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Abstract
The activity of a key mitochondrial tricarboxylic acid cycle enzyme, α-ketoglutarate
dehydrogenase complex (KGDHC), declines in many neurodegenerative diseases. KGDHC
consists of three subunits. The dihydrolipoyl succinyltransferase (DLST) component is unique to
KGDHC. DLST+/- mice showed reduced mRNA and protein levels and decreased brain
mitochondrial KGDHC activity. Neurotoxic effects of mitochondrial toxins were exacerbated in
DLST+/- mice. MPTP produced a significantly greater reduction of striatal dopamine and tyrosine
hydroxylase-positive neurons in the substantia nigra pars compacta of DLST+/- mice. DLST
deficiency enhanced the severity of lipid peroxidation in the substantia nigra after MPTP
treatment. Striatal lesions induced by either malonate or 3-nitropropionic acid (3-NP) were
significantly larger in DLST+/- mice than in wildtype controls. DLST deficiency enhanced the 3-
NP inhibition of mitochondria enzymes, and 3-NP induced protein and DNA oxidations. These
observations support the hypothesis that reductions in KGDHC may impair the adaptability of the
brain and contribute to the pathogenesis of neurodegenerative diseases.
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INTRODUCTION
The α-ketoglutarate dehydrogenase complex (KGDHC) is a mitochondrial enzyme that
plays an important role in brain metabolism. KGDHC is crucial in the cellular production of
reducing equivalents (NADH) and in the maintenance of the mitochondrial redox state of the
brain (Gibson et al. 2000a). There is burgeoning evidence that KGDHC may be involved in
the pathophysiology of multiple neurodegenerative diseases. Reductions in KGDHC activity
have been reported in Alzheimer’s disease (AD) (Gibson et al. 1988), Huntington’s disease
(HD) (Klivenyi et al. 2004), Parkinson’s disease (PD) (Mizuno et al. 1990; Mizuno et al.
1994; Mizuno et al. 1995; Gibson et al. 2003), Progressive Supranuclear Palsy (PSP) (Park
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et al. 2001) and spinocerebellar ataxia (Mastrogiacomo and Kish 1994). Diminished
KGDHC activity occurs in both normal and pathologically involved brain areas of patients
with a number of neurodegenerative diseases including AD (Gibson et al. 1988; Gibson et
al. 2003). The reduction in KGDHC activity is highly correlated to the clinical dementia
rating of AD patients (Gibson et al. 2000b; Bubber et al. 2005). These results suggest that
KGDHC may play a central role in the pathophysiology of neurodegenerative diseases.
Oxidative stress, a common feature of these neurodegenerative diseases, is known to
inactivate KGDHC (Park et al. 1999).

KGDHC consists of 3 protein subunits, namely α-ketoglutarate dehydrogenase (E1k; E.C.
1.2.4.2 encoded by the ogdh gene), dihydrolipoyl succinyl transferase (DLST; E.C. 2.3.1.61
encoded by the dlst gene) and dihydrolipoamide dehydrogenase (DLD; E.C. 1.8.1.4 encoded
by the dld gene). KGDHC is a member of the KGDHC complex family. This family also
includes the pyruvate dehydrogenase complex (PDHC) and the branched chain α-ketoacid
dehydrogenase complex. A subunit contained in all of these dehydrogenases is
dihydrolipoamide dehydrogenase (DLD), which is also known as E3, a critical subunit
shared by all three dehydrogenases. It is a flavin-containing protein that transfers reducing
equivalents from a dihydrolyl moiety to NAD+ to form NADH and complete the catalytic
process of the complex. OGDH and DLST are unique to KGDHC. Encoded by the dlst gene,
DLST catalyzes an important reaction sequence in α-ketoacid oxidation. It contains
covalently bound lipoyl moieties and catalyzes the transfer of succinyl moiety to CoA
substrate to form succinyl-CoA (Reed and Hackert 1990).

Mice deficient in DLST have been developed. Although these mice have reduced KGDHC
activity, they have no overt phenotype. If KGDHC deficiency plays a role in
neurodegeneration, we hypothesized that mice lacking KGDHC subunits would be more
susceptible to mitochondrial toxins. Prior work showed that cells deficient in DLST are
more susceptible to H2O2 (Shi et al. 2005). In the current investigation, we carried out
studies of neurotoxicity induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
which has been used to model PD, and with malonate and 3-nitropropionic acid (3-NP)
which have been used to mimic HD neuropathology. Mice deficient in DLST were tested for
altered susceptibility to these mitochondrial toxins. We previously demonstrated that DLD
deficiency exacerbated the neuropathological effects of these toxins (Klivenyi et al. 2004).
Given the role of KGDHC in mitochondrial bioenergetics, we hypothesized that DLST+/-

mice, heterozygous for the disruption of the DLST gene, would be more vulnerable to
mitochondrial neurotoxins mimicking PD and HD.

MATERIALS AND METHODS
Animals

Mice deficient in the DLST subunit (DLST+/-; C57BL/6 and 129SV/EV hybrid) were
obtained from Lexicon Pharmaceuticals (The Woodlands, TX). The founder mice were bred
with B6129F/mice (Taconia Germantown, NY). They have no overt phenotype. Mice were
housed in a room maintained at 20-22°C on a 12-hr light-dark cycle with food and water
available ad libitum. All experiments were conducted in accordance with guidelines
approved by the Institution for the Care and Use of Animals at Weill Medical College of
Cornell University.

For genotyping heterozygous DLST+/- mice, genomic DNA was isolated from the tails by
phenol:chloroform:isoamyl alcohol (25:24:1) extraction and ethanol precipitation.
Polymerase chain reaction (PCR) amplification of genomic DNA was performed using
primers (Invitrogen) listed in Table 1. The cycle conditions were: initial denaturation at
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94°C for 2 min followed by 94°C for 30 sec, 53°C for 30 sec and 72°C for 40 sec (last 3
steps 29x), and 72°C for 10 min.

Collection of brain samples for biochemical measurements
Wildtype (DLST+/+) and heterozygous (DLST+/-) mice at E15.5, P10, P30, P42, P105 and
P196 (n = 3- 9) were used for biochemical analyses. For embryonic tissue, pregnant female
mice were sacrificed by CO2 and the embryos were removed. Brains from embryos and
adult mice were quickly removed from the skull and pulverized in liquid nitrogen into fine
powders. The powders are divided and transferred into 1.5 ml Eppendorf tubes and stored at
-80°C.

Quantitative real-time PCR, SDS-PAGE and Western blotting
Total RNA was extracted from brain samples using an RNeasy Mini kit (Qiagen, Valencia,
CA). This was followed by first strand cDNA synthesis using the First Strand cDNA
synthesis kit for RT-PCR (AMV) (Roche Applied Science, Indianapolis, IN) with oligo-
p(dT)15 as primer. Real-time PCR of OGDH, DLST and DLD was performed using an
Applied Biosystems 7500 Real-Time PCR system with pre-designed Taqman® gene
expression assays (Applied Biosystems, Foster City, CA) as described previously (Shi et al.
2007). In brief, each amplification mixture (50 μl) contained 22.5 μl of cDNA template, 25
μl of TaqMan® Universal PCR Master Mix, 2.5 μl of a FAM™ dye labeled TaqMan®
MGB probe and two PCR primers. Thermal cycler conditions were 95°C for 10 min, and 40
cycles of 95°C for 15 sec and 60°C for 1 min. All samples were normalized for beta-2-
microglobulin (b2m) expression in parallel in the same run. A comparative Ct (the threshold
cycle of PCR at which amplified product was first detected) method was used to compare
the mRNA expression in samples from DLST+/- to that of the DLST+/+ mice.

For protein analysis, brain samples were homogenized in ice-cold cell lysate buffer
containing Tris-HCl (50 mM, pH 7.2), dithiothreitol (1 mM), EGTA (0.2 mM), Triton
X-100 (0.4%), and the protease inhibitor leupeptin (50 μM) (Shi et al. 2007). About 10 μg
of total protein was mixed with SDS-loading buffer and denatured further at 100°C for 5
min. SDS-PAGE and Western blotting were performed as described previously (Shi et al.
2007).

Mitochondria isolation
Non-synaptic mouse brain mitochondria were isolated by a modified isopycnic
centrifugation procedure employing Percoll density gradient (Sims 1990). Briefly, cerebral
cortex was homogenized in the MSEGTA buffer comprising 225 mM mannitol, 75 mM
sucrose, 20 mM HEPES (pH 7.4), 1 mM EGTA, 0.2% (w/v) fatty acid free bovine serum
albumin (BSA) and centrifuged at 2,000 g × 4 min. The supernatant was collected and
centrifuged at 12,000 g × 10 min. The pellet was resuspended in MSEGTA and layered over
25% (v/v) Percoll prepared in MSEGTA mixture and centrifuged at 30,000 g × 10 min.
Purified mitochondria fraction was collected at the bottom of the tube, resuspended in
MSEGTA without added BSA and washed 2 times by centrifuging at 12,000g × 10 min.
Final mitochondrial pellet was resuspended in MS buffer comprising 225 mM mannitol, 75
mM sucrose, 20 mM HEPES (pH 7.4) and stored on ice. Protein content was estimated by a
commercial BCA assay (“Pierce Biotechnology” “Thermo Scientific”, USA). Mitochondrial
enzymes activities were measured by conventional procedures (Leong et al. 1984; Klivenyi
et al. 2004; Starkov et al. 2004).
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KGDHC activity measurement
KGDHC catalyzes the following reaction: α-ketoglutarate + NAD+ + CoA → succinyl CoA
+ CO2 + NADH. In brief, brain samples were homogenized with 250 μl of KGDHC lysis
buffer containing Tris-HCl (50 mM, pH 7.2), dithiothreitol (1 mM), EGTA (0.2 mM), Triton
X-100 (0.4%), and the protease inhibitor leupeptin (50 μM) and KGDHC activities were
assayed immediately as described previously (Gibson et al. 1988). In brief, KGDHC
standard (Sigma) or brain samples (25 μl) were added into wells (3 wells/sample) of a 96-
well plate. Reaction mix (100 μl containing 50 mM Tris-HCl (pH 7.8), 1 mM MgCl2, 1 mM
CaCl2, 0.5 mM EDTA, 0.3 mM TPP, 0.1% Triton X-100 and 1 mM DTT) was added into
each well followed by 50 μl of assay mix (3 mM NAD and 0.75 mM CoA). Immediately
after addition of 25 μl of α-ketoglutarate (3 mM), the plate was read at 340 nm using a
SPECTRA MAX 250 microplate reader (Molecular Devices) for 30 min. Values were
corrected for the presence of NADH oxidase.

In situ KGDHC activity staining
Mice were administrated a lethal dose of sodium pentobarbital (2 mg/10 g body weight;
Abbott Laboratories, North Chicago, IL) intraperitoneally, and were perfused via the
ascending aorta with approximately 50 ml of saline to wash away the blood. The brains were
removed immediately and stored at -80°C. The brain was dissected on a Rodent Brain
Matrix (ASI Instruments, Warren, MI), and 20 μm sagittal sections were cut using a cryostat
(Hacker-Bright OTF microtome cryostat, Fairfield, NJ) and used for in situ KGDHC activity
stain according to previously described methods (Gibson et al. 2000a; Park et al. 2000; Shi
et al. 2007). In brief, sections were incubated with reaction mixture (50 mM Tris-HCl, 1 mM
MgCl2, 0.1 mM CaCl2, 50 μM EDTA, 0.2%Triton X-100, 0.3 mM thiamine pyrophosphate
(TPP), 5 μg/ml rotenone, 35 mg/ml polyvinyalcohol, 3 mM β-NAD, 0.75 mM Co-A, 3 mM
α-ketoglutarate (α-KG), 0.75 mM nitroblue tetrazolium (NBT) and 0.05 mM phenazine
methosulfate (PMS)) for 20 or 30 min. A reaction mixture without Co-A and α-KG was
used for blank. NBT and PMS were added immediately before the reaction was initiated.
The reaction was stopped by removing the sections from the reaction mixture and rinsing the
sections twice with distilled water for 10 seconds each time. The sections were air-dried
overnight before quantification. Images were acquired (4x magnification) with Nikon
eclipse 80i microscope using ACT-1 software. The MetaMorph program (Molecular
Devices, Downingtown, PA) was used to draw the region of interest and to quantify staining
density of each region. The density of each region after normalization to the blank was
compared between DLST+/- mice and control groups. The percentage change of the regional
density in the DLST+/- mice compared to the DLST+/+ mice represented the change of the in
situ KGDHC activity.

MPTP lesion
MPTP, prepared at 2 mg/ml in 0.1M sodium phosphate buffered saline (PBS, pH 7.4), was
administered intraperitoneally to seven month-old male wildtype (n=12) and DLST+/- mice
(n=10) at a dose of 20 mg/kg three times at 2-hr intervals. PBS was administered to a
separate group of wildtype (n=4) and DLST+/- mice (n=4). Mice were sacrificed 7 days after
MPTP treatment. The striata were dissected from the brain for biochemical analysis while
the midbrains were fixed by immersion in 4% paraformaldehyde for 48 hours for
histological studies.

High-Performance Liquid Chromatography (HPLC) assay for catecholamines
Striatal tissues were sonicated and centrifuged in cold 0.1 M perchloric acid (100 μl/mg
tissue). The supernatant was used for measurements of dopamine, 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA) by HPLC. Briefly, 10
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μl supernatant was isocratically eluted through an 80 × 4.6 mm C18 column (ESA Inc.,
Chelmsford, MA) with a mobile phase containing Li3PO4, 0.85 mM 1-octanesulfonic acid
and 10% (v/v) methanol, and detected by a 2-channel Coulochem II electrochemical detector
(ESA, Inc.). Protein concentrations of tissue homogenates were determined using the Bio-
Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA) and the Perkin Elmer Bio Assay
Reader (Norwalk, CT). Dopamine, DOPAC and HVA concentrations are expressed as
nanograms per milligram protein.

Malonate lesion
The selective neuropathology in human Huntington’s disease brain can be mimicked in
laboratory animals by direct intrastriatal infusion of the mitochondrial complex II inhibitor,
malonate. Thus, malonate lesioning in rodents has been widely used as a model of
Huntington’s disease (Beal et al. 1993a). Four month-old wildtype (n=11) and DLST+/-

(n=10) mice were anesthetized with isoflurane inhalation (1-3%). Mice received a unilateral
stereotaxically-guided injection of malonate (1.5 μmol in 1.0 μl saline) into the left striatum
using coordinates (anterior to bregma +0.5 mm; lateral +1.5 mm; ventral from dura –4 mm)
ascertained from the mouse brain atlas of Paxinos and Franklin (2003). The injection needle
was left in place for 2-5 min to prevent backflow of infusate up the needle tract. Mice were
allowed to recover, and on day 7 post-surgery, mice were sacrificed under deep anesthesia
with sodium pentobarbital (120 mg/kg i.p.) by transcardial perfusion with 0.9% saline,
followed by 4% paraformaldehyde. The brains were removed and post-fixed in the same
fixative overnight.

3-nitropropionic (3-NP) acid lesion
3-NP, a plant toxin that inactivates mitochondrial succinate dehydrogenase, causes striatal
neuropathy similar to that seen in clinical HD. We treated eight month-old male DLST+/-

(n=8) and wildtype controls (n=8) with 3-NP delivered by subcutaneously implanted
miniature osmotic pumps. Mice were anesthetized by isoflurane inhalation and were
prepared for surgery. A small incision was made through the skin at the nape of the neck,
and the Alzet pump was inserted into the subcutaneous space. The dose of 3NP was 60 mg/
kg/day. The incision site was then sutured and animals were allowed to recover from the
anesthesia. Five days after surgery, mice were sacrificed and the brains were harvested. Half
of the brain was frozen in isopentane for biochemical studies and the other half was fixed by
immersion in 4% paraformaldehyde for 48 hours for histological analysis.

Histological analysis
After fixation, the tissues were cryoprotected in 30% sucrose and sectioned coronally (50
μm) using a cryostat. Immunohistochemistry was performed using a modified avidin-biotin-
peroxidase technique. Free-floating sections were pretreated with 3% H2O2 in 0.1 M PBS
for 30 min. The sections were incubated sequentially in (a) 1% bovine serum albumin (BSA)
and 0.2% Triton X-100 in PBS for 30 min, (b) primary antibody diluted in PBS/0.5% BSA,
(c) appropriate secondary antibody, either biotinylated anti-rabbit or anti mouse IgG (Vector
Laboratories, Burlingame, CA) diluted at 1:200 in PBS/0.5% BSA for 18 hrs, and (d)
avidin-biotin-peroxidase complex (Vector) with both reagents A and B diluted at 1:200 in
PBS for 1 hr. The immunoreaction product was visualized using 3,3’-diaminobenzidine
tetrahydrochloride dihydrate (DAB, Vector). The primary antibodies used were: affinity-
purified rabbit antibody against tyrosine hydroxylase (TH) from Chemicon (Temecula, CA),
polyclonal rabbit anti-malondialdehyde (provided by Dr. Craig E. Thomas from Hoechst-
Marion-Roussel; 1:1,000), mouse antibody against neuron-specific nuclear protein (NeuN)
(Chemicon), rabbit anti-nitrotyrosine (Upstate, Charlottesville, VA) 1:100, and goat anti-8-
hydroxydeoxyguanosine (Millipore, Temecula, CA) 1:100.
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Double label immunofluorescence was performed to demonstrate whether increased
malondialdehyde staining occurs in dopaminergic neurons. Sections were incubated for 18
hrs in the primary antibody mixture containing anti-tyrosine hydroxylase (1:100) and anti-
malondialdehyde (1:100). After rinsing with PBS, sections were incubated for 1 hr in a
mixture of Cy2-conjugated anti-mouse IgG (1:200) and Cy3-conjugated anti-rabbit IgG
(1:200; Jackson Immuno Research, West Grove, PA). Sections were examined using a
confocal microscope.

Quantification
A stereological technique (optical fractionator) based upon unbiased principles of systematic
uniformly random sampling was used to estimate the number of TH-immunoreactive, Nissl-
positive cells, as well as malondialdehyde-immunoreactive neurons in substantia nigra pars
compacta (SNpc). The system consisted of a Nikon Eclipse E600 photomicroscope equipped
with LEP motorized X-Y mechanical stage and StereoInvestigator software (v3.45;
Microbrightfield, Burlington, VT). Three series of 50-μm thick cryosections were cut. Each
series contained ~7 sections containing the SNpc. The final mounted section thickness
averaged ~20 μm. The size of the x-y sampling grid was 140 μm × 140 μm. The counting
frame thickness was 14 μm with 3-μm guard zones. The stereological cell counts represent
the estimated total number of cells in the SNpc.

For estimating 3-NP and malonate lesion volume, 50 μm serial cryosections (250 μm apart)
per animal were analyzed. The cavalieri method (StereoInvestigator software, v3.45;
Microbrightfield, Burlington, VT) was used. The sections were analyzed under 4x objective
with 100 μm grid spacing.

A qualitative examination was performed to analyze immunoreactivities of 8-hydroxy-2-
deoxyguanosine (8OH2dG) and nitrated tyrosine. The analysis was done using 7 sections
per animal (n=5 per group).

Statistics
Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis of the
data was performed using student t test or one way analysis of variance followed by the
Student-Newman-Keuls post test or unpaired Student’s t test, when appropriate, using the
GraphPad Instat software (San Diego, CA). A p value of < 0.05 was considered statistically
significant.

RESULTS
Levels of mRNA and protein of KGDHC subunits in DLST+/- and DLST+/+ mice

Brain samples from the wildtype and DLST+/- littermates were assayed for the levels of
mRNA and protein of the three subunits of KGDHC by real-time PCR. In DLST+/- mice, the
DLST mRNA and protein contents were 53% and 54%, respectively, compared to that of
DLST+/+ mice (Fig 1). In contrast, the mRNA and protein levels of the other 2 subunits of
KGDHC in DLST+/- mice did not differ from the DLST+/+ mice (Fig 1).

KGDHC activity in brains of DLST+/- mice
KGDHC activity reaches adult level by postnatal day 30 (Buerstatte et al. 2000). Thus, 6-
week-old age was chosen for the characterization of DLST+/- mice. The consequences of a
reduction in the DLST protein on the overall KGDHC activity in brains of DLST+/+ and
DLST+/- mice (6 weeks old) were examined by two methods. KGDHC activity in whole
brain homogenates of DLST+/- mice was reduced by ~40% compared to that of DLST+/+

mice (Fig. 2A). KGDHC activities in different regions of brains from DLST+/+ and DLST+/-
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mice were assessed by an in situ histochemistry activity stain method. Significant reduction
in the KGDHC activity of DLST+/- compared to the DLST+/+ mice was observed in
olfactory blub (73%), hippocampus (70%), neocortex (79%), striatum (74%), thalamus
(72%), hypothalamus (78%), midbrain (73%), cerebellum (86%) and hindbrain (71%) (Fig.
2B).

KGDHC activity during development
KGDHC activity was measured in brain homogenates obtained from mice at ages that
ranged from embryonic day 15.5 (E15.5) to postnatal day 10 (P10), P30, P42, P105 and
P196. KGDHC activity was detectable at E15.5, reached 12.9 mU/mg at P30 and did not
increase further (Fig. 3). Further, KGDHC specific activity at each time point was
diminished in the DLST+/- mice.

Mitochondrial enzymes activities
We compared the activities of several key tricarboxylic acid cycle (TCA) enzymes
(KGDHC, PDHC, MDH), respiratory chain complexes (Complex I and IV) and antioxidant
enzymes (GR, GPx1, ME, MnSOD) in brain mitochondria isolated from adult DLST+/+ and
DLST+/- mice (see the abbreviation section for enzymes’ full names). Fig. 4A shows that
except KGDHC, the activity of which in DLST+/- mice mitochondria was reduced by about
40% compared to that in DLST+/+ mice mitochondria, other activities of evaluated
mitochondrial enzymes were similar in DLST+/- and DLST+/+ mitochondria. There is also
no difference in protein levels of mitochondria antioxidant enzymes (GR, GPx1, MnSOD)
(Fig. 4B). Therefore, it may be concluded that DLST+/- brain mitochondria exhibit no overt
bioenergetics abnormality except the loss of DLST.

Body weight, sex and genotype ratios
No significant difference in body weight was observed between the DLST+/+ (20.61 ± 0.69
g) and DLST+/- (20.86 ± 0.96 g) mice at the age of 6 weeks. The sex ratio for DLST+/+ pups
was 1: 0.91 (male: female) whereas the ratio for DLST+/- pups was 1:1.16. The genotype
ratio of DLST+/+ to DLST+/- pups from breeding of DLST+/- mice was nearly 1:2, as
expected of Mendelian inheritance.

MPTP Studies
Administration of MPTP produced a significantly greater reduction of striatal dopamine as
well as tyrosine hydroxylase-positive neurons in the SNpc of DLST+/- mice than in wildtype
controls. MPTP induced dopamine depletion in the striatum by 59% in the wildtype control
mice and 73% in the DLST+/- mice (Fig. 5A). Stereological analysis of TH-immunostained
nigral sections revealed that MPTP reduced the number of dopaminergic neurons in the
SNpc by 25% in wildtype control mice and 42% in the DLST+/- mice (Fig. 5B and C).

MPTP treatment increases malondialdehyde, a product of lipid peroxidation, in mouse brain
(Sriram et al. 1997). Using an antibody against malondialdehyde-modified protein, levels of
lipid peroxidation were examined in the SNpc. MPTP induced increases in the number of
neurons intensely stained with malondialdehyde in wildtype control mice (Fig. 5D). DLST
deficiency enhanced the severity of MPTP-induced lipid peroxidation in the SNpc as
evidenced by a significantly higher number of malondialdehyde-labeled neurons in the
MPTP-treated DLST+/- mice compared to MPTP-treated wildtype controls (p<0.01; Fig.
5E). Double label immunofluorescence sections analyzed with confocal image show that
increased malondialdehyde staining occurs in TH positive and TH negative neurons in SNpc
(Fig. 5F).
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Malonate lesions
We also carried out studies to test the impact of DLST deficiency on vulnerability of mice to
malonate neurotoxicity. Areas of striatal neuron loss were measured in tissue sections that
were stained with an antibody against the neuronal marker NeuN (Fig. 6A). Malonate lesion
volumes in the DLST+/- mice were twice as large as the wildtype controls (2.6 ± 0.5 versus
1.3 ± 0.4 mm3 respectively; p< 0.05; Fig. 6B). Immunostaining with an antibody against the
inflammatory mediator, CD40 ligand (CD40L) revealed intensely stained astrocytes at the
site of malonate lesion in wildtype controls (Fig. 6C). In DLST+/- mice, the CD40L-labeled
astrocytes were hypertrophied and astrogliosis was more robust than in controls following
malonate (Fig. 6C). Furthermore, the striatum in the lesioned hemisphere was significantly
smaller in the DLST+/- mice (95.8 ± 0.5% of contralateral hemisphere) than in wildtype
controls (98.8 ± 0.3; p<0.001).

3-NP lesions
The 3-NP lesioned mice were assessed qualitatively for motor function. After five days of 3-
NP intoxication, when suspended by the tail, the DLST+/- mice displayed a sustained flexure
of both forelimbs and hindlimbs, while the wildtype mice showed less severe symptoms
(Fig. 7A).

For assessment of the extent of 3-NP induced damage to striatal mitochondria, a separate
cohort of mice were treated with 3-NP for 3 days to avoid developing massive striatal
lesions. We measured the activity of selected key mitochondrial enzymes in striata (Fig.
7B). After 3-NP treatment, the activity of citrate synthase (CS), a classical biochemical
marker of tissue mitochondria content, was ~35% lower in the striatum of DLST+/- mice as
compared to wildtype mice, in which CS has not been shown to be directly inhibited by
3NP. The activity of complex II (succinate dehydrogenase, SDH), which is a biochemical
marker of 3-NP toxicity, was inhibited by ~85% in both wildtype and DLST+/- mice. Note
that Complex I and II activities as well as the activity of KGDHC are normalized by the
activity of CS (mitochondria content). Surprisingly, we also found ~20% decrease in
activities of Complex I and the KGDHC in both wildtype and DLST+/- mice treated with 3-
NP. These may not be directly inhibited by 3-NP since in our in vitro control experiments 3-
NP (up to 2 mM concentration) did not inhibit the activity of these enzymes (data not
presented). Severe inhibition of complex II (SDH) diminishes the activity of Complex I and
KGDHC, and to a greater extent in DLST+/- mice than in their wildtype littermates.

The 3-NP-induced striatal damage was also examined in NeuN-stained sections from
DLST+/- and control mice after five days of 3-NP intoxication (Fig. 7C). Well-demarcated
areas of NeuN-labeled neuronal loss occurred in the striatum of both groups of mice. The 3-
NP lesion volumes were almost five-fold larger in the DLST+/- mice than controls (0.6 ± 0.1
vs. 0.13 ± 0.1 mm3 respectively; p< 0.05; Fig. 7D).

DLST deficient mice themselves did not show obvious changes in immunohistochemical
staining for nitrotyrosine, a marker for protein oxidation (Fig. 7E), and 8-hydroxy-2-
deoxyguanosine (8OH2dG), a marker for DNA oxidation (Fig. 7F), compared to the
wildtype controls. However, DLST deficiency enhanced the severity of protein and DNA
oxidations in the cortex of 3-NP treated DLST+/- mice as compared to 3-NP treated wildtype
controls (Fig. 7E and 7F).

DISCUSSION
There is substantial evidence implicating KGDHC deficiency in the pathogenesis of several
neurodegenerative diseases including AD (Gibson et al. 1988), HD (Klivenyi et al. 2004),
PD (Mizuno et al. 1990; Mizuno et al. 1994; Mizuno et al. 1995), and spinocerebellar ataxia
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(Mastrogiacomo and Kish 1994). We previously demonstrated that mice with a deficiency of
murine dihydrolipoamide dehydrogenase subunit (DLD+/-) have a 50% decrease in KGDHC
activity (Klivenyi et al. 2004). DLD however participates in other enzyme complexes like
pyruvate dehydrogenase complex (PDHC) and branched chain α-ketoacid dehydrogenase
complex, and we found that DLD+/- mice have a significant reduction in PDHC activity in
cerebral cortex (Klivenyi et al. 2004).

Encoded by the dlst gene, DLST is a component unique to KGDHC. DLST contains
covalently bound lipoyl moieties and catalyzes the important intermediate step in the
KGDHC reaction sequence of α-ketoacid oxidation, transferring the succinyl moiety to the
CoA substrate to form succinyl-CoA (Reed and Hackert 1990). Several studies reported that
there is an association between polymorphisms (SNPs) in DLST and AD or PD (Nakano et
al. 1997; Kobayashi et al. 1998; Sheu et al. 1999b; Sheu et al. 1999a). However, other
reports from later studies concluded that there is no association (Kunugi et al. 1998;
Matsushita et al. 2001; Prince et al. 2001; Brown et al. 2004). These controversial results
leave an uncertainty as to the possible role of polymorphisms in DLST in relation to these
neurodegenerative diseases.

The present study tested whether a reduction in the DLST subunit of KGDHC alter the
overall KGDHC activity and susceptibility to mitochondrial toxins. The DLST+/- mice were
characterized at levels of mRNA, protein and activity of KGDHC, as well as phenotypes
including body weight, ratio of sex and ratio of genotype. Characterization of the DLST+/-

mice at the levels of mRNA and protein showed that the DLST mRNA and protein were
both reduced by about 50% in DLST+/- mice as compared to DLST+/+ mice, while the
mRNA and protein levels of the other two subunits (OGDH and DLD) were not altered. In
comparisons of the spectrum of key mitochondrial enzymes in isolated mitochondria from
the brain tissue we found that except for the reduction in KGDHC activity in DLST+/- mice,
the other evaluated mitochondrial enzyme activities were similar in DLST+/- and DLST+/+

mitochondria. These findings demonstrate a specific disruption of the DLST mRNA, and
indicate that no compensation occurs in the other two subunits (OGDH and DLD) in
KGDHC as well as in other key mitochondria enzymes when the DLST subunit is reduced
by 50%.

Furthermore, the DLST+/+ and DLST+/- mice showed no significant differences in body
weight. The sex ratio for either DLST+/+ or DLST+/- mice is about 1 to 1. The ratio of
DLST+/+ to DLST+/- pups from breeding of DLST+/- mice is close to 1:2, suggesting that
DLST+/- mice have a similar survival rate as the DLST+/+. No DLST-/- mice were born,
which agrees with the previous study on DLD mice in which DLD-/- mice die prenatally
with apparent development delay (Johnson et al. 1997). Thus, a complete loss of DLST is
fatal to embryo development, and about half of KGDHC activity is enough for normal
development, as shown by the developmental study of KGDHC activity. The KGDHC
activity is low in prenatal E15.5 and increases in P10 and reaches adult levels in P30. This
agrees with a previous study showing that KGDHC activity rises steeply from between P10
and attains adult levels by P30 (Buerstatte et al. 2000). A neurohistological survey of cresyl
violet-stained brain sections of DLST+/- mice did not reveal any apparent structural
abnormalities (Calingasan et al. 2008). The size and morphology of different brain regions,
ventricles and the neurons appeared normal. Using an antibody against glial fibrillary acidic
protein (GFAP) as a marker of astrocytes, no astrogliosis was observed. Immunostaining
with an antibody against the lipid peroxidation marker, malondialdehyde, did not show any
alteration in the DLST+/- mice. Furthermore, silver staining did not show any
neurodegenerative changes in the DLST+/- brain sections. The DLST+/- mice therefore
appear to have normal development and brain morphology.
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Previous studies show that MPTP and isoquinoline derivative neurotoxicity are associated
with reduced activity of KGDHC (McNaught et al. 1995; Joffe et al. 1998). The MPTP
metabolite MPP+ inhibits KGDHC, these effects may be mediated by oxidative stress.
KGDHC is sensitive to hyperoxia and a number of oxidants. Exposure of Chinese hampster
ovary cells to hyperoxia results in cell death and complete inactivation of KGDHC, whereas
KGDHC activity is preserved in cells that are resistant to hyperoxia (Schoonen et al. 1990,
1991). KGDHC is also inhibited by an oxidized derivative of dopamine (Shen et al. 2000)
and other oxidants including hydroxynonenal, H2O2 and peroxynitrite (Chinopoulos et al.
1999; Park et al. 1999; Gibson and Zhang 2002; Kumar et al. 2003). The inactivation of
KGDHC by peroxynitrite is particularly interesting since peroxynitrite mediated
neurotoxicity is strongly implicated in MPTP neurotoxicity (Schulz et al. 1995a; Hantraye et
al. 1996; Przedborski et al. 1996). Peroxynitrite is also implicated in PD since increases in 3-
nitrotyrosine staining of Lewy bodies and increased staining with antibodies to nitrated α-
synuclein are seen in Lewy bodies in the substantia nigra of patients with PD (Good et al.
1998; Giasson et al. 2000).

We previously investigated mice with a deficiency of DLD (Klivenyi et al. 2004). We
examined heterozygous DLD+/- mice since the homozygous DLD-/- mice die in utero at a
very early gastrulation stage (Johnson et al. 1997). Similarly, the DLST-/- homozygous mice
are never born. We demonstrated that mice which were deficient in DLD showed increased
vulnerability to MPTP, malonate and 3-nitropropionic acid (3-NP), which have been
proposed as models for PD and HD. Administration of MPTP resulted in a significantly
greater depletion of tyrosine hydroxylase positive neurons in the substantia nigra of DLD+/-

mice than that seen in wildtype littermate controls. Striatal lesion volumes produced by
malonate and 3-NP were significantly increased in DLD+/- mice. Studies of isolated brain
mitochondria treated with 3-NP showed that both succinate supported respiration and
membrane potential were suppressed to a greater extent in the DLD+/- mice.

In the current experiments, we tested whether a deficiency of DLST, a subunit that is unique
to KGDHC, also alters the vulnerability of mice to MPTP neurotoxicity. If a deficiency in
KGDHC contributes to PD pathogenesis, one might expect that these mice would show
increased vulnerability to MPTP, which is known to impair mitochondrial function. We
found that following MPTP administration the DLST+/- mice showed a greater loss of TH
stained neurons in the SNpc as compared to wildtype mice. There was also a significantly
greater reduction in dopamine levels in the striatum. The number of positive
immunoreactive neurons of malondialdehyde, a biomarker for lipid peroxidation, in the
SNpc was significantly increased following MPTP administration in the DLST+/- mice as
compared to wildtype mice. This shows that the DLST+/- mice are vulnerable to oxidative
damage produced by mitochondrial toxins.

We examined the effects of malonate lesions in the DLST+/- mice. Malonate is a reversible
inhibitor of mitochondria complex II (SDH). We and others have previously demonstrated
that intrastriatal injections of malonate produced lesions that in many respects resemble the
neuropathology of HD (Beal et al. 1993a; Greene et al. 1993). The lesions are blocked by
excitatory amino acid antagonists, and they are accompanied by increases in markers of free
radical damage and are attenuated by free radical scavengers (Beal et al. 1993a; Greene et al.
1993; Schulz et al. 1995b). In the present experiments, we found that striatal lesions
produced by malonate were markedly exacerbated in the DLST+/- mice. Lesion volumes
were approximately two-fold larger in the DLST+/- mice. Furthermore, the proliferation of
CD40L-labeled astrocytes was much greater in the DLST+/- mice as compared to wild-type
controls. This is consistent with the possibility that inhibition of the TCA cycle at both the
SDH as well as the KGDHC site may greatly exacerbate bioenergetic defects, and enhance
the production of free radicals.
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We also examined the effects of 3-NP in DLST+/- mice. 3-NP is a suicide inhibitor of the
mitochondrial TCA cycle enzyme, SDH (Alston et al. 1977; Coles et al. 1979). It is also a
reversible inhibitor in vitro of fumerase, another TCA cycle enzyme. Systemic
administration of 3-NP inhibits SDH in the whole brain, as well as in the liver and heart. It
results in abnormal succinate build up and inhibition of the mitochondrial TCA cycle.
Systemic administration of 3-NP produces selective lesions in the striatum which closely
mimic the neuropathologic features of HD, since it produces relative sparing of NADPH
diaphorase neurons, a characteristic feature of HD neuropathology (Beal et al. 1993b). In
baboons, it also produces a choreiform of movement disorder as well as dystonia (Brouillet
et al. 1995). Baboons show frontal type learning deficits, which are also characteristic of HD
deficits (Palfi et al. 1996). 3-NP induced lesions are attenuated in mice overexpressing
copper zinc superoxide dismutase (Beal et al. 1995). In current study mice deficient with
DLST were markedly more vulnerable to the neurotoxic effects of 3-NP. They showed
marked clasping of the fore- and hind-limbs, which was absent in wildtype mice. 3-NP
inhibited SDH activity by ~85% and also caused a ~20% decreases in the activities of
Complex I and KGDHC, which was greater in DLST+/- mice. 3-NP treatment significantly
reduced citrate synthase, consistent with a reduction in mitochondria content, in DLST+/-

mice. The lesions in these mice were more than four-fold larger than those seen in controls.
3-NP induced protein and DNA oxidations in the cerebral cortex of DLST+/- mice were
much more severe than those in wildtype controls. These results show that a selective
deficiency in KGDHC increases the vulnerability of mice to neurotoxic effects of 3-NP.

In summary, we found that DLST+/- mice show increased vulnerability to MPTP, malonate
and 3-NP. These deficits appear to be due to a specific decrease in KGDHC, since the DLST
subunit is confined to this enzyme complex. These findings, therefore, provide further
evidence that reductions in KGDHC may impair the ability of the brain to adapt and
contribute to the pathogenesis of neurodegenerative diseases.
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Abbreviations

DLST dihydrolipoyl succinyl transferase

DLD dihydrolipoamide dehydrogenase

OGDH α-ketoglutarate dehydrogenase

KGDHC α-ketoglutarate dehydrogenase complex

AD Alzheimer’s disease

HD Huntington’s disease

PD Parkinson’s disease

8OH2dG 8-hydroxy-2-deoxyguanosine

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

PDHC pyruvate dehydrogenase complex

C-I respiratory chain Complex I

COX cytochrome oxidase

MDH malate dehydrogenase

CS citrate synthase

ME malic enzyme (NADPH)
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SDH succinate dehydrogenase

GR glutathione reductase

GPx1 mitochondrial glutathione peroxidase 1

MnSOD mitochondrial manganese superoxide dismutase

TCA tricarboxlyic acid cycle
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Figure 1.
Gene expression and protein levels of KGDHC subunits in DLST+/- mice. A. Brain
homogenates were subjected to quantitative real-time PCR to assess changes in the mRNA
level of ogdh , dlst and dld subunits of KGDHC. mRNA for β-2-microglobulin (β2m) was
measured in the same sample as an internal control. Values represent means ± SEM of fold
changes over DLST+/+ mice from at least two independent experiments done in triplicate
after normalization to β2m. * P < 0.05. B. Total protein was isolated from brains of mice
and subjected to SDS-PAGE followed by Western blotting probed with antibodies against
OGDH, DLST or DLD. β-actin immunoreactivity was used as an internal control.
Representative blots are shown for three subunits and β-actin. C. Quantitation of protein
levels of OGDH, DLST and DLD. Values represent means ± SEM of relative densities of
the subunit from three independent experiments after normalization to β-actin. * P < 0.05.
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Figure 2.
KGDHC activity was reduced in brains of DLST+/- mice. A. Enzymatic activity was
measured in whole brain homogenates (6 week old mice). DLST+/- brains showed
significantly lower activity. B. Nitroblue tetrazolium (NBT) staining density, measured in
brain sections by in situ activity staining, was lower in each region of DLST+/- brains.
Abbreviations; Cb, cerebellum; Ctx, neocortex; HB, hindbrain; Hc, hippocampus; HT,
hypothalamus; MB, midbrain; OB, olfactory bulb; St, striatum; Th, thalamus. Data for each
group were done in at least three brains, in triplicate. * P < 0.05. All values represent means
± SEM.
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Figure 3.
KGDHC activity during development. Specific enzymatic activity was measured in
triplicate. Values represent means ± SEM. * P < 0.05. n = 3-9. No significant increase in the
activity after P30.
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Figure 4.
Enzyme activities in mitochondria of DLST deficient mice. A. The activity of mitochondria
KGDHC isolated from DLST+/- brains was half of that from DLST+/+ brains. Other
evaluated mitochondrial enzymes activities were similar in DLST+/- and DLST+/+

mitochondria. Values are means ± SEM. * p < 0.05. n = 12. B. Immunoblotting of MnSOD,
GR, and GPx1 proteins in isolated mitochondria shows no difference between DLST+/- and
DLST+/+. C-I, respiratory chain Complex I; COX, cytochrome oxidase; MDH, malate
dehydrogenase; PDHC, pyruvate dehydrogenase complex; KGDHC, α-ketoglutarate
dehydrogenase complex; ME, malic enzyme; GR, glutathione reductase; GPx1,
mitochondrial glutathione peroxidase 1; MnSOD, manganese superoxide dismutase.
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Figure 5.
DLST deficiency enhances MPTP toxicity. A. DLST deficiency enhances MPTP-induced
dopamine depletion in the striatum. *** p < 0.001, versus wildtype/PBS; * p < 0.05, versus
wildtype/MPTP. B. Tyrosine hydroxylase (TH) immunoreactivity in the substantia nigra
pars compacta (SNpc). Boxed areas on top are magnified in lower panel of
photomicrographs. C. Stereological analysis of TH-immunoreactive (TH+) neurons in SNpc
showing exacerbation of MPTP-induced TH+ neuron loss in the SNpc of DLST+/- mice.
Values are means ± SEM. * p < 0.05, versus wildtype/MPTP; ** p < 0.01 versus wildtype/
PBS. D. Malondialdehyde (MDA) immunoreactivity in the SNpc. Boxed areas on top are
magnified in lower panel of photomicrographs. E. Stereological analysis of MDA-
immunoreactive neurons in SNpc showing increased number of intensely stained neurons in
MPTP-treated DLST-deficient mice compared to MPTP-treated wildtype control. Values are
means ± SEM. ** p < 0.01 versus wildtype/MPTP. n = 10-12. I, Wildtype/PBS; II, DLST+/-/
PBS; III, Wildtype/MPTP; IV, DLST+/-/MPTP. F. Confocal images of combined
immunofluorescence of TH (green) and MDA (red) antisera showing co-existence (yellow)
in neurons in the SNpc of a DLST+/- mouse treated with MPTP. Arrows show a TH-positive
neuron with increased MDA immunoreactivity. Point bars show MDA immunostaining in a
TH-negative cell. Arrowheads show a TH-immunoreactive neuron without MDA-
immunoreactivity.
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Figure 6.
DLST-deficiency enhances malonate toxicity. A. NeuN-stained sections through the caudate
putamen lesioned with malonate show an exacerbation of the lesion in DLST+/- mice.
Broken lines show demarcation of the areas of NeuN-stained neuron loss. Boxed areas in the
photomicrographs are magnified in the lower panel showing the severity of loss of NeuN-
labeled neurons. B. Lesion volume analysis using stereological cavalieri method shows an
increase of lesion volumes in DLST+/- mice. Values are means ± SEM. * p < 0.05. n =
10-11. C. CD40L immunoreactivity in the caudate putamen lesioned with malonate. There is
marked proliferation and hypertrophy of CD40L-labeled astrocytes in DLST+/- mice. Boxed
areas in the photomicrographs are magnified in the lower panel. ec= external capsule, LV=
lateral ventricle, CPu= caudate putamen.
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Figure 7.
DLST-deficiency enhances 3-NP toxicity. A. Motor function in 3NP lesioned mice when
suspended by the tail. After 5 days of 3-NP intoxication, the DLST+/- mouse exhibited
sustained flexure of both forelimbs and hindlimbs, while the wildtype mouse showed less
severe symptoms. B. Effect of 3-NP treatment on the activity of mitochondrial enzymes in
striata of DLST+/- mice and their wild type littermates (see results for interpretation). * p <
0.05 compared with its respective control; # p < 0.05 compared to wildtype/3-NP. n = 3. C.
NeuN-stained sections through the caudate putamen lesioned with 3-NP show an
exacerbation of lesion in DLST+/- mice. Broken lines show demarcation of the areas of
NeuN-stained neuron loss. Boxed areas in the photomicrographs are magnified in the lower
panel to show the extent of loss of NeuN-immunoreactive neurons. ec=external capsule,
LV=lateral ventricle, CPu=caudate putamen; acp=anterior commissure, posterior part. D.
Lesion volumes obtained by stereological cavalieri method show an increase of lesion
volumes in DLST+/- mice. Values are means ± SEM, * p < 0.05. n = 8. E. Representative
photomicrographs of nitrotyrosine immunoreactivity in the cortex. Insets show the staining
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in neurons. F. Representative photomicrographs of 8-hydroxy-2-deoxyguanosine
immunoreactivity in the cortex. Insets show the staining in neuronal nuclei. n=5 in each
group. cg=cingulum. I, Wildtype/PBS; II, DLST+/-/PBS; III, Wildtype/3-NP; IV, DLST+/-/3-
NP. C-I, respiratory chain Complex I; C-II, Complex II; CS, citrate synthase; KGDHC, α-
ketoglutarate dehydrogenase complex.
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