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Abstract

Mitochondria actively participate in neurotransmission by providing energy (ATP) and

maintaining normative concentrations of reactive oxygen species (ROS) in both presynaptic and

postsynaptic elements. In human and animal epilepsies, ATP-producing respiratory rates driven by

mitochondrial respiratory complex (MRC) I are reduced, antioxidant systems are attenuated and

oxidative damage is increased. We report that MRCI-driven respiration and functional uncoupling

(an inducible antioxidant mechanism) are reduced and levels of H2O2 are elevated in mitochondria

isolated from KO mice. Experimental impairment of MRCI in WT hippocampal slices via

rotenone reduces paired-pulse ratios (PPRs) at mossy fiber-CA3 synapses (resembling KO PPRs),

and exacerbates seizure-like events in vitro. Daily treatment with AATP [a combination therapy

composed of ascorbic acid (AA), alpha-tocopherol (T), sodium pyruvate (P) designed to

synergistically target mitochondrial impairments] improved mitochondrial functions, mossy fiber

PPRs, and reduced seizure burden index (SBI) scores and seizure incidence in KO mice. AATP

pretreatment reduced severity of KA-induced seizures resulting in 100% protection from the

severe tonic-clonic seizures in WT mice. These data suggest that restoration of bioenergetic

homeostasis in the brain may represent a viable anti-seizure target for temporal lobe epilepsy.
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INTRODUCTION

Mitochondria are active participants in neurotransmission directly providing energy (ATP),

sequestrating calcium and maintaining normative concentrations of reactive oxygen species

(ROS) in both presynaptic and postsynaptic elements of the synapse (Ligon and Steward,

2000; Thiels et al., 2000; Knapp and Klann, 2002; Kamsler and Segal, 2003a; Hongpaisan et

al., 2004; Guo et al., 2005; Kann et al., 2011; Massaad and Klann, 2011; Chouhan et al.,

2012; Hall et al., 2012; Harris et al., 2012). In human epilepsies and animal models in which

seizures are induced with the chemoconvulsant kainic acid (KA), deficiencies of brain

mitochondria are prevalent and include reductions in the activity of ATP-producing

mitochondrial respiratory complex I (MRCI), diminished antioxidant systems (including

functional uncoupling), and increased oxidative damage (Wallace, 1992; Bruce and Baudry,

1995; DiMauro et al., 1999; Kunz et al., 2000; Mueller et al., 2001; Sudha et al., 2001;

Sullivan et al., 2003; Malthankar-Phatak et al., 2006; Jarrett et al., 2008; Vielhaber et al.,

2008; Kudin et al., 2009; Ryan et al.,, 2012). The chronic nature of these dysfunctions and

the role of mitochondria in neurotransmission raise the possibility that ‘pathologic’

mitochondria may contribute to a negative feedforward mechanism that exacerbates network

hyperexcitability.

Here, we report similar deficiencies in cortical and hippocampal mitochondria isolated from

epileptic Kv1.1 knockout (KO) mice, an idiopathic model that is clinically relevant to

several human epilepsy syndromes (Wenzel et al., 2007; Fenoglio-Simeone et al., 2009;

Simeone et al., 2013), and demonstrate that acutely inhibiting MRCI in wild-type (WT)

hippocampal slices reduces mossy fiber-CA3 PPRs and exacerbates epileptiform activity in

vitro.

We designed a treatment to test the hypothesis that synergistically targeting mitochondrial

impairments exerts anti-seizure effects in epileptic KO mice and against acute KA-induced

seizures. The combination treatment is composed of Ascorbic Acid, alpha-Tocopherol, and

sodium Pyruvate (referred to as AATP). Sodium pyruvate enhances ATP-producing MRCI

functions as an MRCI anaplerotic substrate that is preferred over glucose oxidation during

conditions of low ATP levels (Kovac et al., 2012), and can be converted to fatty acids to

enhance mitochondrial uncoupling. Pyruvate may aid in restoring energy sources and

attenuating the increase in lactate/pyruvate ratios, which have been reported during seizures

(Kawai et al., 2006). Ascorbic acid and alpha-tocopherol are scavengers of oxidizing

radicals that also exert cooperative redox interactions (Chaudière, and Ferrari-Iliou, 1999).

Alpha-tocopherol is also involved in increasing levels of the antioxidant catalase and free

fatty acids, enhancing functional uncoupling via peroxisome proliferator-activated receptor

gamma activation, and promoting mitochondrial biogenesis (Munteanu et al., 2006; Lian et

al., 2007; Wu et al., 2009; Yonutas and Sullivan, 2013). We report that daily AATP

treatment improved mitochondrial respiration and functional uncoupling, reduced ROS

levels, restored hippocampal PPRs and significantly attenuated seizure burden in KO mice.

In addition, pretreatment with AATP protected WT mice from severe acute KA-induced

seizures.
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MATERIALS AND METHODS

Animals

C3HeB/FeJ Kcna1-null (Kv1.1 knockout, KO) and wild-type (WT) mice were reared on a

12hr light/dark cycle with ad libitum access to food and water. All experiments conformed

to NIH guidelines in accordance with the United States Public Health Service's Policy on

Humane Care and Use of Laboratory Animals and were approved by Creighton University's

Institutional Animal Care and Use Committee.

Mitochondrial isolation and oxygen polarography

Mice were anesthetized with isoflurane and cortical and hippocampal tissues were quickly

micro-dissected on ice. Tissue was homogenized in isolation buffer (5×V/V in mM: 215

mannitol, 75 sucrose, 1 EGTA 20 HEPES and 0.1% BSA, pH 7.2 adjusted with KOH) and

mitochondria were isolated using differential centrifugation as we have described (Brown et

al., 2004). Isolated mitochondria were resuspended in isolation buffer without EGTA.

Protein concentrations were determined with Bradford's assay. Mitochondria (100 μg) were

resuspended in KCl respiration buffer (in mM: 125 KCl, 20 HEPES, 2 MgCl2, 2.5 KH2PO4,

pH 7.2) and placed in a sealed, thermostatically controlled chamber at 37°C. Oxygen

polarography was measured using a standard Clark-type electrode (Hanstech Instruments,

Ltd., Norfolk, England) as we have described (Sullivan et al., 2003, 2004). The following

sequential parameters were measured in duplicates per sample (see Fig.1A): Mitochondria

were energized via ATP-producing NADH:coenzyme Q oxidoreductase (complex I)-driven

state III respiration with 5 mM pyruvate and 2.5 mM malate (PM) and concurrent activation

of adenosine triphosphate (ATP) synthase by 150 μM adenosine diphosphate (ADP); state

IV respiration was initiated with oligomycin- (oligo-) induced inhibition of ATP synthase (1

μM); maximal respiratory rate (state V) was measured in the presence of the chemical

protonophore p-triflourometh-oxyphenylhydrazone (FCCP; 1 μM); and MRCI-respiratory

dependency was verified in the presence of the MRCI inhibitor rotenone (Rot). Oxygen

consumption in the presence of 100 and 400 μM H2O2 was determined in energized

mitochondria following stabilization of the ADP response. Functional uncoupling was

determined in energized mitochondria following application of free fatty acids (FA, 300 μM

palmitate) in state IV (with oligo) as we have described (Sullivan et al., 2004). Uncoupling

was reversed via chelation of fatty acids with BSA. Only samples with a respiratory control

ratio that was greater than 4 were analyzed. Unbiased assessment of the rate of oxygen

consumption was determined using computer-generated line of best-fit algorithm and nmol

of oxygen mg−1 min−1 was calculated.

Spectrofluorometric analysis of H2O2

Levels of ROS, specifically H2O2, were assessed in energized mitochondria following 30

min incubation on ice with dichlorofluorescein, using a BioTek Synergy Microplate Reader

(BioTek, Winooski, VT) at 37°C, as we have described (Sullivan et al., 2003). Samples were

run in duplicates. Relative fluorescent units (Fmax/Fmin) in the presence of oligomycin

were normalized within sample to values of mitochondria alone.
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Immunofluorescent western blots

To probe for mitochondrial proteins, lysed isolated mitochondria (20 μg) were heated to

37°C for 5 min, ran through a 4-20% TGX pre-cast gel (Biorad, Hercules, CA), transferred

to a fluorescent appropriate membrane (Immobilon-Fl; Millipore, Billerica, MA) and

blocked using a 1:1 PBS to Odyssey's blocking buffer (Licor, Lincoln, NE). Mitochondrial

respiratory complexes (MRC) I-V proteins [MRCI: NDUFB8 subunit, II: 30kDa, III: core

protein 2, IV: subunit I, and V: alpha subunit] were simultaneously determined with

MitoProfile Total OXPHOS cocktail primary (1:1000; MS604, MitoSciences, Eugene, OR).

Uncoupling protein 2 (UCP2) was probed using lysed isolated mitochondria (heated to

99°C), ran through the precast gel, transferred and blocked. Rabbit anti-UCP2 (1:100;

AB3042, Millipore, Billerica, MA) and mouse anti-VDAC (housekeeping gene, 1:80,000;

73-204, Neuromab, Davis, CA) were used. After overnight incubation, the membranes were

probed with the appropriate fluorescent secondaries secondary antibodies (IRDye 680 or

IRDye 800CW; Licor, Lincoln, NE). WT and KO samples were run in duplicate on each gel.

Densitometric analysis was conducted using images captured on an Odyssey FC (Licor,

Lincoln, NE). Averages of the duplicates were determined and normalized to the WT values

within each gel.

Acute slice preparation and multi-electrode array recordings

Acute hippocampal slices were prepared and multi-electrode array recordings were

conducted as we have described (Simeone et al., 2011, 2013). Briefly, mice (P30-P40) were

anesthetized with isoflurane, decapitated, and their brains removed and quickly placed into

ice cold, oxygenated (95%O2/5%CO2) cutting artificial cerebrospinal fluid (aCSF)

containing (in mM): 206 Sucrose, 2.8 KCl, 1 CaCl2, 1 MgCl2, 2 MgSO4, 26 NaHCO3, 1.25

NaH2PO4, and 10 glucose (pH 7.4). Horizontal sections (350 μM) were cut and transferred

to a holding chamber for 1 hr with warm (32°C) oxygenated aCSF containing (in mM): 125

NaCl, 3.0 KCl, 2.0 CaCl2, 1.3 MgSO4, 26 NaHCO3, 1.25 NaH2PO4, and 10 glucose (pH

7.4). Slices were placed on a multi-electrode array (MED64 system, Alpha Med Systems,

Osaka, Japan). A custom probe cap allowed delivery of humidified air (95%O2/5%CO2)

and perfusion (1 ml min-1) of in-line pre-warmed oxygenated aCSF. The bath level was

maintained near interface. Rotenone (100 nM) or DMSO vehicle (0.01%) in aCSF was bath

applied for 60 min during which paired stimulations of the hilus (50 msec interval, intensity

set at 50% maximal response) were performed every 90 sec. Following completion of the

stimulation protocol, high potassium (8 mM) aCSF with either rotenone or vehicle was

perfused for 90 min to elicit seizure-like events (SLEs). Evoked and spontaneous events

were recorded with Mobius v2 (Witwerx Inc., Tustin, CA, USA) software and acquired at a

20 kHz sampling rate with a bandwidth of 0.1 Hz–10 kHz. Evoked data were analyzed in

Mobius v2. Input-Output (I/O) relationships of raw and normalized data were fit with a

Boltzmann equation to obtain stimulation intensities eliciting 50% of the maximum response

(V50) using Prism 6 software (Graphpad Software, Inc., La Jolla, CA, USA). Spontaneous

data were imported into Spike2 v7 software (Cambridge Electronic Design, Cambridge,

England) for analysis.
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Electroencephalography electrode implantation surgery and seizure scoring

Mice were maintained under isoflurane anesthesia and normothermic conditions. One

ground (1.5mm anterior lamba, 1.5mm lateral) and two subdural (1mm posterior Bregma,

1.5mm bilateral) cortical electro-encephalographic (EEG) electrodes were implanted,

secured and attached to a headmount. Following a 5-7 day recovery, seizures were

monitored using continuous infrared video surveillance system time-linked to EEG

technology (Pinnacle Technology, Inc.) as we have described (Fenoglio-Simeone et al.,

2009). During seizure monitoring, mice were single-housed in hexagon cages. EEG seizures

were identified using Pinnacle 8400 software and behavioral manifestations were manually

verified with time-stamped video recordings.

AATP pretreatment and acute KA induced seizures in WT mice

Adult WT mice were pretreated with AATP [two i.p. injections: ascorbic acid (250mg/kg)

and sodium pyruvate (500mg/kg) in saline immediately followed by alpha-tocopherol

(30mg/kg) in ethanol] or two matched volume vehicle injections. Thirty minutes following

pretreatment, KA was administered (15mg/kg, i.p.). Seizure severity was scored every 5 min

for three hours using a modified Racine scale (Fenoglio-Simeone et al., 2009): 0-normal; 1-

immobility; 2-head bobbing; 3-forelimb/hindlimb clonus, tail extension, a single rearing

event; 4-continuous rearing and falling; 5-severe tonic-clonic seizures. The most severe

seizure per 30 min epoch was recorded and plotted. Seizure burden index (SBI) scores of the

acute seizures were generated using the following equation: SBI = [Σ(σi)]/ε, where σ
indicates the most severe seizure; i indicates each stage of seizure (1-5); and ε indicates the

total number of epochs scored.

Daily AATP treatment in KO mice

Incidence and severity of each stage seizure was recorded in 1 min epochs for the first 15

min of each hour during the time period of highest seizure occurrence for KO mice

(00:00-08:00) (Fenoglio-Simeone et al., 2009). Seizures were monitored and scored in a

blinded manner (i) prior to treatment to establish baseline scores (~P21-P24); (ii) during the

last two days of the 4-6 day treatment regiment (~P28-29) [treatment consisted of chow

enriched in ascorbic acid and alpha-tocopherol (2.5g and 0.30g/kg chow, respectively;

Harlan Laboratories, Denver, CO) and sodium pyruvate enriched water (6.67 mg/ml)

provided ad libitum. Mice consumed 3.4±0.1g chow and 4.4±0.2ml water daily]; and (iii)

for 48 hrs following cessation of treatment (during which mice were switched back to

standard chow, from ~P30-31). As KO seizure severity and incidence increase with age,

seizures were also scored in a cohort of KO controls age-matched to the treatment cessation

group (~P31). SBI scores were calculated using the equation: SBI = [Σ(σiγi)]/ε, where σ
indicates the severity; i indicates each stage of seizure (1-5); γ is the incidence; and ε
indicates the total number of epochs scored.

Reagents and Statistics

Unless otherwise specified, all reagents were purchased from Sigma. Statistical significance

was determined using Student's t test or ANOVA with Bonferroni's post hoc test.

Simeone et al. Page 5

Exp Neurol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



RESULTS and DISCUSSION

Cortical and hippocampal mitochondria are ‘pathologic’ in KO mice

KO mice naturally develop seizures by postnatal day (P) 21 and experience approximately

seven daily electro-behavioral seizures that originate in the hippocampus and spread to the

cortex (Wenzel et al., 2007; Fenoglio-Simeone et al., 2009). In this idiopathic model, we

determined the MRCI-driven respiratory rates in young adult mice (P32-P38) (Fig.1A).

ATP-producing state III respiration was diminished by 32±2% in KO cortical and 36±5%

hippocampal mitochondria when compared to WT rates (cortical data shown in Fig. 1B,

p<0.05. Hippocampal KO: 115.2±8.6 vs. WT: 179.9±19.9 nmol O2 min −1mg −1, p<0.05;

n=6-9). The maximal rate of the electron transport (state V) was also reduced to a similar

degree in cortical (p<0.05, Fig. 1B) and hippocampal mitochondria (hippocampal KO:

193.0±18.2 vs. WT: 312.2±41.2 nmol O2 min −1mg −1, p<0.05; n=5). These data indicate

that mitochondria isolated from KO mice consume less oxygen compared to WT

mitochondria despite both groups receiving equivalent concentrations of substrates.

The diminished respiratory rates of KO mitochondria were not due to a reduction in the

expression of MRC proteins, as the levels of MRCI, II, III, IV and V were similar in KO and

WT mitochondria (n=6-8, data not shown), suggesting a posttranslational inactivation

mechanism. Previous studies have reported that ROS, specifically H2O2, inhibit

mitochondrial respiratory rates in rat liver cells (Corbisier et al., 1990), cardiomyocytes

(Konno and Kako, 1992) and human megakaryocytic cells (Austin et. al., 1998). We report a

similar effect in cortical mitochondria isolated from WT mice where acute application of

H2O2 inhibited MRCI-driven respiration by 29±8% (p<0.05; Fig.1C). In KO mitochondria,

the reduced MRCI-driven respiratory rates were associated with a 20±5% increase in H2O2

levels in cortex (p<0.05) and a 35±3% increase in hippocampus (p<0.0001; n=4-5; Fig.1D).

Previous studies report H2O2-mediated inhibition of respiratory rates may be due to direct

actions on MRCI (Ryan et al., 2012) or indirect actions via inhibiting aconitase and alpha-

ketoglutarate dehydrogenase (Tretter and Adam-Vizi 2000; Starkov et al., 2004), key

tricarboxylic acid cycle (TCA) enzymes upstream of MRCI substrate nicotinamide adenine

dinucleotide (NADH) generation. In addition to reductions in TCA cycle enzyme and MRCI

activity, antioxidant systems have been reported to be significantly reduced (including

plasma vitamin C levels) and oxidative damage elevated in patients with epilepsy (Kunz et

al., 2000; Mueller et al., 2001; Sudha et al., 2001; Malthankar-Phatak et al., 2006; Vielhaber

et al., 2008).

Functional uncoupling is an inducible mechanism to protect against mitochondrial ROS

formation (Sullivan et al., 2003; Sullivan et al., 2004; Andrews et al., 2005). In the brain,

uncoupling protein 2 (UCP2) is the dominant protein that shuttles protons across the inner

mitochondrial matrix in the presence of fatty acids, thereby uncoupling oxidation from ATP

production and reducing the probability of electron spinoff and subsequent ROS formation

(see Fig.1A). In epileptic KO mitochondria, UCP2 protein levels were reduced by 20±1%

(p<0.05) and functional uncoupling was reduced by 68±1% when compared to WT values

(p<0.01; Fig.1E), indicating a significant loss of function of the protein machinery that

promotes successful electron transport. These data support our previous findings showing
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that elevated H2O2 levels are associated with reduced mitochondrial uncoupling in adult rats

exposed to KA seizures (Sullivan et al., 2003). Indeed, proactively preventing the formation

of ROS, via enhancing functional uncoupling and reducing the existing ROS, have been

proposed therapeutic strategies for epilepsy (Sullivan et al., 2003; Sullivan, 2005; Rowley

and Patel, 2013, Kovac et al., 2012).

Whether MRCI impairment and the associated elevation in ROS enhances synchrony or

promotes hyperexcitable neuronal networks remains unclear. Under normative

concentrations, ROS act as small messenger molecules that facilitate synaptic plasticity

(Thiels et al., 2000; Knapp and Klann, 2002; Kamsler and Segal, 2003a; Hongpaisan et al.,

2004). However, at suprathreshold levels, ROS oxidize lipids, peptides and DNA, and alter

synaptic transmission and plasticity (Kamsler and Segal, 2003b; Massaad and Klann, 2011).

In cardiomyocytes, a mild increase in ROS acts as a signal to synchronize mitochondrial

membrane potential oscillations throughout the cell; and these oscillations are associated

with increasing action potential firing and excitability (Aon et al., 2003, 2006; Kurz et al.,

2010). In terms of MRCI function, limited capacity of oxygen consumption due to reduced

MRCI function is associated with less proton motive force available to drive ATP

production at MRCV. Approximately 97% of ATP is produced by oxidative

phosphorylation and neuronal mitochondria are strategically localized in regions of intense

energy consumption, including dendrites and presynaptic axon terminals (Ligon and

Steward, 2000; Harris et al., 2012). With the estimated cost of transmitting one bit of

information to be 25,000 ATP molecules, pre- and post-synaptic events (including

membrane repolarization by Na+/ATPase and K+/ATPases) consume an estimated 41% of

the ATP pools (Ligon and Steward, 2000; Hall et al., 2012; Harris et al., 2012). Therefore,

among potential consequences, a 30% reduction in ATP-producing respiratory rates may

attenuate the cell's ability to fully repolarize, thus increasing neuronal excitability. Indeed,

recent studies indicate that impairment of MRCI interferes with the ability of hippocampal

networks to oscillate at specific frequencies (Kann et al., 2011; Harris et al., 2012).

MRCI impairment exacerbates provoked hippocampal hyperexcitability

We determined whether experimentally impairing mitochondria in WT hippocampal slices

by reducing MRCI function with 100nM rotenone [a concentration known to elevate ROS

(Li et al., 2003)] alters hippocampal excitability. We performed extracellular recordings and

examined the mossy fiber-CA3 synapse, as it plays an important modulating role in CA3-

generated epileptiform activity. Bath application of rotenone slightly increased the

postsynaptic field potentials by 12±5% and decreased the paired pulse ratios (PPRs) by

20±4% (p<0.001, Fig.1F), suggesting increased release probabilities from mossy fibers.

Previous studies indicate that presynaptic neurotransmitter release probabilities depend on

mitochondrial functions, including ATP to support and regulate vesicular release and

recycling (Billups and Forsythe, 2002; Guo et al., 2005; Chouhan et al., 2012).

To determine whether MRCI impairment influences seizure-like events (SLEs), rotenone

was bath applied with high potassium (8mM)-containing aCSF, an in vitro model of

epileptiform activity (Traynelis and Dingledine, 1988). The resultant SLEs had increased

duration and frequency, as measured by inter-SLE intervals, compared to vehicle controls
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(Fig.1G). We and others have shown similar reduced mossy fiber paired pulse facilitation

and enhanced high potassium effects in KO hippocampal slices supporting the possibility

that MRCI dysfunction may contribute to the mechanisms of hyperexcitability in KO mice

(Simeone et al., 2013; Smart et al., 1998). These data further support the notion that

impairment of mitochondrial function dynamically engages a negative feedforward cycle

resulting in increased network excitability (Harris et al., 2012; Massaad and Klann, 2011;

Cunningham et al., 2006; Kann et al., 2011; Sullivan et al., 2003; 2004; Kudin et al., 2009;

Aon et al., 2003).

Daily treatment with AATP improves mitochondrial functions and mossy fiber-CA3 PPRs,
and reduces seizure burden in KO mice

AATP was designed to enhance ATP-producing MRCI respiratory rates, functional

uncoupling and antioxidant capacity. KO mice were treated daily with AATP and (i)

mitochondrial functions, (ii) synaptic PPRs, and (iii) seizure incidence and severity were

determined. AATP treatment significantly increased respiratory rates of cortical and

hippocampal mitochondria (cortical data shown in Fig.2A. Hippocampal state III of AATP-

treated KO: 231.3±22.4 vs. KO: 115.2±8.6 nmol−1mg−1min−1; n=3-4). When compared to

KO, ROS was reduced by 14±2% in cortex (1.66±0.07 vs. 1.46±0.03, p<0.05) and by

12±3% in the hippocampus (1.32±0.02 vs. 1.16±0.04, p<0.01; n=4-5) of AATP-treated KO

mice. Functional uncoupling of AATP-treated KO mice did not differ from WT controls

(cortex shown in Fig.2A. Hippocampus: AATP-treated KO: 2.4±0.4 vs. WT: 1.6±0.2).

Similar to our previous report (Simeone et al., 2013), the KO field potential slopes were

~225±9% larger than WT and PPRs were 51% lower at the mossy fiber-CA3 synapses

following paired-pulse stimulations (Fig.2B,C). In vivo AATP-treatment of KO mice

restored the in vitro PPRs to WT levels (Fig.2B), however, treatment did not influence the

field potential slopes (Fig.2C). Further examination of the normalized I/O relationships

revealed that the KO V50 was 17% lower than the WT V50 (49.7±1.85μA vs. 59.6±2.56μA,

p<0.05, n=4), and the AATP-treated KO V50 did not differ from WT (57±2.81μA, n=5; Fig.

2C). The restored PPRs and reduced V50 indicate that AATP-treatment decreases KO

excitability and neurotransmitter release probabilities at the mossy fiber-CA3 synapses.

However, the lack of an effect on the field potential slopes suggests that increased mossy

fiber-CA3 synaptic responses occur via another mechanism, such as increased action

potential duration. Future studies will examine this mechanism and determine whether it

may contribute to the lack of complete seizure freedom in AATP-treated mice (see below).

To account for treatment stabilization (Fig.2D), SBI and seizure incidence were analyzed

during the last two days of AATP treatment. Using intent-to-treat analyses, AATP treatment

significantly reduced seizure burden index (SBI) scores in KO mice [F(2,34)=4.7; p<0.05

(Fig.2E)] when compared to baseline. The reduction persisted following cessation of

treatment (p<0.05, compared to baseline) and was more apparent when compared to post-

treatment age-matched control KO mice (p<0.001). To discern between effects on seizure

severity and frequency, we analyzed the incidence among groups. The incidence of seizures

was significantly less in AATP-treated KO mice when compared to baseline scores

[F(2,25)=4.9; p<0.05]. This effect remained following cessation of treatment when

compared to age-matched controls (p<0.05; Fig.2E). Overall, AATP treatment reduced SBI
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by 51±8% in 7/9 subjects and incidence by 50±9% in 8/9 subjects. During the 48 hr

treatment cessation phase, more than two-thirds of mice retained >50% reduction in SBI

(69±7%) and incidence (73±8%) when compared to age-matched controls.

Ascorbic acid, alpha-tocopherol and pyruvate have either been used or considered for

epilepsy therapy (Rowley and Patel, 2013, Kovac et al., 2012), however, when administered

independently, preclinical and clinical studies have reported contradicting anti-seizure

results (Ogunmekan and Hwang, 1989; Levy et al., 1992; Ayyildiz et al., 2007; Xu and

Stinger, 2008). These studies combined with our data suggest that the synergistic

mechanisms of actions of the combination treatment of AATP may enhance anti-seizure

efficacy. Future studies will determine whether a longer treatment regiment will further

normalize ROS levels, restore hippocampal network responses and completely abolish

seizures in the KO mouse model of severe temporal lobe epilepsy.

Acute pretreatment with AATP to WT mice reduces severity of KA induced seizures

We have previously shown that reduced MRCI rates are associated with elevated ROS and

reduced functional uncoupling in mitochondria isolated from adult rats following KA

induced seizures (Sullivan et al., 2003). Therefore, we pretreated WT mice with either

vehicle or AATP 30 min prior to KA injection to determine whether targeting mitochondrial

functions a priori exerts anti-seizure effects. Electro-behavioral seizures were apparent

within the first 30 min following KA administration in both groups of mice (Fig.2F). AATP

pre-treatment did not influence the latency to onset of Stage 2 seizures. By 90 min, the entire

vehicle-treated cohort experienced Stage 3-5 seizures. Xu and Stringer (2008) reported that

when administered alone, tocopherol or ascorbic acid protected only 20% of mice from

severe KA induced seizures (Stage 3-5). We found that pretreatment with AATP protected

100% of subjects from Stage 4-5 seizures. A two-factor mixed model ANOVA with

repeated measures determined significant reductions of seizure severity in AATP-pretreated

WT mice when compared to vehicle-treated controls [Treatment F(1,8)=19.61; p<0.005;

Time F(5,40)=3.77; p<0.01; Fig.2G], specifically at 90, 150 and 180 min (Bonferroni

multiple comparisons post hoc test, p<0.05). Previous studies report elevated ROS levels

and MRCI impairment is apparent already by 3 hrs after KA-induced seizure onset and

continues for at least 24 hrs (Chuang et al., 2009; Sullivan et al., 2003). Here, we show that

MRCI impairment exacerbates the duration and frequency of seizure-like events in vitro

(Fig.1G). Collectively, these data suggest that synergistic mechanisms of actions of AATP

pretreatment may provide protection against the severe seizures induced by KA.

CONCLUSION

The primary results of this study are that (1) MRCI-driven respiratory and uncoupling rates

are reduced and ROS is elevated in mitochondria of epileptic KO mice. (2) Experimental

impairment of MRCI in WT hippocampal slices via rotenone reduces PPRs at mossy fiber-

CA3 synapses, indicating increased neurotransmitter release probabilities, and exacerbates

SLEs in vitro. (3) AATP treatment restores mitochondrial function, PPRs and attenuates

seizure burden in KO mice. (4) AATP pretreatment results in 100% protection from severe

KA-induced seizures in WT mice. Collectively, our data suggest active involvement of
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pathologic mitochondria in temporal lobe epilepsy and support the development of therapies

targeting the restoration of brain bioenergetic homeostasis.
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HIGHLIGHTS

• MRCI-driven respiratory and uncoupling rates are reduced and ROS is elevated

in mitochondria isolated from epileptic Kv1.1 knockout (KO) mice.

• Experimental impairment of MRCI in WT hippocampal slices via rotenone

reduces paired-pulse ratios at mossy fiber-CA3 synapses, indicating increased

neurotransmitter release probabilities, and exacerbates SLEs in vitro.

• Daily AATP treatment restores mitochondrial function, mossy fiber paired-pulse

ratios and attenuates seizure development resulting in a greater than 50%

reduction of seizure burden index (SBI) scores in more than two-thirds of KO

mice.

• AATP pretreatment results in 100% protection from severe KA-induced

seizures in WT mice.

• These findings underscore the importance of mitochondria in network

homeostasis and support mitochondria as a viable target for therapeutic

development.
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Figure 1. Impairment of mitochondrial functions is associated with epilepsy in vivo and
hyperexcitable hippocampal circuitry in vitro
(A) Schematic depicting oxidative phosphorylation, the binding of free electrons to

molecular oxygen to form ROS, and fatty acid-mediated proton transport thru uncoupling

protein (UCP) 2. (B) Raw WT oxygen polarographic trace illustrating respiratory rates and

quantification of state III and V respiratory rates by WT (white) and KO (black) cortical

mitochondria. Bars: 25 nmol O2 min −1 × 50 sec (n=5-7) (C) The change in stabilized state

III respiration following sequential application of 100 and 400 μM H2O2 to energized WT

mitochondria (n=3). (D) H2O2 levels of energized cortical and hippocampal mitochondria

expressed as a ratio of relative fluorescent units (Fmax/Fmin) (n=3-5). (E) Left: Densimetric

values of UCP2 protein immunofluorescent labeling normalized to VDAC in isolated

mitochondria (n=6). Right: Functional uncoupling following application of free fatty acids

(FA) to energized mitochondria in state IV was calculated as the percent increase in oxygen

consumption (n=3-4). (F) Paired-pulse ratios (PPR) at baseline (Base, white) and following

rotenone (Rot, green; n=6-7 slices, 6-7 mice). (G) Representative traces and quantification

of extracellular CA3 SLE duration and Inter-SLE intervals in hippocampal slices following
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application of vehicle (Veh, white) or Rot (n=3-7 slices, 3-7 mice). Bars: 0.5mV × 5min.

Data are expressed as the mean ± SEM, *p<0.05, **p<0.01, ***p<0.001.
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Figure 2. AATP treatment improves mitochondrial functions, PPRs and reduces seizure severity
(A) State III and V respiratory rates and functional uncoupling in KO mice treated with

AATP (n=3-4). WT and KO data are replotted. (B) Paired-pulse (PP) facilitation (n=4-6)

and (C) field potential slopes of WT (white), KO (black) and AATP-treated KO mice

(magenta) (n=4-5). Field potential slope values are presented as (Left) raw and (Right)

following I/O normalization across stimulation intensities. (D) KO Cortical EEG trace

depicting ictal spike-wave discharges associated with a Stage 5 seizure. Bars: 200μV × 10

sec. SBI at baseline and during each day of treatment (indicated by the dashed line, n=9).

(E) SBI at P21-P24 baseline (black, n=13), during the last two days of treatment (magenta,

Simeone et al. Page 17

Exp Neurol. Author manuscript; available in PMC 2015 January 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



n=9), and following cessation of treatment (grey, n=6); and in a cohort of age-matched

controls (striped, n=4). (F) Spike-wave EEG discharges associated with Stage 3 and 4

behavioral seizures. Scatterplot depicting the latency to onset in those that experienced Stage

2 and Stage 3-5 seizures (n=4-6). Bars: 250μV × 50s. (G) Line graph of the mean severity at

each epoch (collapsed across animals) and SBI scores (collapsed across time) (n=4-6). Data

are expressed as the mean ± SEM, *p<0.05, **p<0.01, ***p<0.001.
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