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Abstract. Dimebon, a drug currently being evaluated in multiple Phase III Alzheimer’s disease trials, has previously been shownto
have effects on isolated mitochondria atµM concentrations. Here the effects of nM concentrations of Dimebon on mitochondrial
function were investigated both in primary mouse cortical neurons and human neuroblastoma cells (SH-SY5Y). Under non-stress
conditions nM concentrations of Dimebon increased succinate dehydrogenase activity (MTT-assay), mitochondrial membrane
potential (∆Ψm), and cellular ATP levels. Dimebon treatment had no effecton mitochondria DNA content, implying that
mitochondrial biogenesis was not induced. Under stress conditions, mitochondria in Dimebon-treated neurons showed increased
resistance to elevated intracellular calcium concentrations, thus, maintaining their∆Ψm throughout the experiment, in contrast
to control neurons, which rapidly lost their∆Ψm. Moreover, we show that serum-starved differentiated SH-SY5Y cells treated
with Dimebon had an increased survival rate as compared to untreated cells. In conclusion, these data demonstrate that Dimebon
enhances mitochondrial function both in the absence and presence of stress and Dimebon-treated cells are partially protected to
maintain cell viability.
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INTRODUCTION

Alzheimer’s disease (AD) is a complex disease and
several hypotheses have been proposed to explain its
pathogenesis. It is generally believed that amyloid-β

peptide is important in the development of the hall-
marks of the disease, including synapse loss, neurode-
generation, amyloid plaques, and neurofibrillary tan-

1These authors contributed equally to this study.
∗Correspondence to: Maria Ankarcrona, KI-Alzheimer’s Disease

Research Center, Karolinska Institutet, Department of Neurobiology,
Care Sciences and Society (NVS), Novum, 5th floor, SE-14186,
Stockholm, Sweden. Tel.: +46 8 58583617; Fax: +46 8 58583610;
E-mail: maria.ankarcrona@ki.se.

gles [1]. In addition to these disease hallmarks, a con-
sistent pattern of changes in mitochondrial morpholo-
gy and function is detected in AD at an early stage.
For example, there is a decrease in the number of mi-
tochondria in vulnerable neurons accompanied by in-
crease in mitochondrial DNA (mtDNA) and protein in
cytoplasm and vacuoles, indicating a greater turnover
of mitochondria by autophagy or decreased proteolytic
turnover [2];brain glucose metabolism is decreased [3];
and the activities of both tricarboxylic acid (TCA) cy-
cle enzymes [4] and cytochrome c oxidase (COX) are
reduced [5–8]. Recently it was also shown that the lev-
els of mitochondrial fission/fusion proteins are altered
and that mitochondria are redistributed away from ax-
ons in pyramidal neurons of AD brain [9,10]. These
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abnormalities may be related to synapse loss and/or
synapse dysfunction, which are the most robust corre-
late of AD-associated cognitive deficits [11]. Besides
the loss of synapses, the mitochondrial dysfunction
may also result in neuronal cell apoptosis that is a com-
mon characteristic in brains of patients suffering from
neurodegenerative diseases [12–16]. Thus, therapeutic
approaches targeting mitochondrial dysfunction hold
great promise in neurodegenerative diseases [17–20].
Examples of such drugs are mitochondria-targeted an-
tioxidants and Dimebon as recently reviewed by Mor-
eira and colleagues [21].

Dimebon was originally approved in the former So-
viet Union as a non-selective antihistamine for skin
allergy and allergic rhinitis [22] but was withdrawn
from the market with the advent of more selective treat-
ments. Dimebon attracted renewed interest due to find-
ings suggesting a neuroprotective effect [23–25]. In a
Phase II AD trial, Dimebon treatment was associated
with benefits on cognition, global function, activities
of daily living, and behavior [26]. Dimebon exhibits
a rich pharmacological profile and binds to histamine-
, adrenergic-, dopamine-, and serotonin-receptors [25,
27]. It is known to be a weak inhibitor of acetyl-
cholinesterase (IC50 = 8–42µM) [24], N-methyl-D-
aspartate (NMDA) receptors (IC50 = 10 µM) [25,
28], and voltage-gated calcium channels (IC50 =

50 µM) [25,29]. In addition,µM concentrations of
Dimebon have previously been shown to protect against
neuronal cell death induced by Aβ25−35 [24] and
to modulate the mitochondrial permeability transition
pore (10–200µM) [20]. To date, the precise mecha-
nisms whereby Dimebon exerts its pro-cognitive and
neuroprotective effects are unknown.

In the present study, we investigated Dimebon’s
mode of action in primary mouse cortical neuronal cells
(MCN) and human neuroblastoma SH-SY5Y cells. We
report that in these cell models, nM concentrations of
Dimebon improve mitochondrial function on aspects
such as mitochondrial membrane potential (∆Ψm) and
ATP synthesis. No effect was detected on the mtDNA
copy number, implying a constant mitochondrial bio-
genesis. Moreover, we show that serum-starved differ-
entiated SH-SY5Y cells treated with Dimebon had an
increased survival rate as compared to untreated cells.
The plasma concentration of rats administered 5mg/kg
Dimebon is 100 nM, while the brain concentration is
10-times higher [30]. The plasma concentration in hu-
mans taking 3×20 mg Dimebon/day is 10–15 nM, with
an estimated brain concentration of 100 nM. Thus, the
nM range used here resembles the calculated brain con-

centration in patients receiving Dimebon in the Phase
II AD trial [26]. Previous studies have shown that the
cognition-enhancing effect of Dimebon is not associ-
ated with acetylcholinesterase inhibition or NMDA re-
ceptor binding [30]. From our studies we hypothesize
that Dimebon enhances and stabilizes mitochondrial
function.

MATERIALS AND METHODS

Reagents

Dimebon (latrepirdine) (2,8-Dimethyl-5-[2-(6-met-
hylpyridin-3-yl)ethyl]-2,3,4,5-etrahydro-1H-pyrido[4,
3-b]indole dihydrochloride) was obtained from Medi-
vation Inc. (San Francisco, CA). Brain-derived neu-
rotrophic factor (BDNF), retinoic acid (RA), iono-
mycin (IM), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT), trypan blue, and thap-
sigargin (TG) were purchased from Sigma-Aldrich
(St. Louis, MO). Unless otherwise noted, all growth
medium and supplementary serum or reagents were
purchased from Invitrogen Corporation (Eugene, OR,
USA).

Primary mouse cortical neuron cell preparation and
culture

Primary cultures of MCN were prepared as described
previously [31]. Approval for these experiments was
received from the Animal Ethics Committee of South
Stockholm, Sweden. Neocortices of 16- or 17-days-old
mouse embryos were dissociated and plated on poly-
D-lysine-coated plates at a density of 200,000 cells/ml
in Neurobasal medium supplemented with B27 (Invit-
rogen Corporation). Cells were then maintained up to
7 days in a humidified incubator with 5% CO2 at 37◦C.

Differentiation of SH-SY5Y cells

SH-SY5Y human neuroblastoma cells were obtained
from the American Type Culture Collection (ATCC,
Manassa, VA, USA). Cells were grown in Dulbecco
modified Eagle’s medium/Nutrient Mixture Ham’s F12
(1:1) (DMEM/F12) supplemented with 10% FCS. Cells
were maintained at 37◦C at saturated humidity in an
atmosphere of 5% CO2 in air. Cell culture medium
was replaced every two days and the cultures were used
up to the 15th passage. For differentiation, all-trans
RA was added to the medium to a final concentra-
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tion of 10 µM. After incubation with RA for 5 days,
cells were suspended and separated with disassocia-
tion buffer (GIBCOTM Cell dissociation Buffer en-
zyme free Hanks’ based, Invitrogen), followed by re-
seeding on growth factor reduced MatrigelTM matrix
(BD Biosciences, Two Oak Park, Bedford, MA, USA)
coated 35 mm glass-bottom dishes or other surfaces.
Reseeded cells were allowed to attach 24 h in 10% FCS
supplemented medium with RA. The medium was then
replaced by serum-free DMEM/F12 containing either
BDNF (25 ng/ml), Dimebon, or vehicle. For quan-
tification of surviving cells, cells were detached with
dissociation buffer and harvested in growth medium.
Harvested cells were stained with 0.4% trypan blue (In-
vitrogen), and living cells were counted in a counting
chamber.

Measurement of∆Ψm by confocal microscopy

MCN were seeded onto 35 mm glass bottom culture
dishes (MatTek Corporation, Ashland, USA) coated
with poly-D-lysine (Sigma-Aldrich). The neurons were
grown for approximately one week before the experi-
ments started. After Dimebon (0.1, 1, 10, or 100 nM)
or vehicle treatment for 24 h, cells were stained with
500 nM DAPI (4-6-diamidino-2-phenylindole) (Vec-
tor Laboratories, Burlingame, CA) and 5 nM tetram-
ethylrhodaminemethyl ester (TMRM) (InvitrogenCor-
poration, Calsbad, CA) for 1 h. Live cell imaging
was performed using an inverted microscope Axiovert
200M (Carl Zeiss MicroImaging GmbH, Jena, Ger-
many) connected to a LSM510 META confocal unit
(Carl Zeiss MicroImaging GmbH, Jena, Germany).
TMRM (5 nM) and Dimebon/vehicle were present dur-
ing the acquisition of all images. Four hundred times
magnification, and with no change in settings, were
used during all runs. The acquired images were ana-
lyzed using LSM510 software program. The mitochon-
dria uncoupler, CCCP (Sigma-Aldrich), was used as a
negative control for TMRM. Neurons were exposed to
50 µM CCCP for 10 min; and the decrease in∆Ψm
was monitored.

Calcium stress was introduced to Dimebon/vehicle
pretreated (24 h) neurons by subjecting cells to a mix-
ture of ionomycin and thapsigargin. The neurons were
exposed to two different concentrations of the mix-
ture, either 5µM/0.5 µM or 10 µM/1 µM ionomycin
and thapsigargin respectively in Locke buffer (134 mM
NaCl, 5 mM KCl, 4 mM NaHCO3, 5 mM Hepes
(pH 7.2), 2.3 mM CaCl2, and 2.5 mM glucose). Dime-
bon (10 nM)/vehicle was present during the acquisition
of all images. Pictures were taken 0, 2.5, 5, 7.5, and
10 min after the initiation of calcium stress.

ATP-assay

Primary MCN (E16-17) were seeded in 24 well
plates coated with poly-D-lysine (Sigma-Aldrich). Af-
ter Dimebon (0.1, 1, 10, or 100 nM) or vehicle treat-
ment for 24, 48, or 72 h, the neurons were washed in
PBS and lysed in ATP-lysis buffer (91 mM K2HPO4,
9 mM KH2PO4 (pH 7.8), 2 mM EDTA, 1 mM DTT,
and 1% Triton X-100). After 200µl lysis buffer was
added per well, the plate was placed in−20◦C for 1 h.
The ATP concentration was determined using Adeno-
sine 5’-triphosphate (ATP) Bioluminescent Assay Kit
(Sigma-Aldrich) according to the manufacturer’s in-
structions. The ATP levels were normalized to the to-
tal protein amount. Triplicates were performed within
each ATP experiment.

MTT assay

MTT reduction assay was performed according to
methods described by Mosmann [32]. In brief, SH-
SY5Y cells were grown to about 70% confluence and
MCN were grown for four days before starting the ex-
periment. MTT was dissolved in PBS at 5 mg/ml. At
the end of the experiment, cell medium was substitut-
ed with Phenol-red free DMEM containing 0.5 mg/ml
MTT. After either 1.5 h (SH-SY5Y cells) or 4 h (MCN)
incubation at 37◦C, the MTT formazan products were
solubilized in DMSO. Absorbance was measured at
570 nm (reference at 620 nm) with a microplate reader.

For recovery assay, MCN were stressed with ion-
omycin/thapsigargin in Locke buffer, with or without
Dimebon pretreatment for 24 h. Stressed cells were
further grown in normal growth medium, with or with-
out Dimebon, for 48 h before MTT analysis of cell
viability.

Apoptosis analysis

SH-SY5Y cells were differentiated using RA for
5 days, followed by serum withdrawal and addition of
Dimebon or BDNF for the indicated time-points. Cells
were harvested with dissociation buffer and washed
once with PBS. Cells were then either subjected to 0.2%
trypan blue staining in order to count living cells or
to staining with FITC-labeled recombinant Annexin V
and Propidium iodide (PI) (VybrantTM, Apoptosis As-
say Kit, Invitrogen,Eugene, OR). Annexin V/PI stained
cells were analyzed on a FACScan flow cytometer (BD
Biosciences, San Jose, CA). Cell debris was excluded
by scatter gating (forward versus side).
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Quantification of mtDNA copy number

Total DNA (genomic and mitochondrial) was ex-
tracted from MCN by using DNeasy blood and tis-
sue extraction kit (Qiagen, Hilden, Germany). Dur-
ing the extraction procedure, DNA was treated with
RNase A according to the protocol. 10 ng total DNA
per reaction was used in quantitative real-time PCR.
Taqman technology was used to quantify the mitochon-
drial genes cytochrome C oxidase (mtCOX1) and cy-
tochrome b (mtCYTB); and genomic glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (Thermo Sci-
entific and Applied Biosystems) in 7900HT Sequence
Detector System (Applied Biosystems). Final concen-
tration of primers and probes was 900 and 250 nM,
respectively. The final volume of PCR-reaction was
13µl, including Gene Expression PCR Master Mix 2X
(Applied Biosystems). The sequences for primers and
probes have been previously described [33]. The copy
number of mtDNA was quantified by calculating the
ratio of mitochondrial genes CYTB and COX1 to the
genomic gene GAPDH, according to Strum et al. [33].

Statistics

Statistical analyses were performed using the Stu-
dent’s ttest or Kruskal Wallis one-way ANOVA by
ranks followed by the Conover Post Hoc test to de-
termine individual differences in the treatment groups
as compared to vehicle-treated group. Values are ex-
pressed as mean± SD or in box plots (the box rep-
resents the 25th and the 75th percentile, in which the
line within the box indicates the median and the end of
the whiskers represents minimum and maximum val-
ues). At least three independent experiments were per-
formed.Pvalues of< 0.05 were considered to be sig-
nificant.

RESULTS

Dimebon enhanced∆Ψm in primary MCN and
SH-SY5Y cells

∆Ψm is a key indicator of mitochondrial func-
tion and cell viability. TMRM was used throughout
this study to monitor the alternation of∆Ψm. As a
lipophilic cation, TMRM is reported to accumulate
in mitochondria in proportion to∆Ψm, with minimal
phototoxicity and low photobleaching [34–36]. In our
staining protocol using 5 nM TMRM, staining reach-

es a plateau in about 30–45 min. MCN treated with
0.1, 1, or 10 nM Dimebon for 24 h showed an equally
spread, enhanced staining intensity of TMRM in whole
cells, indicating increased∆Ψm (Fig. 1A and B). Elon-
gation of Dimebon treatment to 72 h also showed an
increase in∆Ψm (Fig. 1C). Similar results were ob-
tained in SH-SY5Y cells treated with Dimebon for 24 h
(Fig. 1D and E), showing that, at as low concentration
as 0.1 nM, Dimebon caused around 40% increase of
TMRM staining. In response to mitochondrial depo-
larization caused by the addition of the mitochondrial
uncoupler carbonyl cyanide m-chlorophenylhydrazone
(CCCP, 50µM) to MCN, the∆Ψm was rapidly dissi-
pated, thus confirming the sensitivity and specificity of
TMRM staining (Fig. 1F).

Dimebon increased mitochondrial ATP levels in
primary MCN and differentiated SH-SY5Y cells

Based on the results that Dimebon increased the
∆Ψm, we further studied mitochondrial function by
measuring ATP in MCN pretreated with Dimebon (0.1,
1, or 10 nM) or vehicle for 24, 48, or 72 h. While 24 h
and 48 h treatment did not show significant difference in
ATP levels (data not shown), cells treated for 72 h with
Dimebon (1 and 10 nM) contained about 30–50% more
ATP as compared to control cells (Fig. 2A). In addition,
the ATP levels were increased in serum deprived dif-
ferentiated SH-SY5Y (D-SH-SY5Y) cells treated with
Dimebon (0.1,1, or 10 nM) for 24 h (Fig. 2B). These da-
ta demonstrate that Dimebon treatment promotes ATP
production both under non-stressed and stressed con-
ditions.

Dimebon does not affect mtDNA copy numbers

It is apparent that a larger number of mitochondria
would result in increased TMRM staining and produce
higher amounts of ATP. Thus we investigated the ef-
fect of Dimebon on mitochondrial biogenesis by quan-
tification of mtDNA copy numbers. The mtDNA copy
number of two mitochondrial genes, mtCOX1 and mt-
CYTB, was measured by quantitative real-time PCR
and compared to the nuclear gene GAPDH. Neither mt-
COX1 nor mtCYTB DNA showed significant increase
in copy numbers in Dimebon-treated primary MCN,
suggesting that Dimebon did not promote mitochon-
drial biogenesis (Fig. 3). Therefore, we propose that
Dimebon enhances the function of existing mitochon-
dria by increasing their∆Ψm (hyperpolarization) and
elevating ATP production.
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Fig. 1. Analysis of mitochondria membrane potential (∆Ψm) by TMRM staining of Dimebon- pretreated primary mouse cortical neurons (MCN)
and SH-SY5Y cells. MCN were cultured for four days and SH-SY5Y cells were grown to a confluence of 70% before starting Dimebon (DMB)
treatment (0.1, 1, or 10 nM). After cultivation for 24 h, cells were stained with TMRM (5 nM) in growth medium for 1 h at 37◦C, and then
analyzed by confocal microscopy. A, D) Representative images of MCN and SH-SY5Y cells pretreated with indicated Dimebon concentrations.
B, E) Quantification of mean TMRM staining intensity showingrelative intensity compared to untreated control (mean±SD, of three independent
experiments, from six representative areas). C) Quantification of TMRM staining intensity in MCN cells pretreated withDimebon for 24, 48, or
72 h. Data was analyzed using Kruskal Wallis one-way ANOVA byranks and Conover Post Hoc test (mean± SD, *significance atP < 0.05,
N = 4). F) Representative images of MCN cells treated with 50µM CCCP for 10 min.
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Fig. 1, continued.
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Fig. 2. Measurement of ATP concentration in Dimebon pretreated MCN and serum deprived differentiated SH-SY5Y cells. A)MCN pretreated
with Dimebon (0.1, 1, or 10 nM) or vehicle for 72 h. B) SH-SY5Y cells were differentiated for five days with RA (10µM), reseeded on
MatrigelTM coated plates. After attachment, cells were subjected to serum-free media supplemented with Dimebon (0.1, 1, or 10 nM) and
incubated for 24 h before subjected to ATP concentration measurement. Triplicates were performed within each ATP experiment and normalized
to protein amount. ATP concentration relative to untreatedcells is shown by box plots (the box represents the 25th and the 75th percentile, in
which the line within the box indicates the median and the endof the whiskers represents minimum and maximum values). Data was analyzed
using Kruskal Wallis one-way ANOVA by ranks and Conover PostHoc test (*significant atP < 0.05,N = 5).

Fig. 3. Quantification of mtDNA copy number by quantitative re-
al-time PCR. MCN were treated with Dimebon for 5 days with re-
freshment of medium and Dimebon every 2-3 days. The number
of mitochondria was quantified by calculating the ratio of the mito-
chondrial genes cytochrome C oxidase 1 (mtCOX1) and cytochrome
b (mtCYTB) to the genomic gene GAPDH (mean± SD,N = 3).

Dimebon stabilized∆Ψm in calcium stressed pri-
mary MCN

Next, we decided to investigate the effect of Dimebon
in cells under calcium stress induced by a combination
of ionomycinand thapsigargin.The calcium ionophore,
ionomycin, induces elevation of intracellular calcium,
depending on intracellular and extracellular calcium
sources [37]. Thapsigargin, a sarco-endoplasmic retic-
ulum (ER) calcium-ATPase (SERCA) inhibitor, rais-
es the cytosolic calcium concentration by blocking ER
calcium uptake. As an extracellular source of calci-
um, a Locke buffer (described in Material and Meth-
ods) containing 2.3 mM CaCl2 was used. MCN pre-

treated with either Dimebon (10 nM) or vehicle for
24 h were subjected to a mixture of ionomycin and
thapsigargin in Locke buffer at the indicated concen-
trations. Dimebon/vehicle was present during the ac-
quisition of all images. Pictures were taken 0, 2.5, 5,
7.5, and 10 min after starting the exposure. Persistent
TMRM fluorescence in control cells indicated stable
staining during the experiment and DAPI staining con-
firmed that a constant focus was kept during the ac-
quisition of images (Fig. 4A). Stress with 5µM iono-
mycin/0.5µM thapsigargin induced depolarization of
∆Ψm starting after 7.5 min in vehicle pretreated cells
(Fig. 4B); while in cells pretreated with Dimebon, only
a small decrease in TMRM staining was detected after
10 min. A stronger stress with 10µM ionomycin/1µM
thapsigargin prompted similar depolarization of∆Ψm
in both Dimebon and vehicle pretreated cells (Fig. 4D).
Figure 4D shows relative changes of∆Ψm as calculat-
ed from the quantification of three independent exper-
iments. In each, six representative image areas were
analyzed.

Dimebon enhanced MTT reduction in both primary
MCN and differentiated SH-SY5Y cells

Reduction of MTT in isolated cells and tissues is re-
garded as an indicator of “cell redox activity” [38,39].
The reaction is attributed mainly to mitochondrial en-
zymes and electron carriers [38,40,41], although MTT
is also reduced by a number of non-mitochondrial en-
zymes in other cellular compartments [42]. MCN was
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Fig. 4. Measurement of∆Ψm in calcium ionophore stressed MCN with confocal microscopy. Neurons were pretreated for 24 h with either
1 nM Dimebon (DMB) or vehicle. One hour before stress, cells were stained with TMRM (5 nM) and DAPI (500 nM). After wash with
PBS, cells were exposed to a mixture of ionomycin/thapsigargin in Locke buffer in the presence of Dimebon or vehicle. A time serial images
were taken at 0, 2.5, 5, 7.5, and 10 min to monitor the∆Ψm during calcium stress. DAPI staining confirmed constant level of focus. A)
Representative images showed vehicle-treated cells without exposure to stress and B) when exposed to 5µM ionomycin/0.5µM thapsigargin.
C) Representative images showed Dimebon pretreated cells exposed to 5µM ionomycin/0.5µM thapsigargin. D) Quantitative analysis of
fluorescence intensity obtained from three independent experiments. Five representative areas were measured in each sample. Data was
analyzed using student’st-test (mean± SD, *significant atP < 0.05 relative to vehicle treated cells at the same exposure time).

pretreated with Dimebon (0.1, 1, 10, or 100 nM) for
24 h. Neurons treated with 100 nM showed moderate
enhancement in MTT reduction, suggesting induced
mitochondrial activity by Dimebon (Fig. 5A). In all oth-
er experiments in the present study, 0.1–10 nM Dime-
bon showed significant effects and therefore the 100 nM
concentration was not used except in the MTT assay
as presented in Fig. 5A. The MTT assay can also be
used to detect cell viability. To investigate if Dimebon
could protect cells from calcium-induced cell death,
MCN were either pre-treated with Dimebon (10 nM)
24 h before addition of ionomycin/thapsigargin (5 min)
or treated with Dimebon (10 nM) immediately after the
5 min stress-period. The MTT assay was performed

48 h after stress withdrawal. Interestingly, only cells
pretreated with Dimebon showed significant protection
from stress, while addition of Dimebon after stress did
not protect against decreased MTT reduction and loss
of cell viability (Fig. 5B). The ability of Dimebon pre-
treated cells to keep their∆Ψm and MTT-reducing ca-
pacity during moderate ionomycin/thapsigargin stress
again points toward an effect of Dimebon on mitochon-
drial function.

When RA-differentiated SH-SY5Y cells were sub-
jected to serum deprivation for 5 days with, or with-
out, the addition of Dimebon (0.1–10 nM) or BDNF
(25ng/ml), cells treated with Dimebon displayed en-
hanced cell viability as detected by the MTT assay, al-
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Fig. 4. continued.

though far less enhanced than the protective effect of
BDNF (Fig. 5C).

Dimebon inhibited serum withdrawal-induced
apoptosis in retinoic acid-differentiated SH-SY5Y
human neuroblastoma cells

The enhancement of cell viability by Dimebon to
RA-differentiated SH-SY5Y cells raised the question
of whether Dimebon can inhibit apoptosis induced by
serum-deprivation. The effects of RA in SH-SY5Y are
well documented. These include an attenuation of pro-
liferation rate and extension of neuritic processes [43].
RA treatment induces the expression of TrkB in SH-
SY5Y cells, making them responsive to BDNF [44].
Subsequent BDNF treatment enhances the differentiat-
ing effect of RA [45] and promotes short-term survival
of RA-differentiated SH-SY5Y cells [46]. When RA-
treated cells are grown in a serum-free medium, cell

Fig. 5. Analysis cellular succinate dehydrogenase activity of Dime-
bon (DMB) treated MCN and differentiated SH-SY5Y cells. A) MTT
assay of MCN pretreated with Dimebon at indicated concentration
for 24 h (mean± SD, *significance atP < 0.05 by Kruskal Wallis
one-way ANOVA by ranks and Conover Post Hoc test,N = 4). B)
MTT assay of MCN treated with Dimebon either before (pre-DMB)
or after (post-DMB) stress. Pretreatment was carried out for 24 h
with 10 nM Dimebon and post-treatment 48 h with 10 nM Dimebon.
After pretreatment with Dimebon or vehicle cells were exposed to
ionomycin (IM)/thapsigargin (TG) (0.5/0.05µM, or 2.5/0.25µM)
stress for 5 min in Locke buffer. Cells were then allowed to grow in
normal medium for another 48 h with (pre-DMB and post-DMB) or
without Dimebon 10 nM before MTT measurement. Data was ana-
lyzed using Kruskal Wallis one-way ANOVA by ranks and Conover
Post Hoc test (mean±SD,N = 4). C) MTT assay of serum deprived
differentiated SH-SY5Y cells. SH-SY5Y cells were differentiated
with 10µM retinoic acid for 5 days, reseeded to MatrigelTM coated
24-well plates and incubated for 24 h for attachment. Cells were
then incubated in serum-free medium supplemented with Dimebon
(0.1, 1, 10 nM) for 5 days before measurement of MTT assay. BDNF
(25 ng/ml) was used as positive control. Data was analyzed using
Kruskal Wallis one-way ANOVA by ranks and Conover Post Hoc
test (mean± SD, *significant atP < 0.05 relative to vehicle treated
cells,N = 3).

survival is dependent on the presence of BDNF. Re-
moval of this neurotrophin induces S-phase entry and
apoptotic cell death [47]. In order to study the effect
of Dimebon on apoptosis, SH-SY5Y cells were differ-
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Fig. 6. Analysis of the capacity of Dimebon to inhibit apoptosis in differentiated SH-SY5Y cells (D-SH-SY5Y). A) Surviving rate of Dimebon
treated D-SH-SY5Y cells. SH-SY5Y cells were differentiated for five days with RA (10µM), reseeded on MatrigelTM coated plates. After
attachment, cells were subjected to serum-free media supplemented with Dimebon or BDNF (25 ng/ml) and incubated for 5 days. Cell samples
were harvested and stained with trypan blue. Living cells were counted in counting chamber (mean± SD, *significant atP < 0.05 by Kruskal
Wallis one-way ANOVA by ranks and Conover Post Hoc test,N = 4). B) FACS analysis of apoptotic cells. Six-days RA-differentiated cells were
subjected directly to serum free-media supplemented with Dimebon or BDNF (5 ng/ml), or mixture of BDNF (5 ng/ml) and Dimebon (10 nM).
Cells were incubated for 72 h and harvested and stained for Annexin V/PI, thereafter subjected to FACS analysis (mean± SD, *significant at
P < 0.05). Dimebon treatments were compared to vehicle treatment using Kruskal Wallis one-way ANOVA by ranks and Conover Post Hoc
test. BDNF and BDNF/DMB treatment was compared using Student’s t-test (*significant atP < 0.05,N = 7).

entiated with 10µM RA for 5 days. After being re-
seeded on MatrigelTM coated plates and grown for an-
other 5 days in the presence of Dimebon (0.1–10 nM)
or BDNF (25 ng/ml), cells were harvested and living
cells were counted. Dimebon significantly increased the
number of living cells counted after trypan blue stain-
ing (Fig. 6A). The experiment was repeated at 72 h with
similar outcome (data not shown). In another experi-
ment, at day 5 of RA treatment, cells were directly sub-
jected to serum withdrawal for 72 h with the addition of
either Dimebon (0.1 or 10 nM) or low concentration of
BDNF (5 ng/ml), or a combination of BDNF (5 ng/ml)
and Dimebon (10 nM). Cell death was analyzed by flow
cytometry of annexin V/PI stained cells. The number
of apoptotic cells (annexin V+/PI−) decreased signif-
icantly in the presence of Dimebon (Fig. 6B). Interest-
ingly, a combination of BDNF and Dimebon exhibited
an additive effect of apoptosis inhibition (Fig. 6B).

DISCUSSION

This study is the first to report that nM concentra-
tions of Dimebon improve mitochondrial function both
under stress and non-stress conditions. We investigat-
ed mitochondrial function by monitoring∆Ψm, ATP
levels, mtDNA copy number, cellular succinate dehy-
drogenase activity, and cell apoptosis upon Dimebon
treatment in MCN and differentiated SH-SY5Y cells.
Previous findings demonstrating effects on mitochon-
dria atµM concentrations may be due to different in-

vestigation models and measures [24]. In the present
study, a 24 h treatment with 0.1–10 nM Dimebon sig-
nificantly increased∆Ψm (TMRM staining) in both
MCN and SH-SY5Y cells. After 72 h treatment, the
effect on∆Ψm was even more pronounced when mea-
sured in MCN. The hyperpolarization of∆Ψm was ac-
companied by increased cellular ATP levels at 72 h. In-
creased∆Ψm and ATP levels could potentially reflect
mitochondrial biogenesis induced by Dimebon. How-
ever, we found that the mtDNA copy number was not
increased in MCN exposed for Dimebon up to 5 days.
These data indicates that mitochondrial biogenesis is
not induced by Dimebon under these conditions and
that the increase in∆Ψm and ATP levels instead re-
flects actual effects of Dimebon on mitochondrial func-
tion. Increased ATP production is normally linked to a
decrease in∆Ψm since the energy in the∆Ψm is used
when protons flux back into the mitochondrial matrix
via the F1ATPase. In the case of uncoupling (with CC-
CP for example; see Fig. 1F) protons are carried into
the matrix over the inner membrane; thus, the∆Ψm is
lost and ATP cannot be produced. One possible mech-
anism is that Dimebon may act as an anti-uncoupling
agent decreasing proton leakage over the inner mem-
brane, resulting in enhanced∆Ψm and ATP produc-
tion. An example of a known anti-uncoupling agent
is albumin, which binds natural uncouplers like free
fatty acids [48]. In a study by Ward and colleagues, it
was shown that hyperpolarization of∆Ψm is associat-
ed with increased glucose uptake, NADPH availability,
ATP levels, and survival responses during excitotoxic
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Fig. 7. Illustration of the effect of Dimebon on mitochondria functions. A) Non-stressed conditions: Dimebon increases mitochondria membrane
potential (∆Ψm) and ATP production in MCN and in differentiated SH-SY5Y cells. Dimebon does not affect mtDNA copy number suggesting
an improvement of the function of existing mitochondria. B)Stressed conditions: Dimebon protects MCN and differentiated SH-SY5Y cells
from calcium ionophore stress (ionomycin and thapsigargin) by strengthening the capacity of the mitochondria to cope with elevated intracellular
calcium concentrations. Cells treated with Dimebon maintained their∆Ψm while control neurons rapidly lost their∆Ψm. During serum
deprivation, Dimebon treatment increases the neuronal survival rate as compared to vehicle treated neurons.

injury. Neurons that displayed a more pronounced hy-
perpolarization of∆Ψm after glutamate treatment sur-
vived longer [36]. It appears that hyperpolarization of
∆Ψm accompanied by elevated ATP production may
be neuroprotective.

The data from non-stressed cells showing effects
of Dimebon treatment on mitochondrial function were

supported by experiments performed under stress con-
ditions. Primary MCN pre-treated with 1 nM Dimebon
for 24 h, then exposed to 5µM ionomycin and 0.5µM
thapsigargin,kept their∆Ψm during the 10 min incuba-
tion period. In contrast, primary MCN exposed to 5µM
ionomycin and 0.5µM thapsigargin, in the absence
of Dimebon, were depolarized and rapidly lost their
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∆Ψm. The combination of ionomycin (which brings
in calcium from the outside of the cell) and thapsigar-
gin (which blocks ER-calcium uptake) puts pressure
on mitochondria to buffer cytosolic calcium. Obvious-
ly, Dimebon-treated cells resist this type of stress bet-
ter than control cells; and Dimebon treatment may di-
rectly or indirectly keep the mitochondria in a polar-
ized state. Interestingly, this protective effect appeared
only under mild stress. When cells were subjected to
severe calcium stress (ionomycin 10µM/thapsigargin
1 µM), Dimebon treatment showed no protection from
loss of∆Ψm (Fig. 4D), implying that the capacity of
mitochondria to buffer calcium can be strengthened by
Dimebon but only to a certain extent. It was previously
reported that Dimebon binds to L-type calcium chan-
nels and can block potential-dependent calcium entry
into neurons [29]. This mode of action of Dimebon was
therefore suggested to be neuroprotective. In our mod-
el system, we used the ionophore, ionomycin, to in-
duce elevation of intracellular calcium concentrations
in a calcium receptor independent manner. Therefore,
the effect of Dimebon on∆Ψm detected here is prob-
ably due to mechanisms other than blockage of plas-
ma membrane calcium channels. Our data also show
that Dimebon protects against loss of cell viability, as-
sessed by the MTT assay, when added 24 h before low
doses of ionomycin/thapsigargin (Fig. 5B). However,
when Dimebon was added after the exposure to iono-
mycin/thapsigargin, no protection was detected. Thus,
the results of this recovery assay suggest that Dimebon
exerts its protective effect before and during stress; and
that Dimebon cannot rescue cells once the cell death
program has been triggered.

The neuroprotective effect of Dimebon was further
investigated in RA-differentiated SH-SY5Y cells. In
this model, apoptosis was induced by serum withdraw-
al [47]. The presence of Dimebon during a five-day
treatment in serum-free medium markedly increased
the cell viability assessed by the MTT assay or try-
pan blue staining, although the degree of protection
was even higher in BDNF treated cells. The number of
apoptotic cells detected by FACS analysis of Annex-
inV/propidium iodide stained cells was lower in Dime-
bon treated cells (72 h). Interestingly, the combination
of Dimebon and BDNF reduced the number of apoptot-
ic cells as compared to BDNF alone, suggesting a syn-
ergistic effect of the two compounds. Higher ATP pro-
duction could be noticed after 24 h of Dimebon treat-
ment in serum-withdrawal stressed cells confirming the
effect of Dimebon on mitochondrial function obtained
in primary MCN cells.

In conclusion, the present study demonstrated that
Dimebon affects mitochondrial function both in the ab-
sence and presence of stress, and that Dimebon-treated
cells are partially protected to maintain cell viability
(Fig. 7). Since no changes in the copy number of mtD-
NA were detected, it is suggested that Dimebon im-
proves the function of existing mitochondria. Mito-
chondria are abundant in synaptic terminals and crucial
for synaptic function, therefore Dimebon could poten-
tially help to maintain neuronal communication.
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