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ABSTRACT According to the free radical theory of aging,
reactive oxygen species cause oxidative damage, proposed to
be an underlying factor of the aging process. In the current
study, we have used electron paramagnetic resonance spin
labeling, measurements of protein carbonyl content, an index
of protein oxidation, and determination of the activity of
glutamine synthetase (an oxidatively sensitive enzyme) to
report that cortical synaptosomal membranes from the se-
nescence accelerated-prone (SAMP8) mouse showed struc-
tural characteristics of free radical oxidative stress relative to
the senescence accelerated-resistant (SAMRI1) mouse. The
SAMPS8 mouse exhibited a decrease in the relevant EPR
parameter consistent with oxidative stress (P < 0.002), a
decreased glutamine synthetase activity (P < 0.05), and an
increased protein carbonyl content (P < 0.01) compared with
these parameters in the SAMR1 mouse. Further, because free
radical trapping compounds have been demonstrated to ex-
tend maximum life span and improve cognition in SAMP8
mice, we investigated the protective nature of the known free
radical scavenger, N-tert-butyl-a-phenylnitrone (PBN), on
the physical state of cortical synaptosomal membrane pro-
teins. For 14 days, SAMR1 and SAMPS8 mice were injected
with 30 mg/kg PBN while the controls were injected with the
corresponding volume of saline. Characteristic of less oxidized
systems, cortical synaptosomal membranes from the PBN-
injected SAMP8 mouse exhibited a return toward normal
values of the relevant EPR parameter [the M; = +1 low-field
weakly immobilized line/M; = +1 low-field strongly immo-
bilized line (W/S) ratio of a protein-specific spin label] (P <
0.001) compared with that from saline-injected SAMPS8 mice.
In SAMRI1 mice, in contrast to SAMPS, there was no signif-
icant change in the conformation of membrane proteins or
protein carbonyl content of cortical synaptosomal membranes
from the PBN-injected and saline-injected SAMRI1 mice,
showing that PBN itself did not induce conformational
changes in cortical synaptosomal membrane proteins. The
results are discussed with reference to the use of free radical
scavengers as potential anti-aging agents.

Aging and age-related neurological disorders, especially Alz-
heimer disease and stroke, affect millions of people worldwide.
Many hypotheses have been developed to explain aging and
age-related neurodegenerative disorders. One of the most
compelling, and one for which our laboratory has contributed
extensively, is the role of free radical-induced oxidative stress
in aging, stroke, Alzheimer disease, Parkinson disease, and
Huntington disease (1-20). The free radical theory of normal

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

Copyright © 1997 by THE NATIONAL ACADEMY OF SCIENCES OF THE USA
0027-8424/97/94674-5$2.00/0
PNAS is available online at http://www.pnas.org.

674

aging proposes that the slow generation of oxygen free radicals,
an unavoidable consequence of life in an aerobic environment,
results in cumulative damage to critical cellular components,
and eventually leads to age-related pathology (21). A consen-
sus is emerging that free radical processes do play an important
role in the etiology of many age-related disorders (10, 11, 16,
17, 22, 23), although the specific mechanisms for the free
radical generation and consequent oxidative stress differ
among the pathologies. Free radical-mediated damage to
neuronal membrane components have been implicated in the
etiology of many neurodegenerative disorders, especially Alz-
heimer disease (2, 8, 10, 11, 16, 17), in which one of the most
dominant risk factors is age (24). In addition to neurodegen-
erative disorders, both progeria and Werner disease, conditions
of accelerated human aging, have been shown to be associated
with free radical oxidative stress (18, 20). Hence, it is imperative
to learn more about free radical involvement in aging.

Established by Takeda et al. (25), the senescence accelerated
mouse (SAM) is a novel murine model of accelerated aging.
The SAMPS strain (senescence accelerated-prone) exhibits a
shortened life span and early signs of various indices of aging;
in contrast, the SAMRI strain (senescence accelerated-
resistant), which is closely related genetically, does not (26).
The indices of aging found in the SAMPS8 mouse include a
moderate to severe decline of activity, hair loss and lack of hair
glossiness, skin coarseness, periopthalamic lesions, and increased
lordokyphosis of the spine. In addition, the SAMPS strain exhibits
age-related deterioration in memory and learning (27, 28) and,
therefore, is thought to be a good model for aging.

Consistent with other researchers (19, 20), our laboratory
previously demonstrated that free radical oxidative stress led
to increased amounts of oxidized proteins in cortical synap-
tosomal membranes (1, 3-12), a result also seen in aged gerbils
(1). Therefore, if free radicals were involved in aging, we
hypothesized that SAMPS age-accelerated mice should show
evidence of cortical membrane protein oxidation. To investi-
gate this hypothesis, three indices of free radical oxidative
stress were used: (i) the M; = +1 low-field weakly immobilized
line/M; = +1 low-field strongly immobilized line (W/S) ratio
of a protein-specific spin label, an EPR parameter reflective of
protein—protein interactions (29) and known to be decreased
in free radical oxidative stress (1, 3-12); (if) the activity of
glutamine synthetase (GS), an oxidatively sensitive enzyme
(19); and (iii) protein carbonyl levels, shown by Stadtman and
others to be increased in aging (19, 20, 30, 31). Our laboratory
also previously demonstrated that prior in vivo injection of the
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SAMRI, senescence accelerated-resistant mouse; GS, glutamine syn-
thetase; PBN, N-tert-butyl-a-phenylnitrone; MAL-6, 2,2,6,6,-
tetramethyl-4-maleimidopiperidine-1-oxyl; W/S ratio, M; = +1 low-
field weakly immobilized line/M; = +1 low-field strongly immobilized
line ratio.
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brain-accessible free radical scavenger, N-tert-butyl-a-
phenylnitrone (PBN) in animals exposed to oxidative stress via
ischemia/reperfusion injury or hyperoxia ameliorated alter-
ations in the physical state of cortical synaptosomal membrane
proteins (4, 12). Therefore, we reasoned that injection of
age-accelerated mice with PBN would modulate the elevated
protein oxidation (4, 12), but not so in the SAMRI1 age
resistant-prone mice. We report here that brain membrane
alterations characteristic of free radical damage were found in
accelerated senescence in the SAMPS8 mouse, and these
alterations can be inhibited by prior injection with PBN.

MATERIALS AND METHODS

Chemicals. Ultra-pure sucrose was obtained from Sigma.
The protease inhibitors leupeptin, pepstatin A, and aprotinin
were purchased from Calbiochem. Ultrapure PBN was ob-
tained from Centaur Pharmaceuticals (Sunnyvale, CA). The
protein-specific spin label 2,2,6,6,-tetramethyl-4-maleimidopi-
peridine-1-oxyl (MAL-6) was purchased from Sigma. All
remaining chemicals were obtained from Sigma in the highest
possible purity.

Animals. All protocols were approved by the University of
Kentucky Animal Care and Use Committee. The SAM mice
were originally donated by Toshio Takeda (Kyoto University).
The 10-month-old adult mice were housed in the University of
Kentucky Medical Center Animal Care Facility. The mice
received 12 hr light/12 hr dark conditions and free access to
water and standard Rodent Laboratory Chow (Purina). For
those animals who were to receive the free radical scavenger
PBN, this agent, dissolved in physiological saline, was admin-
istered i.p. daily for 14 days at a dose of 30 mg/kg, a
concentration that was protective against hyperoxia damage
(12). The last dose of PBN occurred 24 hr before utilizing the
brain as described below. Control animals received corre-
sponding injections of physiologic saline.

Animals were killed by decapitation. The whole brain was
removed and the neocortex was obtained. The neocortex was
suspended in approximately 20 ml of isolation buffer (0.32 M
sucrose/10 mM Hepes, pH 7.4/4 mg/ml leupeptin/4 mg/ml
pepstatin/5 mg/ml aprotinin/20 mg/ml type II-S soybean
trypsin inhibitor/0.2 mM phenylmethylsulfonyl fluoride/2
mM EDTA/2 mM EGTA). The individual cortices (not
pooled) were homogenized in a Wheaton Scientific 30-ml
motor-driven Potter-type homogenizer with a Teflon pestle as
described (1, 4).

Synaptosome Preparation. Synaptosomes were purified as
described (1, 2). The crude homogenate was removed and
respun at 20,000 X g at 4°C for 10 min. The resulting pellet was
resuspended in the isolation buffer and layered on a discon-
tinuous sucrose gradient (9 ml of 1.18 M sucrose, pH 8.5/9 ml
of 1.0 M sucrose, pH 7.4/9 ml of 0.85 M sucrose, pH 7.4, each
containing 2 mM EDTA/2 mM EGTA/10 mM Hepes). The
samples were then spun at 82,500 X g at 4°C for 120 min in a
Beckman swinging-bucket rotor. Synaptosomes were removed
from the 1.18/1.0 M sucrose interface and resuspended in 20
ml of lysing buffer (10 mM Hepes/2 mM EDTA/2 mM EGTA,
pH 7.4). The samples were then centrifuged at 32,000 X g at
4°C for 10 min. The pellet was removed and resuspended in
lysing buffer and spun down two more times. After the third
wash, the protein concentration was determined by the Lowry
method (32).

Spin Labeling. Spin labeling of synaptosomal membrane
proteins was performed as described (3, 33). Lysed synapto-
somal membranes were labeled with the protein-specific spin
label MAL-6. After incubation for 16-18 hr at 4°C with 20 ug
MAL-6/mg protein, samples were washed six times in lysing
buffer to remove excess spin label. The pellet was then
resuspended in approximately 400 ml lysing buffer and allowed
to come to room temperature. EPR spectra were acquired on
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a Bruker model 300 EPR spectrometer (Bruker, Billerica,
MA) operating at an incident microwave power of 18 mW, a
modulation amplitude of 0.4 G, a time constant of 1.28 msec,
and a conversion time of 10 msec.

Protein Carbonyl Levels. Before ultracentrifugation, the
synaptosomal cytosolic supernatant was removed and the
protein concentration was determined by the Lowry method.
Protein carbonyl levels of cortical synaptosomal cytosolic
proteins were then determined as adducts of 2,4-dinitrophe-
nylhydrazine according to the method of Oliver et al. (20).

GS Assay. Before ultracentrifugation, the supernatant was
removed and protein concentration was determined by the
Lowry method (32). GS activity of cortical proteins was then
determined according to the method of Rowe et al. (34) as
modified by Miller et al. (35).

Data Analysis. The data were analyzed by ANOVA and
Student’s ¢ tests. A value of P < 0.05 was considered statisti-
cally significant.

RESULTS

The relevant EPR parameter of MAL-6-labeled membrane
proteins is the W/S ratio (Fig. 1), which has been extensively
studied with respect to cytoskeletal perturbations in both
erythrocyte and brain synaptosomal membranes (3-12, 29, 33,
36, 37). A decrease in the W/S ratio indicates increased steric
hindrance of the spin label mobility as a consequence of
altered conformation of or decreased segmental motion in spin
labeled proteins and/or changes in the interactions among
membrane proteins. Previous studies in our laboratory em-
ploying several oxidative conditions including Fenton chem-
istry to produce hydroxyl radicals (3), hyperoxia (1, 12),
sepsis-related lipopolysaccharide (37), ischemia-reperfusion
(4-7), B-amyloid-derived free radicals (8-11, 16, 17), and
menadione (36) revealed that increased protein oxidation is
associated with a decrease in the W/S ratio.

Consistent with oxidative stress in age-accelerated mice, Fig.
1B shows that the W/S ratio is decreased significantly in
cortical synaptosomal membrane proteins from SAMPS8 mice
compared with that from SAMRI1 mice (P < 0.002). Likewise,
Fig. 1C shows that the activity of the oxidatively sensitive
enzyme GS from SAMPS brain is significantly decreased
compared with that from SAMR1 mouse brain (P < 0.05).

Stadtman and others showed that cytosolic protein carbonyl
levels are increased in protein oxidation (19, 20, 30, 31, 38). To
determine whether cytosolic protein carbonyl levels of cortical
synaptosomal membranes were increased in the SAMPS
mouse relative to those from SAMRI, the 2,4-dinitrophenyl-
hydrazine adducts were measured. The results suggest that the
protein carbonyl levels of cytosolic proteins in SAMPS cortical
synaptosomes were significantly greater than those of SAMRI1
(Fig. 1D; P < 0.001), which is consistent with the EPR results.

Regression analyses suggested that brain membrane struc-
tural alterations in the SAM mice, measured by the W/S ratio
of MAL-6, apparently were correlated to both diminution of
GS activity and increased carbonyl content (Fig. 2), which is
consistent with the notion that these parameters may index the
same molecular processes associated with accelerated aging.

If in accelerated aging these conformational alterations in
cortical synaptosomal membrane proteins, as assessed by
protein-specific spin labeling, were due to free radical-
associated effects, then the brain-accessible free radical scav-
enger PBN should modulate these alterations. The W/S ratio
of MAL-6, covalently coupled to proteins in cortical synap-
tosomal membranes, is an oxidatively sensitive parameter
whose value is lower in oxidative stress (1, 3-12, 36, 37). Fig.
3 suggests that the W/S ratio of MAL-6 in cortical synapto-
somal membranes from SAMPS mice that had been injected
for 14 days with the free radical scavenger PBN before death
is higher than that in cortical synaptosomal membranes from
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(A) Typical M1 = +1 low-field EPR line of MAL-6-labeled synaptosomal membrane proteins showing the W and S spectral components.

(B) Data represent the average W/S ratio of MAL-6 covalently bound to proteins in cortical synaptosomal membranes from SAMR1 and SAMPS8
mice. Error bars indicate SEM for nine and three animals, respectively. *, P < 0.002. (C) Data represent the average cortical GS activity of SAMR1
and SAMPS mice. Error bars indicate SEM for nine and three animals, respectively. *, P < 0.05. (D) Data represent the average protein carbonyl
content of cortical proteins from SAMR1 and SAMPS8 mice. Error bars indicate SEM for six and three animals, respectively. *, P < 0.001.

those SAMP8 mice injected with saline (P < 0.001), which is
consistent with less oxidative stress in PBN-treated age-
accelerated mice. However, age-resistant SAMR1 mice in-
jected with the same dose of PBN for 14 days showed no
significant change in the W/S ratio relative to saline-injected
SAMRI1 mice (data not shown), consistent with the notion that
less oxidative stress occurs in untreated SAMR1 mice com-
pared with SAMPS mice.

DISCUSSION

Many groups have studied the status of learning, memory, and
other behaviors of the SAMPS8 age-accelerated mouse relative
to the SAMRI1 age-resistant mouse. Using aversive and ap-
petitive training tests, Flood et al. (26) reported that SAMPS8
mice exhibited an early onset of impaired learning relative to
SAMRI mice. Ohta et al. (28) analyzed the SAMP8 and
SAMRI1 mice using Sidman active-avoidance learning. These
researchers concluded that SAMP8 mice have a deficit in
reference memory rather than working memory. By studying
passive avoidance, Yagi et al. (27) determined that in the
SAMP8 mouse the deterioration in memory and learning is
caused by deficits in acquisition. Based on the current studies,
we suggest that these deficits in memory and learning may be
related to altered membrane protein structure due to free
radical oxidative stress. Recently, Forster et al. (39) showed in
22-month-old C57 mice both loss of cognitive and motor skills

and increased brain protein oxidation, consistent with the
results presented in the current research.

Nomura et al. (40) compared several biochemical param-
eters of SAMP8 and SAMRI1 mice that reflect various
degrees of senescence. In all instances, the SAMP8 mouse
exhibited rapid biochemical changes compared with those
that would be considered normal aging. Consistent with our
finding of free radical-associated brain membrane damage
reported here, these scientists reported that levels of ma-
londialdehyde, an end-product of free radical reactions, were
higher in SAMPS brain than in the SAMRI1 brain (40).
Likewise, chronic administration of the free radical scaven-
ger PBN was reported by Edamatsu et al. (41) to increase the
life span of SAMP8 mice, consistent with a free radical
involvement in aging and our results.

There is considerable literature to suggest that free radical
scavengers can be used to prevent free radical damage in a
variety of systems. Consistent with the present results suggest-
ing that free radical-induced brain membrane protein damage
in the SAMPS mouse can be ameliorated by PBN, there are
similar studies that suggest that PBN can prevent damage
induced by aging. When PBN (32 mg/kg) i.p. was injected into
aged gerbils twice a day for 14 days, the amount of oxidized
brain proteins decreased nearly to that observed in adult
gerbils (42). Likewise, after chronic PBN treatment the GS and
neutral protease activity of the older gerbils returned to that
observed in the younger animals (42). This report was ques-
tioned (43), but others have confirmed the original findings
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(44). In rats, too, chronic PBN administration is reported to
improve cognitive function (45). As noted above, SAMP8 mice
injected daily with 30 mg/kg PBN exhibited a remarkable
extension of the mean life span: the mice injected with PBN
experienced about a 50% increase in life span (41). Consonant
with our results on aging, PBN is reported to prevent free
radical-induced damage to cortical membranes in a gerbil
stroke model (4) and in the hyperoxia model of aging (12).
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Although the defects associated with progeria, Werner
syndrome and other accelerated-aging conditions are not well
understood, it is interesting to speculate whether the SAMPS
is a useful model of these diseases. Fibroblasts obtained from
both progeria and Werner patients demonstrate increased
carbonyl content in tissue culture (18, 20). The accumulation
of cytosolic protein carbonyl is greatly accelerated across the
life span compared with normal controls. This is the same as
we have reported for SAMPS vs. SAMRI1 mice. The observed
beneficial effects of PBN in SAMPS mice reported here offer
the possibility of developing antioxidant approaches to treating
these and other diseases of aging.

The results reported in this study strongly suggest that
SAMPS8 and SAMRI1 mice differ in baseline levels of oxidation
in both neuronal cell membrane and cytosolic protein, con-
sistent with free radical-induced damage in aging. That PBN
is effective at protecting synaptosomal membrane protein
structure from oxidative stress in accelerated senescence (this
study) and prolongs the life span of these mice (41) suggests
that further study of PBN or similar compounds is warranted;
such studies conceivably may lead to valuable insight into how
free radical damage in aging and age-related neurodegenera-
tive disorders may be slowed. Investigations along this line are
underway currently in our laboratory.
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