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Abstract: We have investigated the relationship between
energy metabolism, NMDA-receptor antagonism, and an-
oxic damage in vitro . Anoxic damage was assessed by
measuring protein synthesis, defined as the incorporation
of [

14C] lysine into perchloric acid-insoluble tissue ex-
tracts . The concentrations of energy metabolites were
measured by ion-exchange HPLC . Anoxia caused an inhi-
bition of protein synthesis, a reduction in phosphocre-
atine and adenosine triphosphate, and extensive neu-
ronal damage . The reduction of protein synthesis de-
pended on the duration of anoxia and the time allowed
for recovery . Preincubation with the creatine dose-depen-
dently (0.03-3 mmol/L) increased baseline levels of
phosphocreatine, reduced the anoxia-induced decline in
phosphocreatine and adenosine triphosphate, prevented
the impairment of protein synthesis, and reduced neu-
ronal death . Incubation with (R,S)-3-guanidinobutyric
acid, a synthetic analogue of creatine that cannot be
phosphorylated, did not prevent the anoxia-induced im-
pairment of protein synthesis and did not enhance the
levels of phosphocreatine and adenosine triphosphate.
Incubation with a combination of both creatine and the
noncompetitive NMDA antagonist MK-801 provided
complete protection . These results indicate that energy
status is a major factor controlling anoxic damage in the
rat hippocampal slice . Key Words : Protein synthesis-
Anoxia-NMDA-Energy metabolism-Hippocampal slice.
J. Neurochem . 64, 2691-2699 (1995) .

Anoxia or hypoxia rapidly abolishes electrical activ-
ity in hippocampal slices (Lipton and Whittingham,
1979) . This loss of transmission is a result of excessive
membrane depolarization caused by a decline in neu-
ronal energy-rich metabolites and a subsequent in-
crease in intracellular Ca'`' (Kass and Lipton, 1982,
1986 ; Lipton and Whittingham, 1982 ; Whittingham et
al ., 1984) . It can be prevented in vitro by removing
Cat+ , by incubation with high concentrations of Mgt+
or by adding antagonists of the N-methyl-D-aspartic
acid (NMDA) receptor-channel complex such as DL-
2-amino-5-phosphovalerate (AP5) or (+)-5-methyl-
10,11-dihydro-5H-dibenzo[a,dlcyclohepten-5,10-im-
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ine hydrogen maleate (MK-801) (Clark and Rothman,
1987 ; Kass et al ., 1989 ; Rader and Lanthorn, 1989) .
These results support the hypothesis that Ca'-' influx
through NMDA-receptor channels plays a role in trans-
mission failure (Siesjü, 1988 ; Siesjü and Bengtsson,
1989) .
Rates of protein synthesis are also significantly im-

paired after anoxia . The extent of inhibition is depen-
dent on the duration of anoxia and on the time allowed
for postanoxic recovery (Raley-Susman and Lipton,
1990 ; Carter and Moller, 1991 ) . There is a similar
impairment under normoxic conditions when the
NMDA receptor-channel complex is activated by add-
ing NMDA or glutamate (Carter and Müller, 1991 ;
Vornov and Coyle, 1991b) . Although noncompetitive
antagonists of the NMDA receptor-channel complex
prevent NMDA-induced impairment of protein synthe-
sis, they do not prevent the anoxia-induced impairment
(Carter and Moller, 1991) . Other factors must also
therefore play an important role in anoxic damage.
Work with cultures of cerebellar neurons has indi-

cated that excitatory amino acids such as glutamate
become more neurotoxic when intracellular energy
levels are reduced by anoxia or hypoxia (Novelli et
al ., 1988) . Energy deprivation reduces the neuron's
ability to maintain a resting membrane potential ; the
resulting partial depolarization leads to a removal of
the voltage-dependent Mg-+ block of the NMDA re-
ceptor-channel complex and a persistent influx of cat-
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FIG. 1 . The structural formulas of creatine (N-guanyl-N-methyl-
glycine) and 3-GBA.

ions (Cox et al ., 1989 ; Lysko et al ., 1989) . Further-
more, several research groups have shown that neurons
become more vulnerable to the neurotoxic effects of
glutamate after being exposed to short periods of an-
oxia (Kohmura et al ., 1990 ; Vornov and Coyle, 1991x ;
Zeevalk and Nicklas, 1992) . Noncompetitive antago-
nists of the NMDA receptor-channel complex are rel-
atively ineffective at inhibiting anoxia-induced neuro-
toxicity in these models because of membrane depolar-
ization (Grigg and Anderson, 1990 ; Kohmura et al .,
1990) . These experiments indicate that the energy sta-
tus of the hippocampal slice could be a critical factor
determining the toxicity of excitatory amino acids.
They also support the view that perturbation of energy
metabolism may be more important than simple intra-
cellular Ca t+ overload (Ben-Yoseph et al ., 1990) .
ATP is the major source of chemical energy in living

matter . It plays a fundamental role in mammalian brain
function because it is used predominantly to maintain
ionic gradients (Erecinska and Silver, 1989) . ATP lev-
els are kept constant by the creatine kinase (Watts,
1973) and adenylate cyclase (Noda, 1973) reactions.
Preincubation of hippocampal slices with creatine
causes an increase in the concentrations of energy-rich
metabolites and delays anoxia-induced transmission
failure (Whittingham and Lipton, 1981 ; Kass and Lip-
ton, 1982; Lipton and Whittingham, 1982) . It is not
known whether creatine also prevents anoxia-induced
impairment of protein synthesis or whether it augments
the effects of NMDA-receptor antagonism . In this study,
we have investigated the effects of creatine incubation
on energy metabolism, NMDA-receptor antagonism,
and protein synthesis in the anoxic rat hippocampal
slice . We have compared the effects of creatine (Fig .
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I ) with those of an analogue, (R,S)-3-guanidinobutyric
acid (3-GBA), that has a similar structure (Fig . 1) but
does not act as a substrate for the creatine kinase enzyme
(Fitch and Chevli, 1980 ; Laskowski et al ., 1981) .

MATERIALS AND METHODS

Materials
[U- 14CILysine (324 mCi/mrnol) was purchased from

Amersham Buehler (Braunschweig, Germany) . NMDA, 3-
GBA, and (+)-MK-801 were synthesized in the Department
of Medicinal Chemistry. The identity and purity of the afore-
mentioned compounds were confirmed by melting point de-
termination, optical rotation (a� value), andNMR spectrum .
Creatine was obtained from Fluka AG (Buchs, Switzerland) .
All other reagents were at least of reagent grade and pur-
chased from reputable sources. Artificial cerebrospinal fluid
(ACSF) had the following composition : NaCl 124 mmol/
L, NaHC03 26 mmol/L, KCl 3 mmol/L, MgSO, 1 .3 mmol/
L, CaCl, 2.5 mmol/L, phenol red 0.001% (wt/vol), and
glucose 4 mmol/L with a pH of 7.4 when saturated with
95% 045% CO, at 37°C .

Protein synthesis experiments
Hippocampal slices (500 y.m) were prepared from male

rats (--350 g) . The slices were transferred with a paint brush
onto the nylon grid of a brain slice incubation stand and
incubated in oxygenated ACSF for 90-120 min to allow
recovery from the trauma of preparation . The effects of incu-
bating slices for 20 min in ACSF equilibrated with 95% N,/
5% C02 on the functional integrity of the hippocampal slices
were determined by measuring the incorporation of [ '4C]-
lysine into the perchloric acid (PCA) -insoluble tissue extract
fraction after incubation in ACSF under normoxic conditions
as outlined previously (Carter and Moller, 1991 ) . We ex-
pressed protein synthesis rates as the ratio of disintegrations
per minute of PCA-insoluble to PCA-soluble material to
normalize for potential differences in slice size and intracel-
lular 1' 4C] lysine concentrations . The effects of different ex-
perimental conditions were then calculated as a percentage
of control incubation ratios . As with our previous study (Car-
ter and Moller, 1991 ) there were no changes in uptake of
[' 4C]lysine in the experiments even after 5-h incubation .
One-way analysis of variance and Dunnett's multiple com-
parison test were performed with RS/ 1 software from BBN
(Boston, MA, U.S.A .) to determine whether the differences
were statistically significant . A significance level ofp - 0.05
was used throughout .

Measurement of energy metabolites
The hippocampal slices were removed at the end of the

experiment, placed in a test tube containing liquid nitrogen,
freeze-dried overnight, and stored at -80°C until measured .
The procedure for processing the slices for measurement of
energy metabolites was similar to a previously described
method (Whittingham, 1989) ; i .e ., the frozen slices were
homogenized in 250 p,l of ice-cold 0.3 mol/L PCA. The
homogenizing rod was then rinsed with more PCA bringing
the final extraction volume to 500 N.1 . The samples were
centrifuged at 10,000 g for 10 min at 4°C. Aliquots (400
pl) of the supernatant containing the acid-soluble metabo-
lites were then mixed with 3 M KHCO, (40 /it) to neutralize
the acid . The concentrations of energy metabolites were mea-
sured by an ion-exchange HPLC method as described pre-
viously (Carter and Moller, 1990) . The centrifuged protein



pellet that was formed after the addition of the PCA was
dissolved in 0 .1 M NaOH (1,000 /it) at 95°C for 1 h and
then neutralized with 0.5 M HCl (200 N.1) . The protein con-
tent was determined spectrophotometrically with a bicin-
choninic acid protein assay reagent (Smith et al ., 1985) to
express the concentrations of energy metabolites as a func-
tion of the amount of protein in the hippocampal slices .

Histology
In parallel experiments, some hippocampal slices were

prepared for histopathological evaluation by fixing them in
a formalin solution (7.5°Io) for 24 h . Thereafter, they were
washed with distilled water followed by alcohol and xylol,
and then embedded in Paraplast (Shandon, Frankfurt, Ger-
many), ready for sectioning . Slices (5 pm) were cut, dried
in an oven for 24 h at 34°C, and stained with cresyl violet
according to standard histological techniques .

RESULTS

Recovery of energy metabolism after anoxia
We subjected the hippocampal slices to 20 min of

anoxia and allowed them to recover for different times
(30 min, 3 h, and 5 h) in normoxic medium before
stopping the reaction . Preliminary experiments (data
not shown) were performed to ensure that there was
no significant change in the amounts of energy metabo-
lites for up to 5 h of incubation under normoxic condi-
tions . Anoxia caused a significant reduction in the lev-
els of phosphocreatine (PCr) and ATP, i .e ., from 50.44
+- 3 .18 to 4.65 +- 0.65 nmol/mg of protein and from
17.29 - 0.60 to 3.56 ± 0.74 nmol/mg of protein,
respectively (Fig . 2) . Anoxia also caused a significant
increase in the concentration of creatine (from 42.19
- 1 .92 to 76.06 ± 5 .29 nmol/mg of protein) . The
levels of PCr and ATP returned rapidly toward, but
did not quite attain, normal values ; they were 30.59
± 1 .54 and 12.32 ± 0.56 nmol/mg of protein, respec-
tively, at 5 h . The concentration of creatine returned
to levels that were not significantly different from base-
line values ; the level at 5 h was 35.41 - 1 .41 nmol/
mg of protein .

Creatine and energy metabolism
We preincubated hippocampal slices with creatine

(3 mmol/L) for 90 min before exposing them to 20
min of anoxia and allowing them to recover in nor-
moxic medium for different lengths of time . The results
were compared with those from slices that had not
been subjected to anoxia but had been incubated with
creatine (Fig . 2) . Incubation with creatine for 90 min
caused a large increase in the amount of free creatine
before anoxia (349.72 -!- 24.73 nmol/mg of protein)
compared with control levels before anoxia (42.19
-!- 1 .92 nmol/mg of protein) . The level of PCr (209 .76
± 9.27 nmol/mg of protein) was also much higher
(50.44 - 3 .18 nmol/mg of protein) . However, the
amount of ATP was unchanged . Anoxia (20 min)
caused significant reductions in the amounts of creatine
(224.41 ± 18.34 nmol/mg of protein), PCr (17 .64
- 3 .73 nmol/mg of protein), and ATP (4.43 ± 1 .45
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FIG . 2 . The effect of anoxia (20 min) in the presence and ab-
sence of creatine (3 mmol/L) or 3-GBA (3 mmol/L) on the
amounts of energy metabolites in rat hippocampal slices . The
slices were allowed to recover for different time periods in nor-
moxic ACSF before measuring the energy metabolites by an ion-
exchange HPLC method . Data are expressed as mean - SEM
(nmol/mg of protein) values of the results from four different
experiments ; each experiment included three groups of four hip-
pocampal slices . " Values significantly (p ; 0.05) different from
values before anoxia .

nmol/mg of protein) ; the level of PCr was consider-
ably higher than at the corresponding time point in the
absence of exogenous creatine, whereas the amount of
ATP was similar to the previous experiments (Fig . 2) .
The amounts of PCr and ATP returned toward, but did
not attain, baseline levels even after 5 h of recovery
in normoxic medium ; the amounts were 138 .37 ± 9 .55
and 12.29 - 0.19 nmol/mg of protein, respectively, at
this time and were significantly different from baseline .
The amount of creatine had returned to a level that
was not significantly different from baseline after 5
h (282.13 ± 19 .64 nmol/mg of' protein) . We next
determined the effects of creatine incubation on the
levels of PCr and ATP immediately after different time
periods of anoxia . The baseline levels of PCr as well
as the levels after 5, 10, 20, or 30 min anoxia were
significantly higher in the presence of creatine (3
mmol/L) than in its absence (Fig . 3) . Although the
baseline levels of ATP were similar, the levels de-
creased more slowly with anoxia in the presence of
creatine than in its absence ; the largest difference was
seen after 5 min of anoxia (Fig . 3) .

3-GBA and energy metabolism
Hippocampal slices were preincubated with 3-GBA

(3 mmol/L) for 90 min, subjected to 20 min anoxia,

1. Neuro, lieni ., Vol . 64, No . 6, /995
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FIG . 3. The effect of different time periods of anoxia (0-30 min)
on the levels of PCr and ATP in rat hippocampal slices in the
presence and absence of creatine (3 mmol/L) . The hippocampal
slices were incubated with creatine for 90 min before as well as
during anoxia . Data are expressed as mean i SEM values of
the results from four different experiments ; each experiment in-
cluded three groups of four hippocampal slices . ' Values signifi-
cantly (p < 0.05) different from corresponding control values.

and allowed to recover for different lengths of time in
normoxic medium . The levels of PCr (45 .31 ± 7.98
nmol/mg of protein) and ATP (17.90!- 0.59 nmol/mg
of protein) in hippocampal slices before anoxia were
comparable with the levels seen under similar control
conditions (Fig . 2) . The levels of creatine in the pres-
ence of 3-GBA (134.38 -- 8 .04) were apparently higher
than those under baseline conditions in the absence of
creatine but not as high as those observed in the presence
of creatine . Because 3-GBA has the same retention time
on the HPLC column as creatine itself, the amounts
measured are probably a combination of both creatine
and 3-GBA in the hippocampal slices . Anoxia caused
a significant reduction in amounts of PCr (13 .72 -±- 7 .98
nmol/mg of protein) and ATP (5.19 {- 0.05 nmol/mg
ofprotein) ; the levels returned toward, but did not quite
attain, baseline levels after allowing the slices to recover
in normoxic medium for 5 h ; the levels at this time
were 30.33 ± 5.61 and 13.41 - 0.80, respectively . The
changes in the levels of PCr and ATP were very similar
to those observed in the experiments without creatine
(Fig . 2) . There was no significant change in the level
of creatine after anoxia.
Duration of anoxia, energy metabolism,
and protein synthesis
We determined the effects of different time periods

of anoxia on the concentrations of energy metabolites
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in different groups of hippocampal slices measured 30
min after recovery . The concentrations of PCr and ATP
decreased as the duration of anoxia increased, whereas
the concentration of creatine did not alter greatly . The
rates of protein synthesis after different time periods
of anoxia obtained in previous experiments (Carter and
Müller, 1991) correlated significantly with the concen-
trations of PCr and ATP determined in the present
experiments (Fig . 4) .

Creatine and protein synthesis
We preincubated the hippocampal slices for 90 min

in oxygenated ACSF that contained different concen-
trations of creatine (0.03-3 mmol/L), subjected the
slices to 20 min of anoxia, and measured the incorpora-
tion of [ 14C] lysine in normoxic medium after allowing
different recovery times . Anoxia caused a significant
impairment of protein synthesis, and a progressive re-
covery was observed in normoxic medium afterward
(Fig . 5) . Creatine dose-dependently enhanced this re-
covery ; the rates of protein synthesis determined 30
min, 3 h, and 5 h after anoxia for slices that had been
incubated with 3 mmol/L creatine were significantly
different from those for anoxic slices that had not been
incubated with creatine ; there was also no significant
difference between the rates of protein synthesis deter-
mined 3 and 5 h after anoxia in the presence of 3
mmol/L creatine and those of control hippocampal
slices that had not been made anoxic . Creatine (3
mmol/L) had no effect on the anoxia-induced impair-
ment of protein synthesis when present only during and
after anoxia, i .e ., no preincubation (data not shown) .

Histology
We also performed experiments in parallel to evalu-

ate the hippocampal slices histopathologically 3 h after
subjecting them to 20 min of anoxia . Figure 6 shows
that anoxia caused extensive cell death in several neu-
ron-rich regions of the hippocampal slice including the
CAI region, compared with normoxic controls, and
that creatine (3 mmol/L) prevented some of this an-

FIG . 4. Correlations of the amounts of ATP and PCr with the
rates of protein synthesis in hippocampal slices that had been
subjected to different periods of anoxia and allowed to recover
for 30 min in normoxic medium . Protein synthesis data are taken
from previous work (Carter and Moller, 1991) .



FIG . 5 . The effect of creatine (0.03-3 mmol/L) on the impair-
ment of protein synthesis seen after anoxia (20 min) . The hippo-
campal slices were incubated with creatine for 90 min before
anoxia, during anoxia, and for the entire recovery period after
anoxia . Protein synthesis was measured in normoxic ACSF at
different time points after anoxia by determining the rate of incor-
poration of ["C]lysine in PCA-precipitable material . Data were
calculated as the ratio of disintegrations per minute in the PCA-
precipitable fraction to disintegrations per minute in the PCA-
soluble fraction and were expressed as a percentage of the ratio
measured in hippocampal slices that had been maintained in
normoxic ACSF throughout the experiment . Data are given as
mean + SEM values of the results from four different experi-
ments ; each experiment included three hippocampal slices that
were processed individually . `Values that are significantly (p
< 0.05) different from anoxic values .

oxic damage . The neurons in the control and creatine-
treated anoxic hippocampal slices retained much of
their pyramidal structure, whereas the neurons in the
anoxic hippocampal slices were rounded in appear-
ance . There was also evidence of extensive extracellu-
lar vacuolic entrapments in the CAI region of the an-
oxic hippocampal slices .

3-GBA and protein synthesis
We investigated whether creatine or an analogue of

creatine, 3-GBA, influenced baseline rates of protein
synthesis under normoxic conditions, and whether 3-
GBA affected rates of protein synthesis after 20 min
of anoxia . The incubation procedures were identical to
the previous experiments . Creatine (3 inmol/L) did
not influence baseline rates of protein synthesis sig-
nificantly under normoxic conditions (Fig. 7) . In con-
trast, 3-GBA (3 mmol/L) impaired baseline rates of
protein synthesis at all time points significantly and
did not enhance the recovery of slices that had been
made anoxic .

Creatine, NMDA-receptor antagonism,
and anoxia
We went on to study whether preincubation with

creatine could influence the effects of a noncompetitive
antagonist of the NMDA receptor-channel complex,
MK-801 . Hippocampal slices were preincubated with
creatine (3 mmol/L) for 90 min or MK-801 ( 10 Amol/
L) for 30 min (as well as during and after), or a
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combination of both, before being made anoxic for 20
min . The slices were then allowed to recover in nor-
moxic medium for different lengths of time before
determining rates of protein synthesis . NMDA-recep-
tor antagonism with MK-801 had no significant effect
on the rates of protein synthesis at any recovery time
point (Fig . 8) . In contrast, creatine enhanced the re-
covery of protein synthesis . It is interesting that prein-
cubation with a combination of both creatine and
NMDA-receptor antagonist resulted in almost com-
plete protection from the effects of anoxia ; there was
no significant difference between the rates of protein
synthesis 3 and 5 h after anoxia and the normoxic
control group .

DISCUSSION
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The baseline levels of ATP ( 17 .3 - 0.6 nmol/mg
of protein) and PCr (50.4 ± 3 .2 nmol/mg of protein)
measured in our experiments agreed well with the lev-
els reported in other studies with hippocampal slices
from rats and guinea pigs, which were in the range of
9.6-36 .4 nmol/mg of protein for ATP and 36 .4-56.0
for PCr (Kass and Lipton, 1982 ; Lipton and Whitting-
ham, 1982, 1984 ; Whittingham et al ., 1984 ; Whitting
ham, 1987) . The baseline level of creatine (42.2 -} 1 .9
nmol/mg of protein) also did not differ widely from
that previously reported for guinea pig hippocampal
slices, i .e ., 59 .7 ± 2.2 nmol/mg of protein (Whiffing-
ham et al ., 1984) . Anoxia induced large decreases in
the levels of PCr and ATP together with an increase
in the amount of creatine . The levels of PCr and ATP
returned toward, but never quite attained, baseline val-
ues . Whittingham et al . (1984) have already shown in
an in vitro model of ischemia that metabolite concen-
trations do not return to in vitro steady-state levels
during the first 30 min of recovery . We have extended
these results to show that the levels have not returned
to normal even after _5 h of recovery . This suggests
that anoxia produces some form of permanent damage .
Damage to the neuron-rich layers of the hippocampus
could be seen quite clearly in the histological experi-
ments . Furthermore, we were able to show that the
degree of inhibition was dependent on the length of
time of anoxia . In fact, we found that the degree of
inhibition of the energy-rich metabolites PCr and ATP
correlated very well with the rates of protein synthesis
at identical time points . This is the first time that an
attempt has been made to compare these two events
in vitro .

These events have been previously compared in
vivo . The effects of ischemia on protein synthesis and
levels of energy metabolites were investigated in two
models of global ischemia (Nowak et al ., 1985 ; Mc-
Donald et al ., 1987) . Ischemia was found to cause an
impairment of protein synthesis and reduce the levels
of energy-rich metabolites . However, in contrast to the
results of our study, the time courses for the recovery
of these two events were different . Energy-rich trretab-

J. Nrurochem., Vol. 6-l, No . 6, 1995
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FIG. 6. Histological evaluation of the hippocampal slices with cresyl violet staining after 3 h of recovery from 20 min of anoxia compared
with normoxic controls and with anoxic hippocampal slices pretreated with creatine (3 mmol/L) : normoxic hippocampal slice x24
(a), CA1 region of a normoxic hippocampal slice x120 (b), anoxic hippocampal slice x24 (c), CA1 region of an anoxic hippocampal
slice x120 (d), creatine-pretreated anoxic hippocampal slice x24 (e), CA1 region of a creatine-pretreated anoxic hippocampal slice
x120 (f) .

olites in vivo returned to preischemic levels much more
rapidly than protein synthesis rates did. This difference
may be because in both of these studies overall levels
of energy metabolites were determined in cerebral
hemispheres, which may include a lot of nonneuronal
elements . We determined the amounts in hippocampal
slices only and therefore the contribution of neuronal
tissue may be much greater . It is interesting that Kass

,1. Neurochem., Vol. 64, No. 6, 1995

and Lipton (1982) have also demonstrated that ATP
levels in hippocampal slices in the postanoxic recovery
period are reduced compared with their preanoxic lev-
els . We believe that even short-term reductions in the
levels of energy-rich metabolites can have long-term
effects on protein synthesis ; i .e., the two events are
related.
We have shown for the first time that preincubation



FIG . 7. The effect of creatine (3 mmol/L) or 3-GBA (3 mmol/L)
on baseline rates of protein synthesis under normoxic conditions
or the impairment of protein synthesis seen after anoxia (20
min) . The hippocampal slices were incubated with creatine or
3-GBA for 90 min before anoxia, during anoxia, and for the entire
recovery period . Protein synthesis was measured and calculated
as described in Fig . 5 . Data are given as mean ± SEM values
of the results from four different experiments ; each experiment
included three hippocampal slices that were processed individu-
ally . ' Values that are significantly (p < 0.05) different from an-
oxic values .

with creatine dose-dependently enhanced the recovery
of protein synthesis in hippocampal slices . This corrob-
orates previous work showing that synaptic transmis-
sion survived much longer in creatine-treated hippo-
campal slices after anoxia than in control slices (Whit-
tingham and Lipton, 1981 ; Kass and Lipton, 1982,
1986 ; Lipton and Whittingham, 1982) . Creatine was
thought to enhance recovery because tissue PCr levels
were increased and the anoxia-induced decline in ATP
levels attenuated (Whittingham and Lipton, 1981 ;
Kass and Lipton, 1982, 1986 ; Lipton and Whittingham,
1982) . Indeed, the levels of PCr were enhanced by
creatine in our experiments . Furthermore, although the
baseline levels of ATP in the presence of creatine were
not significantly different from those in its absence,
the decrease in the levels during anoxia was reduced.
Therefore, we also believe that increased levels of PCr
in the hippocampal slice are preventing anoxic damage
by slowing down the rate of fall of ATP . Our histopath-
ological investigations confirmed the biochemical
findings .

Ischemia- and anoxia-induced decreases in PCr lev-
els often precede the decline in ATP (Lowry et al .,
1964 ; Duffy et al ., 1972) . PCr serves as a dynamic
reservoir of high-energy phosphates in the cytosol of
nerve cells and maintains the high cytosolic ATP/ADP
ratio (Walker, 1979) . The reversible transfer of phos-
phate between creatine and PCr to form ATP and cre-
atine is catalyzed by creatine kinase enzyme (Watts,
1973) . Tissues that undergo the most rapid changes
in energy demand have the highest concentrations of
PCr and creatine kinase (Walker, 1979) . And the lev-
els of PCr and creatine are more sensitive to limitations
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in mitochondrial function than ATP (Dagani and Ere-
cinska, 1987) . Moreover, the brain's ability to normal-
ize intracellular pH (pH;) is a sensitive predictor of
electrophysiological recovery after short periods of
ischemia, whereas ATP generation becomes important
with prolonged ischemia . PCr is thought to be the best
overall predictor of recovery from ischemic damage
because it depends on both pH ; and the creatine kinase
buffering of the ATP/ADP ratio (Nishijima et al .,
1989) . Indeed, the creatine kinase/PCr circuit has been
proposed as a highly organized energy buffer and
transport system (Wallimann et al ., 1992) . Sucrose
has been used in the past to control for osmotic effects
of creatine (Whittingham and Lipton, 1981) . We be-
lieve 3-GBA to be a more appropriate control because
it is structurally similar to creatine (Fig . 1) but does
not act as a substrate for creatine kinase (Fitch and
Chevli, 1980 ; Laskowski et al ., 1981) . 3-GBA was
not able to enhance the recovery of anoxia-induced
impairment of protein synthesis . Hence, the beneficial
effects of creatine probably depend on its ability to be
phosphorylated to form PCr . 3-GBA may even com-
pete with endogenous creatine and this could explain
the deleterious effects of the compound under nor-
moxic conditions .
Our results have demonstrated that preincubation

with creatine augmented the effects of a noncompeti-
tive antagonist of the NMDA receptor-channel com-
plex MK-801 . Indeed, we obtained a complete reversal
of anoxia-induced impairment of protein synthesis
when we allowed 3 or 5 h for recovery in normoxic
medium afterward . The recovery 5 h after anoxia was
greater than that of the normoxic control, a fact that
suggests perhaps a response to stress in the absence of

FIG . 8. The effect of creatine (3 mmol/L) or MK-801 (10 N,mol/
L), or a combination of both, on the impairment of protein syn-
thesis seen after anoxia (20 min) . The hippocampal slices were
incubated with creatine for 90 min or MK-801 for 30 min before
anoxia, during anoxia, and for the entire recovery period . Protein
synthesis was measured and calculated as described in Fig . 5 .
Data are given as mean ± SEM values of the results from four
different experiments ; each experiment included three hippo-
campal slices that were processed individually . ' Values that are
significantly (p < 0.05) different from anoxic values .
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injury . The results also confirm our previous study
showing that NMDA-receptor antagonism alone was
relatively ineffective in this model (Carter and Willer,
1991 ) . Hence, energy status probably determines the
cflicacy of NMDA-receptor antagonism in the anoxic
hippocampal slice. How do the energy levels do this`?
During ischemia and anoxia the activity of the
Na + ,K + -ATPase in the plasma membrane is limited
by the concentration of ATP. The failure of this pump
and the consequent collapse of ion gradients may con-
tribute to the increases in excitatory amino acids that
are responsible for neuronal damage (Dagani and Ere-

ciriska, 1987) . Moreover, increases in intracellular

Ca`' - can exacerbate the situation by activating a
Ca`- -ATP-driven pump andthereby reducing yet fur-

ther neuronal ATP content (Mitani et al ., 1994) . This
may be, however, only half the story . Collapse of ion

gradients also results in depolarization and removal

of the voltage-dependent Mgt' block of the NMDA

receptor-channel complex (Cox et al ., 1989 ; Zeevalk
and Nicklas, 1992) . Thus, the anoxic damage is not

just caused by increased extracellular concentrations
of excitatory amino acids, but also by an increased
responsiveness of the receptor itself to normal endoge-
nous levels (Lysko et al ., 1989) . This would explain
why glutamate becomes more neurotoxic when energy
levels are reduced (Novelli et al ., 1988 ; Kohmura et
al ., 1990 ; Vornov and Coyle, 1991x) . And it would
also explain why activation of the NMDA receptor
contributes almost exclusively to the initial anoxia-
induced excitotoxicity without any measurable in-
crease in the extracellular concentrations of excitatory
amino acids (Zeevalk and Nicklas, 1990) . Moreover,
the activation of the NMDA receptor-channel com-
plex by depolarization under anoxic conditions may
explain the lack of potency of the noncompetitive an-

tagonists in this model (Grigg and Anderson, 1990) .
This hypothesis is supported by work involving
NMDA-stimulated [ ; H J noradrenaline release in hip-
pocampal slices ; the potency of the noncompetitive

NMDA antagonist 1-( 1-phenylcyclohexyl)piperidine

(PCP) or Mg 2 4 was markedly reduced when the per-

fusing medium contained depolarizing concentrations

of potassium or veratridine (Snell et al ., 1987 ; Fink et

al ., 1990) . It may also explain the lack of effectiveness

of NMDA-receptorantagonists in some in vivo models

of global ischemia (Buchan et al ., 1991 ) . In these
models, there is a large ischemic area where energy
levels are very low andthis would reduce the effective-

ness of NMDA-receptorantagonism . We postulate that
our hippocampal slice model probably equates more

to such models of global ischemia .
Anoxic damage is a complicated process triggered

by a series of events that are related to activation of
the NMDA receptor-channel complex . This activation
can be caused either by membrane depolarization or
by increased extracellular concentrations of excitatory
amino acids . Ourresults have shown that energy status,
as measured by the levels of PCr, is a major factor
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controlling anoxic damage in the hippocampal slice .

And energy status determines the effectiveness of

NMDA-receptor antagonism .
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