuclear magnetic resonance (NMR) spectroscopy
under conditions of high-ATP turnover (seizures) and
energy deprivation (hypoxia, ischemia, or hypoglyce-
mia) (19, 37, 38, 41, 49, 51, 60). During seizures,
cerebral hemisphere PCr decreases 20-40% and ATP
decreases ~10% while blood flow and aerobic glycolysis
double (19, 25, 37, 46, 60). The CK-catalyzed flux
increases (41). During mild hypoxia, brain ATP is
maintained in association with increased blood flow, O,
and glucose extraction from blood, mitochondrial elec-
tron transport chain oxidation, CK-catalyzed reaction
rates, and pH (4, 22, 25, 46, 51). Electrocortical activity
slows. More severe or prolonged hypoxia results in
reduction of cellular cytochrome aaj, simultaneous
decreases in pH and in PCr and ATP, and a decrease in
CK-catalyzed fluxes (22, 49, 51).

The importance of creatine in ATP metabolism, al-
though not its specific function(s), is suggested by
extensive changes in ATP metabolic pathways in cre-
atine-depleted skeletal and cardiac muscle. The cre-
atine analog, B-guanidinopropionic acid (GPA), almost
completely replaces creatine in muscle when fed to rats
or mice (10, 43, 52). GPA, which competitively blocks
creatine transport, is phosphorylated by the CK-
catalyzed reaction, but both GPA and phosphorylated
GPA (GPAP) are poor substrates compared with cre-
atine (7, 11). GPAP decreases with contractions and
anoxia in skeletal muscle from GPA-fed mice, suggest-
ing that it can act as substrate for the CK-catalyzed
reaction in vivo (10). These in vivo results also indicate
that GPA is intracellular. In GPA-fed rats, muscle
aerobic glycolytic enzymes and adenylate kinase in-
crease, hexokinase and phosphofructokinase decrease,
and concentrations of glucose-6-phosphate and ATP
decrease (10, 33, 35, 42). Total CK activity decreases,
whereas Mi-CK and the adenine nucleotide translocase
increase three- to fourfold (35, 42). These changes in
ATP metabolism are associated with decreased fast and
intermediate myosin isoenzymes and increased slow
forms in fast- and slow-twitch skeletal muscle (34).
With these metabolic adaptations, prolonged stimula-
tion produces similar contractile force in skeletal
muscles from GPA-fed and control rats (32, 44, 45).

Guanidino compounds, including creatine, PCr, and
arginine, are important in regulation of brain energy
metabolism. In anoxic hippocampal slices, creatine but
not ATP markedly prolongs synaptic transmission and
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cell survival (5, 58). Arginine, the substrate for nitric
oxide synthase, is thought to be active in regulating
cerebral blood flow (16, 48). In contrast to muscle, brain
PCr is only partially replaced by GPAP (18). The
CK-catalyzed reaction rate with PCr as substrate,
measured in vivo by NMR, decreases 60-70%. In
further contrast to skeletal muscle, brains from GPA-
fed rats show increased total CK with only a small
increase in Mi-CK (35). Both tissues show increased
adenylate kinase and succinate dehydrogenase. Regula-
tion of ATP has not been studied in brains of GPA-fed
animals.

In this study, changes in brain CK-catalyzed reaction
rates and reactant concentrations were measured in
vivo with 31P-NMR spectroscopy during hypoxia and
seizures in mice fed GPA or creatine. Control mice for
each group were fed standard laboratory chow. Total
CK activity was measured in vitro in brains from the
GPA-fed and control mice. The GPA-fed mice showed
markedly decreased brain CK-catalyzed reaction rates
in vivo, increased total CK activity, enhanced hypoxic
survival, and stabilization of ATP during both hypoxia
and seizures. In contrast, results in creatine-fed ani-
mals were no different from controls.

METHODS

Animals. Female CD-1 albino mice (Charles River Breed-
ing Laboratory, Wilmington, MA) were acquired at 30 days of
age and kept in cages of five animals each. After 2 days, ad
libitum feedings of standard laboratory chow (controls), chow
containing GPA (at 2% by weight), or chow containing cre-
atine (at 2% by weight) (Bioserve, Frenchtown, NJ) were
started. For the NMR experiments, mice were fed the respec-
tive diets for at least 3 wk. For the analytic measures of CK
activity, mice were fed for 6 or 12 wk. The brain phosphagens
are the same after all these durations of GPA feedings, since
brain GPAP-to-PCr and total phosphagen-to-NTP ratios do
not change after 2 wk of feedings (18). Control animals were
paired to each group of experimental GPA- or creatine-fed
mice throughout the feeding periods and when studied.

Seizures. Mice were anesthetized with urethan (1.875
mg/g). After placement of an intraperitoneal catheter filled
with pentylenetetrazole (PTZ) in water (10 mg/ml), the mouse
was taped in the NMR probe. Baseline spectra with 2-s
(partially saturated) and 10-s (fully relaxed) interpulse inter-
vals (RD) were acquired in room air. A saturation transfer
(ST) experiment, which measures the phosphoryl flux be-
tween PCr and ATP, was then run. After injection of PTZ (80
mg/g), partially saturated spectra were acquired every 2 min.
The ST experiment was repeated after 12 min when spectral
changes were stable.

The electroencephalogram (EEG) was acquired in three
additional GPA-fed and control mice. Each mouse was anes-
thetized before biparietal scalp electrodes were placed and
the animal was fixed in the NMR probe. The EEG leads were
connected to low-pass filters (80 dB at 1 MHz) with shielded
cables. The EEGs were recorded for at least 15 min after the
PTZ injections. The EEGs were examined for onset and
duration of seizure activity by an observer (F. Jensen) who did
not know the feeding group. After each experiment, the
anesthetized mouse was killed with intraperitoneal pentobar-
bital (200 mg/kg).

Hypoxia. In preliminary experiments, 8—10 mice in each
experimental group and controls were exposed to hypoxic gas
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mixtures (6, 4, or 2% O,) for 10 min. The mice were anesthe-
tized with urethane for placement of biparietal scalp elec-
trodes. After recovery from anesthesia, mice were placed in a
Lucite chamber maintained at 34°C. The mice were observed,
and EEGs and heart rate were recorded in room air, in the
hypoxic gas, and again in air.

For NMR studies, mice were anesthetized with intraperito-
neal urethane before placement in the probe. Baseline spec-
tra and the ST experiment were acquired. The hypoxic gas
mixture then completely replaced room air in the probe
within 15 s through a funnel in front of the animal’s face. The
GPA-fed mice and controls were exposed for 7-8 min to one of
the three hypoxic gas mixtures. The creatine-fed and control
mice were exposed to either 6 or 4% O,. Partially saturated
spectra were obtained every 2 min. Room air replaced the
hypoxic gas after 7 min, and spectra were acquired for 12 min.
A second ST experiment was then performed. Body tempera-
tures, monitored by a rectal thermistor, were 33-34°C
throughout the experiments.

NMR experiments. Spectra were obtained in the Fourier
transform mode at 145.587 MHz with a custom-built spectrom-
eter and an Oxford 8.9-cm vertical bore superconducting
magnet (8.45 T). Spectra were localized to brain by means of
an 8-mm-diameter Teflon-covered copper surface coil. The
surface coil was matched and tuned to the 3!P-NMR fre-
quency after the animal was placed in position with the coil
centered on the scalp behind the supraorbital ridges. Field
homogeneity was optimized to a line width of <0.2 parts/
million, using the brain water signal. Spectral acquisition
time was 73 ms after an excitation pulse of 12 us. The spectral
width was 14,000 Hz with 1,024 time domain points collected
and zero filled to 4,096. The sum of 56 time domain signals
(free induction decays) was multiplied by an exponential filter
with 25-Hz line broadening before Fourier transforming and
baseline deconvolving (1). Spectra were processed with NMR
I software (New Methods Research, East Syracuse, NY).

Changes in reactant concentrations were measured by
integrating spectral peaks. Values from initial 2-s RD spectra
were compared with spectra acquired during and after hy-
poxia or during seizures. Because of the overlap of the PCr
and GPAP peaks, the area under the two peaks was inte-
grated as a measure of total phosphagen concentration.
Changes in ATP concentration were estimated from the
B-NTP peak, to which there are no contributions from NAD or
ADP (14). This estimation assumes that only ATP changes
acutely during seizures and hypoxia and that brain ATP is
~67% of the total NTP in all mice (6, 30, 57). Brain pH was
calculated from the chemical shift of P, relative to PCr (36).

As shown in Fig. 1, the rate of phosphorus transfer from
PCr to ATP was measured by using the ST experiment (2, 12,
17). Selective saturation of the signal from the ATP y-phospho-
rus nucleus was achieved with a 3.5-s low-power saturating
pulse centered on the y-NTP frequency. The usual excitation
pulse was then applied, and the free induction decay was
acquired to record the net z-magnetization. The spectra
shown were the sum of 64 acquisitions with 3.5-s RD. A
second spectrum was acquired after placing the saturating
pulse frequency an equal distance from PCr on the side
opposite from y-NTP.

Exchange of phosphoryl groups in the complex CK-
catalyzed reaction was analyzed as a first-order exchange
reaction

k
PCr «— ATP (6]

In this model, the unidirectional pseudo-first-order rate con-



BRAIN ATP IN MICE FED GUANIDINOPROPIONIC ACID C1569

NTP NTP
A GPAp M B s
Y o
PCr
B PCr Gpap
B
v
Pi Pi
IllII'YI"]‘I]II"II"II[llll‘lllTIl“l'llllIl]lll'lllll""
20 10 0 -10 20 -30 20 10 0 -10 -20 -30
PPM PPM
C D
J\W\M’M\M WW\\J M |
A 4
|||I|III||||||I||||||I||I|||I||||l'|'|||llll|Illllllllllllll
20 10 0 -10 -20 -30 20 10 0 -10 -20 -30
PPM PPM
Ao vl J\\J
4 4
20 10 0 -10 -20 -30 20 10 0 -10 -20 -30
PPM PPM

Fig. 1. 3'P nuclear magnetic resonance (3!P-NMR) brain spectra (A and B) and saturation transfer (ST)
experiments (C and D) acquired before (A and C) and during (B and D) pentylenetetrazole (PTZ)-induced seizures in
a mouse fed guanidinopropionic acid (GPA) for 3 wk. Spectra were partially saturated [interpulse interval (RD) of 2
s] and obtained as described in METHODS. The 2 phosphagen peaks [phosphocreatine (PCr) and phosphorylated GPA
(GPAP)], the 3 NTP peaks, and the P; peak are labeled. C and D: seizure spectrum and ST experiment were acquired
12 min after PTZ injection. ST experiments were acquired and the results were analyzed as described in METHODS
with a saturation pulse (indicated by arrows) placed either on y-NTP frequency (bottom ) or at an equal distance on
opposite side of PCr peak (top). ppm, Parts per million.
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Table 1. Creatine kinase pseudo-first-order reaction
rate constants and reactant concentrations in brains
of control mice and mice fed GPA for at least 3 wk
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Table 3. CK pseudo-first-order reaction rate constants
and reactant concentrations in brains of control mice
and mice fed creatine for at least 3 wk

Phosphagen-
to-B-NTP
Ratio n pH n k,s7! n

Control 2.21 25 7.11 24 0.27 25

(0.68-4.26) (6.70-7.26) (0.03-0.44)
GPA 1.51 24 7.17 21 0.09 25

(0.87-3.38) (6.97-7.40) (0-0.26)
P 0.13 0.07 =0.0001

Each value is median of range shown in parentheses; n = no. of
experiments. Rate constants (k) and reactant concentrations were
measured in vivo by 3'P nuclear magnetic resonance (31P-NMR) in
brains of control and B-guanidinopropionic acid (GPA)-fed mice. The
phosphagen measurement included phosphocreatine (PCr) for con-
trols and PCr + phosphorylated GPA (GPAP) for GPA-fed mice. P
values were calculated for difference between control and GPA
groups.

stant (k) is equal to the ratio of chemical flux (J) to the
substrate concentration (2). Use of the first-order reaction
simplification does not imply that the CK-catalyzed reaction
is first order. The % for the forward direction was calculated
from the NMR study as

k = J/[PCr] = 1/(T))pc, X (Mo — Ms)/Ms (3)

where T is the longitudinal relaxation time of PCr in the
absence of chemical exchange, Ms is the PCr signal in the
presence of y-NTP saturation, and Mo is the PCr signal
obtained with the saturating pulse on the opposite side of PCr
(Fig. 1). Avalue of 3 s was used for the T of PCr, as previously
measured in a progressive saturation experiment (17). The
same T'; was assumed for GPAP.

Total brain CK activity. Total brain CK activity was mea-
sured in a separate set of control mice and mice fed GPA for 6
or 12 wk as previously described (23). Animals were anesthe-
tized with urethane and decapitated. The cerebral hemi-
spheres were removed and immediately placed in liquid Nj.
While still frozen, the brains were weighed and then homog-
enized with a Potter homogenizer in 2—3 ml of ice-cold water.
The homogenates remained in the ice bath for another 30 min
to allow mitochondrial swelling. Triton (0.05%) and NaH,PO,
(50 mM final concentration) were added to osmotically break
up mitochondria and extract the Mi-CK. The homogenate was
allowed to sit on ice for 2-3 h. Homogenate samples were
then centrifuged for 25 min at 11,000 g (10,000 revolutions/
min) in an SS 34 rotor (Sorvall RC 24 centrifuge). The
resulting supernatant was removed in 5-ul aliquots for pH

Table 2. Total CK activity measured in cerebral

hemisphere homogenates from control mice
and mice fed GPA for 6 or 12 wk

Total CK
Feeding Activity,
Duration, enzyme units/

wk mg protein n
Control 6 7.37(2.48-48.9) 6
GPA 6 20.47 (3.98-42.91)* 6
Control 12 12.68 (4.74-21.9) 4
GPA 12 25.0 (22-31.84)+ 5

Each value is median of range shown in parentheses; n = no. of
brains. CK, creatine kinase. *P = 0.34 and TP = 0.01, calculated for
difference between control and GPA groups for each feeding duration.

PCr-to-3-NTP Ratio n pH n k,s1 n
Control 1.44 21 7.07 24 0.25 21
(1.16-1.76) (6.97-7.27) (0.09-0.52)
Creatine 1.59 20 7.09 20 0.25 20
(1.11-2.13) (7.01-7.21) (0-0.63)
P 0.02 0.31 0.95

Each value is median of range shown in parentheses; n = no. of
experiments. CK pseudo-first-order reaction £ values and reactant
concentrations were measured in vivo by 3'P-NMR. P values were
calculated for difference between control and creatine groups.

stat measurements (55). Background kinase activity was
measured in the presence of 4 mM ADP. Total CK activity was
measured in the presence of 10 mM PCr. The CK activities are
expressed per milligram protein. Protein content was mea-
sured in each sample (31).

Statistics. Differences between baseline results in control
and experimental mice were examined with Wilcoxon’s ranked
sum test. Statistical significances for changes in reactant
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Fig. 2. Changes in brain total phosphagen (PCr in controls, PCr plus
GPAP in GPA-fed mice; top) and NTP (bottom ) concentrations during
12 min of PTZ-induced seizures in 6—8 control (A and dashed lines)
and GPA-fed (O and solid lines) mice. All values are expressed as a
percentage of NMR spectral peak areas measured before PTZ.
Differences between control and GPA-fed mice in the changes during
seizures were significant only for phosphagen (P < 0.001).
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Fig. 3. Changes in creatine kinase (CK)-catalyzed pseudo-first-order
reaction rate constants measured in brains of control and GPA-fed
mice after 12 min of PTZ-induced seizures. Differences were calcu-
lated for rate constants during seizures minus values before seizures.
Values for GPA-fed animals were calculated from overlapping PCr
and GPAP peaks, giving measures of total phosphagen exchange for
each group. Rate constants, which were higher before seizures in
controls, were not different in the 2 groups during seizures.
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Fig. 5. Changes in CK-catalyzed pseudo-first-order reaction rate
constants in brains of 6 control and 6 creatine-fed mice before and
after 12 min of PTZ-induced seizures. Differences were calculated for
rate constants measured during seizures minus values before sei-
zures. Rate constants were not different between the groups either
during or before seizures.

concentrations and reaction rates in each group during
hypoxia or seizures were calculated with analysis of covari-
ance on ranked data (nonparametric analysis of covariance).
Nonparametric tests were used because of the relatively
small numbers available for these comparisons. Smoothed
curves connecting the median y values are shown in Figs. 2, 4,
6, and 8. Analyses and graphics were performed with Stata
software (Stata, College Station, TX).

RESULTS

In a preliminary experiment, five GPA-fed mice and
five controls were weighed twice each week. During the
first 2 wk, the GPA-fed mice lost 10% of their body
weight. The initial weight was regained within 6 wk of
starting GPA feedings (median wt of 25 g, range of
24.5-26 g). During the first 6 wk of feedings, controls
gained 20% of their body weight from a median of 25
(24-26 g) to 30 g (28-31 g). The fur was thinner in the
GPA-fed mice. By observation, activity was the same in
the two groups.

As shown in Table 1, 31P-NMR measures of brain CK
reactant concentration ratios and pseudo-first-order
reaction k values in GPA-fed mice were similar to those
previously reported (18). Total phosphagen-to-NTP ra-
tios were lower than PCr-to-NTP ratios in controls, a
difference that approached significance. As estimated
from peak heights, brain PCr and GPAP concentrations
were approximately equal (median PCr/GPAP of 1.03,
range of 0.63-1.72). Median brain pH was more alka-
line in GPA-fed mice than in controls, a difference that
only approached significance. The CK reaction & value

Table 4. Deaths during and immediately after hypoxia
in control mice and mice fed GPA for at least 3 wk

1 T 1 1 T T

0 2 4 6 8 10 12
Duration of seizures (minutes)

Fig. 4. Changes in brain PCr (¢op) and NTP (bottom ) concentrations
during 12 min of PTZ-induced seizures in 6 control (A and dashed
line) and creatine-fed (O and solid line) mice. All values are expressed
as a percentage of NMR spectral peak areas before PTZ. No differ-
ences between the groups were seen.

Inspired Oxygen

6% 4% 2%
Control 0/8 2/6 4/7
GPA 0/8 0/6 1/6

Ratios are deaths/total number in each group.
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Fig. 6. Changes in brain PCr or PCr plus GPAP (top) and in NTP (bottom) concentrations during hypoxia and after
recovery from hypoxia in control mice (A and dashed lines) and mice fed GPA (O and solid lines) for at least 3 wk.
Results are shown for animals breathing 6% (A) or 4% (B) O for 7 min and then breathing room air. All values are
concentrations determined from 3'P-NMR spectra and expressed as a percentage of prehypoxic peak areas for the
2-s RD spectra. Significantly larger decreases in brain CK reactants were seen in control compared with GPA-fed

mice (P < 0.001 for PCr at 6% and for PCr and NTP at 4% Oy).

was much lower in GPA-fed mice. As estimated by peak
heights, the phosphoryl exchange between PCr and
ATP was 70% lower in GPA-fed mice than in controls
(results not shown), a difference similar to that previ-
ously found by the same method (18). The CK-catalyzed
k values were much higher for transfer of phosphoryl
groups from PCr than from GPAP, with very little
change in GPAP peak height seen in the v-NTP-
saturated spectra (Fig. 1).

Total CK activity in cerebral hemispheres doubled
after 6 and 12 wk of GPA feedings (Table 2). The
increase in CK activity was highly significant after 12
wk. The doubling of brain total CK activity has also
been found in GPA-fed rats (35). In the rat, the increase
is predominantly in B-CK with only a small increase
seen in Mi-CK (35).

Baseline brain CK reactants and k& values were
similar in creatine-fed mice and controls (Table 3).
Unlike in GPA-fed mice, PCr/NTP showed a consistent,
small increase in creatine-fed mice. The pH and CK-

catalyzed reaction k£ values were unchanged in creatine-
fed animals. The CK activities were not measured in
creatine-fed mice.

Seizures. No GPA-fed mice or controls died during the
15-20 min of PTZ-induced seizures. Electrocortical
seizure activity was more prominent in GPA-fed mice
than in controls. Three of four GPA-fed mice showed
prolonged bursts of sharp waves or spikes, and one
showed only isolated spikes. Two control mice showed
briefer periods of spike bursts or sharp waves, and one
showed only isolated sharp waves. All EEG changes
occurred within 3—5 min of PTZ injections and contin-
ued throughout the recordings.

Typical spectra and ST experiments from a GPA-fed
mouse before and during seizures are shown in Fig. 1.
There were no significant changes in brain ATP, as
deduced from the B-NTP signal, in either GPA-fed mice
or controls during seizures (Fiigs. 1 and 2). Brain total
phosphagen concentration increased during seizures in
the GPA-fed mice. As estimated by peak heights, the
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brain phosphagen increase was due to an increase in
PCr, whereas GPAP decreased (result not shown). In
brain of control mice, the PCr concentration decreased
10-20%. The difference in phosphagen changes during
seizures in GPA-fed mice compared with controls was
highly significant (P < 0.001). Brain pH did not change
in controls or in GPA-fed mice, remaining more alkaline
in the GPA-fed mice throughout the period of seizures.

The CK-catalyzed reaction & values in GPA-fed mice
increased more than in controls during seizures (Fig. 3).
In five of seven GPA-fed mice the & values increased at
least 40%. Median % values, which were significantly
higher in controls than in GPA-fed mice before seizures
(Table 1), were not different in the two groups during
seizures.

No creatine-fed mice died during seizures. There
were no significant changes in PCr or NTP concentra-
tion in either group (Fig. 4). In both groups, the CK
reaction rates decreased during seizures (Fig. 5).

Hypoxia. Deaths during or after breathing hypoxic
gas mixtures were much less frequent in GPA-fed mice
than in controls (Table 4). Only 1 of the 12 GPA-fed
mice died breathing 4% and 2% O, compared with 5
deaths in 13 controls (P < 0.05). There were no deaths
in either group exposed to 6% O,.

Losses of brain phosphagen and ATP during and
after hypoxia were also less in GPA-fed mice than in
controls (Fig. 6). No changes in phosphagen or NTP
were seen in either group when they were breathing 6%
O,. Total phosphagen did not change in GPA-fed mice,
whereas PCr decreased ~25% in controls that were
breathing 4% O, (P < 0.001 for the difference between
controls and GPA-fed mice). By comparing changes in
peak heights, the smaller losses of total phosphagen in
GPA-fed mice reflected stable PCr and GPAP during
hypoxia (results not shown). At 4% O,, there were no
NTP changes in GPA-fed mice, whereas the NTP signal
decreased ~20% in the controls, indicating a 25-30%
decrease in brain ATP (P < 0.001). In GPA-fed mice
breathing 2% O,, total phosphagen showed a transient
25% decrease, whereas ATP decreased ~20% during
and after the hypoxic period (results not shown). The
PCr and NTP decreases were the same in GPA-fed mice
and surviving controls that were breathing 2% O,. The
P; peak usually broadened during hypoxia, but there
were no consistent changes in the chemical shift in
either group.

Changes in the CK-catalyzed reaction k& values are
shown in Fig. 7. Although the numbers were small, &
values for CK increased after 6 and 2% O, in the
GPA-fed animals but not in controls. The % values for
CK, which were much higher in controls than in
GPA-fed mice before hypoxia (Table 1), were the same
in the two groups after hypoxia. At 4% O,, the k values
for CK decreased in controls and did not change in
GPA-fed mice.

The frequency of deaths and losses of PCr and ATP
during hypoxia were the same in creatine-fed mice and
controls (Table 5 and Fig. 8). The CK reaction rates
decreased in both groups after 6% O, (Fig. 9).
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Fig. 7. Changes in brain CK-catalyzed pseudo-first-order reaction
rate constants before and after hypoxia are shown for control and
GPA-fed mice. Each value is difference between rate constant after
hypoxia and that measured before hypoxia as described in METHODS.
Hypoxic gas mixtures were 6%, 4%, or 2% O,. Rate constants for
GPA-fed mice were calculated from integration of the overlapping
PCr and GPAP peaks and thus represent total flux from phosphagen
to ATP. Differences in flux changes in the 2 groups were not
significant.

DISCUSSION

The results of GPA feedings support the proposed
compartmentation of the creatine-CK-PCr system in
brain (21, 23, 28, 50). Unlike muscle, where GPA
completely replaces creatine, GPA feedings result in
equal brain GPAP and PCr concentrations. The partial
replacement of PCr has suggested two creatine compart-
ments, one in which creatine is replaced by GPA and
one in which creatine is not decreased and possibly is
not accessible to GPA (18). In this model, the lower
brain CK-catalyzed reaction rate, measured with PCr
as substrate, is the property of the GPA-inaccessible
compartment. An assumption is that most of the GPAin
brain is phosphorylated and thus is seen as GPAP by
NMR.

An anatomic compartmentation of creatine-CK-PCr
systems has been recently proposed that is based on
31P_NMR one-dimensional chemical shift imaging stud-
ies of the piglet brain (50). The creatine-CK-PCr sys-
tem, which predominates in cerebral gray matter, is
characterized by low PCr-to-NTP and PCr-to-creatine
ratios, the presence of B-CK and Mi-CK isoenzymes,
and relatively slow CK-catalyzed reaction rates in vivo
(21, 23, 57). These characteristics are similar to reac-
tant ratios and isoenzymes seen in smooth muscle (54).
In contrast, white matter shows much higher PCr-to-

Table 5. Deaths during and immediately after hypoxia
in control mice and mice fed creatine for at least 3 wk

Inspired Oxygen

6% 4% 2%
Control 2/7 5/7 3/3
Creatine 2/7 5/7 3/3

Ratios are deaths/total number in each group.
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Fig. 9. Changes in CK-catalyzed pseudo-first-order reaction rate
constants in control and creatine-fed mice after breathing 6% or 4%
O, concentrations. There were no differences between the 2 groups of
mice.

NTP and PCr-to-creatine ratios, higher in vivo CK-
catalyzed reaction rates, and little or no Mi-CK. The CK
system in white matter is like that found in skeletal
muscle (29). The effects of GPA feedings are consistent
with the analog blocking creatine transport and GPAP
replacing PCr predominantly in white matter. Thus the
remaining PCr shows properties of gray matter includ-
ing low PCr-to-NTP ratios and CK-catalyzed fluxes. A
high concentration of the creatine transporter is pre-
sent in white matter (40). The creatine, which is not
replaced by GPA, may be synthesized and not trans-
ported in brain (8).

As seen in previous studies, brain ATP synthesis is
closely coupled to the increased energy demand during
seizures in all three groups of mice (19, 37, 60). With
the assumption that both PCr and GPAP are substrates
for the CK reaction in brain, the increase in PCr and
decrease in GPAP indicate very different physiological
functions for the two phosphagens in the GPA-fed mice.
The decrease in GPAP, as a hypothetical marker of
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white matter phosphagen, suggests that the phospha-
gen analog functions as an energy reserve, the consump-
tion of which is coupled to ATP synthesis. The cellular
site may be the oligodendroglial processes (21). The
increase in PCr, hypothetically in cortical gray matter,
occurs despite the increased electrocortical activity and
ATP turnover. Although the mechanisms for this novel
observation are unknown, the increase in PCr could
result from an uncoupling of the creatine-CK-PCr
reaction from ATP synthesis at cellular sites where the
PCr-to-creatine ratio is low and, therefore, probably far
from equilibrium (21, 50). With the assumption that
these phosphagen changes are from regional physiol-
ogy, the PCr changes in control mice measured by
surface coil-localized spectroscopy would be the sum of
these opposite concentration changes during seizures.

Decreased brain GPAP during hypoxia supports the
proposal that GPAP is a CK substrate in vivo. The
hypothesis for the present studies was that the less
effective substrate, GPAP, would increase hypoxic brain
ATP loss. Although the number of animals studied was
small, the enhanced survival of GPA-fed mice and the
stable brain ATP during hypoxia are clear. Analogous in
vitro effects of creatine are seen in hypoxic hippocam-
pal slices, in which creatine loading prolongs synaptic
transmission and decreases cell injury (5, 58). These
observations suggested a second hypothesis in which
ATP concentration is supported by increased PCr and
GPA may be acting as additional, slowly metabolized
phosphagen. However, this hypothesis was not sup-
ported by results of creatine feedings, which increase
the brain PCr-to-NTP ratio but do not enhance hypoxic
survival or stabilize brain ATP. Finally, stable brain
ATP and enhanced hypoxic survival may be due in part
to a myocardial effect in which PCr is fully replaced by
GPAP (43).

Changes in CK isoenzymes and ATP metabolic path-
ways, which may be adaptations to GPA or to creatine/
PCr depletion, most likely contribute to the enhanced
hypoxic survival and maintenance of brain ATP during
hypoxia and seizures. In skeletal muscle, where GPA
almost completely replaces creatine, metabolic adapta-
tions are similar to those seen in exercise (10, 13,
32-35, 43-45). Functionally, contractile properties of
the muscle fibers are maintained (34). As proposed
above, the GPA effects in brain may be mostly in white
matter in which the creatine-CK-PCr system is similar
to that of skeletal muscle. In brain, in which PCr is only
partially depleted, total CK increases rather than
decreases as in muscle. The increase is in B-CK in
contrast to the decrease in B-CK in skeletal muscle
(35). If confined to white matter, the small increase in
whole brain Mi-CK may reflect a large regional in-
crease, since white matter has only a small Mi-CK
activity (23).

Guanidino compounds will be important in studying
the physiology of the creatine-CK-PCr system in brain
energetics, plasticity of ATP metabolism, and pathogen-
esis of inborn errors of human energy metabolism.
Feeding GPA alters ATP metabolic pathways in brain
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and alters ATP regulation during hypoxia and seizures.
These metabolic changes, the signals for which are not
known, demonstrate a plasticity of brain energy metabo-
lism. This plasticity may be critical in understanding
adaptation to physiological conditions of increased en-
ergy requirements such as learning and development
as well as pathological states such as hypoxia and
seizures. The clinical relevance of these studies is also
seen in the parallel upregulation of sarcomeric Mi-CK
and the morphology of the intramitochondrial inclu-
sions in skeletal muscle of rats fed GPA and in patients
with ragged red fiber myopathies (9, 15, 39, 47, 53). The
brains of patients with mitochondrial encephalomyopa-
thies, like the GPA-fed rodents, do not show mitochon-
drial morphological changes.
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