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SUMMARY

1. We have studied the effects of anoxia on the recovery of neural transmission
between the perforant path and the dentate granule cells in the in vitro rat
hippocampal slice. There is almost no recovery of the evoked population spike
following 10 min of anoxia in slices from adult rats.

2. A 2 h exposure of slices to creatine markedly improves the recovery of the
population spike (80% vs. 5 %). The creatine pre-incubation builds up phosphocreatine
levels in the slice and prevents the large fall in ATP during anoxia; ATP falls to 7-9
rather than 3-6 nM/mg protein. The intracellular pH of both groups falls to the same
level during anoxia.

3. If calcium concentration in the medium is reduced to 0 while magnesium
concentration is raised to 10 mm during anoxia the evoked response recovers to about
65%.

4. The data suggest that an attenuation of the fall in ATP or entry of calcium
during anoxia protects the tissue against irreversible transmission damage. Thus both
of these factors participate in the generation of this damage. It is not yet clear if they
act independently or if one acts by altering the other.

5. In the post-anoxic recovery period the intracellular concentration of potassium
is reduced by about 25 %. However, it is still much higher than in slices that show
only partial block of the evoked response when treated with ouabain. Therefore a
fall in intracellular potassium 1 h after anoxia cannot explain the lack of recovery
of the evoked response in adult tissue.

6. ATP levels in the post-anoxic recovery period are reduced from their pre-anoxic
levels (9'7 vs. 13-9 nM/mg protein). However when azide or antimycin A are used to
directly reduce ATP to the level found 1 h after anoxia the evoked response is reduced
by only about 45 %. Thus the reduced post-anoxic ATP levels are not sufficient to
explain the loss of the evoked response in adult tissue.

7. The data show that the irreversible loss of transmission is not due to decreased
cell ATP or to decreased cell K/Na levels 1 h after the anoxic period.

8. Since creatine pre-incubation protects against irreversible transmission loss this
compound or one closely related to it may prove useful in attenuating irreversible
brain damage in situ.
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INTRODUCTION

An interruption of oxidative energy metabolism in the brain can lead to the
irreversible loss of brain function. The effects of hypoxia and ischaemia, two states
that interrupt energy metabolism, have been extensively examined in vivo (Siesjo,
1981); however, the cause of irreversible damage remains unclear. Workers have
postulated that reduced ATP levels (Ridge, 1971), reduced intracellular pH, (Myers,
1979; Rehncrona, Rosen & Siesjo, 1981) increased intracellular calcium (Hass, 1981),
increased free fatty acids (Gardiner, Nilsson, Rehncrona & Siesjo, 1981) and altered
free radical concentrations (Chan & Fishman, 1980) during or shortly after anoxia
lead to the damage. No electrophysiological basis for the post-anoxic absence of
transmission has been determined. One reason that it has been difficult to define the
neuronal mechanisms involved in irreversible damage is that studies have generally
correlated changes in whole brain metabolism with such global lesions as e.e.g.

abnormalities, coma or gross functional deficits. In addition, in vivo it is difficult to
separate irreversible damage to the circulatory system from damage to the neuronal
tissue (Ames, Wright, Kowada, Thurston & Majno, 1968).

In the present study we have established the in vitro hippocampal slice as a model
system for studying irreversible anoxic damage. We have studied transmission
between the perforant bath and the dentate granule cells and have correlated
irreversible inhibition of this pathway with metabolic and ionic changes in the tissue.
Our studies suggest that both a decreased ATP level and an increased cytosolic

calcium level during anoxia lead to irreversible damage in tissue from adult rats. In
addition they suggest that the absence of neural transmission following the anoxic
exposure cannot be explained by a simple mechanism in which tissue ATP levels are

decreased and the membranes depolarized by a resultant decrease in cell K/Na.

METHODS

Tissue preparation. White male Holtzman rats (110-130 d old) were decapitated and the brain was
removed and placed in chilled (3 0C) buffer (for composition, see below). The hippocampi were then
dissected free of the brain and sliced free-hand with a razor blade transverse to the longitudinal
axis of the hippocampus as described by Skrede & Westgaard (1971). The slice thickness was about
0 5 mm. The tissue was chilled throughout the procedure except for 2 min for removal of the brain
and about 2 min for slicing the pre-chilled hippocampi.

Electrophysiology experiments. Slices were placed on a nylon grid and held down by a lucite bar.
The slices were totally immersed in buffer within an incubation chamber (5 ml volume) and
superfused at a rate of 35 ml/min. The composition of the standard buffer was (mM): NaCl, 126;
KCl, 4 0; KH2PO4, 1-4; MgSO4,1-3; CaCl2, 2-4; NaHCO3, 26; and glucose, 4; pH 7-4 at 37 +1 'C.
The buffer was aerated with 95% O2-5% Co2 so that the oxygen saturation in the perfusion chamber
was about 80%.
The slices were allowed to recover for at least 1 h prior to placement of the recording and

stimulating electrodes. Axons of the perforant path were activated with a tungsten bipolar electrode
while extracellular recordings were made from the dentate granule cell layer with a 1-3 MCI tungsten
micro-electrode. The response recorded is called a population spike and represents the summed
action potentials of many granule cells (Dudek, Deadwyler, Cotman & Lynch, 1976).
When slices were made 'anoxic' this was done by superfusing with buffer equilibrated with 95%

N2-5% Co2 for10 min; oxygen saturation in the chamber falls to 5% in 60 s. These slices were then
allowed to recover for1 h in the normal buffer saturated with 95%02-5% CO2. The percentage
recovery was calculated as the size of the population spike after1 h recovery divided by the size
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of the population spike before anoxia, all x 100. The size of the population spike was determined
to be the mean amplitude of the negative- and positive-going potentials as described by Teyler &
Alger (1976).

Biochemical studies: The slices were cut as described in the electrophysiological experiments.
However, instead of being placed on a grid and superfused they were placed free floating in a vial
with 10 ml of buffer, kept at 37 TC and gased with 95% 02-5% C02. Anoxia was induced by bubbling
the vial with 95% N2-5 % C02; the oxygen saturation fell to 4% in 60 s. At the end of an experiment
slices were removed from the vials, placed on a plastic screen and frozen on a metal spatula by
placing the spatula in liquid nitrogen. The total time for the freezing process was 15 s. The tissue
was stored in liquid nitrogen for less than 1 week. Metabolites were extracted from the slice by
homogenizing in 3 N-ice cold perchloric acid as described by Lowry, Passonneau, Hasselberger &
Schultz (1964). The pellet was analysed for protein (Lowry, Rosebrough, Farr & Randall, 1952).
The metabolites were analysed using standard spectrofluormetric techniques (Lowry & Passonneau,
1972). All enzymes were from Boehringer-Manheim; all other chemicals were from Sigma.
pH measurements. The pH during anoxia was calculated by measuring the concentration of the

reactants in the creatine kinase-catalysed reaction. This has been described by Rose (1968) and
MacMillan & Siesjo (1972)

[H+] - [ATP] [Cr] K' (1)[PCr][ADP]'(1
where K' is the apparent equilibrium constant. Thus pH may be calculated from measurements
of ATP, creatine, phosphocreatine and ADP. K' was determined by calculating the steady-state
H ion concentration from the distribution of the weak acid DMO (Hinke & Menard, 1976; Roos
& Boron, 1981) and substituting this value into eqn. (1).
The value we found for K' in adult rat hippocampal slices was 2-8 x 10-8; this compares with

a value of 7 09 x 10-9 calculated from in vivo data (MacMillan & Siesjo, 1972). It was the same both
before and 1 h after the anoxic exposure. We assumed that K' remains unchanged during anoxia
and calculated the pH during anoxia from metabolic measurements by substituting into eqn. (1).

In order to measure the pH by the DMO distribution method 0-5 ,uCi of [14C]DMO and 10 #tsCi
of [3H]inulin (NEN) was added to each vial for 60 min. The slices were then removed and blotted
dry. Tissue dry weights and wet weights were determined by drying the tissue for 18 h at 90 'C.
The tissue was then extracted in 0-1 N-HNO, for 12 h. 3H and 14C were determined in the tissue
extract and the bathing medium. Tissue pH (pH1) was calculated from the following eqn. (Hinke
& Menard, 1976):

pHi = pK'+ log

(Hm Vt ) (HmCt 1) ((lO(PHe-PK'))+ 1)-I (2)

where Hm, d.p.m. inulin/,ul media; Vt, total tissue H20; Ct, total tissue d.p.m. DMO; Cm, d.p.m.
DMO/1sl media; Ht, total tissue d.p.m. inulin x 0-82; pHe, pH of incubation medium; pK", pK
of DMO = 6-13.

Extracellular water was calculated as 82 % of the inulin space since it can be shown that 18%
of the inulin is not freely exchangable and is therefore not truly extracellular (Lipton & Heimbach,
1978). The concentrations of sodium and potassium were measured on the same tissue, as described
previously (Lipton & Heimbach, 1978). Dry tissue was weighed and extracted as described above.
Sodium and potassium were determined in the extract and buffer using flame photometry.

RESULTS

We have investigated the cellular nature of irreversible brain damage using the in
vitro hippocampal slice preparation. The population spike recorded in the dentate
gyrus of adult rats is blocked after 163+10 s of anoxia. 1 h following a 10 min
exposure to anoxia the response recovers to only 5+2% (n = 26) of its original
amplitude. This is shown in Fig. 1 for a single experiment. We did not test the
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response beyond 3 h; however there was no change in the response between 45 min
and 3 h after anoxia.

Role of ATP. As shown in Fig. 2 ATP fell dramatically during the anoxic period.
To examine whether this fall during anoxia was responsible for irreversible damage
we searched for a mechanism to maintain ATP during anoxia.

Previousstudies byWhittingham & Lipton (1981) showedthatwhen 25 mM-creatine
was included in the perfusate of guinea-pig hippocampal slices the intracellular
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Fig. 1. The effect of anoxia on the evoked response. Responses are recorded in the dentate
granule cell layer following stimulation of the perforant path. The responses are shown
before, during, and 1 h subsequent to 10 min of anoxia. Scale 200 puV, 1 ms. Positive up
in these and all subsequent records. A, untreated hippocampal slices. B, hippocampal slices
were treated for 2 h with 25 mM-creatine and then returned to normal Ringer solution for
one half hour before the pre-anoxic response that is shown.

phosphocreatine levels were dramatically increased; this was associated with a
prolonged maintenance of tissue ATP concentrations during anoxia (Lipton &
Whittingham, 1982). In order to test whether maintenance of ATP levels during
anoxia could protect against irreversible damage we pre-incubated the hippocampal
slices in 25 mM-creatine for 2 h. Following this, the creatine was removed for 1 h. This
did, indeed, lead to a prolonged maintenance of ATP concentrations during anoxia.
This is shown in Fig. 2. The ATP concentration during anoxia falls by only 45%
compared with a 75% drop in slices which were not exposed to creatine. This
protective effect of creatine is correlated with dramatically increased levels of
phosphocreatine (PCr) prior to anoxia (124+ 2 v8. 29+1 nx/mg protein). There is a
large fall in the PCr to 27 + 2 nM/mg protein during the anoxic period. Not only does
creatine incubation reduce the fall in ATP during anoxia, but it allows a greater
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recovery of ATP 1 h following anoxia. This is also shown in Fig. 2. Final levels of
ATP are 12 nM/mg protein, compared with 9 6 nM/mg protein in untreated slices.
We next tested the ability of creatine incubation to protect the evoked response

against irreversible damage following anoxia. The rate of fall of the evoked response
following creatine incubation was far slower than in the control tissue, thus the
response is not abolished until more than 6 min after the onset of anoxia (383+ 62 s).
As shown for one experiment in Fig. 1 creatine incubation strongly protects against
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Fig. 2. Concentration of ATP (nM/mg protein) before, at the end of, and 1 h after 10 min
of anoxia. Open bars, untreated hippocampal slices; hatched bars, hippocampal slices
treated for 2 h with 25 mM-creatine. n = 6 for all groups. Bars are +S.E. of mean.

irreversible damage; the response recovers to 82+4% (n = 8) of its original value.
These experiments suggest that the fall in tissue ATP during anoxia is associated with
the production of irreversible damage.
The 'energy charge' in a oell is thought to have a profound effect on anabolic

processes (Atkinson, 1977). Table 1 shows that, although comprised during anoxia,
the energy charge returns close to control values for both groups 1 h after anoxia.
Thus, irreversible damage does not appear to be due to reduced energy charge levels.
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Role ofpH and calcium. The change in tissue pH was measured during and after
anoxia to see ifthere was a correlation between changes in intracellular acidity and the
irreversible damage to the evoked response. There results are shown in Fig. 3; it is
clear that there is no difference between the populations either during anoxia or upon
recovery of the response 1 h following anoxia. For both groups, intracellular pH

TABLE 1. Metabolite parameters during and 60 min following anoxia in rat hippocampal slices
10 min 1 h recovery

Untreated Pre-anoxia of anoxia from anoxia
PCr/ATP 2 12 +005 0-92 +006 2-32 + 010
Sum of adenylates 19-0 +06t 128 +0 4 149 +0-7t
Energy charge 0.85+0.01 0 44 +0-01 0-80+0-01

Creatine-treated
PCr/ATP 8-65 +0-48 3-34 +0-16 9 34 +0-60
Sum of adenylates 20-8 +0-6* 17-2±+03 18-0 +0-6*
Energy charge 0-83+0-01 0-63+0002 0-81 +0-02

Hippocampal slices from rats were incubated in vials containing oxygenated buffer. Slices from
some vials were frozen (Pre-anoxia); the remaining slices were subjected to 10 min of anoxia, then
some of these slices were frozen (anoxia); the remaining slices were incubated in oxygenated buffer
for 1 h and then frozen (post anoxia). Creatine-treated slices were incubated with creatine for 2 h
before the experiment was begun. Sum of adenylates = ATP+ADP+ AMP.

ATP+ 0-5 ADPEnergy charge = ATP+ADP+AMP

Six experiments for each value, values are + S.E. of mean. Significance of difference determined
using Students t test. * P < 0 05, t P < 0-025.

returns to its control values during the recovery period. Thus, changes in tissue pH
are not correlated with the degree of irreversible damage. We next examined whether
calcium entry from the extracellular fluid during anoxia might contribute to
irreversible damage in the hippocampal slice. Hippocampal slices were bathed in
buffer containing 0 mM-Ca and 10 mM-Mg during the 10 min of anoxia. As shown in
Fig. 4 for one experiment these slices exhibited dramatically improved recovery 1 h
following anoxia. The mean recovery for six experiments was 66+ 10% ; this compares
with a 5+2% recovery in control slices.

Site of block of transmission. In one favourable preparation we were able to record
both the presynaptic and post-synaptic potentials from the adult hippocampal slice
(the presynaptic spike is, in general, difficult to record from the dentate gyrus). This
is shown in Fig. 5. Low calcium buffers block synaptic transmission (Katz & Miledi,
1967) and we used a short exposure to 0 Ca/10 mM-Mg buffer to demonstrate that
the early potential was, indeed, presynaptic. It remained, while the later response
was completely inhibited. We then exposed the slice to 10 min of anoxia in normal
buffer; the presynaptic response was completely blocked a few seconds after the
post-synaptic population spike. When the slices were- allowed to recover in normal
oxygenated buffer the post-synaptic response showed no recovery while the pre-
synaptic response recovered rapidly and completely. Thus it appears that impulse
propagation towards the nerve terminals is not irreversibly blocked by anoxia.
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Reduced ATP levels during recovery. We explored the basis for the decrease in ATP
during the recovery period. The PCr/ATP ratio is particularly sensitive to any
disturbances in the rate of oxidative energy metabolism: small reductions in the rate
of oxidative phosphorylation lead to a fall in this ratio (see Table 3 for example).
However, as is shown in Table 1, the PCr/ATP ratios in the post-recovery periods
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Pre-anoxia 10 min 1 h
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Fig. 3. The effect of anoxia on the intracellular pH of rat hippocampal slices. pH was
calculated from measurements of metabolites and substituted into the equation for the
creatine kinase equilibrium reaction; the equilibrium constant for this reaction was
calculated from the H+ concentration in control tissue calculated from the distribution
ofDMO (See Methods). Open bars, pH of untreated tissue; hatched bars, pH from creatine
treated tissue, n = 6 for all groups. Bars are +S.E. of mean.

are, in fact, slightly higher than they are in the control periods. This suggests that
mitochondrial damage is not the basis for the reduced ATP levels. Also shown in
Table 1 is the value for total adenine nucleotides. They are reduced in both groups
during the recovery period and the percentage fall is very similar to the percentage
fall in ATP. Thus the fall in total nucleotides is reduced in the creatine-treated slices.

Ion changes. The data demonstrate that the irreversible failure of transmission is
associated with a decreased tissue ATP with respect to slices in which there is no such

465



I. S. KASS AND P. LIPTON

/I

c A ,lt

L
D

D

Fig. 4. The effect of removal of extracellular calcium during anoxia on the recovery of
the evoked responses. Scale: 100 1V, 1 ms. A, the evoked response recorded from the
granule cell layer of a hippocampal slice perfused with normal buffer. B, the evoked
response during anoxia. The slice is perfused with 0 mM-Ca2+-10 mM Mg2+ Ringer solution
(all other ions as in standard buffer) during the 10 min of anoxia. C, the evoked response
following 1 h re-perfusion with normal buffer. D, the evoked response 1 h following a

subsequent 10 min exposure to anoxia in the presence of normal buffer.
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Fig. 5. Effect of anoxia on presynaptic and post-synaptic responses. Scale 200 REV, 1 ms.
A, the evoked response recorded from the granule cell layer ofa hippocampal slice perfused
with normal Ringer solution. B, the evoked response in the presence of 0 mM-Ca2+_
10 mM Mg2+ Ringer solution (all other ions as in standard buffer). C, the evoked response
30 min after the slice is re-perfused with normal buffer. D, the loss of the evoked response
during 10 min of anoxia in normal buffer. E, the evoked response in normal buffer 1 h after
the 10 min of anoxia.
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failure of transmission. One basis for the failure of transmission, then, might be that
the lowered ATP leads to reduced Na/K ion pumping, subsequent membrane
depolarization and conduction block (Lipton & Whittingham, 1979). We explored this
hypothesis.
We measured cell sodium and potassium concentrations during anoxia and 1 h

following anoxia. The results are shown in Table 2. In all preparations cell potassium

TABLE 2. Ion concentrations during and 60 min following anoxia in rat hippocampal slices
10 min 1 h recovery

Untreated Pre-anoxia of anoxia from anoxia
Sodium concentration 73 + 5 132 +4 93 + 9
Potassium concentration 113 + 6 56 + 2 82 + 6
Intracellular water 3 50+ 020 3 80+ 016 4-16 + 024

Dry weight
n 10 7 8

Creatine-treated
Sodium concentration 74 + 3 93 + 2 95 + 2
Potassium concentration 117 +4 85+3 102 +5
Intracellular water 407+0009 4-10+0-10 3-97 +0-14

Dry weight
n 6 6 6

Procedures as detailed in the legend for Table 1 except the slices were blotted and oven dried
instead of frozen. Values are +s.E. of mean.

is lowered and cell sodium increased 1 h following anoxia. However, comparing
creatine-treated with untreated slices it is apparent that creatine treatment greatly
attenuates the decrease in cell potassium; the increase in cell sodium is not reduced.
Qualitatively, then, these data are consistent with the conclusion that creatine
incubation protects against irreversible damage by alleviating membrane depolariza-
tion. It is interesting to note how much smaller the decrease in K/Na during anoxia
is in the creatine-treated tissue than it is in the untreated slices. This is quite probably
related to the much reduced fall in ATP in that tissue and, hence, a smaller inhibition
of the Na-K pump. The non-creatine-treated tissue shows a large net gain of ions
during and following anoxia, with resultant cell swelling.

Ba8is for transmission block 1 h after anoxia. The decrease in K/Na and resultant
depolarization is a possible basis for the loss of transmission. We wanted to test this
possibility more rigorously. To do this, we compared ion changes in the recovery
period with ion changes associated with inhibition of transmission by ouabain.
Ouabain almost undoubtedly blocks transmission via pump-inhibition and resultant
depolarization. The results are shown in Table 3. A concentration of ouabain which
blocks transmission by only 40% is associated with a far greater fall in cell K/Na
than that which occurs when transmission is completely inhibited 1 h following
recovery from anoxia. Complete inhibition by ouabain is associated with an even
larger decrease in K/Na. Thus, the decrease in K/Na associated with irreversible
transmission failure seems far too small to account for the inhibition of the response.
We addressed the question as to whether the reduction in ATP observed in the
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adult slices 1 h after anoxia was adequate to explain the loss of transmission. The
tissue was exposed to sodium azide, to inhibit partially mitochondrial oxidative
phosphorylation and so reduce ATP levels. We measured the decrease in the evoked
response and in cell ATP levels after 30 min; we also measured ion concentrations.
The results are shown in Table 3. It is apparent that 1 mM-azide reduces ATP by
the same amount as does the 10 min anoxia and 1 h recovery. Yet, the response is

TABLE 3. Effect of sodium azide, antimycin A and ouabain on high energy phosphate ion
concentrations in the rat hippocampal slice

% of control
ATP PCr K+ Na+ population

(nM/mg protein) (nM/mg protein) (mM) (mM) spike
Control

(no anoxia) 13-4+0 4 29-2+2-2 113+6 73±+5
1 mM-azide 9-4+0-8 11-9+1-3 105+7 72+8 56+13
2 mM-azide 55+07 2-8+1P0 57+4 114+4 2+2
0 4 #g/ml 6-9±+03 4-7+005 15+6
antimycin A
1 x 10-6M-ouabain 54+3 143+5 59+8
3 x 10-6M-ouabain - 38+2 152+3 0
Experiments in which metabolites and ions were measured were performed in vials as detailed

in Tables 1 and 2. Values are for six experiments and each value is + S.E of mean. The population
spike was measured in the superfusion chamber. All measurements were made 60 min after
beginning the experimental treatment except in the case ofantimycin A. In that case measurements
were made 40 min after addition of the drug.

only attenuated by 45% in the presence ofazide compared with 95% after the anoxic
exposure. Indeed, 2 rM-azide is required to abolish the response and this lowers ATP
by twice the amount associated with the irreversible block following 10 min ofanoxia.
This suggests that reduced ATP during recovery does not completely account for the
irreversible transmission block. It is notable that there is little ion change associated
with inhibition by 1 mM-azide; this suggests that transmission block due to inhibition
of energy metabolism is not simply a result of inhibition of the Na-K pump. In order
to confirm that the effect of azide was due to mitochondrial inhibition we tested
another well known inhibitor of electron transport. Antimycin A (04 ,ug/ml) was
added to the buffer; after 40 min the physiological response declined to about 15%
of its control level and ATP concentrations were again far lower than in the tissue
irreversibly damaged by anoxia. This is also demonstrated in Table 3.

DISCUSSION

We have established a model for studying the irreversible loss of function in the
brain subsequent to anoxia. Others have demonstrated irreversible functional (Glass,
Snyder & Webster, 1941), morphological (Kalimo, Rehncrona, Soderfeldt, Olsson &
Siesjo, 1981) and biochemical (Dienel, Pulsinelli & Duffy, 1980) changes in the brain
in situ subsequent to an interruption of brain energy metabolism. We have examined
the evoked population spike recorded from granule cells of the hippocampal slice and
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used this as an indication of brain function. This population spike is eliminated for
at least 3 h following a 10 min exposure of the slice to anoxia; we consider this an
irreversible functional loss although we have not examined events at times greater
than 3 h subsequent to anoxia.
The population spike can be almost completely protected against irreversible

damage by pre-exposure of the tissue to 25 mM-creatine. Acute effects of anoxia have
similarly been attenuated by creatine incubation; Whittingham & Lipton (1981)
showed prolonged maintenance of the evoked response during anoxia with pre-
exposure to creatine. These results along with our own suggest that creatine might be
useful for protecting brain function in situ; however, it is not clear whether it can
be accumulated sufficiently by the brain of intact organisms. The creatine analogue,
cyclocreatine, can readily accumulate in brain tissue in situ and it does slow the fall
in high energy metabolites during ischaemia (Woznicki & Walker, 1980); however,
no functional tests have been reported. The basis of the protection afforded by
creatine is probably its conversion to phosphocreatine and subsequent maintenance
of ATP levels during the anoxic period; it more than doubled the level of ATP
observed at the end ofa 10 min anoxic period. Indeed, one ofthe most dramatic effects
of anoxia is the rapid fall in ATP and phosphocreatine (Ridge, 1971). The fact that
pre-incubation in creatine was able to maintain ATP levels during anoxia and also
protected the slices against irreversible loss of the evoked response strongly suggests
that this loss of ATP is a factor leading to irreversible damage.
A fall in pH is associated with an interruption of oxidative metabolism; however

we have been unable to show an independent correlation between the intracellular
pH during anoxia and irreversible damage. Thus, pH falls to the same level in control
tissue and tissue which has been exposed to creatine while the degree of damage is
almost nil in the latter. Recent studies have shown a correlation in situ between severe
lactic acidosis and irreversible damage during ischaemia or oligaemia (Myers, 1979;
Rehncrona et al. 1981). Lactate accumulation in these studies is between 20 and
30 mM, this will produce a fall in tissue pH to values as low as 6-4 to 6-0 (Siesjo, 1978).
Irreversible damage occurs in the present studies at higher levels of pH. Another
possible explanation for the difference between our conclusions and those cited above
is that the large acidosis may well be acting on the vasculature to cause localized
oedema. Also, localized lactate build-up may be leading to damage in the in situ
studies; this will not occur in our study because of the high rate of tissue superfusion.
Siesjo (1981) has pointed out that there is, in general, no good correlation between
intracellular pH changes and irreversible brain damage in different conditions of
metabolic stress.

Harris, Symon, Branston & Bayhan (1981) demonstrated massive Ca influx into
brain tissue during in vivo ischaemia. High cytosolic Ca levels recently have been
postulated to trigger ischaemic damage in both brain (Hass, 1981; Siesjo, 1981) and
heart tissue (Hearse, 1977). Our results support this hypothesis. When the influx of
Ca during anoxia is prevented by incubating in 0 mM-Ca/10 mM-Mg buffer irreversible
damage is markedly reduced. Calcium is normally removed from the cell by a Na-Ca
exchange that depends on the sodium gradient (Baker, 1969) and by a calcium pump
that depends on ATP (Sorenson & Mahler, 1981). The reduced ATP levels during
anoxia will thus impair Ca removal and the increased Na may actually lead to a net
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Ca influx via the reversible Na-Ca exchange mechanism (Mullins & Requena, 1981).
Additionally, the depolarization of the cell during anoxia might lead to the opening
ofCa channels (Fishman & Spector, 1981) allowing further influx of calcium. Indeed,
the maintenance of high K-Na during anoxia may well be the mechanism by which
creatine incubation protects against irreversible damage. Increased Ca levels have
been shown to activate proteases (Pant & Gainer, 1980) and phospholipases (Derksen
& Cohen, 1975) which could lead to irreversible cell damage.
We examined cell metabolites and ion levels 1 h after anoxia to see if they could

explain the absence of the evoked potential in the recovery period. Both ATP levels
and the K-Na ratio show incomplete recovery from anoxia; with creatine pre-
treatment these values return more closely to control levels. The reduced levels of
ATP correlate with a loss of total adenine nucleotides; this is very probably due to
a loss of adenosine from the tissue during anoxia; a similar phenomenon has been
observed in vivo (Ridge, 1971). Thus, the increase in AMP during anoxia could lead
to the production of adenosine which would leak from the cell.
The decreased ATP 1 h after anoxia could affect the K-Na ratio by reducing the

activity of the Na-K pump. The reduced K-Na would lead to a depolarization which
might be sufficient to block transmission. However, it appears that this mechanism
is not, in fact, responsible for the irreversible signal loss. We blocked the pump
directly with ouabain; the minimal concentration of ouabain that completely blocks
the evoked response causes a far more profound reduction in K-Na than is found 1 h
after anoxia. We made an estimate of the membrane potential associated with the
different treatments. Using a PNa/PK of 0-02, a ratio determined for olfactory cortex
cells in vitro (Scholfield, 1978), and ignoring chloride, the control membrane diffusion
potential (Goldman, 1943) is 70 mV. The calculated depolarization with ouabain is
25 mV while the depolarization 1 h after anoxia is only 7 mV. Using 1 mM-azide we
reduced ATP to the level found 1 h after anoxia; this fall in ATP only reduced the
evoked response by 50% compared with the 95% inhibition seen during the recovery
period. Thus, the reduced ATP levels during this period do not appear sufficient to
explain the irreversible blockage of transmission. This inference was confirmed by
our studies with antimycin A. The dependence of the evoked response on ATP levels
in our studies is similar to that seen by Yamamoto & Kurokawa (1970) in the guinea-pig
olfactory cortex.

In addition to these conclusions the studies with azide demonstrate that reduced
oxidative metabolism can affect transmission independently ofan effect on potassium
and sodium balance. Thus, K-Na ratios are virtually unchanged when the tissue is
exposed to 1 mM-azide in spite of the 50% fall in the evoked potential.
Our results, then, suggest that during anoxia both an influx of calcium and a

decrease in cell ATP contribute to irreversible damage. It is possible that the lowered
ATP is important because it allows an increased influx of calcium. We postulate that
the high calcium may lead to irreversible damage by activating the catabolism of
macromolecules. The end result of this process is to inhibit transmission in a manner
other than via depolarization-induced conduction block.
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