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Abstract

Free radical-mediated damage to neuronal membrane components has been implicated in the etiology of Alzheimer’s disease (AD) and
aging. The senescence accelerated prone mouse strain 8 (SAMPS) exhibits age-related deterioration in memory and learning along with
increased oxidative markers. Therefore, SAMPS is a suitable model to study brain aging and, since aging is the major risk factor for AD and
SAMPS exhibits many of the biochemical findings of AD, perhaps as a model for and the early phase of AD. Our previous studies reported
higher oxidative stress markers in brains of 12-month-old SAMPS8 mice when compared to that of 4-month-old SAMPS8 mice. Further, we have
previously shown that injecting the mice with a-lipoic acid (LA) reversed brain lipid peroxidation, protein oxidation, as well as the learning
and memory impairments in SAMP8 mice. Recently, we reported the use of proteomics to identify proteins that are expressed differently and/
or modified oxidatively in aged SAMPS brains. In order to understand how LA reverses the learning and memory deficits of aged SAMP8
mice, in the current study, we used proteomics to compare the expression levels and specific carbonyl levels of proteins in brains from 12-
month-old SAMPS8 mice treated or not treated with LA. We found that the expressions of the three brain proteins (neurofilament triplet L
protein, a-enolase, and ubiquitous mitochondrial creatine kinase) were increased significantly and that the specific carbonyl levels of the three
brain proteins (lactate dehydrogenase B, dihydropyrimidinase-like protein 2, and a-enolase) were significantly decreased in the aged SAMP8
mice treated with LA. These findings suggest that the improved learning and memory observed in LA-injected SAMPS mice may be related to
the restoration of the normal condition of specific proteins in aged SAMPS mouse brain. Moreover, our current study implicates neurofilament
triplet L protein, a-enolase, ubiquitous mitochondrial creatine kinase, lactate dehydrogenase B, and dihydropyrimidinase-like protein 2 in
process associated with learning and memory of SAMPS mice.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction States’ population increases. One of the most compelling
theories explaining the diseases of aging is the role of free

Aging and age-related neurodegenerative disorders are radical-induced oxidative stress in aging (Harman, 1994;
becoming more important as the mean age of the United Butterfield et al., 1997; Butterfield and Stadtman, 1997).
Free radical-mediated damage to neuronal membrane
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E-mail address: dabcns@uky.edu (D.A. Butterfield). etiology of Alzheimer’s disease (AD; Selkoe, 1996).
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Numerous lines of genetic and biochemical evidence
suggest that amyloid (-peptide (AP) is central to the
pathogenesis of AD (Butterfield et al., 2001a,b; Kanski et al.,
2002), and AB-associated oxidative stress induces damage
to neurons in vitro (Yatin et al., 1999; Varadarajan et al.,
2000, 2001; Butterfield, 2002; Kanski et al., 2002) and in
vivo (Yatin et al., 1999; Drake et al., 2003).

One of the animal models that are used to study AD and
aging is the senescence-accelerated mouse (SAM). In 1981,
Takeda et al. established several SAM lines using
phenotypic selections from a common genetic pool (Takeda
et al, 1981). The SAMPS strain exhibits age-related
deterioration in memory and learning (Yagi et al., 1988;
Ohta et al., 1989) along with increased oxidative markers
(Butterfield et al., 1997; Farr et al., 2003) and expression of
amyloid precursor protein (APP) (Nomura et al., 1996;
Morley et al., 2000). SAMP8 mice also show decreased
glucose metabolism (Shimano, 1998), and also in AD energy
metabolism is impaired (Blass et al., 1988). Therefore,
SAMPS is a good model to study brain aging and is used as
one mouse model of AD.

Ongoing research is being pursued for development of
therapeutics for AD, among which are those that scavenge
free radicals by antioxidants (Butterfield et al., 2002a,b). a-
Lipoic acid (LA), a coenzyme involved in production of
ATP in mitochondria, is a potent antioxidant (Packer et al.,
1997a,b; Liu et al., 2002). LA derives its neuroprotective
capability from its ability to: (a) act as a scavenger of
reactive oxygen species (ROS); (b) chelate metal ions; (c)
recycle endogenous antioxidants (Lynch, 2001); and (d)
bind to reactive aldehydes, such as 4-hydroxynonenal
(HNE) and acrolein (Humphries and Szweda, 1998;
Korotchkina et al.,, 2001) formed by lipid peroxidation
(Esterbauer et al., 1991). LA can scavenge singlet oxygen,
H,0,, HO®, NO and ONOO ™, and the reduced form of LA,
dihydrolipoic acid (DHLA), can further scavenge O,°~ and
peroxyl radical. LA can also chelate several divalent
cations, e.g., Mn>*, Cu?*, Zn**, Cd**, Pb>* to inhibit Fenton
reactions for HO® production, as well as ascorbate-induced
H,0, production (Kagan et al., 1992). LA can recycle
endogenous antioxidants, e.g., GSH (Kagan et al., 1992)
and vitamin C (Sen et al., 1997), which protect the brain
from oxidative stress (Butterfield et al., 2001a; Drake et al.,
2002). It was shown that LA improves memory in aged
female NMR1 and 12-month-old SAMPS mice (Stoll et al.,
1993; Farr et al., 2003). LA can also reverse partial brain
mitochondrial decay, RNA/DNA oxidation and memory
loss in old rats (Liu et al., 2002; Farr et al., 2003). The
beneficial effect of LA in AD was demonstrated when
patients were treated with LA for approximately one year,
resulting in mild cognitive improvements (Kagan et al.,
1992).

Increased protein oxidation and lipid peroxidation were
demonstrated in 12-month-old SAMPS8 mouse brains when
compared to 4-month-old SAMPS8 and the same age SAMR1
mice (Butterfield et al.,, 1997; Farr et al., 2003). The

increases in protein oxidation and lipid peroxidation seen in
aged SAMP8 mouse brains were reversed by injecting the
mice with LA (Farr et al., 2003). We rationalized that LA
improves the learning and memory in SAMP8 mouse by
reducing oxidation and changing the expression of specific
proteins in SAMPS8 mice brain. To test this hypothesis, we
used proteomics to identify the proteins that are expressed
differently and/or the proteins that are less oxidized in the
12-month-old SAMP8 mouse brain treated with LA.

2. Materials and methods
2.1. Subjects

Experimentally naive, 12-month-old male SAMP8 mice
were obtained from our breeding colony. The colony is
derived from siblings generously provided by Dr. Takeda
(Kyoto University, Japan), and has been maintained as an
inbred strain for 12 years under clean-room procedures (i.e.,
use of sterile gloves in handling mice, sterilized cages and
bedding, restricted access to breeding area), and housed in
microisolator HEPA filter units (Allentown Caging, PA).
The colony routinely undergoes serological testing for viral
and bacterial contamination, and has remained free of
pathogens for over 12 years. Mice are housed in rooms with
a 12-h light:12-h dark cycle (lights on at 06.00 h) at 20—
22 °C with water and food (Richmond Laboratory Rodent
Diet 5001) available ad libitum. All experiments were
conducted after institutional approval of the animal use
subcommittee, which subscribes to the NIH Guide for Care
and Use of Laboratory Animals.

2.2. Drug administration

LA as a racemic mixture was a gift from Jarrow
Formulas, Inc. (Los Angeles, CA). LA was dissolved in
saline at pH 7.0. LA (100 mg/kg) or saline were
administered subcutaneously once daily for 4 weeks at
1 p.m.

2.3. Sample preparation

The whole brains of SAMPS8 mice were flash frozen in
liquid nitrogen in the laboratory of Geriatric Research
Education and Clinical Center (GRECC), VA Medical
Center, St. Louis and sent to the Chemistry Department,
University of Kentucky, Lexington on dry ice overnight. The
whole brain samples were homogenized in a lysis buffer
(10mM HEPES, 137 mM NaCl, 4.6 mM KCI, 1.1 mM
KH,POy4, 0.6 mM MgSO,4 and 0.5 mg/mL leupeptin, 0.7 wg/
mL pepstatin, 0.5 pg/mL trypsin inhibitor, and 40 pwg/mL
PMSF). Homogenates were centrifuged at 15,800 x g for
10 min to remove debris. The supernatant was extracted
to determine the concentration by the BCA method
(Pierce, IL).
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2.4. Two-dimensional electrophoresis

Samples of brain proteins were prepared according to the
procedure of Levine et al. (1994). 200 ng of protein was
incubated with four volumes of 2N HCI at room temperature
(25 °C) for 20 min. Proteins were then precipitated by the
addition of ice-cold 100% trichloroacetic acid (TCA) to
obtain a final concentration of 15% TCA final. Samples are
placed on ice for 10min to let protein precipitate.
Precipitates were centrifuged at 15,800 x g for 2 min. This
process removed ions that affect the voltage during the
isoelectric focusing. The pellets were washed with 1 mL of
1:1 (v/v) ethanol/ethyl acetate solution. After centrifugation
and washing with ethanol/ethyl acetate solution three times,
the samples were dissolved in 25 pL of 8 M urea (Bio-Rad,
CA). The samples were then mixed with 185 pL of
rehydration buffer (8§ M urea, 20 mM dithiothreitol, 2.0%
(w/v) CHAPS, 0.2% Biolytes, 2 M thiourea, and bromo-
phenol blue).

In first-dimension electrophoresis, 200 pL of sample
solution was applied to a ReadyStrip™ IPG strip (Bio-Rad,
CA). The strips were soaked in the sample solution for 1 h to
ensure uptake of the proteins. The strip was then actively
rehydrated in the protean IEF cell (Bio-Rad) for 16 h at 50 V.
The isoelectric focusing was performed at 300 V for 2 h
linearly; 500 V for 2 h linearly; 1000 V for 2 h linearly,
8000 V for 8 h linearly; and 8000 V for 10 h rapidly. All the
above processes were carried out at 22 °C. The strip was
stored in —80 °C until the second dimension electrophoresis
was performed. )

For the second dimension, [IPG® Strips, pH 3-10, were
equilibrated for 10 min in 50 mM Tris—-HCl (pH 6.8)
containing 6 M urea, 1% (w/v) sodium dodecyl sulfate
(SDS), 30% (v/v) glycerol, and 0.5% dithiothreitol, and then
re-equilibrated for 15 min in the same buffer containing
4.5% iodacetamide in place of dithiothreitol. 8—16% linear
gradient precast criterion Tris—HCl gels (Bio-Rad, CA) were
used to perform second dimension electrophoresis. Precision
Protein™ Standards (Bio-Rad, CA) were run along with the
sample at 200 V for 65 min.

The gel was incubated in fixing solution (7% acetic acid,
40% methanol) for 20 min after the second dimension
electrophoresis. Approximately, 60 mL of Bio-Safe Coo-
massie blue was used to stain the gel for 2 h. The gels were
destained in deionized water overnight.

2.5. Western blotting

200 g of protein was incubated with four volumes of
20 mM DNPH at room temperature (25 °C) for 20 min.
The gels were prepared in the same manner as for 2-D-
electrophoresis. After the second dimension, the proteins
from gels were transferred to nitrocellulose papers (Bio-
Rad) using the Transblot-Blot® SD semi-Dry Transfer Cell
(Bio-Rad) at 15 V for 4 h. The 2,4-dinitrophenyl hydrazone
(DNP) adduct of the carbonyls of the proteins was detected

on the nitrocellulose paper using a primary rabbit antibody
(Chemicon, CA) specific for DNP-protein adducts (1:100),
and then a secondary goat anti-rabbit IgG (Sigma, MO)
antibody was applied. The resultant stain was developed by
application of Sigma-Fast (BCIP/NBT) tablets.

2.6. Image analysis

The gels and nitrocellulose papers were scanned and
saved in TIFF format using Scanjet 3300C (Hewlett
Packard, CA). Investigator HT analyzer (Genomic Solutions
Inc., MI) was used for matching and analysis of visualized
protein spots among differential gels and oxyblots. The
principles of measuring intensity values by 2-D analysis
software were similar to those of densitometric measure-
ment. Average mode of background subtraction was used to
normalize intensity value, which represents the amount of
protein (total protein on gel and oxidized protein on oxyblot)
per spot. After completion of spot matching, the normalized
intensity of each protein spot from individual gels (or
oxyblots) was compared between groups using statistical
analysis.

2.7. Trypsin digestion

Samples were prepared using techniques described by
Jensen et al. (1999) and modified by Thongboonkerd et al.
(2002). The protein spots were excised with a clean blade
and transferred into clean microcentrifuge tubes. The protein
spots were then washed with 0.1 M ammonium bicarbonate
(NH4HCO3) at room temperature for 15 min. Acetonitrile
was added to the gel pieces and incubated at room
temperature for 15 min. The solvent was removed, and
the gel pieces were dried in a flow hood. The protein spots
were incubated with 20 pL. of 20 mM DTT in 0.1 M
NH4HCOs5 at 56 °C for 45 min. The DTT solution was then
removed and replaced with 20 pL of 55 mM iodoacetamide
in 0.1 M NH,HCOs. The solution was incubated at room
temperature in the dark for 30 min. The iodoacetamide was
removed and replaced with 0.2 mL of 50 mM NH4HCO;
and incubated at room temperature for 15 min. 200 pL of
acetonitrile was added. After 15 min incubation, the solvent
was removed, and the gel spots were dried in a flow hood for
30 min. The gel pieces were rehydrated with 20 ng/pL
modified trypsin (Promega, Madison, WI) in 50 mM
NH4HCO;5 with the minimal volume to cover the gel pieces.
The gel pieces were chopped into smaller pieces and
incubated at 37 °C overnight in a shaking incubator.

2.8. Mass spectrometry

All mass spectra reported in this study were acquired
from the University of Kentucky Mass Spectrometry Facility
(UKMSF). LC/MS/MS spectra were acquired on a Finnigan
LCQ ‘Classic’ quadrupole ion trap mass spectrometer
(Finnigan). Separations were performed with an HP 1100
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Table 1
Summary of proteins identified by mass spectrometry

Identified protein GI accession Number of peptide % coverage pl, MrW Mowse Probability of
number matches identified matched peptides score a random hit

Lactate dehydrogenase 2 (LDH 2) 2i|6678674 14 41 5.87, 36.6 632 2% 107

a-Enolase 2i|12963491 17 47 6.69, 47.1 947 2 x 107"

Dihydropyrimidinase-like 2 (DRP-2) gi|1351260 14 35 6.16, 62.16 776 25x 10778

Ubiquitous mitochondrial creatine 2i|6753428 8 14 8.65, 47.7 245 32 x 1072

kinase (uMiCK)
Neurofilament-L (NF-L) gil417355 18 37 4.40, 61.5 922 6.3 x 107'%

Mowse scores greater than 40 are considered significant (p < 0.05).

HPLC modified with a custom splitter to deliver 4 wL/min to
a custom CI18 capillary column (300 pm i.d. x 15 cm,
packed in-house with Macrophere 300 5 pum C18 (Alltech
Associates). Gradient separations consisted of 2 min
isocratic at 95% water:5% acetonitrile (both phases contain
0.1% formic acid), the organic phase was increased to 20%
acetonitrile over 8 min, then increased to 90% acetonitrile
over 25 min, held at 90% acetonitrile for 8 min, then
increased to 95% in 2 min, and finally returned to initial
conditions in 10 min (total acquisition time 45 min with a
10-min recycle time). Tandem mass spectra were acquired in
a data-dependent manner. Three microscans were averaged
to generate the data-dependent full scan spectrum. The most
intense ion was subjected to tandem mass spectrometry and
three microscans were averaged to produce the MS/MS
spectrum. Masses subjected to the MS/MS scan were placed
on an exclusion list for 2 min. The tandem spectra obtained
were searched against the NCBI protein databases using the
MASCOT search engine (http://www.matrixscience.com).
For the MS/MS spectra, the peptides were also assumed to
be monoisotopic, oxidized at methionine residues and
carbamidomethylated at cysteine residues. A 0.8-Da MS/
MS mass tolerance was used for searching.

2.9. Statistics

The data of protein levels and protein specific carbonyl
levels of six animals per group (control and LA-treated
group) were analyzed by Student’s r-tests. A value of
p < 0.05 was considered statistically significant. Only
the proteins that are considered significantly different by
Student’s #-test are reported.

3. Results
3.1. Protein expression levels

Proteomics has been used to study oxidized proteins in
AD (Castegna et al., 2002a,b, 2003; Butterfield, 2004). We
used a similar parallel approach to investigate the effect of
LA treatment in aged SAMP8 mice. Fifty-six proteins were
screened. We found that expression of three proteins was

significantly increased and that the specific carbonyl levels
of three proteins were significantly decreased in aged 12-
month-old SAMP8 mouse brains when compared to that in
12-month-old SAMPS8 mice not treated with LA (n = 6 in
each group). All the mass spectra of the identified proteins
were matched to the mass spectra in NCBI protein
databases. All identified proteins (Table 1) appeared in
the expected MrW and pl range on the gels.

Fig. 1 shows the 2-D-electrophoresis gels after Coo-
massie blue staining. The levels of the proteins that are
expressed differently are summarized in Table 2. We report
here that the expressions of brain resident neurofilament
triplet L protein (NF-L), «-enolase, and ubiquitous
mitochondrial creatine kinase (uMiCK) are significantly
increased in aged SAMPS8 mice injected with LA compared
to aged, non-treated SAMP8 mice.

3.2. Specific protein carbonyl levels

Fig. 2 shows the resultant nitrocellulose membranes for
protein carbonyl detection. The summary of the proteins that
have significantly increased specific carbonyl levels is given
in Table 3. We show that the specific protein carbonyl levels
of lactate dehyrogenase 2 (LDH-2), dihydropyrimidinase-
like protein 2 (DRP-2), and a-enolase are significantly
decreased in the brains of aged SAMPS8 mice treated with
LA.

4. Discussion

LA is able to partially reverse memory loss in normal
aging rats by delaying mitochondrial dysfunction and RNA/
DNA oxidation (Liu et al., 2002). In SAMP8 mice, LA
treatment markedly improved learning and memory of even
older rodents (Farr et al., 2003). Mitochondrial dysfunction
is accompanied by a leakage of O,°® and H,0,. Since LA is
readily taken up into mitochondria, it is suggested that LA
may be a useful therapeutic agent in diseases that are
characterized by mitochondria dysfunction or oxidative
stress (Packer et al., 1997a,b; Lynch, 2001). We report here
that in brains of aged SAMPS8 mice treated with LA, the
specific carbonyl levels of LDH-2, DRP-2, and a-enolase
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Fig. 1. (A)Representative gel of proteins from 12-month-old SAMP8 mice brain treated with LA. (B) Representative proteins from 12-month-old SAMPS mice

brain not treated with LA.

are significantly decreased and the expression levels of the
a-enolase, NF-L, and uMiCK, are increased in comparison
to aged SAMPS8 mice not treated with LA.

a-Enolase and DRP-2 is known to be more oxidized in
AD (Castegna et al., 2002a,b). Our previous study showed
that the specific carbonyl levels of a-enolase, DRP-2, LDH-
2, creatine kinase (CK), and a-spectrin are increased in aged
SAMPS brains (Poon et al., 2004). We report here that
injecting LA can decrease the specific carbonyl levels of
a-enolase, DRP-2, and LDH-2 and can increase the protein
levels of uMiCK, a-enolase, and LDH-2 in aged SAMP8
mice brains. These alterations of proteins may be
responsible for the improvement of learning and memory
in LA-injected SAMPS.

DRP-2 is involved in axonal outgrowth and path finding
through transmission and modulation of intracellular
signals. (Goshima et al., 1995; Minturn et al., 1995; Byk
et al,, 1996). DRP-2 can induce growth cone collapse
(Goshima et al., 1995; Wang and Strittmatter, 1996).
Decreased expression or increased oxidation of DRP-2 in
AD (Castegna et al., 2002b), adult DS (Lubec et al., 1999),
fetal DS (Weitzdoerfer et al., 2001), schizophrenia and
affective disorders suggest that the DRP-2 activity is
decreased in these disorders. An increased specific carbonyl
level of DRP-2 is also observed in aged SAMPS8 brains
(Poon et al., 2004), suggesting the oxidative deactivation of
DRP-2 may be responsible for the impairment of learning
and memory in aged SAMP8. We show here that the

Table 2

Proteins expressed differently when 12-month-old SAMPS mice are treated with LA compared to non-treated 12-month-old SAMPS mice

Identified proteins Protein levels of 12-month-old p-value
SAMPS injected with LA* (n = 6) (%)

Neurofilament triplet L protein (NF-L) 625 £+ 58 <0.005

a-Enolase 143 + 47 <0.05

Ubiquitous mitochondrial creatine kinase (uMiCK) 183 + 28 <0.05

2 Percent of the level found in brain from 12-month old, not-treated SAMPS8 mice.
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Fig. 2. (A) Representative carbonyl Western blot from 12-month-old SAMP8 mice treated with LA. (B) Representative carbonyl Western blot from 12-month-

old SAMPS8 mice not treated with LA.

oxidative modification of DRP2 is significantly reduced by
treating the aged SAMP8 mice with LA, possibly resulting
in restoration of DRP-2 activity, and thus, the normal
neurogenesis of axons.

a-Enolase, a subunit of enolase, is also found oxidized in
aged SAMPS8 mouse brains (Poon et al., 2004). Enolase is
involved not only in metabolism but also in cell
differentiation and normal brain growth. Although the
levels of neuronal specific enolase (NSE) are not sig-
nificantly altered in aged brains (Kato et al., 1990) and in AD
brains (Kato et al., 1991), the specific carbonyl level and
protein level of a-enolase are increased in AD (Schonberger

et al., 2001; Castegna et al., 2002b), suggesting the reduced
enolase activity caused by oxidation is compensated for by
its increased expression. The decline of enolase activity
results in abnormal growth and reduced metabolism in
brains (Tholey et al., 1982), therefore, oxidation of «-
enolase observed in aged SAMPS brains (Poon et al., 2004)
may be responsible for the reduced ATP production
(Shimano) and acetylcholine concentration (Ikegami et
al., 1992) seen in the brains of aged SAMPS mice. Our
current study shows that injecting the SAMP8 mice with LA
is able to reduce the oxidative modification and increase the
protein level of a-enolase, suggesting the possibility that the

Table 3

Proteins that have specific carbonyl level decreased by LA

Identified proteins Specific protein carbonyl levels of p-value
12-month-old SAMPS injected with LA* (n = 6) (%)

Lactate dehyrogenase 2 (LDH-2) 11.5 £ 10.2 <0.01

Dihydropyrimidinase-like 2 (DRP-2) 16.4 + 16.4 <0.05

a-Enolase 0.17 £ 0.17 0.05

% Percent of the level found in brain from 12-month old, not-treated SAMPS mice.



H.F. Poon et al./Neurochemistry International 46 (2005) 159-168 165

activity of a-enolase may be restored. Therefore, the
reduced glucose metabolism and neurochemical alterations
in SAMPS8 mouse brains (Ikegami et al., 1992; Shimano) are
possibly reversed by the LA injections as well.

LDH-B is a subunit of lactate dehydrogenase (LDH),
which catalyzes the reversible NAD-dependent interconver-
sion of pyruvate to L-lactate. This may be an important step
for neuroprotection as lactate is considered the only
oxidizible energy substrate available to support neuronal
recovery (Schurr et al., 1997a,b). Although the activity of
LDH shows no significant alteration in AD (Chandrasekaran
et al.,, 1994), many studies showed that LDH activity in rat
brains declined in advanced age (Mizuno and Ohta, 1986;
Ferrante and Amenta, 1987; Hrachovina and Mourek, 1990;
Agrawal et al., 1996), suggesting the LDH activity loss may
be caused by the oxidative modification of the enzyme.
Oxidation and depleted levels of LDH were observed in aged
SAMP8 mouse brain, suggesting LDH activity is also
impaired in aged SAMP8 brain (Poon et al., 2004). Our
current study shows that the carbonyl level of LDH
decreases when SAMP8 mice are injected with LA,
suggesting that treatment of LA can possibly restore the
ability of LDH to produce lactate in aged SAMPS.
Therefore, recovered LDH activity can possibly facilitate
neuronal recovery, and thus improvement in learning and
memory, in aged SAMPS8 mice.

uMiCK, one of the isoenzymes of creatine kinase (CK), is
considered as the counterpart of cytoplasmic brain-type
creatine kinase (CK-BB) in brain (Kanemitsu et al., 2000).
uMiCK is responsible for the transfer of a high-energy
phosphoryl group (Pi) from mitochondria to the cytosolic
carrier and creatine (Payne and Strauss, 1994). In neurons, a
coordinated pattern in expression of CKBB and uMiCK was
demonstrated (Friedman and Roberts, 1994), suggesting
metabolic energy was transferred via a creatine phosphate
energy shuttle between cytosol and mitochondria. Recently, it
was proposed that uMiCK couples with CK to regulate ATP
concentration in cerebral gray matter (Kekelidze et al., 2001).
Moreover, the mitochondrial synthesis of creatine phosphate is
restricted to uMiCK expressing neurons, suggesting uMiCK
protects neurons from energy shortage during periods of
increased energy demands (Boero et al., 2003). It was
suggested that the increased oxidation of CKBB (Poon et al.,
2004) could be the cause of the decreased production of ATP
observed in aged SAMP8 mice brains (Shimano, 1998).
Increasing uMiCK expression by LA injection conceivably
can compensate for the decreased ATP synthesis due to the loss
of CKBB activity in aged SAMPS brains. This would result in
restoration of ATP production for antioxidant defensive
systems in neurons and synaptic elements.

Neurofilament-L is a subunit of neurofilaments (NFs),
which give axons their structure and diameter (Hoffman et
al., 1987; Brady, 1993). Depletion of NF-L level in AD, DS,
and ALS brains (Bergeron et al., 1994; Bajo et al., 2001)
indicates that the normal NF-L expression is critical to
central nervous system (CNS) functions. It was suggested

that the decreased NF-L expression in SAMPS brains causes
the increased axonal dystrophy in the gracile nucleus (Poon
et al., 2004). We report here that treating SAMPS8 mice with
LA can raise the level of NF-L in aged SAMPS brains and
possibly decrease the axonal dystrophy in the gracile
nucleus, which consequently improves the learning and
memory in aged SAMPS.

Our previous study showed that LA reverses learning and
memory impairment by decreasing protein oxidation and
lipid peroxidation of SAMPS8 mice brains (Farr et al., 2003).
We now identify the specific proteins (DRP-2, a-enolase,
LDH, CK, and NF-L) that are protected by LA injection. LA is
a disulfide compound that is found naturally in mitochondria
as a coenzyme for pyruvate dehydrogenase (PDH) and «-
ketoglutarate dehydrogenase (KGD). Therefore, LA protec-
tion in aged SAMP8 mouse brains is possibly owed to its free
radical scavenging ability and its accessibility to mitochon-
dria. Since LDH and enolase are involved in the oxidoreduc-
tion-phoshphorylation stage of glycolytic pathways, they
locate near the mitochondria for substrate accessibility and
become the immediate targets for free radicals produced by
mitochondria. Since LA has easy access to mitochondria, LA
can scavenge the free radicals produced by mitochondria, or
may even reduce the oxidation on the LDH and a-enolase. As
aresult, a significant decrease of specific carbonyl levels in a-
enolase and LDH-2 are observed in SAMPS8 brains. The
increased level of a-enolase is possibly in response to the
recovered activity of LDH, which, in turn, is caused by a
reduction of oxidative damage following LA treatment.
Demand for pyruvate is increased as the restored LDH activity
speeds up the conversion of pyruvates to lactate. In order to
meet this demand, enolase levels are increased to produce
sufficient phosphophenol pyruvate (PEP) for pyruvate
production. The standard free energy of conversation from
2-phospho-p-glycerate to PEP is —14.8 kcal/mol. This
suggests that increasing the level of the catalytic enolase,
which mediates this high-energy and rate limiting reaction, is
the most efficient way to control the substrate concentration
for its downstream reactions. Increased uMiCK is possibly
controlled by similar mechanisms. Since a Pi is eliminated
from PEP to form pyruvate, extra creatine kinase activity will
be needed to transfer Pi to creatine. Therefore, the level of
uMiCK is increased to reduce the Pi level in SAMP8 mice
brain. This indicates that LA can rescue the energy depletion
and neurochemical changes observed in aged SAMP8 mouse
brains (Ikegami etal., 1992; Shimano, 1998) by improving the
function of the glycolytic pathway and increasing NADPH
production.

v-Enolase, encoded by a single gene as a-enolase, is
associated with DRP-2 in the complex of NADH-
dichlorophenol-indophenol (DCIP) reductase (Bulliard et
al., 1997). DCIP reductase, one of the trans-plasma-
membrane oxidoreductases (PMOs), is involved in redox
control of receptor function through the receptor-mediated
signal-transduction pathway (Fuhrmann et al., 1989; Toole-
Simms et al., 1991). More importantly, it is involved in
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control of cell growth and development in response to
external oxidative stress or anti-oxidants (Bulliard et al.,
1997). Therefore, the restored enolase activity may trigger
the decrease in the carbonyl level of DRP-2 in the DCIP
reductase complex, which in turn signals within the cells that
the oxidative stress is relieved by the LA treatment. The
cells, consequently, increase NF-L production to restore the
normal structure of the neuron for recovery. However, more
experiments are needed to investigate the putative relation-
ship between enolase and DRP-2, as well as their roles in the
signaling of DCIP reductase complex and oxidative stress.

Although no direct evidence is provided in the current
study that injection of LA can reverse neurochemical
changes, increase ATP production, and improve learning and
memory in aged SAMPS8 mice, we suggest here that the
improvement of learning and memory in LA treated SAMP8
mice is associated with the reduced specific carbonyl levels
and increased the protein levels of specific proteins. The
latter are involved in metabolism (LDH-2, a-enolase, and
uMiCK), cell signaling (DRP-2), and axonal structure (NF-
L) in cells. The possibly improved glycolytic pathway
induced by reduction of enzyme oxidation may provide
sufficient energy for neuronal recovery from oxidative stress
that may be consequently responsible for the improvement
of learning and memory in aged SAMP8 mice treated with
LA. Therefore, improvement in energy metabolism may
lead to, at least partially, neuronal recovery, such as a
restored cytoskeletal network and enhancement of inter-
neuronal communication in aged SAMPS8 mice. However,
further studies will be needed to investigate the relation
among enolase, DRP-2, and NF-L in the recovery of
neuronal function (Farr et al., 2003). Here, we used
proteomics to gain insight of the mechanism of cognitive
improvement by LA injection in SAMP8 mice. To our
knowledge, this is the first reported study using proteomics
to better understand cognitive improvement following lipoic
acid administration.

Our current study suggests that the improved learning and
memory observed in LA-injected SAMPS is associated with
the restoration to the normal condition of oxidized DRP-2,
a-enolase, LDH, uMiCK, and NF-L in aged SAMP8 mouse
brains.
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