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The alterations in synaptosomal membrane integrity observed during ischemia/reperfusion injury were 
selectively neutralized by treatment with the free radical spin trap N-tert-butyl-~:phenylnitrone or an 
inhibitor of ornithine decarboxylase, difluoromethylornithine. Administration of N-tert-butyl-~-phenylni- 
trone prior to ischemia totally abrogated both lipid and protein alterations observed at 1 and 14 h 
reperfusion. Pretreatment with difluoromethylornithine neutralized only the 14 h change in lipid label 
motion. Treatment with N-tert-butyl-a-phenylnitrone at 6 h post ischemia showed only a slight attenu- 
ation of the 14 h lipid effect and no change in the protein effect. Difluoromethylornithine treatment at 
6 h post ischemia negated the 14 h ischemia/reperfusion injury-induced lipid effect and had 14 rg
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Table 1. Effects of pretreatment of gerbils with 300 mg/kg N-tert- 
butyl-e-phenylnitrone or difluoromethylornithine on the W/S ratio of 
2,2,6,6,-tetramethyl-4-maleimidopiperidine-l-oxyl labeled synaptoso- 
mal membranes prepared following 
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tached to the alkyl chain of the probe, reflects the 
intramembrane lipid order and motion (i.e. fluidity), 
making 5-doxylstearic acid a useful probe for detect- 
ing local environmental changes of the hydrophobic 
portions of phospholipids near the surface of the 
bilayer. 

Measurement of the half-width at half-height 
(HWHH) of the low-field (M~ = + 1) line of a typical 
EPR spectrum of membrane-associated 5-doxyl- 
stearic acid provides a good assessment of the motion 
of the 5-doxylstearic acid probe. 28 Analogous to the 
observations in chemical exchange, rapid reorienta- 
tional motion of the 5-doxylstearic acid spin probe 
results in line broadening, i.e. decreased lipid order, 
resulting in increased lipid motion, is represented by 
low-field line broadening. 8'9 The HWHH, unlike 
other EPR measures of fluidity, is not dependent on 
the local polarity near the paramagnetic center of the 
spin label. 8'9 The dynamic range of the HWHH is in 
the order of approximately 10% of the non-perturbed 
control value as reported for various membrane 
systems and perturbations. 8'9 

As described previously from our laboratory, 2~ 
10 min ischemia followed by 1 and 12-14 h reperfu- 
sion led to increased membrane fluidity as observed 
by significantly increased values of the HWHH par- 
ameter of 5-doxylstearic acid. The effects of PBN and 
DFMO administration on these changes in 5-doxyl- 
stearic acid label motion observed during IRI are 
shown in Table 2. Pretreatment with PBN resulted in 
complete protection from IRI-induced 5-doxylstearic 
acid motional changes observed at both 1 and 14 h 
reperfusion. However, treatment with PBN at 6 h 
post-ischemia resulted in only a slight attenuation of 
the increased fluidity observed at 14 h reperfusion, 
similar to the protein effect noted above. Treatment 
with 300 mg/kg DFMO at 30 min prior to ischemia 
resulted in no significant alteration of the 1 h reperfu- 
sion effect but complete blockade of the 14 h effect. 
The increased fluidity seen at 14 h was also abrogated 
with 6 h post-ischemia treatment of DFMO at this 
concentration. 

In order to determine the dose of DFMO required 
to attenuate the increased synaptosomal membrane 
fluidity after 10 rain ischemia and 14 h reperfusion, a 
dose response study was performed (Fig. l). There 
was a significant HWHH change versus dose inter- 
action over the concentrations studied (P < 0.001). 
The results indicated that the minimal dose for 
maximal effect was 100mg/kg and the dose which 
resulted in a 50% attenuation was 50 mg/kg. 

DISCUSSION 

The increased protein-protein interactions and in- 
creased lipid fluidity observed in the physical state of 
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Table 2. Effects of pretreatment of gerbils with 300 mg/kg N-tert-butyl- 
-phenylnitrone or difluoromethylornithine on the HWHH parameter 

of 5-doxylstearic acid labeled synaptosomal membranes prepared 
following 10 min global ischemia with 1 and 14 h reperfusion* 

% Change 
Treatment HWHH S.D. N 

1 h Reperfusion 
A Ischemia/reperfusion only:~ 6,981 _+ 1.246 7 

30 rain PBN pre-treatmentt 0.354 _+ 1.508 5 
30 min DFMO pre-treatment:~ 8.493 + 1.356 6 

14 h Reperfusion 
B Ischemia/reperfusion only:~ 9.613 _+ 1.448 6 

30 min PBN pre-treatmentt -0.042 _+ 1.910 5 
6 h PBN post-treatment:~ 7.723 _+ 1.859 5 
30 min DFMO pre-treatmentt - 1.092 + 1.269 5 
6 h DFMO post-treatmentt 1.496 _+ 1.356 5 

*All data expressed as % change from non-ischemic control _+ 
standard deviation. 

?Represents significant difference between treatment and ischemia/ 
reperfusion alone (P < 0.00001). 

:~Represents change significantly different from non-ischemic control 
(P < 0.001). 

N = 5-7. 
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to be a free radical trapping agent, 14"18'31'55'6°'63 while 

DFMO is a suicide inhibitor of ODC, the enzyme 
chiefly responsible for putrescine synthesis. 46 These 
results strongly suggest the involvement of free rad- 
icals in these early synaptosomal membrane protein 
and lipid changes and that polyamine metabolism has 
little impact at the 1 h reperfusion time point. Based 
on our observation that pretreatment with PBN 
completely nullifies the IRl-induced changes nor- 
really seen in the proteins and lipids at 1 h reperfu- 
sion, we hypothesize that nearly all of the damage to 
the membrane at this reperfusion time point is due 
to free radical production. Furthermore, protection 
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Fig. 1. Effects of pretreatment of gerbils with DFMO 
concentrations ranging from 0 to 300 mg/kg on the HWHH 
parameter of 5-doxylstearic acid labeled synaptosomal 
membranes prepared following 10 rain global ischemia with 
14h reperfusion. *Represents significantly different from 

no-ischemia/reperfusion control (P < 0.005). N = 4-6. 

against the 14-h post-ischemia damage to both 
protein and lipid membrane domains suggests that 
this later change has its origins in the initial IRI- 
induced flee radical damage to membranes, i.e. the 
polyamine-induced effect at 12-14h is likely a sec- 
ondary effect of flee radical processes that occur early 
in IRI. Consistent with this idea, treatment with PBN 
at 6 h post ischemia showed virtually no protection 
against IRI-induced membrane protein alterations, 
and only a slight difference in the physical state of 
lipids at the 14 h reperfusion time point relative to 
ischemia/reperfusion alone. 

PBN is known to efficiently cross the blood brain 
barrier] 6 and to have protective effects on cells which 
have been exposed to oxif9fds(h ) Tj
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in ODC mRNA and enzyme activity seen at any time 
point of reperfusion, 47 consistent with our finding 
that pretreatment with PBN prevents the 14-h dam- 
age to membranes following IRI. Again, this obser- 
vation correlates with the nullification of the increase 
in lipid spin label motion observed at 14 h reperfusion 
by injection with DFMO 6 h post-ischemia. These 
findings strongly support our hypothesis 28 that the 
changes observed at this later time point of reperfu- 
sion are related to polyamines and phospholipase A 2 
activity as consequences of reactive oxygen species 
production immediately upon reperfusion. Although 
the precise molecular basis for increased ODC ac- 
tivity 12-14 h after free radical insult during IRI is 
yet unknown, we offer the following speculative 
hypothesis. 

Tentative hypothesis to account for the 12-14h 
ischemia/reperfusion induced changes in the physical 
and biochemical states o f  neocortical synaptosomal 
membranes 

ODC may be expressed as a defensive response to 
the free radical-mediated damage caused by IRI. This 
expression might result from byproducts of lipid 
peroxidation or the build up of lipid peroxides in the 
membrane due to oxidative damage, which is thought 
to occur at the onset of reperfusion. 



DFMO and 

calcium levels. This would yield yet another source 
of free calcium to feed into the inter-connected 
framework of mechanisms previously discussed. 
Lowered pH itself is known to activate lysosomal 
phospholipases. ~7 

An end result of the combination of phospholipase 
A2-activating processes described above is the de- 
pletion of phospholipids in the plasma membrane 
by removal of damaged alkyl side chains. This de- 
pletion alone can cause a 25-50% increase in passive 
calcium influx across the plasma membrane. 17 

It is easy to conceptualize this combination of 
responses by the cell as a frantic attempt to try and 
save itself by removal and replacement of its damaged 
components. In the presence of only a mild amount 
of stress this feat could conceivably be adequately 
accomplished by the cell with a subsequent return to 
normal function. However, if there were too much 
initial damage, the cell may actually bring about its 
own death in an attempt to save itself. In this model, 
the amount of replacement and repair would be 
directly proportional to the amount of membrane 
damage which would, itself, be directly proportional 
to the intensity of the IRI insult. It then follows that 
apoptosis, or programmed cell death, 42'43 conceivably 
might have more to do with the extent of the cells 
natural repair processes rather than the cell cell to t h a t  to 
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