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Abstract

Dimebon was originally introduced as an antihistamine and subsequently investigated as a
possible therapeutic for a variety of disorders, including Alzheimer's disease. One putative
mechanism underlying the neuroprotective properties of Dimebon is inhibition of mitochondrial
permeability transition, based on the observation that Dimebon inhibited the swelling of rat liver
mitochondria induced by calcium and other agents that induce permeability transition. Because
liver and brain mitochondria differ substantially in their properties and response to conditions
associated with opening of the permeability transition pore, we sought to determine whether
Dimebon inhibited permeability transition in brain mitochondria. Dimebon reduced calcium-
induced mitochondrial swelling but did not enhance the calcium retention capacity or impair
calcium-induced cytochrome C release from non-synaptic mitochondria isolated from rat brain
cerebral cortex. These findings indicate that Dimebon does not inhibit mitochondrial permeability
transition, induced by excessive calcium uptake, in brain mitochondria.
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Introduction

William Markesbery devoted a large portion of his remarkable career to the neuropathology
and mechanisms underlying late-onset neurodegenerative disorders including Alzheimer's
disease (AD). One of Dr. Markesbery's first papers on AD questioned the aluminum
hypothesis, demonstrating no significant difference in the aluminum content of various brain
regions in AD when compared to age-matched controls (Markesbery et al. 1981). He
subsequently became a major proponent of the oxidative stress theory of AD but cautioned
on the difficulty in distinguishing between cause and effect (Markesbery 1997). Dr.
Markesbery, together with colleagues including Mark Lovell, Allan Butterfield, and Mark
Mattson, investigated the mechanisms and consequences of oxidative damage as well as
potential therapeutics (Abdul et al. 2008; Sonnen et al. 2008; Lovell et al. 2009; Jicha and
Markesbery 2010; Jo et al. 2010). Oxidative stress, along with an elevation in intracellular
calcium, triggers opening of the mitochondrial permeability transition pore (mPTP) which
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has been implicated in Alzheimer's disease pathology (Bernardi et al. 2006; Du et al. 2009;
Reddy 2009). In the present study, we investigated the hypothesis that inhibition of
mitochondrial permeability transition may underlie the neuroprotective properties of a
putative therapeutic for Alzheimer's disease, Dimebon. Dr. Markesbery was an outstanding
investigator, clinician, and colleague, and it is a sincere pleasure to contribute to this special
issue in his honor.

Dimebon (Latrepiridine; 2,3,4,5-tetrahydro-2,8-dimethyl-5-(2-(6-methyl-3-
pyridyl)ethyl)-1AH-pyrido(4,3-b)indole)) was introduced as an antihistamine in Russia in
1983 (Mateeva 1983) and was subsequently investigated as a possible therapeutic for a
variety of disorders (Shadurskii et al. 1983; Galenko-laroshevskii et al. 1995, 1996). Based
on its neuroprotective and cognitive-enhancing properties in the CNS (Shadurskaia et al.
1986; Lermontova et al. 2000; Bachurin et al. 2001; Lermontova et al. 2001), Dimebon was
investigated as a possible treatment for Alzheimer's disease (Doody et al. 2008). Results
from the initial large-scale clinical trial indicated that Dimebon was safe, improved
cognitive performance, and decreased the rate of cognitive decline in patients with mild-to-
moderate Alzheimer's disease when compared to placebo controls (Doody et al. 2008).
However, a subsequent phase Il clinical trial found no significant improvement, and
additional clinical trials are ongoing (Miller 2010).

A variety of mechanisms have been proposed to account for the neuroprotective effects of
Dimebon. These include inhibition of NMDA receptors (Grigorev et al. 2003), histamine H1
receptors (Wu et al. 2008), voltage-gated calcium channels (Lermontova et al. 2001), or the
mPTP (Bachurin et al. 2003; Wu et al. 2008). The mPTP is a non-specific pore in the inner
mitochondrial membrane whose opening is triggered by excessive intramitochondrial
calcium accumulation and oxidative stress (Haworth and Hunter 1979; Zoratti and Szabo
1995). Opening of the mPTP results in rapid mitochondrial depolarization, mitochondrial
swelling, release of calcium from the mitochondrial matrix, and release of pro-apoptotic
proteins such as cytochrome C from the intermembrane space as a result of rupture of the
outer mitochondrial membrane (Brustovetsky et al. 2002). Bachurin and colleagues found
that Dimebon reduced the swelling of rat liver mitochondria induced by Ca2*, phosphate
ions, tert-butylhydroxyperoxide, MPP* (1-methyl-4-phenylpyridinium), and beta-
amyloid?>-35 (Bachurin et al. 2003). In the present study, we investigated the ability of
Dimebon to attenuate Ca%*-induced swelling, cytochrome C release, and Ca2* release of
isolated non-synaptic rat brain mitochondria.

Mitochondrial Isolation

Non-synaptic mitochondria were isolated from the cortex of male Sprague Dawley rats,
approximately 3 months of age, as previously described (Brown et al. 2006; Naga et al.
2007). Briefly, rats were euthanized under CO, anesthesia, and brains were rapidly removed
and dissected. The cortex was homogenized in isolation buffer (215 mM mannitol, 75 mM
sucrose, 0.1% BSA, 20 mM HEPES, and 1 mM EGTA, pH adjusted to 7.2 with KOH) using
a Dounce homogenizer. The homogenate was mixed with 30% Percoll in isolation buffer
and layered onto a discontinuous Percoll density gradient (24%, 40%) and centrifuged at
30,4009% g in a Sorvall SE-12 rotor for 10 min. Mitochondria were obtained from the
interface between the 24 and 40% layers. The mitochondrial fraction was resuspended in
additional isolation buffer and centrifuged at 16,7009% g for 15 min.
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Mitochondrial Swelling

Mitochondria, 100 g, were suspended in 100 pl of respiration buffer containing 5 mM
pyruvate, 2.5 mM malate, and 150uM ADP in a 96-well plate. To the above, 200 uM
Dimebon (obtained from Nanosyn, Menlo Park, CA), or 5 uM cyclosporin A was added and
the mixture was incubated for 15 min on ice. CaCl,, 250 pM, was added to induce mPTP
opening, and mitochondrial swelling was determined by monitoring the absorbance that was
recorded for 15 min at 540 nm, 37°C, on a Synergy Biotek Plate reader.

Mitochondrial Calcium Retention

Isolated non-synaptic mitochondria were resuspended in 2 ml of respiration buffer (125 mm
KCI, 0.1% BSA, 20 mm HEPES, 2 mm MgCly, 2.5 mm KH,POy4, pH 7.2, 50 mg protein/ml)
and placed in a constantly stirred and thermostatically controlled (37°C) spectrophotometer
(Shimadzu RF-5301PC). Ca2* Green-5 N hexapotassium salt (CaG5N), 100nM, was added
and a baseline reading obtained. This was followed by the addition of 5 mM pyruvate and
2.5 mM malate at 1 min, 150uM ADP at 2 min, and 1uM oligomycin at 3 min. Calcium
infusion was then initiated at a rate of 160 nmole calcium/mg protein/minute, using a
syringe pump (KD Scientific). The calcium infusion was stopped when mitochondria were
unable to sequester any more calcium and the CaGN signal increased continuously.

Cytochrome C Release

The protocol was similar to that used for mitochondrial swelling, except that after 10 min of
incubation with CaCl,, 37°C, the mitochondrial suspensions were centrifuged (16,2009xg,
4°C) to separate supernatants and pellets. About 25 pl of 4x Laemmili SDS sample buffer
was added and the samples were boiled for 10 min. Equal volumes of samples were loaded
onto SDS-PAGE gels, followed by western blotting for cytochrome C and the voltage-
dependent anion channel as a loading control.

Statistical Analysis

Statistical analyses were performed using either an unpaired ¢test or a one-way ANOVA
and Scheffe's post hoc analysis when appropriate. Results were considered significant when
P<0.05. The results are expressed as the group means = SD from at least three independent
experiments. The group size for each experiment is indicated in the figure legends.

Results

Dimebon Attenuates Calcium-Induced Mitochondrial Swelling But Does Not Alter Calcium
Uptake Capacity

Dimebon, 200 wM, attenuated swelling of non-synaptic rat brain mitochondria induced by
250 M CaCly, similar to the reduction in swelling provided by 5 uM cyclosporine A (Fig.
1). However, unlike CsA, Dimebon did not improve the calcium uptake capacity of the rat
brain mitochondria (Fig. 2).

Dimebon Does Not Alter Calcium-Induced Cytochrome C Release

Calcium uptake by mitochondria leads to cytochrome C release (Brustovetsky et al. 2002;
Kobayashi et al. 2003). We therefore sought to determine whether Dimebon protected
against the Cytochrome C release. Dimebon did not significantly reduce the amount of
cytochrome C release following incubation with 250 M CaCl, for 30 min, whereas CsA
was effective (Fig 3).

To determine whether Dimebon might be more effective against milder or shorter insults,
we evaluated the ability of Dimebon to reduce cytochrome C release following incubation of
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non-synaptic rat brain mitochondria with 62.5-250 .M CaCl, for 10 min. The results
demonstrate that Dimebon was ineffective at each of the CaCl, concentrations (Fig 4).

Discussion

The previously demonstrated ability of Dimebon to attenuate swelling of rat liver
mitochondria induced by Ca2* and other insults suggested that inhibition of the
mitochondrial permeability transition pore may be one mechanism by which Dimebon
protects brain mitochondria from neurodegeneration associated with AD (Bachurin et al.
2003). However, swelling of brain mitochondria following mPTP opening is less extensive
than in liver mitochondria (Berman et al. 2000; Kristian et al. 2000; Hansson et al. 2003;
Kobayashi et al. 2003). In the present study, we therefore investigated the ability of
Dimebon to protect against calcium-induced permeability transition in rat brain
mitochondria using additional indicators of permeability transition including mitochondrial
calcium uptake capacity and cytochrome C release.

The results demonstrate that in isolated mitochondria from rat brain, Dimebon attenuates
Ca?*-induced swelling but does not alter cytochrome C release or Ca2*-uptake capacity. The
finding that Dimebon reduces mitochondrial swelling but not other consequences of
permeability transition is puzzling but not unprecedented. In screening putative inhibitors of
mPTP for brain disorders, Morota and colleagues found that Propofol reduced brain
mitochondrial swelling but did not improve calcium retention capacity, whereas Topiramate
improved calcium retention but did not reduce swelling (Morota et al. 2009). This supports
previous observations that mitochondrial swelling can occur independently of mitochondrial
permeability transition, depending upon experimental conditions (Morota et al. 2009). It is
therefore important to demonstrate that pharmacologic inhibitors protect against more than
one symptom of permeability transition such as swelling, depolarization, and release of
calcium and proapoptotic proteins. The inability of Dimebon to improve the calcium
retention capacity or impair cytochrome C release following incubation of rat brain
mitochondria with CaCl, argues against inhibition of the mPTP as a neuroprotective
mechanism for Dimebon.
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Fig. 1.

Dimebon attenuates calcium-induced swelling of rat brain mitochondria. Non-synaptic
mitochondria from rat brain were incubated with 250 uM CaCl, for 15 min in the presence
or absence of 200 M Dimebon or 5 M cyclosporine A (CsA) for 15 min. Mitochondrial
swelling was monitored by a decrease in absorbance at 540 nm. Dimebon attenuated the
calcium-induced swelling by 39% (P < 0.01), while CsA reduced swelling by 53% (P<
0.01). The results are expressed as the percentage of swelling induced by incubation with
CaCl, without Dimebon or CsA and represent the mean = SD, n=6
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Fig. 2.

Dimebon does not alter calcium retention of rat brain mitochondria. Isolated non-synaptic
mitochondria were placed in a constantly stirred, temperature-controlled cuvette as
described in “Methods”. CaG5N fluorescence was monitored continuously. a Representative
traces of CaG5N fluorescence from the onset of CaCl, administration (160 nmol Ca2*/mg
protein/minute). The time and amount of CaCl, infused until the subsequent rise in CaG5N
fluorescence, signifying mitochondrial permeability transition and Ca2* release, was
calculated. CsA (5 wM), included as a positive control, greatly enhanced the calcium
retention capacity of non-synaptic rat brain mitochondria as described previously (Naga et
al. 2007). b Quantitative results from four animals in each group. The calcium retention
capacity of mitochondria treated with Dimebon (200 M) was similar to that of
mitochondria incubated with CaCls in the absence of Dimebon. Results are the mean + SD,
n=4
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Fig. 3.

Dimebon does not alter calcium-induced cytochrome c release from rat brain mitochondria.
Non-synaptic mitochondria from rat brain were incubated in 250 .M CaCls, for 30 min, then
centrifuged and cytochrome C evaluated in the supernatant and pellet by western blotting.
Dimebon (200 M) or cyclosporin A (CsA, 5 M) was added to the incubation media. The
voltage-dependent anion channel (VDAC), a mitochondrial protein, was monitored as a
loading control. Alamethacin was used to induce maximal cytochrome C release for
comparison with CaCl,. a Representative western blots of the pellet and supernatant
fractions. b Quantitative results from four animals in each group (mean + SD). The results
demonstrated calcium-induced cytochrome C release from rat brain mitochondria but that
Dimebon did not influence the extent of cytochrome C release, in contrast to CsA
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Fig. 4.

Dimebon does not alter calcium-induced cytochrome c release from rat brain mitochondria
following 10-min incubation. To determine whether Dimebon could attenuate cytochrome C
release following milder or shorter insults, we incubated non-synaptic rat brain mitochondria
with 62.5-250 .M CaCl, for 10 min. Dimebon was ineffective at each of the CaCl,
concentrations. Quantitative results are the mean £ SD, n=3
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