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The effect of reactive oxygen species generated by the interaction of xanthine and xanthine oxidase on 
synaptic transmission was examined at the squid giant synapse and the lobster neuromuscular junction. 
Exposure of these synaptic regions to xanthinelxanthine oxidase produced a significant depression in 
evoked release, with no change in either resting membrane properties or in the action potential. Addition 
of catalase to the xanthinelxanthine oxidase-containing media partially blocked the synaptic depression, 
indicating that H202 contributes to the synaptic changes induced by exposure to xanthine/xanthine oxidase. 
H202 applied directly to the perfusing media also produced a decrease in synaptic efficacy. The results 
demonstrate that reactive oxygen species, in general, depress evoked synaptic transmission. 
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INTRODUCTION 

Reactive oxygen intermediates (such as superoxide anion, hydrogen peroxide and the 
hydroxyl free radical) have been implicated as causative factors in the tissue damage 
associated with various disease states.l4 In the central nervous system (CNS), as in 
virtually all other tissues studied, pathological changes are seen when the level of 
reactive oxygen species rises above normal values. For example, acute hypertension 
induced by intravenous norepinephrine injection in the cat is directly associated with 
abnormally high superoxide levels in brain Using the Mongolian 
gerbil as a model system for stroke, Floyd's8 has shown that ischemia followed by 
reperfusion generates highly reactive free radicals. The beneficial action of antioxidants 
such as superoxide dismutase (SOD) or the 21 aminosteroids (lazarides) further 
re-inforces the idea that superoxide anion and other reactive oxygen species are involved 
in stroke-related CNS ir~jury.~-'' Reactive oxygen species have also been linked to other 
types of CNS disorders including autoimmune diseasei2 and Downs syndrome. l3*I4 

Although reactive oxygen species are implicated in CNS pathology, little is known 
about their direct action on neuronal function. Studies by Colton and Gilbert'5-'6 and 
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Pellmar’7.’8 have elucidated the action of hydrogen peroxide on basic aspects of nerve 
function in both mammalian hippocampus and invertebrate synapses. Exposure to 
hydrogen peroxide at micromolar concentrations produced a depression of inhibitory 
and excitatory synaptic transmission in both systems. Axonal parameters such as the 
action potential amplitude were unaffected at these A similar phenomenon 
is seen in hippocampal slice when hydroxyl radicals are generated via irradiation.” 
However, recent biochemical studies suggest that reactive oxygen species generated by 
the interaction of xanthine with xanthine oxidase increase the release of L-glutamate, 
an excitatory neurotransmitter in the CNS.20 Thus, different reactive oxygen species 
may produce diverse effects. 

The primary reactive oxygen species produced by the interaction of xanthine with 
xanthine oxidase is superoxide anion, although H202 and hydroxyl radicals are 
secondarily formed as a result of dismutation and the metal-catalyzed Haber Weiss 
reaction.” Because xanthine/xanthine oxidase-generated oxyradicals may have 
unique actions and since no direct studies of the synaptic effect of xanthine/xanthine 
oxidase-generated oxyradicals have been done, we have examined the action of this 
system on glutamate-mediated synaptic transmission at the squid giant synapse and 
at the lobster neuromuscular junction. 

MATERIALS AND METHODS 

Preparation 
Squidgiant synapse. Experiments were carried out on the giant synapse of the squid 
stellate ganglion. Squid, Loligo pealei, were collected daily by the Marine Biological 
Laboratory, Woods Hole, MA and kept in cold, sea water tanks until used. The 
mantle from small squid (3 to 4 inches in length) was cut open and the stellate 
ganglion exposed. After careful isolation of the large pre-nerve, the aorta was 
cannulated and a perfused ganglion prepared as described by Stanley and Adelman.22.23 

The ganglion was moved to a small, plexiglass chamber and stimulating electrodes 
placed on the presynaptic nerve trunk. Using a binocular microscope, the giant 
synapse was located and a KC1-filled, glass microelectrode for voltage recording was 
placed within the postsynaptic nerve adjacent to the synaptic region. A second glass 
microelectrode, for current passage, was placed within 100 microns of the first 
electrode. Ganglia were perfused with aerated, artificial sea water (ASW) containing 
425 mM NaCl, 9 mM KCl, 10 mM CaCl, ,24  mM MgCI2, 23 mM MgS04 and 10 mM 
HEPES at pH 7.6 (18-20°C) and control measurements of resting membrane potential 
(V,) and input resistance (&) of the postsynaptic axon were obtained. Postsynaptic 
action potentials and excitatory postsynaptic potentials (EPSP) were also recorded 
by stimulating the presynaptic axon at a frequency of 0.5Hz. To measure EPSP 
amplitude, the ganglia were perfused with ASW containing only 2 mM Ca2+ instead 
of lOmM Ca”. This low Ca2+ ASW was used to reduce the amount of transmitter 
released below that required to produce a postsynaptic action potential, allowing the 
observation of an EPSP. 

Lobster nerve-muscle junction. In some experiments, loose patch clamp recordings of 
synaptic current were obtained from the L2 muscle of the deep abdominal extensor 
muscles of the lobster, Homarus americanus. The nerve innervating the L2 muscle 
was isolated and the muscle bundles were prepared as described by Grossman 
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and Kendig.24 After equilibration for a minimum of 30min in low calcium medium 
(450mM NaC1, 9mM CaCl,, lOmM KCl, 20mM MgCl, and 5mM HEPES at 
pH 7.4), a junction was found by extracellular probing of a muscle fiber surface with 
an ASW-filled patch electrode. Once located, a loose patch was formed at the junctional 
site and control synaptic currents measured using a Dagan patch clamp amplifier 
(Model 8800). 

Data from both the squid and lobster preparations are presented as average values 
(+SEM) and normalized to percent change using each fiber as its own control. 
Statistical analysis was done using a paired students “t” test. 

Xanthine and xanthine oxidase were obtained from Sigma Chemical Co. and 
catalase obtained from Calbiochem. Prior to use, xanthine oxidase was dialyzed for 
6 h at 4°C in distilled water to remove any carrier. Xanthine (1 mM) and xanthine 
oxidase (0.3 U/ml or 0.6 U/ml) were mixed approximately 15 min prior to application 
to the cells. In some cases, the effect of hydrogen peroxide on synaptic parameters was 
examined. For these experiments, hydrogen peroxide was diluted into the ASW 
perfusing the preparation. 

Measurements of Superoxide Anion 

The amount of superoxide anion generated from the reaction of xanthine and 
xanthine oxidase in ASW at 22°C was measured prior to the synaptic experiments. A 
cytochrome C reduction assay was used to determine superoxide anion c~ncentration.,~ 
These separate experiments showed that total superoxide anion concentration ranged 
from 5.8 to 8.5 pM over 50min under our experimental conditions. It should be noted 
that the exact concentration of superoxide anion in the preparations is difficult to 
determine and the values presented probably represent the maximum level achievable. 

RESULTS 

Eflect on the excitatory postsynaptic potential and synaptic current 
A significant depression in the amplitude of excitatory postsynaptic potentials (EPSP) 
was seen when the squid giant synapse was perfused with xanthine/xanthine oxidase 
ASW. As shown in Figure 1, the EPSP amplitude obtained from a typical postsynaptic 
axon in 2mM Ca2+ ASW decreased from 7mV to 2mV over 30min of exposure to 
xanthine/xanthine oxidase, with an average decrease of 50 k 8% (Table I). A similar 
decrease in synaptic current was seen at the lobster neuromuscular junction (NMJ). 
In this case, synaptic current was reduced to 50% (_+4%, n = 3) of control values 
by 30 min of exposure to xanthinelxanthine oxidase. No recovery in the response was 
seen on washing either the giant synapse or the lobster neuromuscular junction with 
normal ASW. 

In some experiments either xanthine oxidase or xanthine was omitted from the 
perfusion fluid to test for the possibility that xanthine or xanthine oxidase by itself 
caused the depression in EPSP amplitude or synaptic current. No significant changes 
were evident in resting membrane or synaptic properties. 

Because the interaction of xanthine and xanthine oxidase can result in the production 
of hydrogen peroxide by dismutation of superoxide anion, we tested the effect of 
hydrogen peroxide on synaptic transmission. Exposure of the squid giant synapse to 
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FIGURE 1 The effect of superoxide anion on synaptic transmission at the perfused squid giant synapse. 
Panel A - action potential recorded from a postsynaptic giant axon in ASW; Panel B - Excitatory 
postsynaptic potential (EPSP) in the same axon. External calcium concentration was lowered to 2mM in 
order to decrease the amount of transmitter released below that needed for threshold of the postsynaptic 
action potential; Panel C - action potential recorded from the same axon after 30 min of exposure to 7 uM 
superoxide anion. Note action potential threshold is delayed due to the reduced EPSP; Panel D - EPSP 
in 2 mM calcium ASW from the same axon after 30 min of exposure to superoxide anion. Note higher 
amplification with increased baseline noise levels. 

TABLE I 
Effect of superoxide anion and H202 on EPSP amplitude 

EPSP amplitude 
(n) ( m V  % control P 

Control 17 9.3 f 1.1 
x/xo 12 4.8 f 1.1 50 k 8 < 0.001 

Control 14 6.9 f 0.5 
1 0 - 3 ~  H,O, 6 2.4 f 0.6 35 f 12 0.003 
10-5 M H,O, 4 4.8 f 1.3 76 & 16 0.231 

Data points are obtained from the pooled average values ( f SEM) of EPSP amplitudes 
obtained in 2mM Ca2+ ASW for a population of axons treated with either superoxide anion 
or H202.  For each experimental group, each fiber in that group was taken as its own control 
and changes in EPSP amplitude after treatment compared to that before. Percent control was 
then taken as EPSP,,,/EPSP,,,,,, x 100. For average values, controls from superoxide treated 
axons were analyzed separately from H202 treated axons. Significance was determined by the 
paired students’ t test. (n) = number of individual postsynaptic axons. 
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FIGURE 2 Effect of hydrogen peroxide on synaptic transmission of the giant synapse. Panel A - 
Normal action potential in ASW. Panel B - EPSP in 2mM calcium ASW. Panel C - Action potential 
after 30min in IO-’M H,O, ASW. Panel D - EPSP after 30min in IO-’M H,O, in 2 mM calcium ASW. 
All recordings were taken from the same axon. Note change in scale in Panel C and D. 

H202 also significantly depressed EPSP amplitude. As shown in Figure 2, EPSP 
amplitude from an individual axon declined from 6mV to 4mV after 30min of 
treatment with 1 x M H,02.  Average EPSP amplitude decreased to 35 f 12% 
of control values and was significant at a P value of 0.003. 

In some experiments, the contribution of H202 to the xanthine/xanthine oxidase 
induced changes was assessed using catalase, an enzyme which catalyzes the break- 
down of H,02.  Preparations were pretreated with catalase at 10 U/ml (1 ug/ml) 
for 15 min prior to exposure to xanthine/xanthine oxidase. In addition, catalase 
was added to the xanthine/xanthine oxidase ASW. Synaptic current at 30min in 
the xanthine/xanthine oxidase plus catalase solution was decreased by 33 +_ 7% 
compared to a 50 f 4% decrease in xanthine/xanthine oxidase alone. 

Eflect on resting membrane properties: 

Exposure of the squid giant axon to xanthine/xanthine oxidase ASW produced no 
significant change in either membrane resting potential or resting input resistance. 
The same was true for lo-’ M H202.  However, input resistance increased an average 
of 31 10% from the control values with 1 x M H202 (P = 0.03). Membrane 
potential at this concentration of H202  was unaffected. 

No changes in either V, or R, were produced by alteration of the calcium con- 
centration in the ASW from lOmM to 2mM. Thus, decreases in EPSP amplitude 
reflected changes in presynaptic release parameters rather than a decrease due 
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to “short circuiting” of the response caused by a drop in R, or a depolarization 
of v,. 

Eflect on the Action Potential 
Xanthinelxanthine oxidase-generated reactive oxygen species did not appear to affect 
the postsynaptic action potential obtained from the squid synapse over the time 
period studied. As shown in Figures 1 and 2, nerve action potential conduction was 
not sensitive to reactive oxygen species a t  the concentrations used. 

DISCUSSION 

In both the squid giant synapse and the lobster neuromuscular junction, exposure to 
reactive oxygen species generated by the interaction of xanthine with xanthine oxidase 
produced an irreversible depression in glutamate-mediated synaptic transmission. 
This effect was not due to an independent action of xanthine or xanthine oxidase, 
since no change in synaptic parameters was seen with either component alone. 
Furthermore, because neither resting membrane properties nor the action potential 
were greatly changed, the action of these reactive oxygen species at the concentrations 
used is specific to synaptic transmission. 

Which reactive oxygen species produces the depression is not entirely clear. Inter- 
action of xanthine with xanthine oxidase has been shown to generate the superoxide ’ 

In our system, independent measurements clearly demonstrated that 
superoxide anion was produced and thus, this anion may contribute to the observed 
decrease in synaptic efficacy. However, H202 and the hydroxyl radical are more likely 
candidates as the actual mediators of synaptic damage. H20, is readily produced by 
enzymatic and non-enzymatic dismutation of superoxide anion. Direct addition of 
H202 ,  like exposure to xanthine/xanthine oxidase, decreased EPSP amplitude at the 
squid giant synapse. This, coupled with the fact that catalase reduced the xanthine/ 
xanthine oxidase-induced depression in synaptic current, strongly suggests that H202 
contributes to the functional changes. Part of the effect of xanthine/xanthine oxidase 
may also be attributed to the generation by hydroxyl radicals via the metal-catalyzed 
Haber Weiss reaction. 

The depression of glutamate-mediated synaptic transmission at the invertebrate 
synapse by xanthine/xanthine oxidase generated oxyradicals is similar to changes seen 
in other synaptic preparations. For example, Pellmar’7~18 has shown in guinea pig 
hippocampal slice that H202 reduced EPSP amplitude by approximately 50% in the 
CA 1 region. This effect was primarily on presynaptic i.e., nerve terminal, parameters 
because the post-synaptic response to iontophoretic application of glutamate was 
unchanged by H202. In some cases, however, post-synaptic function was altered. For 
example, N-methyl-D-aspartate (NMDA) receptor function in hippocampal brain 
slice was blocked by either H2OzI6 or xanthine/xanthine oxidase.26 Depression of 
synaptic transmission was also seen when reactive oxygen species were generated by 
other means. Ionizing radiation produced a similar decline in EPSP amplitude in the 
CAI region of the hippocamp~s.’~ 

While it is clear that xanthine/xanthine oxidase generated reactive oxygen species 
decrease evoked (i.e., stimulated) glutamate release, biochemical studies in brain slice 
have shown an increase in calcium-independent release of glutamate and aspartate 
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during exposure to xanthine/xanthine oxidase.” Although apparently contradictory, 
these changes are also consistent with electrophysiological data from other synapses. 
Spontaneous release of transmitter, which occurs in the absence of extracellular 
c a l c i ~ m ~ ~ ~ ~ *  increased at the neuromuscular junction of the lobster walking leg 
preparation when treated with H202.15 Exposure to high tensions of oxygen also 
produced an increase in spontaneous excitatory transmitter release in this preparation” 
as well as in the hippocampal slice.” Extracellular glutamate levels may also rise as 
a result of decreased glial metabolism of gl~tamate.’.~’ Reactive oxygen species have 
been shown to inhibit glutamate synthetase, a glial enzyme which catalyzes the 
degradation of g l ~ t a m a t e . ~ ~ . ~ ’  

Reactive oxygen species, then, appear to behave in a similar manner on synaptic 
transmission regardless of how they are generated. Two general effects emerge; ( I )  a 
depression of evoked release and of postsynaptic transmitter action and (2) an 
increase in spontaneous release. Thus, although extracellcular glutamate levels may 
rise during exposure to reactive oxygen species, this potentially harmful effect is offset 
by a decrease in responsiveness of the NMDA receptor/ionophore, by the depression 
of evoked release and by desensitization of non-NMDA glutamate receptors. Zorumski 
et u I . ~ ~  have shown that non-NMDA glutamate receptors desensitize in the presence 
of maintained exposures to glutamate. 

These data suggest that a significant portion of the neuronal damage seen during 
stoke and reperfusion injury may not be from oxyradical induced-glutamate release34 
and resultant glutamate-mediated n e u r o t ~ x i c i t y ~ ~ . ~ ~  but from the action of reactive 
oxygen species on non-synaptic sites. Reactive oxygen species are well known to affect 
a variety of membrane and intracellular proteins, including the Na+ /I(’ ATPase and 
the Ca2+ ATpa~e .~”~’  Inhibition of these processes could be a prime factor in the 
cellular changes seen with oxyradical associated pathology. 

Acknowledgements 

We would like to thank Mark Spencer for his excellent technical assistance. This work was supported by 
a grant from the National Science Foundation (BNS8615846). Dr Grossman is a National Research 
Council-NMRI Research Associate. 

References 

I .  

2. 

3. 

4. 

5. 

6. 

I. 

8. 

B. Babior (1984) Oxidants from phagocytes: Agents of defense and destruction. Blood, 64, 959- 
966. 
B. Halliwell and J M.C. Gutteridge (1990) Free Radicals in Biology and Medicine (2nd Edition), 
Oxford), Oxford University Press, New York. 
W.H. Bannister (1984) Superoxide dismutase and disease. In The Biology and Chemistry of Active 
Oxygen (eds. J.V. Bannister and W.H. Bannister). Elsevier Press, New York, pp. 208-236. 
J.  Cadet (1988) Free radical mechanisms in the central nervous system: An overview. International 
Journal of Neuroscience, 40, 13-18. 
H. Kontos (1985) Oxygen radicals in cerebral vascular injury. Circulation Research, 57, 508- 
516. 
E. Wei, H. Kontos, C. Christman, D. DeWitt and J.  Povlishock (1985) Superoxide generation and 
reversal of acetycholine induced cerebral arteriolar dilution after acute hypertension. Circulation 
Research, 57, 781-787. 
R. Floyd (1990) Role of oxygen free radicals in carcinogenesis and brain ischemia. The FASEB 
Journal, 4, 2587-2597. 
R. Floyd (1988) Oxygen radical-mediated damage to brain tissue. Basic Life Science, 49, 1015- 
1023. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



392 C. COLTON ET AL.  

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

E. Hall, K. Pazara and J .  Braughler (1988) 21-aminosteroid lipid peroxidation inhibitor U74006F 
protects against cerebral ischemia in gerbils. Stroke, 19, 997-1002. 
B. Watson and M. Ginsberg (1989) Ischemic injury in the brain: Role of oxygen radical-mediated 
processes. Annals of the New York Academy of Science, 559, 269-281. 
Y. Ando, M. Inoue, M. Hirota, Y. Morino and S. Araki (1989) Effect of a superoxide dismutase 
derivative on cold induced brain edema. Brain Research 477, 286-291. 
H. Hartung, B. Schafer, K. Heininger and K. Toyka (1988) Suppression of experimental autoimmune 
neuritis by the oxygen radical scavengers superoxide dismutase and catalase. Annals of Neurology, 23, 
453-460. 
P.M. Sinet (1982) Metabolism of oxygen derivatives in Down’s syndrome. Annals of the New York 
Academy of Science, 396, 83-94. 
C. Colton, J. Yao, D. Gilbert and M.L. Oster-Granite (1990) Enhanced production of superoxide 
anion by microglia from trisomy 16 mice. Brain Research, 519, 236-242. 
C. Colton and D. Gilbert (1986) Changes in synaptic transmission produced by hydrogen peroxide. 
Free Radical Biology and Medicine, 2, 141-148. 
C. Colton, L. Fagni and D. Gilbert (1989) The action of hydrogen peroxide on paired pulse and long 
term potentiation in the hippocampus. Free Radical Biology and Medicine, 7, 3-8. 
T. Pellmar (1986) Electrophysiological correlates of peroxide damage in guinea pig hippocampus in 
vitro. Brain Research, 364, 377-381. 
T. Pellmar (1987) Peroxide alters neuronal excitability in the CAI region of guinea pig hippocampous 
in vitro. Neuroscience, 23, 447-456. 
J. Tolliver and T. Pellmar (1987) Ionizing radiation alters neuronal excitability in hippocampal slices 
of the guinea pig. Radiation Research, 112, 555-563. 
G. Pellegrini-Giampietro, G. Cherici, M. Alesiani, V. Carla and F. Moroni (1988) Excitatory amino 
acid release from rat hippocampal slice as a consequence of free radical formation, Journal of 
Neurochemistry, 51, 1960-1963. 
B. Halliwell and J.M.C. Gutteridge (1984) Oxygen toxicity, oxygen radicals, transition metals and 
disease. Biochemistry Journal, 219, 1-14. 
E. Stanley and W. Adelman, Jr (1984) Direct access of ions to the squid stellate ganglion giant synapse 
by aortic perfusion: Effects of calcium free medium, lanthanum and cadmium. Biological Bulletin, 167, 
467-476. 
E. Stanley (1990) The preparation of the squid giant synapse for electrophysiological investigation. 
In Squid as Experimental Animals (eds. D. Gilbert, W. Adelman, Jr. and J. Arnold). Plenum Press, 
New York. 
Y. Grossman and J. Kendig (1988) Synaptic integrative properties at hyperbaric pressure. Journal of 
Neurophysiology, 60, 1497-1512. 
E. Pick (1986) Microassays for superoxide and hydrogen peroxide production and nitro blue 
tetrazolium reduction using an enzyme immunoassay microplate reader. In Methods in Enzymology 
(eds. G. Disabato and J. Everse). Academic Press, New York, pp. 407-412. 
E. Aizenman, K. Hartnett and I. Reynolds (1990) Oxygen free radicals regulate NMDA receptor 
function via a redox modulatory site. Neuron, 5, 841-846. 
J. Hubbard, S. Jones and E. Landau (1968) On the mechanism by which calcium and magnesium 
affect the spontaneous release of transmitter from mammalian motor nerve terminals. Journal of 
Physiology, 194, 355-380. 
P. Fatt and B. Katz (1952) Spontaneous activity at motor nerve endings. Journal of Physiology, 117, 

C. Colton and J. Colton (1982) An electrophysiological analysis of oxygen and pressure on synaptic 
transmission. Brain Research, 251, 22 1-227. 
D. Bingmann, G. Kolde and E. Speckmann (1982) Effects of elevated PO, values in the superfusate 
on the neural activity in hippocampal slice. In Physiology and Pharmacology of Epileptogenic 
Phenomena (eds. M. Klee, D. Lux and E. Speckmann). Raven Press, New York, pp. 97-104. 
N. Schor (1988) Inactivation of mammalian brain glutamine synthetase by oxygen radicals. Brain 
Research, 456, 17-2 I .  
N. Ramaharobandro, J. Borg, P. Mandel and J. Mark (1982) Glutamine and glutamate transport in 
cultured neuronal and glial cells. Brain Research, 244, 113-121. 
C. Zorunski, L. Thio, G. Clark and D. Clifford (1990) Blockade of desensitization augments 
quisqualate excitotoxicity in hippocampal neurons. Neuron, 5, 61-66. 
H. Benveniste, J. Drejer, A. Schousboe and N. Diemer (1984) Elevation of the extracellular con- 
centrations of glutamate and aspartate in rat hippocampus during transient cerebral ischemia 
monitored by intracerebral microdialysis. Journal of Neurochemistry, 43, 1369-1 374. 

109- 128. 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SYNAPTIC DEPRESSION BY REACTIVE OXYGEN SPECIES 393 

35. S. Rothman and J.W. Olney (1987) Excitotoxicity and the NMDA receptor. Trends in Neurosciences, 

36. D. Choi (1988) Calcium mediated neurotoxicity: relationship to specific channel types and role in 
ischemic damage. Trendr in Neurosciences, 11, 465469. 

37. H. Manev, M. Favaron, A. Guidotti and E. Costa (1989) Delayed increase of Ca2+ influx elicited by 
glutamate: role in neuronal death. Molecular Pharmacology, 36, 106-1 12. 

38. A. Sun (1972) The effect of lipoxidation on synaptosomal Na+ -K+ ATPase isolated from the cerebral 
cortex of squirrel monkey. Biochemica et Biophysica Acta, 266, 350-360. 

39. Y. Zhang, 0. Marcillat, C. Giulivi, L. Ernster and K. Davies (1990) The oxidative inactivation of 
mitochondria1 electron transport chain components and ATPase. Journal of Biological Chemistry, 

40. M. Kaneko, V. Elimban and N. Dhalla (1989) Mechanisms for depression of heart sarcolemmal Ca2+ 
pump by oxygen free radicals. American Journal of Physiology, 257, H804-81 I .  

10, 299-302. 

265, 16330-16336. 

Accepted by Prof. B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/0
9/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.


