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The brain is at the very limit of its energy supply and has evolved specific means of adapting function to energy supply, of
which mitochondria form a crucial link. Neurotrophic and inflammatory processes may not only have opposite effects on
neuroplasticity, but also involve opposite effects on mitochondrial oxidative phosphorylation and glycolytic processes,

respectively, modulated by stress and glucocorticoids, which also have marked effects on mood. Neurodegenerative processes
show marked disorders in oxidative metabolism in key brain areas, sometimes decades before symptoms appear (Parkinson’s
and Alzheimer’s diseases). We argue that brain-derived neurotrophic factor couples activity to changes in respiratory efficiency
and these effects may be opposed by inflammatory cytokines, a key factor in neurodegenerative processes.
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This article is part of a themed issue on Mitochondrial Pharmacology: Energy, Injury & Beyond. To view the other articles in
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space; MRs, mineralocorticoid receptors; mtPTP, mitochondrial permeability transition pore; NT, neurotrophins; OMM,

outer membrane mitochondrial

Mitochondria

The brain is at the absolute limit of its
energy supply

The human brain receives ~15% of cardiac output at rest and
has only a few minutes autonomy. Table 1 shows some of
the strategies used to optimize oxygen use. In the heart,
McCormack and Denton (1990) showed that calcium coupled
cardiac work to metabolism by activating the three rate-
limiting Krebs cycle enzymes: pyruvate, NAD*-isocitrate and
2-oxoglutarate dehydrogenases. Energy production is there-
fore tightly coupled to work requirements, without depleting
ATP. This also occurs in the brain, but here the main use-
dependent neurotrophin, brain-derived neurotrophic factor
(BDNF), also has a role in changing mitochondrial efficiency,

but these effects may be countered by inflammatory
cytokines.

Mitochondrial electron transfer chain

Brain mitochondria are essential for neurotransmission,
short- and long-term neuronal plasticity, cellular resilience to
stress and behavioural adaptation (Mattson et al., 2008). Dys-
function in these metabolic processes contributes to a wide
variety of diseases, including psychiatric disorders (Table 1;
Quiroz et al., 2008; Cheng et al., 2010a). The electron trans-
port chain (ETC) produces energy and is organized in five
protein complexes located in the mitochondrial inner mem-
brane (IMM). Three of these complexes (I, II and III) pump
protons (H*) across the inner membrane, establishing the
electrochemical gradient, which is then used by complex V
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Table 1

Strategies to optimize oxygen use

Changes in mitochondrial function

(A) The brain is at the absolute limit of its energy supply
e Maximum firing rate may be 100-300 Hz (mean 4 Hz)

(B) Strategies used by the brain to run at maximal efficiency

coincidence detection)
e Both GABA and glutamate are also fuels for Krebs cycle

e Breakdown of 40 umol-g™"-min~" ATP, of which 75% is used for signalling (action potential firing, related ion channel flux and
transmitter recycling) and 10% for maintaining the membrane potential of neurons (3% glia)

* 30% of neurons may fire at 1 Hz, but only 5% at 100 Hz, with redistribution of firing rates
e Differentiation of the roles of AMPA receptors (fast transmission, low affinity) and NMDA receptors (slow transmission, high affinity,

¢ Glucocorticoids fulfil a role as stress hormones but also change metabolism
e However, blood flow only increases ~50% in response to increased demand limiting oxygen delivery
¢ Activity-dependent neurotrophins (BDNF) may couple respiratory efficiency to demand (see text)
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Figure 1
Mitochondrial ATP synthesis via the electron transport chain (Alberts et al., 2002).

(ATP synthase) to produce ATP. The overall process involves
the transport of electrons from reduced nucleotides (NADH +
H* and FADH,) to molecular oxygen, which is converted
into H,O, (Figure 1; Alberts et al., 2002). In relation to the
respiratory chain, complex I (NADH + H' dehydrogenase/
ubiquinone or coenzyme Qi) plays a major role in the
control of ATP synthesis; deficiencies in this mitochondrial
complex have been associated with disease states such as
neuromuscular neuropathies and Leber’s hereditary optic
neuropathy (Ben-Shachar and Karry, 2008). The ETC is also of
major importance in terms of maintaining membrane poten-
tial (Aym; Fox etal., 1993), controlling intracellular Ca*

homeostasis (Baydoun et al., 1988; 1990), initiation of apop-
tosis and the regulation of the production of reactive oxygen
species (ROS; Wallace et al., 19935), including superoxide (O;"),
hydrogen peroxide (H,O,), hydroxyl radical (OH') and singlet
oxygen (O°); once again, changes in one or more of these
mitochondrial parameters/functions have been implicated in
the onset of various diseases, including neurodegenerative
(Table 2; Maniji et al., 2012).

Mitochondrial DNA

The unique property of mitochondria is the possession of
their DNA (mtDNA), which is maternally inherited, and
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Table 2

Mitochondrial-related diseases

Inherited diseases

Kearns—Sayre syndrome Diabetes

Leber’s hereditary optic neuropathy Cancer

Mitochondrial encephalomyopathy, lactic acidosis
and stroke-like syndrome

Myclonic epilepsy and ragged-red fibres
Leigh syndrome sub-acute sclerosing encephalopathy

Neuropathy, ataxia, retinitis pigmentosa and ptosis

Myoneurogenic gastrointestinal encephalopathy
(Cohen and Gold, 2001)

Acquired diseases

Hepatitis C virus-associated
hepatocarcinogenesis

Non-alcoholic steatohepatitis
Sarcopenia

Exercise intolerance

Chronic fatigue syndrome
(Pieczenik and Neustadt, 2007)

Neurodegenerative diseases

Alzheimer’s disease
Parkinson’s disease

Bipolar disorder

Schizophrenia

Ageing and senescence
Huntington’s disease
Amylotrophic lateral sclerosis

(Cassarino and Bennett, 1999; Pieczenik
and Neustadt, 2007; Maniji et al., 2012)

therefore, they have the power to mutate and pass on that
change. They have the ability to signal a change in their
functional state to the nucleus through a system known as
retrograde signalling and cause adjustments in the cell so as
to accommodate the change (Butow and Avadhani, 2004;
Pieczenik and Neustadt, 2007). In contrast to nuclear DNA,
mtDNA is compact, lacks introns, contains greater than 90%
sequence-encoding genes and is lacking in repairing mecha-
nisms and histones. The latter suggests that mtDNA is likely
to be more susceptible or sensitive to damage, including
mutations of nuclear material especially in relation to
oxidative changes, ROS and products of lipid peroxidation.
Essential mitochondrial functions including oxidative phos-
phorylation, Ca** buffering and signalling, and apoptosis will
also be influenced by mutations to mtDNA, resulting in the
onset of diseases including those associated with the CNS. In
relation to the above mitochondrial functions and related
essential intracellular processes, it is now clear that organelle
dysfunction is linked to a wide range of human disease con-
ditions (Wallace, 2005).

In general terms, diseases associated with organelle dys-
function relate, firstly, to classic mitochondrial disorders
resulting from mutations of nuclear genes that directly
affect mitochondrial gene expression or ATP production via
oxidative phosphorylation or mtDNA [i.e. rearrangement
mutations - inherited (primarily insertions) or spontaneous
(primary deletions); polypeptide gene missense mutations;
and protein synthesis (rRNA and tRNA) gene mutations; Holt
et al., 1988] and, secondly, to other diseases caused by mito-
chondrial dysfunction resulting from nuclear gene mutations
that cause disruption of non-respiratory function. The latter
can be related to neurodegenerative diseases caused by
nuclear gene mutations that regulate organelle morphology
and dynamics plus subcellular distribution of mitochondrial
subunits associated with the key processes of organelle fission
and fusion. This type of regulation involving mtDNA and the
above processes is likely to have major effects on the physi-
ological function of neurons and, hence, have a major role
in the onset and development of diseases of the CNS, such
as Parkinson’s disease (PD) and Alzheimer’s disease (AD;
Bingwei, 2009).
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Mitochondrial biogenesis

In relation to the above, it is essential that mtDNA replication
and processes of mitochondrial fission/fusion are coordi-
nated; this is achieved with the aid of the transcriptional
co-activator PGClo. (PPARy co-activator 1), a key regulator
of mitochondrial biogenesis. Its role is to interact and
co-activate numerous nuclear transcription factors, including
Nrfl (nuclear respiratory factor 1). Nrfl can activate the
expression of mitochondrial target genes, including the mito-
chondrial transcriptional factor A (TFAM), a factor critical for
the initiation of mtDNA transcription and replication. Nrfl
also regulates the transcription of nuclear genes encoding
respiratory complex subunits and other mitochondrial pro-
teins. PGClo is expressed in high levels in mitochondrial-
rich cells with high energy demands such as neurons
(Andersson and Scarpulla, 2001) and is implicated in the
dynamic process of neuroplasticity associated with newly
generated neurons in the embryonic and early post-natal
brain period (Cowell et al., 2007). A number of signalling
molecules, including NO, oestrogen and growth factors
[BDNF and EGF and basic fibroblast growth factor (FGFs)], are
now known to regulate neural plasticity and mitochondrial
biogenesis (Barsoum et al., 2006; Gutsaeva et al., 2008; Hebert
et al., 2009; Renton et al., 2010), and hence have the ability to
influence processes associated with neurogenesis and related
disease states.

Mitochondrial fission, fusion and dynamics

The section on mitochondrial biogenesis indicates a clear
relationship between mtDNA and the processes of fission and
fusion, while also indicating an important link between neu-
rogenesis, disease onset and the influence of molecules such
as growth factors. In axons and dendrites, the functional
properties of mitochondria are known to differ due to their
modulation by fission, fusion and movement (Mattson et al.,
2008). The dynamic nature of mitochondria in relation to
their movement, fusion and fission appears to be essential for
successful cell division and correct distribution of mitochon-
dria to daughter cells and for the transport of the organelle to
the potential sites of action. The dynamics of mitochondria



are mediated by three GTPases known as mitofusins (Mfn1/
2), optic atrophy 1 (OPA1) and dynamin-related protein 1
(Drpl). These GTPases are therefore responsible for the pro-
cesses associated with mitochondrial fusion/fission. The trav-
elling or movement of mitochondria along the cytoskeletal
tracks is mediated by kinesin and dynein motors and by the
action of the adaptor protein a Milton and the atypical
GTPase Micro. The successful interrelationship between these
two pathways, which are Ca® sensitive, ensures that the
balance between fusion and fission, which governs the shape,
number, distribution and function of mitochondria, is suc-
cessfully achieved (Liu and Hajnoczky, 2009; MacAskill and
Kittler, 2010).

Intact mitochondrial membrane structures are also essen-
tial for successful fusion/fission, with the Mfns being an inte-
gral component of the outer membrane mitochondrial
(OMM) proteins that mediate fusion, together with OPA1,
which is relocated in the mitochondrial inner membrane
space (IMS) and interacts with the IMM, promoting fusion
and cristae remodelling. For successful fusion, a proton gra-
dient is required, hence damaged or metabolically compro-
mised mitochondria are unable to fuse. Drp1 is required for
successful mitochondrial fission; this protein eventually
reaches the organelle via several post-translational modifica-
tions involving phosphorylation and sumoylation. Ca*" plays
a key role in controlling Drpl-dependent fission, a complex
process that involves calcineurin (a Ca*- and calmodulin-
dependent serine/threonine protein phosphatase that partici-
pates in a number of cellular processes and Ca*-dependent
signal transduction pathways; Rusnak and Mertz, 2000) and
CaM-kinase 1o (a Ca**/calmodulin-dependent kinase respon-
sible for phosphorylation of Drpl). Resting levels of Ca*
therefore enhance fission, while high levels of the cation
promote fragmentation, confirming a link between motility
and fusion/fission. In contrast, Mfns appear not to be linked
to Ca* regulation (Han et al., 2008; Cali et al., 2012b). Studies
linking Ca* homeostasis and changes in fission/fusion result-
ing in mitochondrial dysfunction provide the potential for
the initiation of processes such as apoptosis and the onset of
disease states and ageing (Jendrach et al., 2005).

Mitochondrial Ca* handling

Study after study, including those relating to fission/fusion,
confirms Ca* to be the principal second messenger that con-
tributes to the regulation of both neurotransmission and
short- and long-term neuronal plasticity in the brain, with
mitochondria and related ATP/ADP ratios playing a major
role in the control of Ca? homeostasis (Gleichmann and
Mattson, 2011). The electrochemical gradient produced by
the ETC (negative Avy,) also helps to sustain Ca** transfer
into the mitochondrial matrix, which occurs via a downhill
gradient through a low-affinity mitochondrial Ca* uniport
(MCU; low Ca* affinity and operates at micromolar cytosolic
levels) and the leucine-zipper EF-hand-containing transmem-
brane protein 1 (LETM1). MUC is regulated by mitochondrial
Ca*-uptake 1 (MICU1; a Ca** sensor that regulates the Ca*-
influx capacity of MUC). In contrast, LETM1 is a high-
affinity mitochondrial Ca?/H* exchanger that imports Ca®* at
cytosolic concentrations > nanomolar. Ca* efflux occurs
through a Na*/Ca* exchanger, molecularly identified as

Changes in mitochondrial function

Na*/K*/Ca*-exchange protein 6 (NKCX6) and via the H*/Ca**
exchanger (Palty et al., 2010; Perocchi et al., 2010; Baughman
et al., 2011; De Stefani et al., 2011). NKCX6 activity is nega-
tively regulated by stomatin-like protein 2, which is located
in the IMM. At high matrix Ca* levels, the mitochondrial
permeability transition pore (mtPTP), a protein complex,
opens. Cyclophilin D (CYPD) desensitizes the mtPTP to Ca?
and therefore facilitates mtPTP opening (Patergnani et al.,
2011). The MCU is therefore sensitive to microdomains of
high concentrations of Ca*, resulting from the opening of
Ca** channels associated with plasma [voltage-operated
channel (VOC)] and/or the endoplasmic reticulum (ER)
membranes. The integral OMM protein Mfn2 has been
shown to enhance ER-mitochondrial tethering and hence
could influence ER-mitochondrial Ca* transfer through this
physical coupling while also being implicated in a relation-
ship with mitochondrial fusion (De Brito and Scorrano,
2008). The concept of tethering between mitochondria and
ER has now been extended to include the plasma membrane
and the Golgi compartment (De Brito and Scorrano, 2008;
Cai etal., 2011; Pizzo etal., 2011). Increases in organelle
tethering may therefore have important consequences in
relation to overall mitochondrial function and the initiation
of processes associated with the development of disease
states.

Biochemically, mitochondrial Ca* handling is a complex
and balanced process involving essential components and
regulators associated with both the OMM and IMM, which
include voltage-dependent anion channel (VDAC; OMM),
adenine nucleotide transporter (IMM) and CYPD (Ricchelli
et al., 2011). In relation to tethering, VDACs tend to gather at
the ER/mitochondrial contact sites and therefore play a major
role in the rapid transfer of the high Ca** microdomain from
the surface of mitochondria to the intermembrane space
(IMS) to which the MCU is exposed (Szabadkai et al., 2006).
The mitochondrial uniporter and antiporters therefore play a
significant role in the regulation of intracellular Ca*, redox
signalling and ATP levels (Baydoun et al., 1988; 1990; Mam-
mucari et al.,, 2011; Cali et al., 2012a). Mitochondrial Ca*
overload can result in excitotoxicity, leading to production of
ROS, organelle damage, activation of the mtPTP and the
release of pro-apoptotic proteins (e.g. Bax, Bak, Bad; Starkov
et al., 2004; Giacomello et al., 2007; Nicholls, 2009). These
proteins are associated with a complex network of biochemi-
cal pathways and physiological processes leading to apoptosis
(Young et al., 2010). Apoptosis can be initiated by Ca* over-
load, oxidative stress, overactivation of glutamate receptors,
DNA damage and mitochondrial dysfunction (Hroudova and
Fisar, 2011).

The role of mitochondria in apoptosis

Mitochondria are significant organelles in terms of apoptosis
and are known to contain their own collection of pro-
[DIABLO: direct IAP-binding protein with low PI and also
known as SMAC: second mitochondria-derived activator of
caspases, Omi/HtrA2, apoptosis-inducing factor (AIF) and
endonuclease G (EndoG)| and anti- (XIAP, cIAP-1 and cIAP-2)
apoptotic proteins, which are in equilibrium, regulating cell
death and life of the cell (Pinton and Rizzuto, 2006). The links
between the benefits of mitochondrial efficient energy supply
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with the ability of mitochondria to kill cells via apoptosis go
back to the origins of life (Spedding et al., 1999). The bio-
chemical activation of apoptosis by the intrinsic pathway
involves mitochondria and results from high levels of Ca*
and ROS, which are known examples of stimuli that can
cause leakage of cytochrome c, AIF, DIABLO/SMAC and
EndoG (Shoshan-Barmatz and Ben-Hall, 2012) from mito-
chondrial MIS into the cytoplasm, resulting in activation of
the cascade of cysteine-protease enzymes (caspases) and the
onset of apoptosis (Youle and Strasser, 2008).

The extrinsic pathway involves the activation of
death receptors (e.g. TNF-a receptor 1) located on the cell
surface, which, in turn, triggers caspase-8 activation through
protein-protein interactions. Activation of either pathway
results in the following reactions: cleavage of BH3-
interacting domain death agonist (BID) to truncated BID
(tBID), translation of tBID to mitochondria, a combined
action of tBID and Bcl-2 family proteins Bax (intrinsic) and
Bcl-2 antagonist/killer (Bak; extrinsic) resulting in changes in
membrane permeability, leakage of apoptogenic factors
and apoptosis. The overall mitochondrial process associated
with apoptosis is controlled by the balance between the pro-
apoptotic Bax, Bak (i.e. promote OMM permeabilization) and
Bcl-Xs and the anti-apoptotic Bcl-2, Bcl-X; Mcl-1 and Bcl-W
(Brunelle and Letai, 2009). There is a third group acting as
sentinels for cell death signals: Bim, Bid, Bad, Puma, Noxa,
Hrk/DPS, Bik and Bmf (McKernan et al., 2009; Vogel et al.,
2009).

Anti-apoptotic proteins including Bcl-2 also have the
ability to lower ER Ca* levels, which, in turn, will influence
mitochondrial Ca** handling. The finding that anti-apoptotic
Bcl-2 protein lowers the Ca** ER content and that Ca* can
sensitize cells to apoptotic challenges, acting on mitochon-
dria, indicates a critical role for Ca?* in apoptosis. Bcl-2 is now
known to be located in the cytoplasm, at the nuclear enve-
lope and ER and mitochondrial membranes, a fact that
further supports the link between Ca* homeostasis and anti-
apoptotic proteins and mitochondrial function. Mitochon-
drial responses to pathophysiological events are related to the
amount of Ca? released from the ER, which is critical to the
transduction of the signal in mitochondria and the modula-
tion of the IP;R opening by pro- or anti-apoptotic proteins
(Cali et al., 2012b).

In addition to the Ca* uniporter and antiporters associ-
ated with the IMM and OMM, the mtPTP is believed to be
significantly involved in the pathophysiological aspects asso-
ciated with mitochondrial dysfunction following Ca*-
induced swelling and fragmentation, resulting in decreased
levels of ATP; this releases essential nucleotides, cytochrome
¢ and caspase co-factors, resulting in the potential for the
initiation of synaptic apoptosis (Kroemer and Reed, 2000;
Pacher and Hajnoczky, 2001; Cuimsee and Mattson, 2005;
Pinton et al., 2008; Ricchelli et al., 2011). During the devel-
opment of the nervous system many newly generated
neurons and adult brains during neurogenesis undergo apo-
ptosis, and pathological conditions associated with neurode-
generative diseases also show evidence of this process
(Bredesen et al., 2006; Deng et al., 2010), while up-regulation
of the protective Bcl-2 family may aid in the neuroprotective
mechanisms especially those associated with mitochondria
(Hunsberger et al., 2009).
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Neurogenesis, neuroprotection,
neurotrophic factors and
mitochondrial energetics

The previous sections have attempted to identify the signifi-
cance of mitochondrial function and related dynamics with
respect to maintaining intracellular and cellular integrity
especially in relation to structure, location, efficient bioener-
getics and cation homeostasis. These sections have also
indicated key roles for mitochondria in terms of pathophysi-
ological or biochemical changes that could lead to the onset
and development of disease states, including those associated
with the CNS. This section therefore takes the significance of
mitochondria a step further by linking changes in function to
factors such as BDNFE.

Brain-derived neurotrophic factor

Discovered in the 1950s, neurotrophins are target-derived
factors that support the survival and growth of sensory and
motor neurons (Cohen et al., 1954). The prototype for which
is the nerve growth factor (NGF), also the first to be discov-
ered (Levi-Montalcini and Hamburger, 1953). Others include
BDNE neurotrophins (NT)-3, 4/5 and 6, insulin-like growth
factors, FGFs and VEGF, etc., but the best characterized
remains the neurotrophin family comprising NGF, BDNE,
NT-3 and NT-4 (Castren et al., 2007). For the purposes of this
review, we will focus on BDNF (a basic dimeric polypeptide
approximately 13 kDa in size).

Neurotrophins mediate their effects through two kinds of
receptors: high-affinity tyrosine kinase (trk) and low-affinity
pan-neurotrophin receptor (p75). The trk receptors are neu-
rotrophin specific, but p735 receptors are not, and upon acti-
vation, the p75 receptors bind to trk receptors to form a
complex and modulate signal transduction (Poo, 2001). Acti-
vation of trk receptors results in the activation of signalling
cascades such as PLC, PIK3 and RAS-MAPK, which are
involved in neurite growth, maintenance and differentiation.
In contrast, activation of the p75 receptors can have both
pro- and anti-neurotrophic effects (Murray and Holmes,
2011).

BDNF is secreted as its glycosylated precursor, which is
24-30 kDa in size, the pro-domain from which it is proteo-
lytically cleaved to yield its mature 13 kDa form (Matsumoto
et al., 2008). Until very recently, mature neurotrophins were
considered to be the only functionally active type, but recent
evidence has shown pro-neurotrophins to have high affinity
for p75 receptors (Hempstead et al., 2001). Upon binding
with p75, the proBDNF:p75 complex binds with another
structurally unrelated receptor, sortilin, to form a co-receptor
complex that induces pro-apoptotic signalling pathways, pos-
sibly through the activation of the JNK-BAX signalling
cascade (Hempstead etal., 2001; Teng etal., 2005; 2010).
There is some evidence to suggest that in the absence of trk
receptors, mature BDNF will bind to the p75 receptor and
elicit opposing effects to those elicited through trk binding
and encourage cell death pathways (Woo et al., 2005).

It is now well established that neurotrophic factors
such as NGF, NT-3, NT-4/5 and BDNF promote the growth,
differentiation and survival of nerve cells and plasticity of
adult neurons. Alterations in the activity of these key



neurotrophins can therefore produce detrimental changes to
cortical function and synaptic transmission in the developing
and ageing brain, resulting in neuronal dysfunction and the
onset of psychiatric and other disorders (e.g. schizophrenia;
Favalli et al., 2012). Some of the sections above have already
indicated roles for BDNE BDNF is the main activity-
dependent neurotrophin in the CNS, which couples neuronal
activity to neurotrophic effects, balanced between both
excitatory glutamatergic and inhibitory GABAergic systems
via its tyrosine kinase receptor (trkB) (Schinder and Poo,
2000; Kalb, 2005). The effects of BDNF on synaptic transmis-
sion vary in terms of whether the exposure is acute or
chronic. The former produces increases in presynaptic release
of excitatory neurotransmitters (i.e. glutamatergic) and the
mean amplitude of evoked EPSCs, causing a decrease in post-
synaptic GABA receptors and GABAergic inhibition, while the
latter causes an increase in axonal branches and the total
length of the axons of GABAergic neurons, increased levels of
GADs; mRNA and maturation of GABA neurons (Kohara
et al., 2007).

BDNF is also implicated in synaptic plasticity, which is the
change in strength in the connectivity between neurons
in response to changing environments with the balance
between long-term potentiation (LTP, a lasting increase in
synaptic strength, following high-frequency stimulation of
afferent fibres; Cooke and Bliss, 2006) and long-term depres-
sion (LTD, a reduction in synaptic strength resulting from
changes in postsynaptic receptor density; Man et al., 2000).
LTP depends on the activation of NMDA-type glutamate
receptors, which produce a rapid increase in Ca?* in postsy-
naptic dendritic spines. Data suggest that changes in the
release and/or synthesis of BDNF and its receptors can result
in the regulation of synaptic plasticity especially in the hip-
pocampus, with exposure to the neurotrophin resulting in
enhanced synaptic efficiency and LTP. These data also indi-
cate a potential role for BDNF in the pathology of diseases,
including schizophrenia (Figurov etal., 1996; Minichiello
et al., 2002; Favalli et al., 2012).

Mitochondrial energetics and BDNF

Using a novel in vitro synaptosome-mitochondrial prepara-
tion (astrocyte/nerve ending/mitochondrial unit; Markham
et al., 2004), BDNF was shown to increase the respiratory
control index (RCI) of rat brain (but not liver or heart) mito-
chondria, resulting in a 64% increase in the efficiency of
respiratory coupling, through an MEK-kinase mechanism via
complex 1. This approach was specifically designed to mimic
the synaptosomal nerve ending but with the oxygen elec-
trode directly in contact with the mitochondria in order to
measure oxygen utilization. Electron microscopy confirmed
that the reconstituted sonicated synaptosome/mitochondria
mixture looked similar to nerve endings. The observed effects
of BDNF on this mixture were found not to be due to changes
in proton pumping at complex I, Ca** cycling or via a direct
action on ATPase activity (Markham et al., 2004).

BDNF also has marked neuroprotective effects against
excitotoxic lesions induced via AMPA and NMDA excitotox-
ins. These protective effects are mediated via the trkB-MEK-
MAPK cascade that has been extensively studied in a
newborn mouse model (Gressens et al., 1997; Husson et al.,

Changes in mitochondrial function

2002; Dicou et al., 2003; Plaisant et al., 2003). The above
studies indicate a very high parallelism between the observed
mitochondrial effects in relation to modified energy metabo-
lism and on neuroprotection with respect to neurotrophin
activities. The inflammatory cytokine, IL-183, was assessed, as
this cytokine has been shown to switch astrocytic energy
metabolism (Gavillet et al., 2008) and also to exacerbate neu-
ronal damage in the newborn mice, which may be the cause
of several types of neurodevelopmental deficits in humans
(Plaisant et al., 2003); the effects of IL-1 can be blocked by
some antidepressants, while other studies have identified it to
be essential for the mediation of anti-neurogenic and anhe-
donic effects associated with stress (Koo and Duman, 2008).
Bcl2 has also been postulated to be implicated in the effects of
antidepressants (Perera et al., 2007; Pittenger and Duman,
2008) and Bcl2 homology domain 3 (BH3)-mimetics such as
ABT 737, which occupy the hydrophobic pocket coupling
Bcl2 to accessory proteins, have been reported (Chauhan
et al., 2007; Hickman et al., 2008; Tagscherer et al., 2008).

Using the above rodent model, intracerebral injections of
ibotenate to mouse pups resulted in the development of grey
matter lesions and white matter cysts (Gressens et al., 1997;
Spedding and Gressens, 2008); co-administration of BDNF
produced a dose-dependent reduction in these lesions
(Figure 2A,B). In contrast, co-administration of glial cell line-
derived neurotropic factor (GDNF) had no significant effect.
The co-administration of NGF or IL-1f resulted in a dose-
dependent and significant exacerbation of mouse brain
lesions. The neuroprotective effects seen with BDNF were
abolished by co-administration of anti-BDNF antibody or
MEK inhibitors, or ABT-737, a BH3 mimetic and Bcl2 antago-
nist (Hetman et al., 1999; Han and Holtzman, 2000; Hickman
et al., 2008; Li et al., 2008).

The actions of BDNF, GDNF and NGF were measured in a
parallel in vitro study on oxidative metabolism of mouse brain
mitochondria. BDNF produced a concentration-dependent
increase in the respiratory control index (RCI, a measure of
respiratory coupling efficiency, ATP synthesis and organelle
integrity) of mouse brain mitochondria when co-incubated
with synaptosomes containing signal transduction pathways
(Markham et al., 2004); BDNF had no effect on pure mito-
chondria and enhanced oxidation in the presence of complex
I substrate (glutamate plus malate). BDNF-induced positive
effects on respiratory efficiency associated with complex I
were inhibited by anti-BDNF antibody, MEK inhibitors
(PD98059 and U0126) or ABT 737 (BH3 mimetic), and also by
IL-1B, indicating that the mitochondrial effects were medi-
ated via the same MEK-Bcl2 pathway associated with neuro-
protection (Figure 3A,B). The interplay between BDNF and
IL-1P in excitotoxicity and in depression has been reported
(Plaisant et al., 2003; Perera et al., 2007; Gavillet et al., 2008),
but the direct effects on mitochondrial RCI are major and
novel. The interplay reflects a deep physiological role
whereby inflammatory cytokines block trophic effects in
sickness and perhaps depression (Koo and Duman, 2008;
Pittenger and Duman, 2008; Spedding and Gressens, 2008;
Markham et al.,, 2012). The ability of BDNF to modify
complex I was observed under acute in vitro conditions and
hence unlike the effects involving cAMP or any associated
mtDNA mediation (Leadsham and Gourley, 2010). This
finding, that an anti-inflammatory cytokine can block the
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BDNF protects against ibotenate-induced brain lesions. Cresyl violet-stained sections show brain lesions induced by ibotenate injection P5 and
studied at P10. (A) Brain from a pup co-treated with intracerebral ibotenate (10 ug) alone, showing the typical neuronal loss in layers II-IV (arrow)
and the white matter cystic lesion (*). (B) Brain from pup co-treated with intracerebral ibotenate and BDNF (50 ng). Bar: 40 um. LV: left ventricle

(from Markham et al., 2012).

effects of BDNF on mitochondria, may have profound impli-
cations, depending on the pathophysiological conditions
(Markham et al., 2012). In contrast, GDNF failed to modify
RCI, and NGF had only weak effects on RCI (Markham et al.,
2005).

The complex I inhibitor, rotenone, a compound impli-
cated in the aetiology of PD, inhibited both the in vitro mito-
chondrial and the in vivo neuroprotective effects of BDNF
(Gutman et al., 1970; Sherer et al., 2003). The published data
clearly indicate that the neuroprotective effect of BDNF is
mediated via the classic trkB-MEK pathway and that Bcl2 is
also involved. Evidence confirms that this beneficial effect on
mitochondrial function is mediated via the same pathway
and was specific to complex I. The experiments involving
rotenone, BDNF and ibotenate-induced brain lesions indicate
that the mitochondrial effect may be important in the neu-
roprotective action of the neurotrophin, indicating a key
relationship (Shoshan-Barmatz et al., 2008; Spedding and
Gressens, 2008; Markham et al., 2012).

Mitochondria, neuroplasticity

and neuroprotection

Neuroplasticity. Neuroplasticity describes a range of adaptive
changes that occur in the structure and function of cells in
the nervous system in response to physiological or pathologi-
cal events (Cheng etal., 2010b). Sprouting and growth of
axons or dendrites, synapse formation and neurogenesis (pro-
duction of new neurons from stem cells) are all examples of
neuroplasticity. The following three classes of intercellular
signals are involved in the regulation of the genesis and
adaptive plasticity of the nervous system (Loers and
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Schachner, 2007; Gottmann et al., 2009); neurotransmitters
(glutamate; Mattson, 2008), neurotrophic factors (BDNF;
Lipsky and Marini, 2007) and cell adhesion molecules
(NCAM; Hildebrandt et al., 2007).

In terms of neuroplasticity, mitochondrial distribution
and related ATP metabolism plus Ca** homeostasis are key
factors in neuronal morphogenesis synaptogenesis, develop-
ment and synaptic plasticity, and axogenesis. Mitochondria
have been found to be more abundant in regions of growing
axons, with their movement being anterograde. Evidence
confirms that NGF is one of the signals inducing accumula-
tion of mitochondria in the active growing cone, ensuring
that ATP requirements are met for successful axogenesis
(Mattson and Partin, 1999; Chada and Hollenberck, 2004).
The number of mitochondria per cell increases during neu-
ronal differentiation; however, the velocity which individual
mitochondria move decreases as neurite outgrowth slows
and synaptogenesis occurs (Chang and Reynolds, 2006).
The dynamic movement and location of mitochondrial
organelles are essential features of neuronal homeostasis-
associated intracellular signalling pathways, with organelle
dysfunction and defective trafficking being implicated in dis-
eases of the CNS including the pathogenesis of axonal degen-
eration (Cai and Sheng, 2009).

It is generally agreed that the event that leads to induc-
tion of LTP is the influx of Ca* into the postsynaptic spine. In
most areas of the brain where LTP is manifested, the influx of
Ca”" is mediated by the activation of the NMDA receptor
(Lynch, 2004), linked to the opening of the mtPTP; this
allows the influx of Ca?" across the IMM, which is otherwise
impermeable to Ca* (Miller, 1998; Duchen, 1999). The ability
of mitochondria to sequester this influx of Ca* is a key to
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The effect of BDNF (66.6-666 ng-mL™") on mouse brain mitochon-
drial RCI with 5 mM glutamate plus 5 mM malate as substrate. (A)
Effect of kinase inhibitors. Each point represents mean + SEM (n = 6).
Control, 10 uL of synaptosomes plus BDNF, PD98059 and U0126
were used at 10 uM and 1 uM respectively. *P < 0.01 as compared
with the corresponding control. (B) Effect of BDNF-neutralizing anti-
body (Ab-1). Bars represent mean + SEM (n = 6). *P < 0.05 as
compared with control (10 pL of synaptosomes, which are required
for the effects of BDNF); ++P < 0.01 as compared with BDNF alone
(from Markham et al., 2012).

maintaining and modulating the tone of synaptic plasticity
(Einat et al., 2005). NMDA receptor-induced Ca** influx is
almost exclusively cleared by the mitochondria (Wang and
Thayer, 2002).

Also implicated in LTP is the neurotrophin BDNF; this
neurotrophin is known to interact closely with the NMDA
receptors (Suen et al., 1997). NMDA receptor-induced Ca?
influx activates the CAMKII, which, in turn, activates the
MAPK cascade that ultimately results in the cAMP response
element-binding protein (CREB)-mediated transcription of
BDNF (Platenik et al., 2000; Vaynman et al., 2003). Thus,
mitochondrial regulation of Ca* clearance may be the point
of convergence between early stage LTP, resulting from the
activation of NMDA receptors and late-stage LTP, resulting
from an increase in BDNF that encourages new synapse for-
mation (Figure 4).

Mitochondrial-regulated caspase activation 1is also
involved in the modulation of synaptic plasticity (Figure 4;
Manoli et al., 2007). Hippocampal studies confirmed that
stimulation of NMDA receptors caused the release of mito-
chondrial cytochrome ¢ followed by activation of cytosolic
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caspases 3 and 9. Inhibition of caspases and overexpression of
anti-apoptotic protein X-linked inhibitor of apoptosis protein
(XLAP) or Bcl-xI blocked the removal of AMPA receptors. This
block on the removal of AMPA receptors resulted in a block
on NDMA receptor-dependent LTD (Li ef al., 2010). Further
studies confirmed that caspase-3 activation mediated by the
Bcl-2 antagonist of cell death (BAD)-Bax cascade is specifically
involved in NMDA receptor-dependent LTD, but not metabo-
tropic glutamate (mGlu) receptor-mediated LTD (Jiao and Li,
2011). The significance of mitochondria in synaptic plasticity
is also supported by the findings that both Bcl-2 and Bcl-x1
are involved in the facilitation of neurite outgrowth, axonal
regeneration and neurogenesis (Jonas, 2006; Creson etal.,
2009). A more recent study indicates a role for mitochondria
oxidative phosphorylation in the promotion of neuroplasti-
city in effects mediated by BDNE. BDNF has been shown to
enhance mitochondrial ATP production via an increase in
respiratory coupling and therefore aid the neuroprotective
mechanisms associated with neuroplasticity (Markham et al.,
2012).

Neuroprotection. In addition to neuroplasticity, various
studies also clearly indicate BDNF to have a major role in
neuroprotection in relation to damage resulting from oxida-
tive, metabolic and excitotoxic stress, which can lead to the
onset of various diseases [e.g. Huntington’s disease (HD)] and
ageing (Marini ef al., 2007; Jiang et al., 2011). The exposure of
hippocampal or cortical neurons to 1-100 ng-mL™' BDNF
resulted in protection from the following potential causes of
acute and/or chronic neurodegenerative diseases; amyloid-B
peptide (Counts and Mufson, 2010), oxidative stressors
(e.g. Fe*" and H,O,; Harper et al., 2009), glucose and oxygen
deprivation (Cheng and Mattson, 1994), glutamate and exci-
totoxins (Wu et al.,, 2004a,b), and mitochondria toxins
(Markham et al., 2012). Animals exposed to a diet rich in
antioxidants showed increased levels of BDNF mRNA and a
positive correlated improvement in cognitive performance
and reversal of neuronal atrophy (Nagahara efal., 2009;
Fahnestock et al., 2012). The invasive procedure of infusing
BDNF into the brain of hypoxic mice resulted in the restora-
tion of memory via an action on LTP (an electrophysiological
effect essential for long-term memory) of synaptic transmis-
sion at the key hippocampal CA1 synapses (Xie et al., 2010).
BDNF is able to induce the transformation of early phase to
late-phase LTP, while LTP itself is mediated via AMPA and
NMDA receptors, which, in turn, can also be controlled by
the neurotrophin (Lu et al., 2008; Diogenes et al., 2011).

In addition to the up-regulation of the AMPA receptor
subunits GluAl, GluA2 and GluA3 associated with cultured
hippocampal neurons, BDNF can also alter the frequency of
AMPA receptor-mediated miniature EPSCs (Caldeira et al.,
2007a,b). A recent study involving hippocampal slices from
Tau transgenic mice confirmed that NMDA receptor dysfunc-
tion contributed to impaired BDNF-induced facilitation of
hippocampal synaptic transmission, which is likely to be
significant in the occurrence of cognitive deficits in patients
with Alzheimer’s disease (Burnouf et al., 2013). A reduction
in BDNF levels or trkB-mediated BDNF signalling has also
been shown to reduce neuronal protection and increase
amyloidogenic APP activity. Brain damage following
transient global ischaemia was also increased when BDNF
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Mitochondrial regulation of calcium clearance: a point of convergence for retrograde and anterograde signalling. (A) The release of glutamate
from the presynaptic vesicles opens postsynaptic NMDA receptors (NMDAR) to allow the influx of calcium (Ca) into the postsynaptic spine. This
event leads to the induction of LTP. Ca will activate Ca/calmodulin, which, in turn, will activate (1) Ca/calmodulin kinase, which phosphorylates
the AMPA receptors; (2) PKC; (3) tyrosine kinase; and (4) AC. The first three are involved in early stage LTP that is maintained by enhanced
neurotransmitter release from the presynaptic spine via retrograde signalling. AC activates cAMP, which, in turn, activates CAMPK. cAMPK can
either directly activate CAMP response element-binding protein (CREB) for the transcription of BDNF, which is involved in late phase LTP through
the formation of new synapses, or it can activate CREB via the MAPK pathway. MAPK and BDNF can activate the transcription of pro-survival
pathways. (B) The opening of NMDA receptors allow the influx of Ca into the cell, which is mopped up by mitochondria. As the concentration
of Ca increases within the mitochondria, it triggers the opening of mitochondrial permeability transition pore (MPTP). This serves a dual purpose:
(1) reducing the mitochondrial membrane potential, which, in turn, reduces ATP production, thus highlighting the areas that need the allocation
of glucose for maintenance of LTP, and (2) releasing cytochorome c (Cyt c) and starting the apoptotic cascade. The release of Cyt c can be
prevented by the transcription and release of pro-survival proteins like Bcl2; this process, in turn, relies on the concentration of intracellular
calcium. Hence, inextricably linking the process of synaptic plasticity to mitochondrial energy production and intracellular calcium movements.
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activity was blocked by trkB-Fc fusion protein (Matrone et al.,
2008).

Exercise, diet, cognitive challenges,
BDNF and mitochondrial function

Exercise and cognitive challenges

Physical exercise or cognitive stimulation causes the
up-regulation of neurotrophic factors (BDNF), enhanced syn-
aptic plasticity and stimulation of neurogenesis resulting in
the protection of neurons against age-related dysfunction
and disease (Spedding and Spedding, 2008; Barrientos et al.,
2011; Marlatt et al., 2012; Noakes and Spedding, 2012). Vig-
orous intermittent exercise, energy restriction and cognitive
challenges activate excitatory neuronal circuits that use glu-
tamate in their synapses. Activation of glutamate receptors
results in Ca?* influx and Ca?*/calmodulin (CaM)-dependent
kinases. The CaM kinases stimulate the local translation of
BDNF mRNA in dendrites and activation of the transcription
factor for CREB, which induces the expression of the Bdnf
gene (Lazarov efal., 2010). At the site of production and
adjacent neurons, BDNF activates the high-affinity receptors
trkB; these activated receptors are able to engage the
PI3K-Akt kinase pathway, which, in turn, up-regulates the
production of key proteins involved in the processes of
synaptic plasticity and neurogenesis (neuroplasticity) result-
ing in neuroprotection. In the hippocampus, expression of
exercise-induced BDNF requires the locus coeruleus projec-
tion. Exercise-related increased levels in BDNF in the hip-
pocampus result in the activation of the ERK pathway, which
converges on the transcription factor for CREB, which is
indicated in enhanced learning and memory (Stranahan and
Mattson, 2012).

In addition to the above route of neuroprotection, there
are other adaptive stress response signalling pathways that
involve neuroprotective proteins, trophic factors, protein
chaperones (essential for protein folding and ensure proteo-
stasis; Morimoto, 2008; Hartl etal., 2011), anti-apoptotic
proteins, antioxidant enzymes, PGC-1, uncoupling pro-
teins (mitochondrial transporter protein: UCP2, 3 and 4;
Manzanero et al., 2011) and DNA repair enzymes (aputinic-
apyrimidinic endonuclease 1; APE1). The hippocampus has a
high expression of UCP2 (Richard etal., 2001), which is
subject to regulation by neuronal and hormonal input, for
the coordination of homeostasis (Diano et al., 2003). Exercise
increases UCP2 levels in the hippocampus and lowers cellular
oxidative stress (Vaynman et al., 2006). Cells that have higher
levels of UCP2 have lower ATP production per mitochon-
drion but a higher ATP production per cell (Harper etal.,
2002; Horvath et al., 2003). Through this mechanism, mito-
chondria are thought to protect themselves from oxidative
stress under conditions of high energy demand. UCP2 can
also regulate mitochondrial proliferation (Andrews etal.,
2005); it is likely that exercise increases the efficiency of
mitochondrial energy production by limiting the oxidative
stress, and this supports the process of synaptic plasticity
mediated by BDNF (Vaynman et al., 2006).

The health of the brain is therefore aided by life-long
challenges such as exercise, cognitive stimulation and dietary

Changes in mitochondrial function

energy restriction, which results in neurons being exposed to
metabolic stress. It has been argued that BDNF is a crucial
factor bridging mitochondrial metabolism, and in biochemi-
cal terms, this, in turn, results in the production of proteins
specifically involved in neurogenesis, neuronal survival,
learning and memory, control of oxidative metabolic and
proteotoxic stress, and regulation of mitochondrial biogen-
esis. BDNF signalling mediates the up-regulation of a number
of proteins, including antioxidant enzymes, the cell survival
protein Bcl-2, DNA repair enzyme APE1 and the protein chap-
erone GRP-78. Impairment of BDNF production and/or
impairment of its related signalling may aid the onset of
neurodegenerative disorders such as Alzheimer’s, Parkinson'’s
and Huntington’s diseases (Du et al., 2009; Rothman and
Mattson, 2013). The above findings clearly indicate the
involvement of mitochondria and confirm that BDNF signal-
ling mediates the beneficial effects of exercise and dietary
restrictions.

Dietary intake and cognitive changes

Studies on dietary restrictions outlined in the previous
section appear to have the ability to influence the rate of
onset of cognitive-related diseases. The brain has a very low
capacity to store energy; therefore, it is imperative that it
controls its energy supply. This is achieved by maintaining
the balance between ATP and ADP within a narrow concen-
tration range, known as the set point. The set point is main-
tained through a special set of ATP-sensitive potassium
channels (Kyrp channels) that couple energy metabolism to
Ay (Peters et al., 2004).

When an excitatory stimulus is provided to the cell, if the
ATP to ADP ratio is high, the Ky channels remain closed and
the cellular membrane will depolarize and allow an influx of
Ca?" and propagation of the stimulus through the release of
glutamate or BDNF will ensue; however, if the ATP to ADP
ratio is low, these channels will open and will not allow the
depolarization of the neural membrane, and the stimulus will
not be propagated (Peters et al., 2004). This serves a dual
purpose; firstly, this is a cytoprotective effect because it con-
serves the energy within the neuron for structurally impor-
tant functions (Garcia et al., 1999). Secondly, it highlights the
areas of low energy and facilitates the ‘allocation’ of glucose
to these areas through a feedback loop (Fehm et al., 2006).
Thus, any displacement in this set point can result in disease
states.

Additional studies indicate a bidirectional relationship
between energy intake and brain function with excessive
intake impairing function with dietary restrictions causing
enhancement. These changes in brain function are now
thought to involve the relationship between synaptic plastic-
ity and neurogenesis. Diseases such as diabetes and obesity,
which are associated with excessive dietary intake, are linked
to brain ageing resulting from changes in hippocampal neu-
rogenesis, LTP and hormone levels (Stranahan and Mattson,
2008). Energy restrictions have been shown to improve
memory and LTP in mice coupled to enhanced neurogenesis
via a BDNF-dependent mechanism (Lee et al., 2002).

Energy restrictions have also been shown to help deficits
in learning and memory (mice model for AD), protect dopa-
minergic neurons and improve motor function (mouse and
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monkey models for PD), and protect striatal and cortical
neurons (mouse model for HD). Restrictive dietary protection
of neurons against ageing and disease is thought to involve
pathways that respond to cellular stress and the resultant
production of cytoprotective proteins such as protein chap-
erones, DNA repair enzymes, mitochondrial proteins and
neurotrophic factors (Yang et al., 2010). Evidence indicates
that restrictions in dietary intake result in the activation of
genes encoding for proteins required for cell survival, synap-
tic plasticity and intracellular energy metabolism. It has also
been shown that the evolutionary vitagenes control the her-
metic responses of cells to stress via the encoding of proteins
essential for the control of cellular redox activities, ion
homeostasis, protein metabolism, membrane viability and
energy metabolism (Xu et al., 2007; Calabrese et al., 2010).

A dietary intake rich in phytochemicals such as sul-
foraphane (high levels in broccoli) and flavonoids (high
levels in grapes and blueberries) appears to have the ability to
influence pathways in neurons involved in the cellular stress
response, especially in relation to the up-regulation of the
expression of neurotrophic factors, antioxidant enzymes and
proteins associated with intracellular energy metabolism,
thus providing an additional mechanism of neuroprotection
(Son etal.,, 2008). Sulforaphane causes the activation of
nuclear regulatory factor 2 antioxidant response element
pathway, resulting in the expression of the antioxidant
enzymes haeme oxygenase 1 and NAD(P)H + H*-quinone
oxidoreductase 1 or NAD(P)H + H* dehydrogenase [quinone]
1 (Kraft et al., 2004). The effects of flavonoids in relation to
enhanced learning and memory is likely to involve sirtuins (a
family of NAD*-dependent protein deacetylases) and CREB
(Spencer, 2010). Once again, key individual or interrelated
roles are implicated for BDNF and mitochondrial function
and the resultant cognitive changes; however, it should be
stated that the overall mechanisms involved are also likely to
be influenced by the presence of glucocorticoids (Du et al.,
2009).

Mitochondrial and BDNF responses
to glucocorticoids

Relationship between glucocorticoids

and BDNF

In addition to the above challenges, BDNF signalling is
also known to be negatively regulated by glucocorticoids,
resulting in cognitive impairment, neuronal cell damage,
dendritic atrophy, reduced hippocampal neurogenesis,
changes in LTP and impairment of synaptic plasticity (Suri
and Vaidya, 2013). Chronic stress induces activation of the
hypothalamic—pituitary-adrenal axis, which results in the
release of the glucocorticoid cortisol in humans and corticos-
terone in rodents. In the hippocampus, high levels of gluco-
corticoids can result in a reduction in BDNF protein and its
mRNA by a mechanism that is not totally understood but is
believed to involve transcriptional control. This direct
method of control could involve glucocorticoid response ele-
ments that are present in the promoter region of exon IV of
the BDNF gene, while CREB is implicated in a possible indi-
rect method of BDNF regulation (Alboni et al., 2011; Chen
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et al., 2012). The gene mkp-1 is involved in the expression of
MAP-1, a phosphatase involved in the feedback control of
MAPK duration, which is co-responsive to BDNF and
dexamethasone. MAPK activity is central to the control of
cytoskeleton dynamics due to its ability to phosphorylate
microtubule- and actin-associated proteins. Excess activity of
MAP-1 results in destabilization of microtubule filaments,
while decreased levels reduce BDNF and neuronal activity
associated with the production of new axon branches
(Jeanneteau and Chao, 2012).

The ability of the synthetic glucocorticoid dexametha-
sone to decrease BDNF-induced increases in levels of synaptic
proteins via a reduction in the activation of the MAPK/ERK
pathway implies that this signalling pathway is important in
the control of glucocorticoid-induced reductions in BDNF
levels/activity (Kumamaru et al., 2008). A more recent study
confirmed the ability of dexamethasone to alter interactions
between Src homology-2 domain-containing phosphatase2
(Shp2) and the trkB receptor, which binds BDNF in cortical
neurons, suggesting that control of neurotrophin function by
glucocorticoids is via Shp2 (Kumamaru etal., 2011). The
ability of RU486, an antagonist of glucocorticoid receptors
(GRs), to abolish the dexamethasone inhibition of BDNEF-
induced alterations in synaptic proteins and neuronal func-
tion indicates that glucocorticoids mediate BDNF via GRs and
not by mineralocorticoid receptors (MRs; Kumamaru et al.,
2008). However, a previous study by Hansson et al. (2000)
found that in adrenalectomized mice, hippocampal BDNF
levels were negatively regulated by both GR and MR signal-
ling. The biphasic properties of glucocorticoids are therefore
clearly implicated in neural plasticity and spatial memory
involving signalling pathways and BDNF.

Relationship between stress, glucocorticoids
and mitochondrial function

Du etal. (2009) reported the ability of glucocorticoids to
regulate mitochondrial function including mitochondrial
oxidation, Ay,, and Ca* handling. Long-term exposure to
corticosterone (CORT) produced an inverted ‘U’-shaped
effect, with low levels (100 nM) being neuroprotective, while
high levels (1 uM) enhanced kainic acid (KA)-induced
toxicity/apoptosis of cortical neurons (KA is known to
produce apoptosis in a number of neuronal tissues; Lee et al.,
2010). Du et al. (2009) confirmed the ability of GRs to form a
complex with the anti-apoptotic protein Bcl-2 in primary
cortical neurons following acute exposure to CORT and trans-
lated with Bcl-2 into mitochondria. Prolonged exposure to
CORT resulted in decreased GR and Bcl-2 levels in mitochon-
dria. GRs have a lower affinity for endogenous glucocorti-
coids and are, therefore, thought to be more significant than
MRs in terms of the response to, and regulation of, stress
when endogenous levels of glucocorticoids are high. A study
involving rat C6 glioma cell mitochondria confirmed the
ability of GRs to translocate to the organelle (Koufali et al.,
2003). All three mitochondrial functions of oxidation, mem-
brane Ay, and Ca* movements exhibited the biphasic effects
associated with exposure to CORT. Low levels of CORT
resulted in significant increases in mitochondrial oxidation,
Ay, and Ca?* holding, while higher levels caused reductions
in all three parameters after 3 days of exposure to the gluco-
corticoid. These findings, in conjunction with others, suggest



a number of key interrelationships between glucocorticoids,
BDNF, apoptosis proteins and mitochondrial function in rela-
tion to neurodegeneration and disease onset.

Using two rat models, one involving chronic unpredict-
able mild stress (CUMS; Kompagne et al., 2008) and CORT
treatment, Liu and Zhou (2012) carried out a simultaneous
set of experiments designed to study the effects of exercise
preconditioning on behavioural, electrophysiological, bio-
chemical and mitochondrial function in the same animal.
CUMS is a 40-day variate-stressor paradigm, with animals
being subjected to a variety of mild stressors (e.g. cage tilting
for 24 h, swimming in cold in 5°C cold water for 5 min,
swimming in 45°C hot water, fasting for 48 h and water
deprivation for 24 h; Rezin et al., 2008). The overall findings
confirmed that both CUMS and CORT impaired mitochon-
drial function and increased oxidative stress in the brain of a
depressed rat model by altering the intracellular redox state
associated with several redox pairs including NAD*/NADH +
H*, NADP*/NADP + H* and GSH/GSSH. These redox pairs are
essential in maintaining brain energy supply and function
(Wilhelm and Hirrlinger, 2011), with an essential relationship
between nucleotide oxidation/reduction, mitochondrial
dysfunction and neuronal activation (Galeffi etal., 2011).
Increased levels of brain reduced GSH were found to provide
neuroprotection against oxidative stress and mitochondrial
dysfunction. CORT and CUMS also caused increases in the
production of ROS while decreasing membrane potential in
isolated mitochondria.

The results from the above study also showed a reduction
in enzyme activities associated with complex 1 (NADH + H*
dehydrogenase), IV (cytochrome oxidase) and citrate syn-
thase in isolated brain mitochondria while also confirming
that manganese-dependent SOD (Mn-SOD) activity was
reduced by CORT, but not by CUMS. Chronic mild stress
produces oxidants and an imbalance between SOD and
catalase activities, which combine to aid the development
of stress-related depression. In animals exposed to CORT,
Mn-SOD activity was altered, GSH/GSSH ratio was reduced
and the expressions of SOD1 and SOD2 were down-regulated
(Lucca et al., 2009). Manganese superoxide dismutase (Mn-
SOD, SOD2) is a key antioxidant enzyme found in the
mitochondrial matrix that scavenges ROS (Holley et al.,
2010). SOD1 and calcineurin (Rusnak and Mertz, 2000) are
co-localized in the cytoplasm and membranes of neurons; the
latter is stabilized by Cu-Zn superoxide dismutase (SOD1)
and provides protection against superoxide (O,"). CUMS was
found to decrease the expression of SOD2, but not SODI,
with no significant effect on Mn-SOD activity. These in vitro
and in vivo studies suggest an association between gene
expression of SOD, mitochondrial function and depression.

The CORT model resulted in a reduction in mtDNA with
possible implications for mitochondrial biogenesis and a
reduction in organelle and related intracellular bioener-
getics. The detrimental changes in mitochondrial function
following exposure to the CUMS paradigm appear to be con-
nected to the inhibition of mitochondrial respiration and
dissipation of mitochondrial membrane potential in hip-
pocampus, cortex and hypothalamus. The CUMS paradigm
was found to damage the ultra-structure of the brain mito-
chondria, while mitochondrial respiratory complexes I, III
and IV associated with cerebral cortex and cerebellum were
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also inhibited, indicating that oxidative-induced mitochon-
drial dysfunction is important in the onset of stress and
related disorders, with evidence pointing towards the theory
that CORT and CUMS may share a similar pathophysiology
as depression (Rezin et al., 2009; Gong et al., 2011), involv-
ing reduced expression of oxidant enzymes and mitochon-
drial dysfunction.

The studies involving pre-adaptation to exercise in rela-
tion to the following two groups exercise x CUMS and exer-
cise x CORT confirmed a difference in relation to the effects
on complex activity, SOD2 expression, mitofusion expres-
sion, BDNF and mitochondrial function. The overall findings
of the above studies involving both exercise groups indicated
that CORT’s ability to impair mitochondrial function and to
reduce expression of mitofusin, SOD2 and BDNF mRNA was
independent of exercise, suggesting that unlike CUMS,
CORT-induced depression cannot be prevented by exercise
and, therefore, indicates different molecular mechanisms
underlying the pathophysiology of depression and responses
to exercise. Studies involving the CORT and CUMS groups
were able to show that CORT reduced the brain mRNA of
Mifn1 and Mfn2, reducing the potential for normal fusion to
take place, and in agreement with previous studies, this
effect was independent of exercise (Del ef al., 2008; Liu and
Zhou, 2012). These findings indicate different mechanistic
responses to exercise involving complex interrelationships
between stress, glucocorticoids, BDNF and mitochondria,
which, in turn, may influence the development of neurode-
generative diseases.

Mitochondria and therapeutic
conditions associated with the CNS

Depression

Neurotrophin hypothesis. It has been clearly demonstrated
that BDNE, the small dimeric neuroprotective protein, is criti-
cal for the development as well as maintenance of both
peripheral and CNS. In addition, it promotes neuronal sur-
vival and proliferation (Yulug et al., 2009). Since it performs
functions that are critical to the survival of neurons, its
deficiency or loss has profound consequences. The absence
of neurotrophins triggers the intrinsic death programme
(ontogenetic) in neurons, and this forms the basis for the
neurotrophic hypothesis of depression (Yu efal., 2008).
According to this hypothesis, a deficiency in the neu-
rotrophic support during the development of depression may
contribute to the pathology in the hippocampus and its
reversal through antidepressant treatment may help to alle-
viate depressive symptoms (Nestler et al., 2002; Castren et al.,
2007).

There is now considerable evidence suggesting that the
neurotrophin that is most likely to be involved in this is
BDNE, as it is the most prevalent neurotrophin in the brain
(Smith et al., 1995), with both acute and chronic stress pro-
ducing decreased levels of BDNF in the dentate gyrus and the
pyramidal cell layer of the hippocampus in various animal
models followed by increased levels after chronic antidepres-
sant treatment (Smith et al., 1995; Yulug et al., 2009). The
infralimbic prefrontal cortex of rats is equivalent to the area
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that is at risk of depression in humans; acute stress, increasing
corticosterone, reduced BDNF levels and the neurotrophic
cascade eventually lead to a reduction in dendritic arboriza-
tion in this area (Qi etal., 2009). The levels of BDNF in
post-mortem brains of patients suffering from depression are
also reduced, while antidepressant treatment was found to
restore these levels to the normal range (Chen et al., 2001; Qi
et al., 2009). The serum concentration of BDNF in depressed
patients was seen to be normalized after antidepressant treat-
ment (Shimizu et al., 2003).

Understanding the effect that antidepressants have on the
BDNF receptor trkB in activating PLCy signalling (which, in
turn, activates CREB, causing transcriptional changes in
genes responsible for plasticity-related molecules; Rantamaki
et al., 2004), has led to the modified neurotrophic hypothesis,
which rather than state the lack of BDNF as the predisposing
factor for depression, emphasizes its role as a ‘tool’ in
the activity-dependent modification of neuronal networks,
which regulate aspects that influence mood (Nagappan & Lu,
2005; Castren et al., 2007; McKernan et al., 2009). However,
stress has different effects on the different brain circuits, with
hippocampus to prefrontal cortex showing atrophy and
reduced plasticity, whereas the amygdala—frontal cortex
circuit, fear and emotion, is reinforced, a core feature of
psychiatric disease, dependent on glucocorticoids and BDNF
(reviewed by Godsil et al., 2013).

Role of mitochondria in neurotrophin hypothesis. Prolonged
stress leads to atrophy and cell loss in the limbic regions of
the brain, and the mechanism for this is mediated by miner-
alocorticoid, glucocorticoid and NMDA receptors (Czeh and
Lucassen, 2007; Yulug et al., 2009). The release of cortisol and
other excitatory neurotransmitters like glutamate as a result
of stress can lead to the activation of cascades downstream
from the receptors. Ultimately, the decision as to which
cascade to activate, that is, apoptotic or necrotic or both, lies
with the mitochondria. The mitochondrial membrane
houses a number of important pro- and anti-apoptotic pro-
teins, and it is the delicate, yet critical balance between these
proteins that may determine the fate of the hippocampal
neurons (McKernan et al., 2009; Yulug et al., 2009).

The proteins that determine the outcome belong to the
Bcl-2 family of proteins that can be classified into three
groups depending on their activity and structure (i.e. anti-
and pro-apoptotic groups and the sentinels for cell death
signals group). The third group or sentinels act by binding to
the anti-apoptotic Bcl-2 family members, forming heterodi-
mers and activating pro-apoptotic Bax/Bak, resulting in the
release of mitochondrial factors that mediate cell death
(McKernan et al., 2009; Chipuk et al., 2010).

One of the factors that increases the synthesis of pro-
survival Bcl-2 is CREB; the transcriptional regulation of CREB,
in turn, relies on the activation of the MAPK/ERK cascade,
which is activated through BDNF-stimulated trkB receptors
(Yulug et al., 2009). This brings us full circle confirming the
significant roles for BDNF and mitochondria in the onset of
diseases associated with the CNS.

Neurodegenerative diseases
The three most common neurodegenerative diseases
Parkinson’s, Huntingdon'’s and Alzheimer’s, all have distinct
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pathological aetiologies, which have components that are
associated with mitochondrial dysfunction. From the current
review, it can be seen that mitochondrial dysfunction result-
ing from loss of ATP production, increased Ca* uptake,
increased ROS production, altered fission, fusion and apop-
tosis can affect neuronal function in terms of synaptic
plasticity, energy metabolism, axonal transport and neuro-
transmitter release resulting in psychiatric changes and neu-
ronal loss. In addition to the above effects, there is also clear
evidence of organelle dysfunction resulting from changes to
genetic material, especially genes coding key mitochondrial
proteins, which can lead to disease initiation and develop-
ment (Cali et al., 2012b).

Parkinson’s disease

PD is characterized by the progressive degeneration of dopa-
minergic and noradrenergic neurons that control motor and
autonomic nervous function respectively. Studies since the
early 1990s have proven that mitochondrial dysfunction is
pivotal to the onset and development of the disease due
to changes in energy production, selective inhibition of
complex I by toxins or inherited mutations of genes encoding
for proteins involved in organelle physiology (Schulz and
Beal, 1994; Greenamyre et al., 1999; Nuytemans et al., 2010).
Mutations in terms of loss of function to the genes Parkin,
DJ-1 and Pink 1 result in alterations to mitochondrial struc-
ture via altered fusion, biogenesis via reduced complex I
activity and synaptic plasticity via suppressed neurotransmit-
ter release. Leucine-rich repeat kinase 2 is associated with the
OMM and can interact with Parkin to produce cells that are
more vulnerable to mitochondrial dysfunction via a mecha-
nism involving autosomal dominantly inherited mutation
(Saha et al., 2009).

It therefore appears that the development of PD is
dependent, in a number of ways, on changes of cytosolic
Ca?" levels, which, in turn, can initiate mitochondrial
dysfunction. The multifunctional protein DJ-1, whose pre-
dominant role is as an antioxidant, also plays a major part
in controlling basal cytosolic levels of Ca* and the inter-
relationship between mitochondrial Ca®* handling and the
properties of L-type VOCs of dopaminergic neurons of the
substantia nigra. Experiments using knockout models con-
firmed an essential role for DJ-1 in protecting dopaminergic
neurons from Ca*-induced mitochondrial uncoupling and
ROS production, resulting from increased Ca* entry and
resultant oxidative stress during physiological pace-making
(Guzman etal., 2010). Studies involving mitochondrial
kinase PINK1 have also provided evidence, sometimes of a
controversial nature, for a link between Ca?" homeostasis and
mitochondrial dysfunction and PD. The loss of Ay,
increased mitochondrial size with loss of cristae and reduced
ATP levels were observed in a study involving the mutant
expression; these changes were totally reversed by the pres-
ence of the MUC inhibitor, ruthenium red, indicating mito-
chondrial Ca?" uptake was involved (Marongiu et al., 2009).

Parain et al. (1999) showed that the substantia nigra of PD
patients expressed lower levels of BDNE. As BDNF is the neu-
rotrophic factor providing trophic support for the dopamin-
ergic neurons of the subtantia nigra (Hyman et al., 1991), this
presents a tantalizing possibility that the above-mentioned
mutations arise as a result of inadequate trophic support,



which may itself be a result of inadequate anterograde BDNF
signalling that translates as postsynaptic changes.

Alzheimer’s disease: a metabolic catastrophe?
AD can also be inherited in an autosomal dominant manner
resulting from mutations to amyloid precursor protein (APP)
or presenilin-1 and -2 genes (PSEN-1 and PSEN-2) causing
problems with neurogenesis and synaptic plasticity and the
onset of dementia at ~49 years of age. Both sporadic and
familial AD are characterized by the presence of extracellular
amyloid plaques [i.e. aggregates of amyloid-B (AB) peptides
derived from the APP following cleavage by the - and
y-secretase, and intracellular neurofibrillary tangles, formed
by hyper-phosphorylated tau protein; LaFerla et al., 2007]. A
oligomers have been found to induce massive Ca* transfer
between ER and mitochondria, causing organelle Ca*" over-
load thus providing the conditions suitable for ROS produc-
tion, opening of the mtPTP and the release of cytochrome c
(Ferreiro et al., 2008). mtPTP opening is also promoted by the
interaction of AB with CYPD, causing neuronal injury and a
decline in cognitive functions (Du et al., 2008). These studies
indicate important links between excessive Ca** levels, orga-
nelle tethering/dynamics and mitochondrial dysfunction
and AD.

Indeed, the decline in oxidative metabolism as assessed
by the uptake of ['*F]-fludeoxyglucose (FDG) measured by
positron-emission tomography (FDG-PET) in key brain areas,
such as the precuneus, is the most linear decline of any
parameter in AD, and there are >170 studies listed in clintri-
al.gov on FDG-PET in AD. The availability of large cohorts of
patients with familial AD has allowed precise analysis of the
long-lived (up to 30 years) biomarker changes prior to
dementia. There are early and major changes in oxidative
metabolism (Figure 5; Bateman et al., 2012). Dragicevic et al.
(2010) have shown that mitochondrial amyloid-f levels are
associated with the extent of mitochondrial dysfunction in
different brain regions and the degree of cognitive impair-
ment in 12-month-old ABPPsw and ABPP + PS1 mouse models
of AD, with hippocampal and cortical neurons being most
affected. Wang et al., (2009a,b) showed an impaired balance
of mitochondrial fission and fusion in AD.

Trushina et al. (2012) identified early mitochondrial dys-
function and the resulting metabolic signature, first, in three
commonly used transgenic mouse models of FAD, mice
expressing mutant human presenilin 1, PS1(M146L) and the
double mutation of human amyloid precursor protein
APP(Tg2576) and PS1(M146L). Significant changes in mito-
chondrial morphology were detected in APP and APP/PS1
mice, and there was a loss of the integrity of synaptic mito-
chondria and energy production in all three models. They
also revealed altered energy metabolism and mitochondrial
dysfunction in the brains of FAD mice, dependent on the
individual mutations. ADP, the Krebs cycle, energy transfer,
carbohydrate, neurotransmitter and amino acid metabolic
pathways were perturbed with a particular lesion in sphin-
golipids and ceramides.

Using brain slices from APP, PS1 and APP/PS1 animals, the
decrease was found to be most prominent in the brains of
APP and APP/PS1 mice (loss of 50%). The decrease in the
oxidative activity of PS1 mice was about 35%. The changes in
mitochondrial ultra-structure observed in FAD mice correlate

Changes in mitochondrial function
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The insidious onset of familial Alzheimer’s disease. The normalized
differences between mutation carriers and non-carriers are shown
with the estimated years from expected symptom onset (~49 years
old.) Decreasing AB42 levels in the CSF (CSF AB42) is concomitant
with increasing fibrillar AR deposition. Slightly later, the levels of CSF
tau increase and hippocampal atrophy (volume) and hypometabo-
lism (glucose metabolism) in the precuneus start to manifest (5-10
years before symptom onset), and cognitive and clinical changes (as
measured by the Clinical Dementia Rating—Sum of Boxes [CDR-SOB])
begin. Mild dementia (CDR 1) occurred ~3.3 years before the
expected symptom onset. Note that the change in metabolism
(arrows) measured by FDG-PET) is the only change that is monotonic
over the disease course with >2 standardized differences (from
Bateman et al., 2012).

with the loss of mitochondrial function, implying major
effects on metabolism. APP/PS1 mice display marked gender
differences, with female mice having greater metabolic dis-
turbances, similar to those observed in human AD patients.
Then, Trushina etal. (2013) showed that many of these
changes in the CSF and plasma of AD patients were translat-
able between mice and men.

Laske et al. (2006) for the first time presented evidence
from human serum and CSF of stage-dependent changes in
BDNF levels of AD patients. They showed that in the early
stages, an increase in the BDNF levels was observed, probably
a compensatory mechanism. As the disease progressed, a
decline in the trophic factor levels was observed, which coin-
cided with the severity of the disease.

Chen and Zhong (2013) showed impaired cerebral
glucose hypometabolism possibly due to impairments of
insulin signalling and altered thiamine metabolism, leading
to well-characterized anomalies in the Krebs cycle. Markham
et al. (2012) showed that BDNF could increase the respiratory
efficiency of the brain mitochondria, and inflammatory
cytokines blocked this increase — which may account for at
least some of the changes in metabolism, as BDNF is reduced
and inflammatory cytokines increased at the time of AD
‘conversion’. Golenbock’s group has shown that A activates
the inflammasome, NLRP3, to produce IL-1B (Halle et al.,
2008) and this effect is a major factor contributing to pathol-
ogy of APP/PS1 mice (Heneka et al., 2013). It could be that as
the disease progresses and levels of BDNF decline, the lack of
trophic support coupled with increased inflammation con-
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tributes to the progression of metabolic failure and neuronal
atrophy (Markham et al., 2012). Thus, there are real reasons
to think that disrupted brain metabolism is a core feature of
AD and therapies should be aimed at it directly.

Huntington’s disease

Mitochondrial dysfunction is also implicated in impaired
synaptic plasticity, and motor and cognitive deficits associ-
ated with HD. It is known that polyglutamine repeat expan-
sions in the huntingtin protein cause the disease and that the
mutated form of Huntingtin causes a decrease in cortical
BDNF gene transcription (Zuccato etfal., 2001). Therefore,
mutant huntingtin proteins can aid in the development of
neurodegenerative changes in the CNS. An early target for
these mutant proteins appears to be mitochondria, causing
defective ATP production, Ca* transport, opening of the
mtPTP and trafficking, which, in turn, induces impaired
neural plasticity. Huntingtin was also shown to influence
intracellular Ca* signalling via IP;R activity and expression
causing increases in ER Ca?* levels in precursors of Hunting-
don’s disease neurons, therefore providing an environment
to produce an imbalance between ER and mitochondria. In
other studies involving mutant huntingtin models, enhanced
calcineurin activity and related movement of calcineurin-
dependent Drpl to mitochondria was found to alter the
balance between fission and fusion, therefore providing the
trigger for Ca*" dysregulation in the death of striatal neurons
via increased mitochondrial fragmentation and apoptotic
activity (Costa et al., 2010). In a recent study on glutamate
toxicity, Suwanjang et al. (2013) showed that glucocorticoids
such as CORT can protect against Ca** overload, detrimental
Ca?* signalling and cell death by activating the plasmalemmal
Ca*" ATPase, which then modulates the delayed Ca** deregu-
lation. Once again these findings indicate strong interrela-
tionships between Ca®** handling/homeostasis, mitochondrial
dysfunction, trophic support and disease states. At the
nuclear level, huntingtin was found to impair the transcrip-
tion of nuclear genome-encoded mitochondrial proteins
associated with biogenesis and subcellular trafficking of mito-
chondria, resulting in organelle dysfunction and disease
onset. However, the role of BDNF is less clear and may
involve an indirect mechanism (Oliveira, 2010).

Mood disorders

This is a family of diseases that relate to rare aspects of
mitochondrial dysfunction. Usually the prime pathological
defect is characterized by genetic impairment of one or more
of the biochemical aspects of mitochondrial metabolism
resulting in psychiatric symptoms such as depression, psy-
chosis, bipolar disorder (BD) and personality change (Kato,
2001; Orth and Schapira, 2001; Niciu et al., 2013).

BD is a complex, highly heritable major mood disorder
characterized by episodes of hypomania and depression. Like
other major mood disorders and major depressive disorders,
initial pathophysiological and psychopharmacological re-
search centred around monoamine (5-HT, noradrenaline and
dopamine)- and amino acid (GABA and glutamate)-based
neurotransmission. In relation to mitochondrial function
and cell survival, more recent studies have shown that the
pathophysiological impairments of second messenger/signal
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transduction cascades affected by BP include increased
pro-apoptotic gene expression, decreased anti-apoptotic/
antioxidant gene expression, decreased Bcl-2 expression,
increased IP3-mediated intracellular Ca** levels and increased
anterior cingulate cortex glutamate. In terms of the second
messenger/cascades associated with cAMP/PKA/CREB, these
were found to show increases in AC and PK levels/activity
and decreased CREBP1 expression, while potential alterations
to ERK/MAPK have yet to be determined (Niciu et al., 2013).
BD is therefore associated with increased intracellular Ca?;
this could involve its release from the ER and mitochondria,
and/or via influx through the stimulation of plasma mem-
brane receptors, decreased expression of anti-apoptotic pro-
teins (Bcl-2), increased expression of pro-apoptotic proteins
(Bax-1), decreased expression of CREBP1 and increased IP3-
mediated Ca* release. Therefore, the development of BD is
likely in part to be related to eventual mitochondrial dysfunc-
tion and associated apoptotic events (Kim et al., 2010). The
intracellular events outlined here share a degree of common-
ality with other neurodegenerative diseases, especially in
terms of pivotal roles for Ca** and mitochondria, and are
possibly closely linked to BDNF transcription.

Schizophrenia is a major mental illness and affects 1% of
the world’s population, manifesting itself in high suicide
rates and disruption of social functioning including aggres-
sive behaviour. Studies involving animal models indicate that
mutation of the BDNF gene may be involved in aggressive
behaviour. These studies indicated that changes in behaviour
were related to abnormal levels of forebrain 5-HT. An asso-
ciation with the polymorphins of the BDNF gene especially
Val®*Met (G196A) has also been studied extensively. This is a
single nucleotide polymorphism in the BDNF gene involving
a valine (Val) and methionine (Met) substitution at codon 66
in the pro-domain (BDNFMet). Studies have shown that the
Met (A) allele of Val®®Met is associated with an abnormal
pattern of increased bilateral hippocampal activation and
impaired episodic memory in humans (Spalletta et al., 2010).
Transcranial magnetic and transcranial direct current stimu-
lation studies designed to study synaptic plasticity in the
motor cortex showed alterations in subjects with the Val®*Met
polymorphism, indicating once again a key role for BDNF in
neural plasticity and that changes in its activity and associ-
ated pathways may contribute to the pathology of schizo-
phrenia (Favalli et al., 2012). Patients with schizophrenia also
show altered energy metabolism in various areas of the brain
including the prefrontal cortex, temporal and parietal corti-
ces, thalamus, basal ganglia and cerebellum. Observed
changes in complex I activity relating to two single nucleo-
tide polymorphisms in a nuclear encoded subunit of the
complex, NADH + H* dehydrogenase (uniquone) flavoprotein
2, were found to be indicators of the disease, suggesting a role
for mitochondria in the onset of the disease (Hroudova and
Fisar, 2011). With respect to these conditions, findings from
various studies have demonstrated the important involve-
ment of both BDNF and changes in mitochondrial function
and disease onset.

Ageing

In scientific terms, ageing is associated with numerous physi-
ological alterations across multiple organ systems, including
the CNS and can lead to an increase in the variability



associated with cognitive and motor capabilities (Gallagher
etal., 1993; Albert, 1997). Age-related pathologies may arise
from a combination of genetic and environmental factors.
Changes in cognitive performance are also known to be influ-
enced by biochemical events, such as oxidative stress,
impaired cellular energy metabolism, perturbed cellular Ca*
signalling or the abnormal accumulation of damaged pro-
teins and organelles (Mattson and Magnus, 2006; Wong and
Cuervo, 2010). Free radical production, including ROS and
peroxynitrite, is known to increase and accumulate during
the ageing process, resulting in an increase in the oxidation
of key proteins and lipid peroxidation (Manoli et al., 2007).
Biochemical changes relating to membrane-associated oxida-
tive stress are clearly indicated in neuronal dysfunction,
which results in neurodegeneration and the onset of diseases
such as Alzheimer’s (Floyd and Hensley, 2002; Mattson, 2009;
Kapogiannis and Mattson, 2011). Changes in intracellular
energy metabolism in relation to impaired mitochondrial
function resulting in reduced levels of ATP and NAD* provide
the potential to influence both neuronal plasticity and dys-
function (Markham et al., 2012). Mitochondrial dysfunction

Changes in mitochondrial function

may result from one or a combination of effects including
oxidative membrane damage, changes to respiratory chain
proteins or alterations to mtDNA (Gibson etal., 2010).
Amyloid-B (AB) in AD, o-synuclein in PD and huntingtin in
HD are disease-specific factors capable of compromising
intracellular energy metabolism (Stranahan and Mattson,
2012).

A number of studies have also demonstrated a link
between mitochondrial movements and fusion/fission and
apoptosis (cell death). Mitochondrial fragmentation resulting
from loss of mitofusins and OPA1 results in increased sensi-
tivity to cell death stimuli, while their overexpression results
in increased survival in neurons (Barsoum etal., 2006;
Jahani-Asl et al., 2007). The pro-apoptotic proteins Bax and
Bak have also been linked to components of the fusion/
fission process (Jahani-Asl et al., 2010). In relation to fission
of the OMM, it has already been confirmed that the process
requires Drpl and Fisl, while fusion is controlled by two
mitofusins: Mfn 1 and Mfn 2. Studies have confirmed that
mitochondrial bioenergetics in Drpl-depleted cells are
impaired, while conversely, inhibition of respiratory complex
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An imbalance in anterograde and retrograde signalling causes disruption of cellular homeostasis and results in a disease state. Impaired calcium
homeostasis can result in impaired metabolism, which can disrupt the transcription of trophic factors, all of these have been implicated in disease.
Conversely, a lack of trophic support may result in impaired calcium homeostasis and the cycle feeds back into itself, making the condition worse

and leading to apoptosis, which is central to neurodegeneration.
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I altered the organization of the mitochondrial network
(Benard et al., 2007). Imbalance in fission and fusion may
result in changes in mitochondrial function, causing the
accumulation of essential metabolites in the intercisternal
space and INS, resulting in inhibition of the ETC, increased
ROS production and ensuing oxidative stress, a potential
cause of aging (Jendrach et al., 2005).

Mitochondrial respiration is therefore known to be the
major source of cellular ROS, indicating that mitochondria
are a prime target for intracellular oxidative damage, which
could result in diseases and disorders, including neurodegen-
erative diseases, schizophrenia and ageing (Cadenas and
Davies, 2000; Jendrach et al., 2005; Wallace, 2005; Halliwell,
2006). Neurodegeneration may also be a consequence of oxi-
dative stress induced by the production of H,O, resulting
from the oxidation of monoamines by MAO A and B, which
are located within the OMM (Naoi et al., 2006). Glutamate
and other excitatory amino acids are implicated in the pro-
duction of ROS and resultant oxidative stress leading to neu-
ronal damage, including changes in synaptic plasticity and
learning and memory (Mattson et al., 2008) and impaired
Ca? homeostasis (Nicholls, 2009).

Conclusion

Cellular homeostasis is maintained through a two-way
system of communication; the form of adjustment that a cell
makes to the changes in homeostatic states is known as
retrograde signalling, the most extreme example of which is
apoptosis. Opposite to this is the anterograde signalling,
where communication flows from the nucleus to the orga-
nelles through transcription and expression of proteins such
as trophic factors. These responses are affected by an array of
‘cues’ such as stress-related metabolic changes, ROS accumu-
lation and changes in Ca* dynamics of the mitochondria.
Any perturbation that may cause this delicate system of com-
munication to fail may tip the balance in favour of a disease
state. As seen in the later sections of this review (Figures 4 and
6), where a lack of anterograde signalling by BDNF can lead to
changes in the postsynaptic neurons or even apoptosis,
which manifests behaviourally as depression or neurodegen-
erative conditions such as Parkinson’s, Alzheimer’s and
Huntington’s disease. These conditions are often also accom-
panied by an element of retrograde signalling failure such as
imbalance in Ca* homeostasis, compromised energy metabo-
lism and accumulation of ROS. Although which happens first
is a matter of some discussion, these events are linked and
contribute significantly to the progression and manifestation
of the disease. Evidence presented in this review strongly
indicates that the control of BDNF activity is key to the
modulation of synaptic plasticity and that the role played by
mitochondria is pivotal in processes involved in neuropro-
tection and those responsible for the onset and development
of neurodegenerative diseases.
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