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Abstract. Although the neurotoxic effects of lead (Pb) are well documented,
the subcellular mechanisms of its action in the central nervous system are not
fully understood. The present work examined some parameters of energy
metabolism in nerve endings of the brains of adult rats exposed to Pb. We
applied the model of acute Pb toxicity in vivo, imitating the acute action of
lead observed in occupationally exposed workers or in occasional incidents of
poisoning. The measurement of Pb levels in the synaptosomal fraction
exhibited its significant accumulation under applied conditions. Oxygen
consumption increased in synaptosomes from Pb-treated rats whereas the
activity of cytochrome c oxidase did not change. The intrasynaptosomal
levels of ATP and CrP were significantly elevated, as was the activity of
creatine kinase, suggesting the activation of the CrP/CK system. On the other
hand, the activity of the synaptosomal Na*,K*-ATP-ase decreased. We
suggest that under acute Pb toxicity conditions the mobiliaztion of CrP/CK
system may take place to protect the cell against the effects of decreased
Na®,K*-ATP-ase activity.
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INTRODUCTION

Lead (Pb) exposure is still a major medical problem
both in the environment and in occupational settings.
The clinical effects of chronic and acute lead toxicity are
well documented (Davis et al. 1993, Grandjean 1993).
The main target of Pb toxicity is the central nervous sys-
tem (CNS) (Davis et al. 1993) and the major neurologi-
cal manifestations are acute Pb encephalopathy and
neuropathy (Goldsteinet al. 1974, Holtzman et al. 1984).
Although the neurotoxic effect of Pb is well do-
cumented, the subcellular mechanisms of its neurotox-
icity are not yet clear.

Our previous investigations showed that chronic ad-
ministration of low doses of Pb to rats (imitating envi-
ronmental exposure), affected some parameters of
energy metabolism in nerve endings of adult rat brains
(Rafatowska et al. 1996). In the present work we have
examined changes in levels of some energetic metabo-
lites and related enzymes, as well as alterations in
oxygen consumption rates in synaptosomes isolated
from brains of rats subjected to acute Pb intoxication.
Obtained results were compared to those observed in the
model of chronic Pb toxicity.

METHODS
Experimental procedure

The animal model of acute Pb toxicity in vivo was ap-
plied. The study was performed on male Wistar rats
weighing about 200 g, arranged into two groups, each
consisting of 50 animals. In the experimental group, 15 mg
of Pb(COOH); per kg of body weight was injected in-
traperitoneally into each animal for 7 days. Distilled
water was injected into the animals from the control

group.
Preparation of fractions

The study was performed on a synaptosomal fraction
obtained from rats from both groups and on a mitochon-
drial fraction isolated from synaptosomes.

Synaptosomes were isolated from the forebrain of the
rats using adiscontinuous Ficoll gradient as described by
Booth and Clark (1978). The synaptosomal pellet was
washed once in a Krebs-Ringer buffer (140 mM NaCl,
5 mM KCl, 10 mM Tris-HCI, 1.4 mM MgSO4, 1 mM
Na;HPO4, pH 7.4) and the final synaptosomal pellet was

suspended in Krebs-Ringer buffer to obtain a protein
concentration of approx. 5 mg/ml. As was demonstrated
in the previous experiments, synaptosomes obtained by
this procedure exhibit a high purity and well - maintained
energy metabolism (Rafatowska et al. 1980, Deutsch et
al. 1981). Synaptic mitochondria were isolated accord-
ing to Lai et al. (1977) using a Ficoll-sucrose gradient.

Lead determination

The content of Pb in synaptosomes from control and
Pb-poisoned rats was determined using a Perkin Elmer
1100B atomic absorption spectrophotometer. Levels of
Pb in blood samples were also estimated.

Respiratory studies

The rate of oxygen consumption by synaptosomes
was measured with Clark-type electrode at 22°C in a
Krebs-Ringer buffer (pH 7.6) containing 10 mM respir-
atory substrate ( pyruvate or succinate) and 2 mM CaCly,
as described previously by Rafalowska et al. (1980a).

Metabolite levels

The perchloric acid extracts of synaptosomes were
neutralized with 2.5 M KHCOj3 and centrifuged. Super-
natants were used for the determination of metabolites
by standard enzymatic techniques.

The level of ATP was measured according to the
method of Lamprecht and Trautschold (1974). Creatine
phosphate (CrP) was assayed in the same reaction mix-
ture after the addition of 1mM ADP (Lamprecht et al.
1974).

The levels of ADP and AMP were measured accord-
ing to the method of Jaworek et al. (1974). Creatine (Cr)
was assayed in the reaction mixture used for the meas-
urement of ADP according to the procedure of Bernt et
al. (1974).

Enzyme assays

The cytochrome c oxidase activity in synaptic mito-
chondriaisolated from the control and Pb-intoxicated rat
brain was measured spectrophotometrically according to
the method of Wharton and Tzagoloff (1955).

The ATP-ase activity of synaptosomes isolated from
control and Pb-poisoned rats was measured spectro-
photometrically according to the method of Fox et al.



(1991) by determining the inorganic phosphate liberated
from ATP. For measurement of the enzyme activity sy-
naptosomes were suspended to the final concentration
(f.c.) of protein of approx. 1mg/ml, in the reaction mix-
ture containing 30 mM Tris-HC1 (pH 7.4), 130 mM
NaCl, 5 mM KCl, 2 mM MgClp, 2 mM ATP, 2 mM
EGTA with or without 2 mM ouabain. The reaction was
stopped after 45 min by the addition of ice-cold TCA (f.c.
5%). The samples were centrifuged for 10 min at 1,500 x g
and the inorganic phosphate concentration was deter-
mined in a protein-free supernatant. The difference be-
tween the activity recorded in the absence (total
ATP-ase) and the presence (Mg2+-ATP-ase) of ouabain
was the Na",K*-ATP-ase activity.

The creatine kinase (CK) activity in synaptosomes
and in synaptic mitochondria obtained from the control
and Pb-treated rat brains was measured spectrophotome-
trically according to the enzymatic method of Booth and
Clark (1978a). Triton X-100 (f.c. 0.5%) was added to the
synaptosomal fraction which was sonicated for three
minutes before enzymatic assay.

Protein determination

The protein concentration was measured according to
the method of Lowry etal. (1951) using bovine serum al-
bumin as a standard.

Statistical analysis

The data were analysed using a Student #-test. Dif-
ferences between groups in all measurements were re-
garded as significant if P<0.05.

RESULTS

This study revealed high levels of Pb in the blood of
Pb-treated rats. Acute Pb administration to the rats
caused an increase in blood lead levels from 1.9 g/dl in
control rats to 112.5 pg/dl in Pb-treated rats. (Table I).
However, during the daily observations within the time
of exposure, the animals did not exhibit signs of seizures
and there were no deaths within the experimental group
of rats. The measurement of Pb levels in the synaptoso-
mal fractions exhibited a trend towards the significant
penetration of lead from blood to the brains of the ex-
posed rats. In the synaptosomes obtained from the con-
trol and Pb-treated rats, Pb levels were <0.019 and 1.8
pg/g w.w., respectively (Table I).
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TABLE 1

The content of lead in the synaptosomes and blood in the
control and lead- treated rats

Model Sample Pb level
of toxicity
Control  Pb-treated
Synaptosomes <0.019* 1.8+04
Acute pne/g w.w.
Blood 1.9+02 1125%1.0
png/dl

The values represent the mean + SD of measurements from
six independent preparations. *Non-detectable (under sensi-
tivity of the method).

The rates of oxygen uptake by synaptosomes isolated
from control and Pb-treated rats are shown in Fig.1. It
can be seen that oxygen consumption increased signifi-
cantly in synaptosomes from Pb-treated rats as com-
pared to the control, independent of the substrate
(pyruvate and succinate).

In rats receiving Pb the activity of cytochrome c oxi-
dase measured in synaptic mitochondria did not change
(Table II).

The levels of intrasynaptosomal adenine nucleotides
(ATP, ADP, AMP), creatine (Cr) and phosphocreatine
(CrP) in Pb-treated rats were changed as compared to the
control values. The results are summarized in Table III.

nmole O2/mg proteinmin
w

Succinate

Pyruvate

Fig. 1 The effect of lead on the oxygen consumption rates in
synaptosomes isolated from the brain of control and acutely
Pb-treated rats. Results represent mean values £ SD of five ex-
periments, *P<0.05. Open bars, control rats; filled bars, Pb-
treated rats.
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TABLEII

TABLE IV

Activity of cytochrome oxidase in synaptosomal mito-
chondria obtained from control and Pb-treated rats

Activity of cytochrome oxidase

Sample pmoles/mg protein/min

Control Pb-treated % of control
Synaptosomal 39.1 £4.3 38.8+2.8 99
mitochondria

The values represent the means  SD of five experiments.

Intracellular concentration of ATP increased significant-
ly in synaptosomes obtained from the brains of Pb-
treated rats as compared to the control ones (about 75%),
whereas the levels of ADP and AMP were only slightly
elevated. Consequently, the [ATP]/[ADP] ratio was
higher by about 58%. Since the concentration of CrP in
synaptosomes from Pb-treated rats was elevated (by
124% of control) and the concentration of Cr decreased
by about 30%, the [CrP]/[Cr] ratio was three times
higher than control ratio (over 300% of control).

The activity of creatine kinase increased drastically
under Pb-toxicity conditions. The measurement of the
synaptosomal activity of this enzyme (corresponding to
the sum of "cytosolic" and mitochondrial activities) ex-
hibited an 80% increase. On the other hand the mito-

Activity of creatine kinase in synaptosomes and synapto-
somal mitochondria obtained from control and acutely Pb-
treated rats

Activity of creatine kinase
wmoles/mg protein/min
Control Pb-treated % of control

Sample

Synaptosomes 0.022 +0.002 0.040 £ 0.007* 180

(3) (3)
Synaptosomal 0.041+0.016 0.053 +0.016*
mitochondria (9) (10) 130

The values represent the means + SD for the number of ex-
periments shown in parantheses, *P<0.05.

chondrial activity of the enzyme rose by about 30%
(Table IV).

The synaptosomal activity of Na*-K*-ATPase, the
enzyme that maintains cellular fluid balance and pro-
vides the electrochemical gradients essential for synap-
tic potentials, decreased by about 30% in the applied
model of acute lead toxicity (Table V).

TABLE V

Activity of Na*-K*-ATPase in synaptosomes obtained
from control and Pb-treated rats

TABLEIII
Activity of Na*-K*"-ATPase
Metabolite levels in synaptosomes isolated from control ~ Sample pmol/protein/h

and acutely Pb- treated rats Control Pb-treated
Metabolite Synaptosomes Synaptosomes 7.00+0.20 5.00+0.20
Hmol/mg protein Control Pb-treated

The values represent the means = SD of six experiments,
ATP 3.66+£0.35(9)  6.42+0.39(8)*  P<0.05.
ADP 1.11£0.05(17) 1.22+0.07(17)
AMP 0.51+0.04(7)  0.61£0.05(7) DISCUSSION
CrP 2.20+0.15(6) 4.93+0.68 (7)*
Cr 4531031 (8) 3.28+£0.26 (7)* Our earlier data showed disturbances in the mitochon-
ATP/ADP 3.33 5.26 drial structure (Jabtoriska et al. 1994) and in neurotrans-
CrP/Cr 0.48 1.50 mission (Struzyriska et al. 1994a) in brain synaptosomes

Results represent mean values + SD for the number of ex-
periments shown in parantheses. Values are significantly dif-
ferent from their respective controls at the level of P<0.05.

isolated from rats poisoned chronically with low doses
of Pb. Those results suggested that the observed disturb-
ances might be connected with changes in energy meta-
bolism of synaptosomes and synaptic mitochondria



under chronic lead toxicity conditions (Rafalowska et al.
1996).

The aim of the present study was to assess the sensi-
tivity of energy metabolism in brain synaptosomes and
synaptic mitochondria to acute Pb toxicity in an animal
model imitating the acute action of Pb observed in occu-
pationally exposed workers, or in occasional incidents of
poisoning.

The magnitude of exposure to this metal is well re-
flected by the Pb concentration in blood. As the biologi-
cal half-life of Pb in blood is a few weeks only, the level
of blood Pb (PbB) reflects recent exposure and the meas-
urement of this parameter is useful for monitoring cur-
rent exposure levels or acute poisoning.

High blood Pb levels in the treated rats presented in
Table I were about three times higher than in the chronic
model of Pb toxicity described by Rafatowska et al.
(1996). We also observed a significant penetration of Pb
from blood to the brain, expressed by its accumulation
in nerve endings (synaptosomal fraction) (Table I). The
tendency of Pb to accumulate in the brain has been dem-
onstrated earlier (Collins et al. 1982), although its con-
centration in the brain is among the lowest found in
various organs of the body. It is known that Pb can pene-
trate through the blood-brain barrier of not only imma-
ture organisms (Thomas et al. 1973) but also of adults
(Struzyniska et al. 1997). Synaptosomes isolated from
acutely poisoned rats contained much more Pb than
those in the chronic model of toxicity (Rafatowska et al.
1996). These higher levels of Pb did not affect the activ-
ity of cytochrome c oxidase in synaptic mitochondria. In
contrast to what is seen in chronic toxicity, we observed
an increase of synaptosomal respiration rates and in le-
vels of ATP. Oxidative phosphorylation is stoichiome-
trically coupled to oxygen reduction and the rate of
respiration corresponds to the rate of ATP synthesis which
depends on the intramitochondrial [N AD*J/[NADH] and
the cytosolic [ATP]/[ADP] ratio and the flux through cy-
tochrome c oxidase (Wilson etal. 1979). Our results sug-
gest that the substrate oxidation in synaptosomal
mitochondria is potentiated, causing an increase in the
availability of reducing equivalents for the respiratory
chain. Creatine kinase (CK) is the enzyme that transfers
energy between phosphagens in the reversible reaction:
phosphocreatine + MgADP+H™ < creatine + MgATP.
CrP acts as a source of energy, especially for ATP-ases
(Wallimann et al. 1992). It has been shown that the drop
in CrP concentration occurs together with the activation
of the Na*,K"-ATP-ase, which is the major energy - uti-
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lizing enzyme in stimulated nerve cells (Blum et al.
1991). In our experiments we observed a reverse situ-
ation i.e. an increased level of CrP and high CK activity
was accompanied by a decrease in Na*,K*-ATP-ase ac-
tivity. The CrP shuttle in neurones is probably involved
in maintaining a high cellular ATP/ADP ratio (Brown
1992). The more rapid CK-catalyzed phosphate fluxes
are thought to function to provide energy under patho-
logical conditions with high energy demand (Holtzman
etal. 1991). In brain synaptosomes, mitochondrial ATP
production has a significant effect on Na*,K*-ATP-ase
activity (Ereciriska and Dagani 1990) and the CrP/CK
system, transferring ATP from mitochondria to cytosol,
serves as a source of ATP for this enzyme. Our results
indicate that under acute Pb toxicity condition, the en-
ergy mobilization of the cell may take place. Both res-
piration and the CrP/CK system are activated to maintain
a high ATP concentration. What is a direct stimulus to
that kind of cell defence is not known. We also con-
firmed that Pb may exert an inhibitory effect directly on
Na*,K*-ATP-ase. It is known that Na*,K*-ATP-ase, es-
pecially brain-derived Na*,K*-ATP-ase, is among the
enzymes particularly affected by lead (Siegel etal. 1977,
Fox et al. 1991, Struzyriska et al. 1994). This fact may
relate to the different o subunit composition of Na*,K*-
ATP-ase of different tissues. Enzyme extracted from
brain has mostly 02 and a3 isozymes present in signifi-
cant amounts (Brodsky and Guidotti 1990, Gerbi et al.
1990). Substantial levels of o3 isoform have been re-
ported, besides in the nervous system, only for heart and
pineal gland (Mc Grail et al. 1991). All the subunits of
the enzyme (a1, a2, a3) differ with the number of reac-
tive sulfhydryl groups in the catalytic site (Brodsky and
Guidotti 1990) and a2 and o3 forms of enzyme are much
more sensitive to the inhibitory effect of Pb that the ol
form is (Fox et al. 1991). Thus it can be suggested that

oone of the possible mechanisms of the inhibition may be

the interaction of Pb with -SH groups in the catalytic site
of the enzyme. It was demonstrated that in the model of
acute lead poisoning levels of both total and protein-
bound SH groups in the brain homogenates and synap-
tosomes were lowered significantly (Dabrowska-Bouta
et al. 1996). Not all the enzymes containing sulthydryl
groups are equally sensitive to the inhibition by Pb.
Marcovac and Goldstein observed that protein kinase C
is, on the contrary, stimulated by Pb at concentrations as
low as 10°°M (Marcovac and Goldstein 1988a) al-
though its catalytic and regulatory domains contain cys-
teine-rich sequences (Goering 1993). Among the
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multiplicity of factors which dictate whether the function
of protein will be altered or not are localiaztion of protein
in the cell and the nature of the catalytic site of the
enzyme, i.e., the presence of sulthydryls in the form of
vicinal dithiol (Goering 1993).

It seems from this study that under conditions of the
acute Pb toxicity activation of the energy metabolism in
the nerve ending represents a protection mechanizm
against the decrease in the essential enzyme (Na",K*-
ATP-ase) activity. The role of that "energetic mobiliza-
tion" is probably the diminution of the acute toxic effect
of Pb on CNS.

ACKNOWLEDGEMENT

This work was supported by statutable grant from the
State Commitee for Scientific Research to Institute -
Medical Research Centre.

REFERENCES

Bernt E., Bergmeyer H.U., Mollering H. (1974) Creatine in
methods of enzymatic analysis (Ed. H.U. Bergmeyer). Vol.
4. Verlag Chemie/Academic Press, New York, p. 1771-
1776.

Blum H., Balschi J.A., Johnson R.G., Jr. (1991) Coupled in
vivo activity of creatine phosphokinase and the membrane-
bound (N a+,K+)-ATPase in the resting and stimulated elec-
tric organ of the electric fish Narcine Brasiliensis. J. Biol.
Chem. 226: 10254-10259.

Booth R.F.G., Clark J.B. (1978a) Studies on the mitochon-
drially bound from of rat brain creatine kinase. Biochem.
J.170: 145-151.

Booth R.F.G., Clark J.B. (1978b) A rapid method for the prep-
aration of relatively pure, metabolically competent synap-
tosomes from rat brain. Biochem. J. 176: 365-370.

Brodsky J.L., Guidotti G. (1990) Sodium affinity of brain
Na*,K*-ATP-ase is dependent on isozyme and environ-
ment of the pump. Am. Physiol. Soc. C803-C811.

Brown G.C. (1992) Control of respiration and ATP synthesis in
mammalian mitochondria and cells. Biochem. J. 284: 1-13.

Collins M.F., Hrdina P.D., Whittle E. and Singhal R.L. (1982)
Lead in blood and brain regions of rats chronically exposed
to low doses of the metal. Toxicol. Appl. Pharmacol. 65:
314-322.

Dabrowska-Bouta B., Struzynska L., Rafatowska U. (1996)
Effect of acute and chronic lead exposure on the level of
sulfhydryl groups in rat brain. Acta Neurobiol. Exp. 56:
233-236.

Davis .M. Elias R.W., Grant L.D. (1993) Current issues in
human lead exposure and regulation of lead. Neurotoxico-
logy 14 (2-3): 15-28.

Deutsch C., Drown C., Rafatowska U., Silver .A. (1981) Sy-
naptosomes from rat brain: morphology, compartmenta-
tion and transmembrane pH and electrical gradients. J.
Neurochem. 36: 2063-2072.

Erecifiska M., Dagani F. (1990) Relationships between the
neuronal sodium/potassium pump and energy matabolism.
Effect of K*, Na* and adenosine triphosphate in isolated
brain synaptosomes. J. Gen. Physiol. 95: 591-616.

Fox D.A., Rubinstein S.D., Hsu P. (1991) Developmental lead
exposure inhibits adult rat retinal, but not kidney, Na™-K*-
ATPase. Toxicol. Appl. Pharmacol. 109: 482-493.

Gerbi A., Debray M., Maixent J.M., Chanez C. and Bourre
J.M. (1993) Heterogeneous N. at sensitivity of N a" K'-AT-
Pase isoenzymes in whole brain membranes. J. Neu-
rochem. 60: 24-252.

Goering P.L. (1993) Lead-protein interactions as a basis for
lead toxicity. Neurotoxicology 14: 45-60.

Goldstein G.W., Asburg A.K., Diamon I. (1974) Pathogenesis
of lead encephalopathy. Uptake of lead and rection of brain
capillaries. Arch. Neurol. 31: 382-384.

Grandjean P. (1993) International perspectives of lead expo-
sure and lead toxicity. Neurotoxicol. 14: 9-14

Holtzman D., De Vries C., Ngunyen H., Olson 1., Bensch K.
(1984) Maturation of resistance to lead encephalopathy;
Cellular and subcellular mechanisms. Neurotoxicology 5:
97-124.

Holtzman D., Mc Farland E.W., Jacobs D., Offutt M. and
Neuringer L.J. (1991) Maturational increase in mouse
brain creatine kinase reaction rates shown by phosphorus
magnetic resonance. Dev. Brain Res. 58: 181-188.

Jabtoriska L., Walski M., Rafatowska U. (1994) Lead as an in-
ductor of somemorphological and functional changes in sy-
naptosomes from rat brain. Cell. Molec. Neurobiol. 14:
700-709.

Jaworek D., Gruber W., Bergmeyer H.U. (1974) Adenosine-
5’-diphosphate and adenosine-5’-monophosphate. In: Meth-
ods in enzymatic analysis (Ed. H.U. Bergmeyer). Vol. 4.
Verlag Chemie/Academic Press, New York, p. 2127-
2131.

LaiJ.C.K., Walsh J.M., Deunis S.C., Clark J.B. (1977) Synap-
tic and non-synaptic mitochondria from rat brain: isolation
and characterization. J. Neurochem. 28: 625-631.

Lamprecht W., Stein P., Heinz F. and Weisser H. (1974) Cre-
atine phosphate in methods of enzymatic analysis (Ed.
H.U. Bergmeyer). Vol. 4. Verlag Chemie/Academic Press,
New York, p. 1777-1781.

Lamprecht W., Trautschold I. (1974) ATP determination with
hexokinase and glucose-6-phosphate dehydrogenase in
methods of enzymatic analysis (Ed. H.U. Bergmeyer). Vol.
4. Verlag Chemie/Academic Press, New York, p. 2101-
2110.

Lowry O.H., Rosebrough A.L., Farr A.L., Randol R.J. (1951)
Protein measurement with the folin phenol reagent. J. Biol.
Chem. 193: 265-275.



Marcovac J., Goldstein G.W. (1988a) Lead activates protein
kinase C in immature rat brain microvessels. Toxicol.
Appl. Pharmacol. 96: 14-23.

McGrail K.M., Philips J.M. and Sweadner K.J. (1991) Immu-
nofluorescent localisation of three Na,K-ATPase isozymes in
the rat central nervous system: both neurons and glia can ex-
press more than one Na,K-ATPase. J. Neurosci. 11: 381-391.

Rafatowska U., Ereciriska M., Wilson D. (1980a) The effect
of acute hypoxia on synaptosomes from rat brain. J. Neu-
rochem. 34: 1160-1163.

Rafatowska U., Ereciiska M., Wilson D. (1980b) Energy me-
tabolism in rat brain synaptosomes from nembutal-anes-
thetized and nonanesthetized animals. J. Neurochem. 34:
1380-1386.

Rafatowska U., Struzynska L., Dabrowska-Bouta B., Lenkie-
wicz A. (1996) Is lead toxicosis a reflection of altered en-
ergy metabolism in brain synaptosomes? Acta Neurobiol.
Exp. 56: 611-617.

Siegel G.J., Fogt S.K., Hurley M.J. (1977) Lead action on so-
dium-plus-potassium-activated adenosine triphosphatase
from electroplax, rat brain and rat kidney. In: Membrane
toxicity (Eds. M.W. Miller and A.E. Shamoo). Plenum
Press, New York.

Struzynska L., Dabrowska-Bouta B., Lenart J., Zborowski J.,
Rafatowska U. (1994) Some metabolic effects in rat brain
synaptosomes after exposure to lead in vivo and in vitro.
Bull. Pol. Acad. Sci. Biol. Sci. 42: 55-62.

Lead and energy metabolism in synaptosomes 281

Struzyriska L., Rafalowska U., (1994) The effect of lead on
dopamine, GABA and histidine spontaneous and KCl-de-
pendent release from rat brain synaptosomes. Acta Neuro-
biol. Exp. 54: 201-207.

Struzyriska L., Walski M., Gadamski R., Dabrowska-Bouta
B., Rafatowska U. (1997) Lead-induced abnormalities in
the blood-brain barrier permeability in experimental
chronic toxicity. Mol. Chem. Neuropathol. (in press).

Thomas J.A., Dallenbach F.D., Thomas M. (1973) The dis-
tribution of radioactive lead (21 b) in the cerebellum of
developing rats. J. Pathol. 109: 45-50.

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

Wharton D.C., Tzagoloff A. (1955) Cytochrome oxidase
from beef heart mitochondria. In Methods in enzymology
(Eds. S P. Colowick and N.O. Kaplan). Vol. II. Academic
Press, New York, p. 245-249.

Willson D.F., Ereciriska M., Drown C. and Silver LA. (1979)
The oxygen dependence of cellular energy metabolism.
Arch. Biochem. Biophys. 195: 485-493.

Received 20 December 1996, accepted 29 September 1997



