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Abstract
Understanding the molecular sequence of events that culminate in multiple abnormalities in brains
from patients that died with Alzheimer’s Disease (AD) will help to reveal the mechanisms of the
disease and identify upstream events as therapeutic targets. The activity of the mitochondrial α-
ketoglutarate dehydrogenase complex (KGDHC) in homogenates from autopsy brain declines with
AD. Experimental reductions in KGDHC in mouse models of AD promote plaque and tangle
formation, the hallmark pathologies of AD. We hypothesize that deficits in KGDHC also lead to
the abnormalities in endoplasmic reticulum (ER) calcium stores and cytosolic calcium following
K+ -depolarization that occur in cells from AD patients and transgenic models of AD. The activity
of the mitochondrial enzyme KGDHC was diminished acutely (minutes), long term (days) or
chronically (weeks). Acute inhibition of KGDHC produced effects on calcium opposite to those in
AD, while the chronic or long term inhibition of KGDHC mimicked the AD-related changes in
calcium. Divergent changes in proteins released from the mitochondria that effect ER calcium
channels may underlie the selective cellular consequences of acute versus longer term inhibition of
KGDHC. The results suggest that the mitochondrial abnormalities in AD can be upstream of those
in calcium.
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1. INTRODUCTION
Multiple changes including abnormalities in glucose and calcium homeostasis are apparent
in autopsy brains and cells from patients that died with Alzheimer’s Disease (AD). An
understanding of the pathological order of events that lead to AD is important for
understanding the disease process and for drug development. Although in the genetic forms
of AD the cause is known, in the vast majority of cases of AD, the causative event is
unknown. The experiments described in this manuscript test whether altered mitochondrial
function can lead to the calcium changes that occur in cells from AD patients.

1.1 Glucose metabolism in AD
A decline in glucose metabolism is an early and invariant change in AD that predicts who
will get AD and who will progress from mild cognitive impairment to AD (Jack CR Jr et al,
2010; Mosconi et al, 2008). Reduced activities in brain homgenates of key mitochondrial
tricarboxylic acid (TCA) cycle enzymes, whose decline is highly correlated to the clinical
dementia rating of the patients before they died (Bubber et al, 2005), may underlie the AD-
related reductions in brain metabolism. The decline in the TCA cycle α-ketoglutarate
dehydrogenase complex (KGDHC) may be particularly important (Gibson et al, 2005;
Gibson et al, 2000; Gibson et al, 1988,Chinopoulos & Adam-Vizi, 2006; Tretter & Adam-
Vizi, 2000). Reductions in KGDHC can be directly related to the pathophysiology.
Reductions in KGDHC activity promote plaque and tangle formation which suggests that
the mitochondrial changes can be an upstream event (Dumont et al, 2009; Karuppagounder
et al, 2009). The focus of this paper is to determine whether a reduction in KGDHC can also
lead to the abnormalities in calcium regulation that accompany AD.

1.2. Calcium regulation in AD
Calcium regulation is known to be altered with aging and AD (Berridge, 2010;
Bezprozvanny & Mattson, 2008; Gibson & Peterson, 1987; Peterson et al, 1985; Stutzmann,
2007; Supnet & Bezprozvanny, 2010). Calcium uptake is diminished in fibroblasts (Peterson
et al, 1985) and lymphocytes (Gibson et al, 1987) from patients with AD. Furthermore,
inositol trisphosphate (IP3) sensitive calcium stores in the endoplasmic reticulum (ER) are
exaggerated in fibroblasts from AD patients (Ito et al, 1994), in fibroblasts and neurons
cultured from mice bearing presenilin-1 (PS-1) mutations (Leissring et al, 2000), and in
hippocampus and cortical neurons from 3XTg AD mice (Stutzmann et al, 2004; Stutzmann
et al, 2006). Two possible mechanisms have been proposed to underlie the exaggerated ER
calcium stores in cells bearing PS-1 mutations. Presenilins control the ER calcium leak
channels, and PS-1 mutations that cause AD block these channels (Nelson et al, 2007; Tu et
al, 2006). The second possibility is that mutations in presenilin interact with the inositol
1,4,5-trisphosphate receptor (InsP3R) Ca2+ release channel and exert profound stimulatory
effects on its gating activity in response to saturating and suboptimal levels of InsP3. These
interactions result in exaggerated cellular Ca2+ signaling in response to agonist stimulation
(Cheung et al, 2008, Cheung et al., 2010). ER calcium stores are also altered in fibroblasts
from AD patients without presenilin mutations (i.e., the vast majority of patients). In these
patients, the cause of the changes in calcium regulation is unknown.

AD-causing mutations also alter cytosolic free calcium ([Ca2+]i) (Supnet & Bezprozvanny,
2010). PS-1 mutations enhance synaptosomal [Ca2+]i following exposure to depolarizing
agents, Aβ or mitochondrial toxins (Begley et al, 1999a). Diminishing the calcium release
from ER completely abrogates the enhanced mitochondrial dysfunction in synaptosomes
from PS-1 mutant mice (Begley et al, 1999a).
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1.3. Linkage of mitochondria and endoplasmic reticulum
Mitochondria and ER are structurally and functionally coupled (Giorgi et al, 2009;
Szabadkai & Rizzuto, 2007; Walter & Hajnóczky, 2005). The mitochondrial associated
membranes that bridge the mitochondria and ER contain presenilins (Area-Gomez et al,
2009). Calcium released from the ER selectively increases mitochondrial calcium (Rizzuto
et al, 1998), and consequentially alters mitochondrial function (Szabadkai et al, 2006)
including apoptosis (Giorgi et al, 2009), KGDHC activity and ROS production (Lawlis &
Roche, 1981; Tretter & Adam-Vizi, 2004; Tretter & Adam-Vizi, 2005) and enhanced ATP
generation (McCormack & Denton, 1979; Walter & Hajnoczky, 2005). Furthermore,
oxidants that inactivate KGDHC also elevates ER calcium stores (Huang et al, 2005).
Whether elevated ER calcium is directly caused by diminished KGDHC is unknown.

Few studies have examined the consequences of diminished mitochondrial function on ER
calcium regulation. The current experiments tested whether diminishing KGDHC alters ER
calcium levels in cultured neurons from embryonic or adult mice as well as in a mouse
neuroblastoma cell line. KGDHC was inhibited acutely with a specific inhibitor, long term
with adenovirus expressing shRNA to the E1k subunit of KGDHC and chronically by using
neurons cultured from transgenic mice with diminished KGDHC activity.

2. Materials and methods
2.1. Cell culture

N2a neuroblastoma cells (American Type Culture Collection, Manassas; VA) were
maintained at 37°C in a humidified incubator under 5% CO2 and 95% air in the complete
medium (DMEM supplemented with 10% fetal bovine serum) (Invitrogen; Carlsbad, CA).
Cells were trypsinized when they reached 80% confluence and were seeded into 24-well
plates (1×104 cells/well), 6-well plates (4×104 cells/well) or into Delta TPG dishes
(Bioptechs, Butler, PA) (2×104 cells/well) for in-situ KGDHC activity assay, adenovirus
infection and calcium measurements, respectively.

Cultured neurons were prepared from C57BL/6 mice or from E2k+/- mice (Yang et al,
2009). E2k [dihydrolipoyl succinyltransferase (DLST)] is the second subunit of KGDHC.
The Institutional Animal Care and Use Committee of Weill Cornell Medical College
approved all procedures with the animals. Neurons from embryos were prepared from the
cerebral cortices of E15.5 of C57BL/6 mice (Charles River, Wilmington MA) (Brewer &
Torricelli, 2007) and E2k+/- mice as described in detail previously (Huang et al, 2002).
Neurons were seeded onto poly-D-Lysine (Sigma; St. Louis, MO) coated 24-well plates (2 ×
105 cells /well) and poly-D-Lysine coated Delta TPG dishes (4 × 105 cells /dish) for in-situ
KGDHC activity assay and calcium measurements, respectively. Two hours after incubation
at 37°C in a humidified incubator with 5% CO2, the medium was replaced with neurobasal/
B27 medium containing 0.5 mM glutamine and 25 μM glutamate (Invitrogen; Carlsbad,
CA). The medium was changed to neurobasal/B27 medium without glutamate after 4 days
and the neurons were cultured for a total of 10 days before treatments.

Neurons from adults were prepared from the cerebral cortices of C57BL/6 mice (Charles
River, Wilmington MA) and E2k+/- mice (Yang et al, 2009) at 6 weeks of age as described
previously (Brewer & Torricelli, 2007). Cells were plated onto poly-D-Lysine coated Delta
TPG dishes at a seeding density of 4 × 105 cells /dish and incubated at 37°C in a humidified
incubator with 5% CO2. Two hours after plating, the medium was replaced with neurobasal
A/B27 containing 0.5 mM glutamine, 1 μg/ml Gentamycin and 5 ng/ml mouse FGF2
(Invitrogen; Carlsbad, CA). Medium was refreshed every four to five days and cultured for
10 days before treatments.
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2.2. KGDHC activity measurements
KGDHC catalyzes the following reaction: α-ketoglutarate + NAD+ + CoA → succinyl CoA
+ CO2 + NADH. Two well established assays were used to measure KGDHC activities.
Both methods use the specific substrate α-ketoglutarate (α-KG) to distinguish NADH
production from KGDHC to that from other enzymes (i.e. substrate specificity). One method
assays activity in cell lysates whereas the other assesses the activity in slightly
permeabilized cells in which the mitochondria are intact (an in situ assay).

KGDHC activity assay in cell lysates—N2a cells in 6-well plates at 24 hr and 48 hr
post-infection were washed twice with Dulbesso’s Phosphate Buffered Saline (D-PBS) and
lysed with 250 μl of cell lysate buffer (50 mM Tris-HCl pH 7.2, 0.4% Triton X-100, 0.2 mM
EGTA, 50 μM Leupeptin and 1 mM DTT). KGDHC activities were assayed immediately as
described previously (Gibson et al, 1988).

In situ KGDHC activity assay—The reaction for in situ activity staining is basically the
same as for the lysis method except that the reducing equivalents are coupled to nitroblue
tetrazolium (NBT). The reduced dye forms crystals which accumulate in proportion to the
reaction rate. In situ KGDHC activity of N2a cells or cortical neurons from embryos in 24-
well plates after treatment was assayed as described previously (Park et al, 2000; Shi et al,
2005).

2.3. Inhibition of KGDHC
Acute inhibition of KGDHC by carboxyethyl succinyl phosphonate (CESP)—
N2a cells, neurons from embryos and neurons from adult mice seeded in 24-well plates or
poly-D-Lysine coated Delta TPG dishes were treated with varying concentrations of CESP
[0, 10, 50 and 100 μM or diethyl succinyl phosphonate (DESP)] at room temperature for one
hr in a balanced salt solution (BSS): (140 mM NaCl, 5 mM KCl, 1.5 mM MgCl2, 5 mM
glucose, 10 mM HEPES, and 2.5 mM CaCl2, pH 7.4). Cells in 24-well plates were used for
in-situ KGDHC assay. Cells in Delta TPG dishes were used for calcium measurements.

Long term inhibition of KGDHC by adenovirus mediated shRNA to KGDHC—
The stability of the succinylphosphonates in water is unknown so long term inhibition was
modeled with adeno-virus’s. To knockdown E1k gene expression, eight shRNA targeting
E1k were designed, constructed and tested (Qiu et al, 2008). The shRNA with the strongest
knockdown activity (shR-E1-1) was constructed into an adenoviral vector under the control
of U6 promoter (DUAL-U6-EGFP). shR-E1-1 is composed of a sense strand
(GATGAGAAGATCTTGCACATGAA), a loop (TTCAAGAGA), an antisense strand
(TTGATGTGCAAGATCTTCTCATC) and a transcription termination (TTTTT) sequences.
A scrambled shRNA (shR-Scr) that does not target any specific gene was used as a control.
The sequence of the shR-Scr is
GACACGCGACTTGTACCACTTCAAGAGAGTGGTACAAGTCGCGTGTCTTTTTT.
The adenovirus expressing shRNA for E1k (Ad-E1k-shRNA) or scrambled shRNA (Ad-Sc-
shRNA) were made in collaboration with Vectorbiolabs (Philadelphia, PA).

N2a neuroblastoma cells and neurons from embryos seeded in 6-well plates or poly-D-
Lysine coated Delta TPG dishes were infected at the time of seeding with Ad-E1k-shRNA
or Ad-Sc-shRNA (MOI = 100). MOI is the Multiplicity of Infection = ratio of infectious
virus particles to cells. They were then incubated for 24 or 48 hr. The effect of E1k shRNA
on mRNA and protein levels of E1k and KGDHC activity was assessed with N2a cells by
real-time RT-PCR, Western blotting and KGDHC activity assay (see sections below).
Calcium measurements were assessed with both N2a cells and neurons from embryos (see
sections below).
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Chronic inhibition of KGDHC—Neurons from embryos and adults were harvested from
E2k+/- mice (Yang et al, 2009) and wild type mice and seeded onto poly-D-Lysine coated
Delta TPG dishes using methods described above. Although a more precise comparions with
the long term experiments would be to use E1k mice, they are not available. The activity of
KGDHC in the E2k+/- mice is reduced approximately the same in the E2k+/- mice as in the
neurons treated with adenovirus to reduce E1k.

2.4. Subcellular fractionation
N2a cells were seeded at 6 × 104 cells/cm2 on 10-cm dishes and maintained for 2 days prior
to the experiment. On the day of experiment, the medium was aspirated, and cells were
washed once with PBS. Cells were treated with CESP (acute inhibition of KGDHC) for 1 hr
or infected with adenovirus expressing E1k shRNA (long term inhibition of KGDHC) for 48
hr. After treatment, mitochondrial and cytosolic fractions were isolated by published
methods (Huang et al, 2003b; Yang et al, 1997).

2.5. SDS-PAGE and Western blotting
A 5X SDS-sample loading dye [50% glycerol, 250 mM Tris (pH 6.8), 10 mM EDTA, 10%
SDS and 0.04% bromophenol blue] was added to N2a cell lysates to achieve 1X final
concentration. Electrophoresis was done with a 4-20% Tris-Glycine gel (Invitrogen;
Carlsbad, CA) using 90 volts for three hr. Western blotting was performed as described in a
previous study (Shi et al., 2005, Shi et al., 2011) with different antibodies [E1k (1:1000
dilution, generated in collaboration with Rockland Immunochemicals Inc. Gilbertsville,
PA); cytochrome c (1:1000 dilution, BD Biosciences, San Jose, CA); actin (1:5000 dilution,
Sigma, St. Louis, MO)].

2.6 Real-time RT-PCR
Total RNA was isolated from N2a cells 24 hr and 48 hr post-infection by an RNeasy Plus
Micro kit (Qiagen; Valencia, CA). First strand cDNA was synthesized from the isolated total
RNA. Real-time PCR of E1k was performed using an Applied Biosystems 7500 Fast Real-
Time PCR system with pre-designed Taqman® gene expression assays (Applied
Biosystems; Foster City, CA) by a published method (Shi & Gibson 2011).

2.7. Measures of cytosolic free calcium ([Ca2+]i) in response to K+-depolarization
Cells in Delta TPG dishes were loaded with 2 μM Fura-2 AM (Invitrogen; Carlsbad, CA) in
BSS for one hr at room temperature and rinsed twice with BSS. [Ca2+]i of cells in 2 ml BSS
was monitored on the stage of an inverted Olympus IX70 microscope at room temperature
with a Delta Scan System from PTI (Photon Technology International, Lawrenceville, NJ).
Excitation wavelengths were alternated between 350 and 378 nm (band pass 4 nm) and
emission was monitored at 510 nm with a Hamamatsu C2400 SIT camera at 5 s intervals.
Basal [Ca2+]i was measured for one min. KCl (final concentration of 50 mM) was added to
induce the influx of Ca2+ and the signal was measured for another 5 min. Each value was the
average of 32 images taken within 5 s. Standard images of Fura-2 solutions with minimum
and maximum [Ca2+]i were taken at the end of each day’s experiment to calculate the
intracellular calcium concentrations (Huang et al, 1991).

2.8. Measures of bradykinin or caffeine releasable calcium stores (BRCS, CRCS)
Cells were loaded with 2 μM Fura-2 AM in BSS for one hr at room temperature and rinsed
twice with Ca2+-free BSS (140 mM NaCl, 5 mM KCl, 1.5 mM MgCl2, 5 mM glucose, 10
mM HEPES, 0.1 mM CaCl2, 1 mM EGTA, pH 7.4) (Gibson et al, 2002). Then, 2 ml of
Ca2+-free BSS was added to each dish and [Ca2+]i was monitored with the Delta Scan
System described in Section 2.7. Basal [Ca2+]i was measured for one min. Bradykinin (200
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nM) or caffeine (25 mM) (Sigma; St. Louis, MO) was added to release ER calcium and the
signal was measured for another 5 min. Each value was the average of 32 images taken
within 5 s. Standard images of Fura-2 solutions with minimum and maximum [Ca2+]i were
taken at the end of each day’s experiment to calculate the intracellular calcium
concentrations (Huang et al, 2004; Huang et al, 2005).

2.9. Statistical comparisons
Statistical differences for multiple comparisons were determined by ANOVA followed by
Student Newman-Keuls. Individual comparisons were done with a Student’s t-test. Every
experiment was done at least twice in triplicate which provided a minimum of n=6. The “n”
is included with each experiment.

3. RESULTS
3.1. Acute, long term and chronic inhibition of KGDHC

Succinylphosphonate and its cell permeable analogue carboxyethyl succinyl phosphonate
(CESP) are potent and selective inhibitors of KGDHC (Bunik et al, 2005). CESP produced
acute inhibition of KGDHC. On the other hand, the diethyl ester derivative of
succinylphosphonate (DESP) does not inhibit KGDHC. Thus, similar to using scrambled
shRNA as control for adenovirus E1k shRNA experiments, DESP provides a perfect control
for non-specific effects of CESP (Bunik et al, 2005). CESP caused a concentration-
dependent inhibition of in situ KGDHC activity. CESP (50 μM) inhibited KGDHC activity
by 60% in N2a cells (Figure 1A) and 35% in primary cultured cortical neurons (Figure 1B).
DESP had no effect (Data not shown).

Adenovirus expressing shRNA to the E1k subunit of KGDHC (Ad-E1k-shRNA) produced a
long term inhibition of KGDHC in N2a cells (i.e., 24 to 48 hours) (Figure 2). Adenovirus
expressing scrambled shRNA (Ad-Sc-shRNA) was used as control. The infection efficiency
of the Ad-E1k-shRNA was 70%, while that of the Ad-Sc-shRNA was 86%. E1k-shRNA
diminished the mRNA level of E1k by more than 80% at 24 and 48 hour post-infection as
compared to the Ad-Sc-shRNA infected cells (Figure 2A). Activity levels of KGDHC were
diminished by 15% and 30% at 24 and 48 hour post-infection, respectively (Figure 2B). The
percent (44%) of neurons infected was lower than N2a cells (70%). Thus, measuring overall
activity does not reflect activity in the infected neurons. KGDHC activity was diminished by
15.7% in the in situ assay. If we divide this by the percent infected, the estimated inhibition
is 35.7%. The calcium response was only measured in the infected cells. This percent
inhibition is nearly identical to the inhibition in N2a cells.

The use of neurons cultured from either embryos or adult mice with reduced activity of
KGDHC allowed us to study the effect of chronic inhibition of KGDHC. The activity of
KGDHC in brain of E2k+/- mouse is diminished by about one half as compared to that of the
wild-type mouse (E2k+/+) (Yang et al, 2009)

3.2. The response of cytosolic free calcium ([Ca2+]i) to K+-depolarization or to the release
of endoplasmic reticulum (ER) calcium was determined in three cell types

Two aspects of calcium regulation were assessed to test the consequences of inhibition of
KGDHC on calcium regulation in three different cell types (Figure 3). Both aspects of
calcium regulation were assessed by the measurement of [Ca2+]i. The first measure was the
response of [Ca2+]i to potassium depolarization (50 mM KCl). The responses of N2a cells
(Figure 3a), neurons from embryos (Figure 3b) and neurons from adults (Figure 3c) were
similar, but the magnitude and pattern of the responses differed. The second measure of
calcium regulation was the stores of calcium in the endoplasmic reticulum (ER). The stores

Gibson et al. Page 6

Neurobiol Aging. Author manuscript; available in PMC 2013 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were released with bradykinin (or caffeine in adult neurons) and the increase in [Ca2+]i was
determined. The responses of N2a cells to bradykinin (Figure 3d) was similar to that of
neurons from embryos to bradykinin (Figure 3e), or neurons from adults to caffeine (Figure
3f), but the magnitude and pattern of the responses differed.

3.3. The effects of reduced KGDHC activity on the response of [Ca2+]i to K+-depolarization
The responses of K+-induced changes in [Ca2+]i to acute, long term or chronic inhibition of
KGDHC were determined in multiple cell types (Figure 4). In N2a cells, acute inhibition of
KGDHC caused a dose-dependent reduction in the response of [Ca2+]i to K+ depolarization
(top panel, Figure 4A). For example, 100 μM CESP reduced the response of [Ca2+]i to K+

depolarization by 75%. The structural analogue DESP, which has no effect on KGDHC, did
not affect the calcium response. Acute inhibition of KGDHC did not alter the mitochondrial
membrane potential in N2a cells. N2a cells were loaded with TMRM (20 nM) and the
mitochondrial membrane potential was determined with the Delta scan system (Zhang et al.,
2001). Data from two independent experiments (n=144~277 cells) did not reveal any
significant differences between control (100.0 ± 3.3%) and 10 μM CESP (112.2 ± 3.9%) or
100 μM CESP (108.0 ± 3.7%). In neurons cultured from embryos, acute inhibition of
KGDHC did not significantly alter the response of [Ca2+]i to K+-depolarization (middle
panel, Figure 4A). In neurons cultured from adults, acute inhibition of KGDHC reduced the
response of [Ca2+]i to K+-depolarization by 44% (bottom panel, Figure 4A). Thus, acute
inhibition of KGDHC generally depresses the response of [Ca2+]i to K+-depolarization.

Long term and chronic inhibition of KGDHC produced a very different effect than acute
inhibition. Long term inhibition of KGDHC in N2a cells for 24 or 48 hours increased the
calcium response to K+ depolarization by 28% and 43%, respectively (top panel, Figure 4B).
Similarly, long term inhibition of KGDHC in neurons from embryos for 24 or 48 hours
increased the calcium response following K+ depolarization by 37% and 41%, respectively
(bottom panel, Figure 4B). Chronic inhibition of KGDHC in neurons cultured from either
embryos or adults exaggerated the calcium response to potassium depolarization by 34%
and 74%, respectively (Figure 4C). Although the reductions in KGDHC activity in the acute,
long term and chronic conditions were approximately equivalent, the consequences on the
calcium responses to depolarizing concentrations of K+ were very different.

3.4. The effects of reduced KGDHC on response of [Ca2+]i to the release of endoplasmic
reticulum (ER) Ca2+

Acute, long term or chronic inhibition of KGDHC selectively altered the bradykinin or
caffeine releasable calcium stores (BRCS or CRCS, respectively) from the ER (Figure 5).
Acute inhibition of KGDHC with CESP decreased BRCS by 10% in N2a cells (top panel,
Figure 5A) and by 71% in neurons cultured from embryos (middle panel, Figure 5A). CESP
reduced the CRCS by 36% in neurons cultured from adults (bottom panel, Figure 5A).
However, both long term and chronic inhibition of KGDHC altered ER calcium stores in a
different manner. Long term inhibition in N2a cells increased BRCS by 39% after 48 hr
infection (top panel, Figure 5B). The BRCS was increased by 11% and 29%, respectively,
after 24 hr and 48 hr inhibition in primary neurons (bottom panel, Figure 5B). The increases
in BRCS and CRCS were even more striking following chronic inhibition of KGDHC in
neurons from embryos (114%) or adults (35%) (Figure 5C). Thus, acute inhibition of
KGDHC produced a very different response than chronic or long term inhibition.

3.5 Release of cytochrome C from mitochondria upon acute inhibition of KGDHC
Cytochrome C is released from mitochondria following multiple mild metabolic insults and
provides a marker of alterations in the protein signaling that is regulated by the mitochondria
(Fiskum and Polster, 2004). Whether treatment of cells with CESP (acute inhibition of
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KGDHC) or infection with Ad-E1k-shRNA (long term inhibition of KGDHC) alters the
release of cytochrome C from mitochondria into the cytosol was tested in cells.
Mitochondrial and cytosolic fractions were separated from cells and were subjected to SDS-
gel electrophoresis and Western blotting. Acute inhibition of KGDHC by CESP increased
the release of cytochrome c from mitochondria to the cytosol by 63% and 80% as compared
to the control based in two independent experiments (Figure 6). The increased release of
cytochrome c is consistent with the reduced cytochrome c in mitochondrial fraction from
CESP treated cells (Figure 6). In contrast, cytochrome c was not detectable in cytosol in
cells infected with Ad-E1k-shRNA (i.e., long term inhibition of KGDHC, Figure 6).

4. DISCUSSION
An exaggerated calcium response to potassium depolarization or release of calcium from the
ER would be expected to disrupt normal neuronal function and predispose to neuron death.
These changes are well documented in fibroblasts from AD patients as well as neurons and
fibroblasts from cells and mice bearing PS-1 mutations. Whether diminishing the
mitochondrial TCA cycle enzyme complex KGDHC that is reduced in AD brains can
initiate the abnormalities in cellular calcium regulation has not been assessed previously.

4.1 Long term/chronic inhibition of KGDHC leads to changes that mimic the exaggerated
[Ca2+]i following K+-depolarization in cells from AD and PS-1 mutant mice

Elevated resting calcium levels and exaggerated calcium in response to stimulation
including KCl depolarization occur in neurons from transgenic mice bearing presenilin
mutations that cause AD. Although the calcium response in brain slices induced by a train of
action potentials are not very different in brain slices from PS-1 mutant mice (Stutzmann et
al, 2004), several studies demonstrate that PS-1 mutations lead to exaggerated response to
depolarization and increased resting calcium. An exaggerated elevation in calcium following
depolarization occurs in the cytosol in hippocampal neurons harvested from mice bearing
PS1 M146V1 mutations (Guo et al, 1999) or PS1[A246E] mutations (Schneider et al, 2001).
Synaptosomes prepared from this same strain also exhibit exaggerated elevations of [Ca2+]i
following exposure to the same depolarizing KCl concentration as in the current paper, as
well as to amyloid β-peptide, or a mitochondrial toxin (Begley et al, 1999b; Mattson &
Chan, 2003). The stronger synaptic potentiation of the CA3 to CA1 projection demonstrates
the physiological significance of the enhanced calcium response (Barrow et al, 2000).

Long term and chronic inhibition of KGDHC mimicked the exaggerated calcium levels
following K+-depolarization observed in cells from patients with AD and in mutant mice,
while acute inhibition of KGDHC produced the opposite response. Thus, the results are
consistent with the suggestion that long term or chronic inhibition of KGDHC leads to
changes in calcium regulation that are similar to those in neurons of mice that bear PS-1
mutations. The lack of change in the mitochondrial membrane potential suggests the effect
is not likely bioenergetic, but measures of redox potentials including NADH/NAD ratios,
glutathione and ATP would be required to conclusively make that conclusion (Jones and
Brewer, 2010; Panihar et al., 2008). In agreement with our in vivo and in vitro studies, a
recent modeling paper shows that ATP production is maintained with KGDHC deficiency
through a shift in metabolism (Smith and Robinson, 2011)

Nor did studies with Rhod-2 reveal any changes in mitochondrial buffering capacity (data
not shown). Thus, the inhibition of KGDHC may impair the calcium buffering capacity of
the ER, which in turn leads to exaggerated [Ca2+]i. The dys-regulated calcium levels would
sensitize the neurons to age-related metabolic and oxidative stress, which would promote
neurodegeneration.
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4.2. Long term/chronic inhibition of KGDHC leads to changes that mimic the exaggerated
ER calcium store in cells from AD and PS-1 mutant mice

Exaggerated release of calcium from the ER in response to activation of IP3 receptors occurs
in cells from AD patients and neurons from transgenic mice bearing presenilin mutations
that cause AD. The exaggerated ER calcium stores in fibroblasts from AD patients are
particularly well replicated in patients bearing PS-1 mutations (Ito et al, 1994), and in cells
from patients with “non-genetic” forms of AD (Huang et al, 1994). ER calcium stores are
also exaggerated in fibroblasts and cultured neurons from mice bearing PS-1mutations
(Leissring et al, 2000). Moreover, caffeine-gated stores are exaggerated in hippocampus and
cortical neurons from 3XTg AD mice (Stutzmann et al, 2004; Stutzmann et al, 2006).
Although the molecular basis of the changes in calcium in patients bearing PS-1 mutations
has been partially elucidated (see INTRODUCTION), the underlying mechanism in familial
AD caused by other mutations and sporadic AD patients is entirely unknown. The current
results suggest the changes could be secondary to abnormalities in the mitochondrial TCA
cycle since long term and chronic inhibition of KGDHC exaggerated the ER calcium store.
Increases in [Ca2+]i can alter synaptic activity by activation of calcineurin and calpains (Rao
et al, 2008), elevate production of amyloidogenic fragments of APP and diminish memory.
For example, strong data suggests that as a result of the specific interaction of PS1-M146L
with the InsP3R stimulates amyloid beta processing, an important feature of AD pathology
(Cheung et al., 2008).

4.3. Selective interaction of proteins with ER calcium channels may underlie the
differential calcium responses

The duration of inhibition of KGDHC selectively alters ER calcium regulation and this is
not associated with a change in bioenergetics large enough to alter the mitochondrial
membrane potential. Neither CESP in the current studies, nor α-keto-β-methylvalerate
(KMV) at concentrations that inhibited KGDHC similarly to the current studies (Huang et
al, 2003b), diminish the mitochondrial membrane potential. Alteration in NADH or
glutathione redox potentials or ROS production may be important and mild changes in these
are not necessarily reflected in the mitochondrial membrane potential (Panihar et al. 2008;
Jones and Brewer, 2010). Partial inhibition of KGDHC with CESP, in cerebellar granule
neurons from E2k+/- mice as well as in HEK cells caused a redistribution of metabolism
through the GABA shunt, but neither cell death nor evidence of energetic failure (Santos et
al, 2006; Shi et al, 2009). Concentrations of KMV that do not alter the mitochondrial
membrane potential cause release of cytochrome C from the mitochondria and activate
caspases (Huang et al, 2003a). Caspase activation also occurs in AD (Gastard et al., 2003).
Thus, inhibition of KGDHC alters mitochondrial-dependent protein signaling without
altering the mitochondrial membrane potential.

Alterations in the interaction of proteins that shuttle between mitochondria and ER to
regulate calcium channels in the ER provide a plausible explanation for the different
response following acute, long term or chronic inhibition of KGDHC. The release of
calcium through the IP3 sensitive calcium channels in the ER is modulated by more than 50
different proteins that can regulate the IP3 receptor including caspase 3, Bcl-2 family
members and cytochrome C (see reviews Decuypere et al, 2011a; Decuypere et al, 2011b).
Many of these same proteins associate with the mitochondria and the release of these
proteins from the mitochondria affect ER calcium dynamics (Boehning et al, 2003;
Boehning et al, 2004). The results demonstrate that acute inhibition of KGDHC increases
cytosolic cytochrome C release, while long term inhibition does not. Cytochrome C can
interact directly with the IP3 receptor. One nM cytochrome C blocks calcium-dependent
inhibition of InsP receptor function (Boehning et al, 2003; Boehning et al, 2004).
Stimulation of IP3 receptor by cytochrome c releases Ca2+ from ER. This would result in
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lower Ca2+ in ER, which is consistent with our findings that BRCS are reduced upon acute
inhibition of KGDHC. In addition to a direct interaction of cytochrome C, the processes
initiated by cytochrome C may play a critical role in the regulation of calcium release from
the ER. Release of cytochrome C can activate caspase 3 and the IP3 receptor is a substrate
for caspase 3. Following cleavage, the remaining channel domain is no longer IP3-sensitive
(i.e., no longer sensitive to bradykinin) (Assefa et al, 2004; Hirota et al, 1999). Such a
scenario could also underlie the decline in releasable ER calcium with acute inhibition of
KGDHC. Many proteins that modulate the ER calcium stores likely change with KGDHC
deficiency. Thus, the change in cytochrome C in this paper provides a “proof of principle”
for much more complicated alterations. Modifications in the location of these other proteins
may provide full explanation of the changes that we observe following chronic or long term
inhibition of KGDHC.

4.4. Altered gene expression may also contribute to the differential response of ER
calcium

The difference in the response of ER calcium in the acute, chronic and long term models
could also be related to altered gene expression in the chronic and long term models. In
mouse brain in vivo, chronic deficiency of KGDHC increases the expression of another
mitochondrial enzyme, malate dehydrogenase (our unpublished data). Furthermore, chronic
inhibition of KGDHC modifies the response of malate dehydrogenase to oxidative stress
(Shi et al, 2008). Mitochondrial metabolic inhibitors activate a mitochondrion-to-nucleus
stress signaling network that leads to alterations in gene expression that then affect a wide
variety of cellular processes (Amuthan et al, 2001; Biswas et al, 1999). These processes
include altered expression of the sarcoplasmic reticular ryanodine receptor-1, another major
ER calcium release channel, and potentiate the Ca2+ release in response to caffeine
(Amuthan et al, 2001; Biswas et al, 1999) (i.e., an AD like effect). Altered gene expression
can alter the ratios of the Bcl-2 family. Expression of anti-apoptotic Bcl-2 family members
decreases expression of IP3R-related ER Ca2+ release channels, leads to a reduction in the
Ca2+ release in response to IP3. Bcl-XL-over expressing cells exhibit lower IP3-mediated
Ca2+ release capacity (Li et al, 2002). These changes appear to be pathophysiologically
important. A reduction in calcium in the ER decreases the probability of Ca2+ dependent
apoptosis (Giorgi et al, 2009).

The results show that impairing a mitochondrial TCA cycle enzyme can lead to changes that
mimic the abnormalities in cells from AD patients and mice bearing PS-1 mutations. Thus,
correcting the mitochondrial deficit may also overcome abnormalities in calcium
homeostasis.
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Figure 1. Acute inhibition of KGDHC activity with CESP in N2a neuroblastoma (A) and
neurons cultured from embryos (B)
Cells on 24-well plates were incubated with KGDHC reaction mixture containing CESP (0,
10, 50 and 100 μM) for one hr at room temperature and in situ KGDHC was measured as
described in Methods. The CESP structural analogue DESP had no effect on KGDHC
(Bunik et al, 2005) (data not shown). Panel A is data from N2a cells (2 × 104 cells/well).
Panel B has results from neurons cultured from embryos (2× 105 cells/well). Values (percent
of control) are the means ± S.E.M. (n=8~10). *** Denotes significantly different (p<0.005)
from control.
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Figure 2. Both mRNA (A) and activity levels (B) show long term inhibition of KGDHC
Long term inhibition of KGDHC by adenovirus expressing shRNA to E1k in N2a cells
alters the levels of E1k mRNA and activity of KGDHC. N2a cells were seeded at a density
of 4 × 104 cells/well in 6-well plates and infected with100 MOI of Ad-E1k-shRNA or Ad-
Sc-shRNA. The cells were then cultured for indicated number of hours. The infection
efficiency was 70% to 86% for 24 hr of infection and 80% to 90% for 48 hr of infection.
Values are the means ± S.E.M. of changes relative to the control group (Ad-Sc-shRNA).
The mRNA level of E1k was measured by relative quantitative real-time PCR in triplicate
and normalized with beta-2 microglobulin (b2m) (n=15). KGDHC activity was normalized
with total protein (n=15). ** Denotes significantly different from control group (p<0.05).
*** Denotes significantly different from control group (p<0.005).
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Figure 3. Changes in [Ca2+]i in response to K+ depolarization (a-c) or the release of ER calcium
stores (d-f)
Calcium homeostasis was evaluated in multiple cell types by assessing the responses of
cytosolic free calcium to depolarizing concentrations of K+ (50 mM) in N2a (a), neurons
from embryonic mice (b), and neurons from adult mice (c). The release of ER calcium by
either bradykinin (200 nM) or caffeine (25 mM) was determined in N2a cells (d), neurons
from embryonic mice (e), and neurons from adult mice (f). The gray areas represent the
calcium integration between 60 sec to 360 sec above basal. The values represent an average
response of 187 to 355 neurons. The error bars represent the standard errors. In most cases
they were too small to see.
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Figure 4. Selective effects of acute (A), long term (B) or chronic inhibition (C) of KGDHC on K+-
induced changes in [Ca2+]i
The effects of inhibiting KGDHC acutely (CESP) (N2a cells or neurons from embryos or
adults), long term (shRNA) (N2a cells or neurons from embryos) or chronically (neurons
from embryos or adult E2k+/- mice) on depolarization induced changes in calcium were
determined. The vertical axis represents the integrated value for the peak calcium response.
Values are means ± S.E.M. The number of cells measured is represented by “n”. **Denotes
significantly different from control group (p<0.05). *** Denotes significantly different from
control group (p<0.005).
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Figure 5. Selective effects of acute (A), long term (B) or chronic inhibition (C) of KGDHC on the
bradykinin- or caffeine- induced release of ER calcium stores
The effects of inhibiting KGDHC acutely (CESP) (N2a cells or neurons from embryos or
adults),), long term (shRNA) (N2a cells or neurons from embryos) or chronically (neurons
from embryos or adult E2k+/- mice) on the releasable ER calcium were determined. The
vertical axis represents the integrated value for the peak calcium response. Values are means
± S.E.M. The number of cells measured is represented by “n”. ***Denotes significantly
different from control group (p<0.005).
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Figure 6. Acute inhibition of KGDHC induces the release of cytochrome c from mitochondria to
cytosol in N2a cell
N2a cells were treated with CESP (0 and 50 μM) at RT for 1 hr, or infected with Ad-E1k-
shRNA, or Ad-Sc-shRNA with 100 MOI at 37°C for 48 hr, cytochrome c protein levels
were determined in mitochondrial and cytosolic fractions. A representative blot shows the
release of cytochrome c to cytosol upon acute inhibition of KGDHC, but not in cells
subjected to long term inhibition of KGDHC. A replication experiment gave qualitatively
similar results.
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