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Abstract
Cytochrome c oxidase is the terminal enzyme of the mitochondrial electron transport chain,
without which oxidative metabolism cannot be carried to completion. It is one of only four unique,
bigenomic proteins in mammalian cells. The holoenzyme is made up of three mitochondrial-
encoded and ten nuclear-encoded subunits in a 1:1 stoichiometry. The ten nuclear subunit genes
are located in nine different chromosomes. The coordinated regulation of such a multisubunit,
multichromosomal, bigenomic enzyme poses a challenge. It is especially so for neurons, whose
mitochondria are widely distributed in extensive dendritic and axonal processes, resulting in the
separation of the mitochondria from the nuclear genome by great distances. Neuronal activity
dictates COX activity that reflects protein amount, which, in turn, is regulated at the
transcriptional level. All 13 COX transcripts are up- and downregulated by neuronal activity. The
ten nuclear COX transcripts and those for Tfam and Tfbms important for mitochondrial COX
transcripts are transcribed in the same transcription factory. Bigenomic regulation of all 13
transcripts is mediated by nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2). NRF-1, in
addition, also regulates critical neurochemicals of glutamatergic synaptic transmission, thereby
ensuring the tight coupling of energy metabolism and neuronal activity at the molecular level in
neurons.

12.1 Cytochrome c Oxidase
Cytochrome c oxidase (COX, cytochrome aa3, ferrocytochrome c oxygen oxidoreductase,
complex IV, E.C. 1.9.3.1) is the terminal enzyme of the mitochondrial electron transport
chain. It catalyzes the oxidation of its substrate, cytochrome c, and the reduction of
molecular oxygen to water. It assists in the pumping of protons from the matrical to the
cytosolic side of the inner mitochondrial membrane, setting up the electrochemical proton
gradient that drives the synthesis of ATP from ADP and phosphate by ATP synthase
(complex V). Inactivation of COX by cyanide, azide, or carbon monoxide is incompatible
with life, as oxidative metabolism cannot be carried to completion, and no ATP can be
generated from mitochondria. Thus, highly oxidative organs such as the heart, liver, kidney,
skeletal muscles, and especially the brain, are critically dependent on COX for their normal
functioning and survival.

COX is one of the most ancient enzymes known, parts of it evolved more than a billion
years ago. It is one of only 4 bigenomic proteins in mammalian cells: complexes I, III, IV,
and V of the electron transport chain, each of which has subunits from either the nuclear or
the mitochondrial genome, and none of which is encoded entirely by a single genome. This
implies that a) the mitochondrial genome retains its control of key subunits of the electron
transport chain through evolution; and b) the two genomes have to work closely together to
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ensure proper functioning of the oxidative phosphorylation machinery. COX holoenzyme
has 13 subunits with 1:1 stoichiometry (Kadenbach et al 1983). The largest three subunits
(COX I, II, III) are encoded in the maternally inherited mitochondrial genome, and the
remaining ten (COX IV, Va,b, VIa,b,c, VIIa,b,c, and VIII) are nuclear-encoded in nine
different chromosomes. To form a functional holoenzyme, precise coordination between the
two genomes is necessary. The mechanism of regulating such a complex, multisubunit,
bigenomic enzyme appears daunting and poorly understood until recent years, when the
regulatory machinery was beginning to be revealed.

12.2 Cytochrome c Oxidase as a Metabolic Marker for Neurons
Neurons are ideal cells for investigating the regulation of COX. Unlike glial cells that can
fare quite well under anaerobic condition, neurons are dependent almost entirely on
oxidative metabolism for their function and survival. Being postmitotic, they do not undergo
constant turnover and rebirth, and hence their metabolic activity reflects primarily their
constitutive functional demands. Of all the ATP-demanding functions of neurons, such as
the synthesis of proteins and other molecules, turnover of transmitters and receptors, active
anterograde and retrograde transport of proteins and organelles, and active transport of ions
against their concentration and electrical gradients, the first two consume relatively little
energy, the third one accounts for only a minor fraction of the energy, but the last one is by
far the most energy-demanding function of neurons, especially with regard to repolarizing
the membrane after excitatory depolarizing activity (Wong-Riley 1989; 2010; Attwell and
Laughlin 2001). Indeed, it is neuronal activity that controls energy expenditure, and not vice
versa (Lowry 1975; Wong-Riley 1989). The control is precise, such that energy is not
generated until energy is spent. As different compartments of a single neuron require
varying amounts of energy, the entire neuron is not metabolically homogeneous. Dendrites,
being the major receptive sites of incoming depolarizing input and whose membranes have
to be constantly repolarized, consume the bulk of energy, whereas axonal trunks, especially
myelinated axons, consume very little energy (Wong-Riley 1989). Energy demand of cell
bodies is largely dependent on the magnitude and frequency of excitatory input they receive,
and that of axon terminals reflects how tonically active they are (Wong-Riley, 1989).

Can cytochrome c oxidase serve as a sensitive and reliable metabolic marker for neurons?
At the biochemical, histochemical, immunohistochemical, cytochemical, and molecular
levels, this proves to be the case, and they correlate well with the neuron’s functional
activity (Wong-Riley 1979; Wong-Riley et al 1989a,b; Hevner et al 1995; Hevner and
Wong-Riley 1989; 1991). In altering the functional demands of neurons, such as with
tetrodotoxin (TTX)-induced impulse blockade or with KCl-mediated depolarizing
stimulation, the levels of cytochrome c oxidase in affected neurons are down- or up-
regulated accordingly (Wong-Riley and Carroll 1984; Hevner and Wong-Riley 1990;
DeYoe et al 1995; Zhang and Wong-Riley 1999). Such alterations exist not only in the
activity of the enzyme, but also in its protein and mRNA amount, indicating that the activity
reflects mainly the protein amount, which, in turn, is regulated mainly at the transcriptional
level (Wong-Riley et al. 1998a).

12.3 The Challenge of Bigenomic Coordination in Neurons
As COX subunit transcripts and proteins are of two genomic sources, this poses a unique
challenge for neurons. For, unlike most cells, neurons have mitochondria-laden dendrites as
well as axons that can extend far from the cell bodies, hence the nuclear and the
mitochondrial genomes can be separated by great distances. Do the nuclear transcripts
migrate from the cell body to distal dendrites for local translation, or do they stay within the
cell body? To answer this question, in situ hybridization was done at both the light and
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electron microscopic (EM) levels. It was found that, indeed, the mitochondrial mRNAs are
located within the mitochondria that are distributed throughout the cell bodies, dendrites,
and axons, but the nuclear transcripts are restricted only to the cell bodies, indicating that
translation of nuclear transcripts occurs only in the cell bodies (Hevner and Wong-Riley
1991; Wong-Riley et al 1997). How, then, can the nuclear-encoded subunit proteins get to
distal dendrites, where they are most needed? Do they take the intra- or the extra-
mitochondrial route in their transit from the cell body to distal processes?

The answer for at least one of the nuclear-encoded subunits, COXIV, is that the precursor
protein, which contains the mitochondrial-targeting presequence, is translated in the cell
body, incorporated into the mitochondria within the cell body, and is translocated intra-
mitochondrially to distal processes (Liu and Wong-Riley 1994). There, it can remain as
precursor protein, or be processed into the mature form to be incorporated into the
holoenzyme with the other nuclear- and mitochondrial subunit polypeptides. Thus, neurons
have devised a mechanism by which the precursor proteins are not immediately processed
upon entry into the mitochondria, as in the case of yeast and rat hepatocytes (Mori et al
1981; Reid et al 1982), but rather, can form a precursor pool in dendrites and axons until
such time when additional energy demand triggers further processing into their mature
forms. This mechanism ensures conservation of energy and bypasses the need for constant
shuttling of individual mitochondrion back to the cell body for a fresh supply of precursor
proteins each time a new stock of holoenzyme is called for.

12.4 Bigenomic Coordination of Cytochrome c Oxidase in Response to
Changing Neuronal Activity

Are all 13 subunits of cytochrome c oxidase coordinately or disparately regulated by
neuronal activity? Both in vivo and in vitro approaches have been used to probe this
question. In vitro, all 13 COX subunit transcripts are significantly upregulated after 5 h of
depolarizing stimulation, and they are all downregulated by TTX blockade (Liang et al
2006). However, the levels of the three mitochondrial-encoded transcripts fall earlier than
those of the ten nuclear-encoded ones (2 versus 4 days). By the 6th day after inactivation, all
13 transcripts are downregulated to about the same extent (to ~ 20% of controls). Likewise,
in vivo sensory deprivation with retinal impulse blockade or enucleation induces an earlier
and more severe downregulation of the mitochondrial- than the nuclear-encoded subunit
transcripts (Hevner and Wong-Riley 1993; Liang et al 2006). This implies that the
mitochondrial genome exerts a greater control over the activity and amount of the enzyme in
neurons. The merit of such a mechanism includes: a) mitochondria in distal dendrites and
axon terminals are strategically located at the “business” ends of neurons, where they can
sense local energy demand and adjust the supply of holoenzymes accordingly; b) the
mitochondrial genome is responsible for the largest three subunits that form the catalytic
core of the enzyme, although the ten nuclear-encoded subunits also play important roles in
energy metabolism (Kadenbach et al 2000); and c) as stated above, there is a reservoir of
nuclear-encoded subunit proteins in distal neuronal processes, so the downregulation of
these subunits may be delayed. Ultimately, however, all 13 subunits are up- or
downregulated by neuronal activity (Liang et al 2006).

12.4.1 Synthesis Versus Degradation of Bigenomic Transcripts
Are activity-induced changes in COX transcripts due to RNA synthesis rate or stability, or
both? The answer came from an experiment in which primary neurons in culture were
stimulated with 20 mM KCl for 5 h (Zhang and Wong-Riley 2000a). It was found that the
synthesis rate of both the mitochondrial-encoded Cox2 and the nuclear-encoded Cox4
transcripts are increased significantly after 3 h of depolarizing stimulation. The rate of Cox2
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remains higher than controls at 4 and 5 h of stimulation, but that of Cox4 returns to control
levels after 3 h. The degradation rate was monitored by 3Huridine pulse-chase labeling, and
it revealed a half-life of 84 min for Cox2 and 50 min for Cox4 mRNA. With KCl
stimulation, the half life of Cox2 transcripts remains relatively constant, whereas that of
Cox4 increases to 102 min. These data indicate that the mitochondrial transcripts are
regulated mainly at the transcriptional level, but that the nuclear transcripts are regulated at
both the synthetic and degradative levels, and that both are tightly governed by neuronal
activity (Zhang and Wong-Riley 2000a).

12.5 Transcription Factors as Bigenomic Coordinators
The bigenomic nature of COX imposes a special need for transcriptional coordination
between the two genomes. Is there a transcription factor or factors that may serve such a
role? Two factors have been proposed to mediate nuclear-mitochondrial interactions. They
are nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2) (Scarpulla 2008).

12.5.1 Role of Nuclear Respiratory Factor 2
NRF-2 is the human homologue of the murine GA-binding protein (GABP) (Evans and
Scarpulla 1990; Thompson et al 1991; Virbasius et al 1993a). It belongs to the Ets (E26
transformation-specific) family of transcription factors, recognizing the consensus sequence
(C/A)GGA(A/T)(A/G) (LaMarco et al 1991; Thompson et al 1991; Virbasius and Scarpulla
1991). NRF-2 is a heteromeric protein made up of mainly α and β subunits (β1, β2), and γ1
and γ2 are splice variants of the β subunit. The α subunit has the Ets domain and is required
for DNA binding. The β subunit contains four Notch-ankyrin repeats that mediate
dimerization with the α subunit, but is incapable of binding DNA alone. The β subunit also
has the transactivating domain and the nuclear localizing signal. Heterodimerization of α
and β is required for stabilization and specificity of α-DNA binding (De la Brousse et al
1994; Batchelor et al 1998). The homodimerization domain of the β subunit enables the
formation of α2β2 heterotetramer that binds to tandem repeats of NRF-2 in target gene
promoters (Scarpulla 2002). DNA binding and in vitro studies have implicated the
transactivational activity of NRF-2 and its regulatory role in the expression of a number of
subunits of respiratory chain enzymes, especially some of the nuclear-encoded COX
subunits (rat and mouse subunits IV and Vb, human subunit Vb, bovine subunit VIIaL
(Virbasius and Scarpulla 1991; Carter et al 1992; Virbasius et al 1993a; Carter and
Avadhani 1994; Scarpulla 1997), and human COX VIaL (Ongwijitwat and Wong-Riley
2004). In addition, NRF-2 also regulates genes that encode mitochondrial transcription
factors A and B (TFAM, TFB1M, and TFB2M) (Virbasius and Scarpulla 1994; Gleyzer et al
2005), which are nuclear-derived and function inside the mitochondria as regulators of
mtDNA transcription and replication (Fisher and Clayton 1988; Falkenberg et al 2002).
NRF-2 also regulates three of the four human succinic dehydrogenase subunit genes, as well
as genes for human TOMM20, mitochondrial transcription termination factor (mTERF),
RNA polymerase POLRMT, and the B subunit of the DNA Polγ, among others (Au and
Scheffler 1998; Blesa et al 2007; Scarpulla 2008; Bruni et al 2010). Knockout of NRF-2/
GABP is embryonically lethal before implantation, attesting to the essential role of this
transcription factor in embryogenesis; whereas the heterozygous nulls appear normal
(Ristevski et al 2004). Thus, NRF-2 potentially links the nucleus and mitochondria by
regulating COX-related gene expression in the two genomes (Scarpulla 2008).

12.5.1.1 NRF-2 Itself Responds to Changes in Neuronal Activity—What is known
about the significance of NRF-2 in neurons? Remarkably, the pattern of NRF-2’s
distribution in the primate visual cortex is virtually identical to that of COX (Nie and Wong-
Riley 1999), a unique feature not shared by any other transcription factors studied thus far.
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NRF-2 is also more strongly expressed in cell types that have higher COX activity than
those with lower activity (Wong-Riley et al 2005). Moreover, NRF-2 itself responds to
monocular impulse blockade by downregulating its protein and message levels in deprived
cortical columns and neurons in which COX activity is suppressed (Nie and Wong-Riley
1999; Guo et al 2000; Wong-Riley et al 2005). In response to KCl depolarization in cultured
primary neurons, NRF-2 protein is upregulated prior to the upregulation of COX subunit
message and activity (Zhang and Wong-Riley 2000b), and both α and β subunits of NRF-2
respond to increased neuronal activity by translocating from the cytoplasm to the nucleus,
where they associate primarily with euchromatin to activate their target genes (Yang et al
2004).

12.5.1.2 NRF-2 Regulates All 13 Cytochrome c Oxidase Subunit Genes in
Neurons—To determine if NRF-2 regulates all COX subunit genes in neurons, in vitro
electrophoretic mobility shift (EMSA) and supershift assays, in vivo chromatin
immunoprecipitation (ChIP) assays, and promoter mutational analysis were performed. It
was found that, indeed, NRF-2 functionally regulates all ten nuclear-encoded subunit genes
of COX (Ongwijitwat and Wong-Riley 2005). Moreover, functional silencing of NRF-2
with small hairpin interference RNA (shRNA) significantly reduces the expression of all 10
nuclear-encoded COX subunit genes, as well as of Tfam and Tfb1m, which regulate the
expression of the three mitochondrial-encoded COX subunit genes (Ongwijitwat et al 2006).
As discussed above, the role of NRF-2 in directly regulating Tfam and Tfbms has been
established (Virbasius and Scarpulla 1994; Gleyzer et al 2005). These findings, then, are
consistent with NRF-2’s proposed role as a transcriptional activator of COX and that its own
expression is regulated by neuronal activity (reviewed in Wong-Riley et al 2008).

12.5.2 Role of Nuclear Respiratory Factor 1
NRF-1 was first discovered as a transcriptional regulator of the somatic cytochrome c, the
substrate for COX (Evans and Scarpulla 1989). NRF-1 also activates other genes whose
products function within the mitochondria, such as a few of the nuclear-encoded COX
subunits (Vb and VIa in humans, Vb and VIc in rats, and VIIaL in cows), specific nuclear-
encoded subunits of complexes I, II, III and V, mitochondrial RNA processing (MRP) RNA,
as well as 5-aminolevulinate synthase, which is important for regulating the supply of heme
to the cytochromes and other hemoproteins (reviewed in Kelly and Scarpulla 2004).
Together with NRF-2, NRF-1 also activates Tfam and the Tfbms (Virbasius and Scarpulla
1994; Gleyzer et al 2005). Thus, NRF-1 is another potential coordinator of mitochondrial-
and nuclear-encoded subunits of COX.

NRF-1, unlike NRF-2, is a single-gene product whose gene is mapped to human
chromosome 7 (7q31) (Gopalakrishnan and Scarpulla 1995) and is ~104-kb long (Huo and
Scarpulla 1999). The DNA-binding domain is at the amino terminus and is highly
conserved, whereas the transactivation domain is at the carboxy terminus, which is quite
divergent among the species (Virbasius et al 1993b; Gugneja et al 1996). NRF-1 binds the
palindromic consensus sequence (T/C)GCGCA(T/C)GCGC(A/G) (Evans and Scarpulla
1990; Virbasius et al. 1993b; Scarpulla 1997). However, the GCA core is found to be
invariant, whereas the flanking GC-rich sequences can be somewhat variable (Dhar et al
2008). Phosphorylation of NRF-1 greatly enhances its DNA-binding and transactivational
activity (Gugneja and Scarpulla 1997). Homozygous NRF-1 knockout mice are
embryonically lethal at E3.5 to E6.5, and the blastocysts have greatly reduced mtDNA levels
(Huo and Scarpulla 2001). This is consistent with the key role of NRF-1 in the maintenance
of mtDNA and respiratory chain function during early embryogenesis. On the other hand,
heterozygous mice developed normally, and no apparent deficits have been detected.
Interestingly, mutations in a homologue of NRF-1 in the zebrafish, known as Not really
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finished, cause a progressive degeneration of photoreceptors and other cells in the retina,
optic tectum, and the brain (Becker et al 1998).

12.5.2.1 NRF-1 Itself Responds to Changes in Neuronal Activity—What is the
role of NRF-1 in neurons? Does it respond to changes in neuronal activity? By means of
light and EM immunohistochemistry, western blotting, and real-time quantitative PCR, it
was found that both NRF-1 protein and mRNA are present in mammalian visual cortical
neurons, and that both are regulated by neuronal activity (Liang and Wong-Riley 2006;
Yang et al 2006). In vitro impulse blockade with TTX and in vivo monocular enucleation
lead to a significant downregulation of NRF-1 mRNA and protein in deprived neurons after
6 or 7 days of deprivation (Liang and Wong-Riley 2006). On the other hand, depolarizing
stimulation with KCl progressively upregulates both NRF-1 message and protein in a time-
dependent manner, increasing above controls after 1 h and remaining high at 3, 5, and 7 h
(Yang et al 2006). NRF-1 message increases in both the nucleus and the cytoplasm of
stimulated neurons, and EM quantification of immunogold particles is consistent with an
activity-induced cytoplasmic-to-nuclear translocation of NRF-1 protein. Levels of NRF-1
mRNA and protein progressively decline when the stimulation is withdrawn, with the
former reaching basal levels by 5 h and the latter by 7 h (Yang et al 2006). Thus, NRF-1
upregulates swiftly to functional stimulation but declines more slowly with functional
impulse blockade in neurons. These findings are consistent with an activity dependency of
the synthesis, distribution, and possibly stability of NRF-1 mRNA and protein in neurons,
and that the regulation is primarily at the transcriptional level.

12.5.2.2 NRF-1 Regulates All 13 Cytochrome c Oxidase Subunit Genes in
Neurons—Does NRF-1 regulate all 13 COX subunit genes? Its indirect activation of the
three mitochondrial-encoded subunit genes via TFAM and TFBMs is already known
(Virbasius and Scarpulla 1994; Gleyzer et al 2005). In silico analysis of the rat genome
revealed the typical NRF-1 binding motif in only three of the ten nuclear-encoded COX
subunit promoters: COX5b, 6a1, and 6c (Ongwijitwat and Wong-Riley 2005). These three
have been reported previously in humans and rats (Bachman et al 1996; Ongwijitwat and
Wong-Riley 2004; Evans and Scarpulla 1990). In silico analysis has revealed another NRF-1
binding site on the bovine Cox7a2 promoter (Seelan et al 1996). However, after using
multiple approaches, such as EMSA, supershift, ChIP, and promoter mutational analysis, it
was found that NRF-1 functionally regulates all ten nuclear subunits of COX in neurons
(Dhar et al 2008). The reason that in silico analysis failed to detect those sites is that the
classical NRF-1 cis motif can actually vary slightly with respect to the sequence of GCs, as
long as the GCA core remains intact (Dhar et al 2008). Silencing of NRF-1 with shRNA
significantly downregulates all ten nuclear COX mRNAs, as well as messages for TFAM,
TFB1M, TFB2M, SURF1 (surfeit 1), VDAC (voltage-dependent anion channel), and
TOM20 (transporter of outer mitochondrial membrane) (Dhar et al 2008), the last five are
known target genes of NRF-1 (Scarpulla 2002; Kelly and Scarpulla 2004; Gleyzer et al
2005). The extent of reduction ranges from ~35% to 70% (P < 0.05 – 0.01). Thus, both
NRF-1 and NRF-2 prove to be key bigenomic coordinators for transcriptional regulation of
all COX subunit genes in neurons.

12.6 Transcriptional Coactivators: Peroxisome Proliferator-Activated
Receptor Gamma Coactivator 1α (PGC-1α)

In recent years, an important transcriptional coactivator of NRF-1 and NRF-2 has been
identified as the peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1 or
PGC-1α) (Wu et al 1999). It was first cloned from a brown fat cDNA library to be induced
by cold exposure in both the brown fat and skeletal muscles of mice (Puigserver et al 1998).
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Now it is known that it belongs to a family of regulated coactivators, which include
PGC-1α, PGC-1β, and PGC-1α-related coactivator (PRC) (reviewed in Scarpulla 2008). As
a coactivator, PGC-1α does not bind DNA directly, but rather, in response to appropriate
signals in a tissue-specific manner, such as cold exposure in brown adipose tissue and
muscle, fasting in the heart, and prolonged physical exercise in skeletal muscles, it interacts
with nuclear receptors and transcription factors to activate genes involved in energy and
nutrient homeostasis (Puigserver et al 1998; Lehman et al 2000; Goto et al 2000; Baar et al
2002). These factors include peroxisome proliferator-activated receptor gamma (PPARγ)
and alpha (PPARα), thyroid hormone receptor, estrogen-related receptor (ERRα),
glucocorticoid receptor, mineralocorticoid receptor, myocyte enhancer factor 2C, Ying Yang
1 (YY1), as well as NRF-1 and NRF-2 (Puigserver et al 1998; Wu et al 1999; Knutti and
Kralli 2001; Scarpulla 2011). The target genes of these factors include those that encode for
the uncoupling proteins (UCPs), subunits of mitochondrial electron transport chain
complexes, TFAM, and TFBMs, among others (Puigserver et al 1998; Knutti and Kralli
2001; Scarpulla 2008, 2011). Thus, PGC-1α plays a key role in adaptive thermogenesis,
glucose and fatty acid metabolism, skeletal muscle fiber type switching, heart development,
and mitochondrial biogenesis (Puigserver et al 1998; Knutti and Kralli 2001; Scarpulla
2011). Surprisingly, PGC-1α knockout mice are viable, but exhibit multisystem
abnormalities, decreased mitochondrial function, defective thermogenic response, and
lesions in the striatum and cerebral cortex (Lin et al 2004; Leone et al 2005). Over-
expression of PGC-1α increases mitochondrial content, induces the expression of genes
involved in energy production and transduction pathways, and protects cultured cells from
oxidative stress-induced death (Lehman et al 2000; St-Pierre et al 2006; Scarpulla 2011).
However, cardiac-specific over-expression of PGC-1α in transgenic mice can lead to
uncontrolled mitochondrial proliferation and dilated cardiomyopathy (Lehman et al 2000).

12.6.1 PGC-1α Responds to Changes in Neuronal Activity
In neurons, PGC-1α is localized mainly to nuclear euchromatin and cytoplasmic free
ribosomes (Meng et al 2007). Depolarizing stimulation for 0.5 h significantly increases
PGC-1α in both the nucleus and the cytoplasm (Meng et al 2007). The level is sustained up
to 3 h of stimulation, but decreases from 5 h onward and returns to baseline level by 10 h.
Thus, PGC-1α responds very early to increased neuronal activity (earlier than either NRF-1
or NRF-2) by upregulating its own synthesis in the cytoplasm and having the protein being
translocated to the nucleus for gene activation. When neuronal activity is reduced by
impulse blockade in vitro or sensory deprivation in vivo, the levels of PGC-1α mRNA and
proteins are significantly downregulated earlier than those of NRF-1 and NRF-2 (Liang and
Wong-Riley 2006). Neuronal activity, therefore, directly regulates PGC-1α, and PGC-1α is
likely to be a critical sensor of activity-dependent energy demand in neurons.

12.6.2 Regulation of PGC-1α in Neurons
Depolarizing activation of PGC-1α in neurons is found to be mediated by p38 mitogen-
activated protein kinase (MAPK) and calcium channels (Liang et al 2010). Stimulation
upregulates PGC-1α mRNA and protein levels in 0.5 and 1 h, respectively, but both p38
MAPK and phosphorylated p38 MAPK levels are increased after only 15 min. Such
upregulation is suppressed by 30 min of pretreatment with SB203580 (a blocker of p38
MAPK that also blocks the upregulation of PGC-1α by KCl) or with nifedipine (a Ca2+

channel blocker). Furthermore, a knockdown of p38 MAPK with shRNA significantly
suppresses both PGC-1α mRNAs and proteins (Liang et al 2010). Thus, both p38 MAPK
and Ca2+ are critical in mediating signaling in depolarization-induced activation of PGC-1α
in neurons.
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Taken together, PGC-1α is an early sensor of changes in neuronal activity, and it recruits
NRF-1 and NRF-2 (among other factors) to regulate the expression of target genes, such as
COX, important in energy metabolism that is tightly coupled to neuronal activity. Such a
chain of events regulates not only the three mitochondrial-encoded COX subunits via TFAM
and TFBMs, but also all ten of the nuclear-encoded COX subunit genes in neurons (Fig. 1).

12.7 Is There a Transcription Factory for the 13 Genomic Loci Involved in
the Bigenomic Transcription of COX in Neurons?

Transcription factories have been described as dynamic but discrete loci in the nucleus that
actively transcribe related genes. These sites are thought to contain several RNA polymerase
II molecules, relevant transcription factors, and loops of chromatin-containing genes to be
transcribed together (Jackson et al 1998; Osborne et al 2004; Zhou et al 2006). To
demonstrate such long-range interactions among related genes, chromosome conformation
capture (3C) has been developed (Dekker et al 2002; Miele and Dekker 2009). This
technique converts chromatin conformation and physical interactions in vivo into specific
ligation products demonstrable with polymerase chain reaction. Interactions between loci
from the same chromosome or from two different chromosomes have been described
(Spilianakis and Flavell 2004; Ling et al 2006; Lomvardas et al 2006; Schoenfelder et al
2010). However, to demonstrate interactions among ten genomic loci of the ten nuclear-
encoded COX subunit genes located in nine different chromosomes poses a distinct
challenge.

By means of 3C, it was found that not only do these ten genomic loci interact in the same
transcription factory, but that genes from three chromosomes encoding Tfam, Tfb1m, and
Tfb2m that are critical for the transcription of the three mitochondrial-encoded COX subunit
genes all occupy common intranuclear sites in the murine neuronal nuclei (Dhar et al
2009a). Moreover, interactions between COX subunit and Tf genes are upregulated by
depolarizing stimulation and downregulated by impulse blockade in primary neurons in
culture (Dhar et al 2009a). No doubt, such “transcription factories” are dynamic entities
regulated by the energy demand of neurons. Taken together, there is indeed an exquisite
mechanism in place for a coordinated and synchronized transcriptional regulation of the
multisubunit, multichromosomal, bigenomic COX enzyme in neurons (Fig. 2).

12.8 Tight Coupling Between Neuronal Activity and Energy Metabolism at
the Transcriptional Level

The tight coupling between neuronal activity and energy metabolism has been well
established at the cellular level (Wong-Riley 1989; Wong-Riley et al 1998a; 2008). As
discussed above, repolarization of membrane potentials after depolarizing stimulation
consumes the bulk of energy in neurons (Wong-Riley 1989). The more excitatory input a
neuron receives, the greater its energy demand.

12.8.1 Glutamatergic System in Neurons
The main depolarizing agent in the brain is glutamate, a major and the most prevalent
excitatory neurotransmitter (Fonnum 1984; Streit 1984). Its action is mediated by two major
types of receptors, N-methyl-D-aspartate (NMDA) and non-NMDA (reviewed in Nakanishi
1992). NMDA receptor is an ionotropic, ligand-gated calcium channel with voltage-
dependent magnesium block, and it is made up of the ubiquitous and obligatory NR1
(GluN1) subunit in a heterotetrameric complex with one or more of NR2 (NR2A-D or
GluN2A-D) and/or NR3 (NR3A-B or GluN3A-B) subunits (Orrego and Villanueva 1993;
Mori and Mishina 1995; Dingledine et al 1999; Salussolia et al 2011). Among the NR
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subunits, NR2B is important in synaptic signaling, long-term potentiation, learning and
memory, as well as involvement in a number of human neurological disorders (Loftis and
Janowsky 2003; Babb et al 2005). Within the non-NMDA receptor category, the AMPA (α-
amino-3-hydroxyl-5-methyl-4-isoxazolpropionic acid) type is ionotropic, ligand-gated,
mediates fast synaptic transmission, and is made up of GluR1–4 (GluR-A-D or GluA1–4)
subunits in various combinations (Keinänen et al 1990). These subunits each undergoes
RNA editing and alternative splicing, yielding either the flip or flop variants (Sommer et al
1990; Lomeli et al 1994). AMPA receptors play a critical role in synaptogenesis, neural
circuitry formation, and synaptic plasticity (Tanaka et al 2000; Palmer et al 2005). Subunit 2
(GluR2, GluR-B, or GluA2) is of special interest because the glutamine residue in its
transmembrane segment 2 is mRNA-edited to the positively charged arginine residue, and it
is the only subunit that impedes Ca2+ entry into neurons (Verdoorn et al 1991). AMPA
receptors that contain the GluR2 subunit are impermeable to Ca2+, show simple outward
rectification, and are insensitive to blockage by external polyamines (Hollmann et al 1991;
Burnashev et al 1992; Washburn et al 1997). Thus, GluR2 is dominant in determining the
functional properties of heteromeric AMPA receptors (Jonas et al 1994; Tanaka et al 2000).
The downregulation of GluR2 mRNA has been implicated in enhanced neurotoxicity with
increased Ca2+ permeability in the affected neurons (reviewed in Pellegrini-Giampietro et al
1997).

In the CNS, regions rich in COX also have higher levels of glutamatergic and NMDA
receptor-mediated synapses. When these regions are deprived of their excitatory input, the
levels of both COX and NMDA receptor NR1 are downregulated (Wong-Riley et al
1998b,c). The expressions of GluR2 mRNA and proteins are also governed by neuronal
activity (Wong-Riley and Jacobs 2002; Bai and Wong-Riley 2003). If excitatory
glutamatergic neurotransmission goes hand in hand with COX expression, the question
naturally arises as to whether the coupling between these two activities exists at the
molecular level? That is, can the same transcription factor or factors regulate COX as well
as neurochemicals of glutamatergic neurotransmission?

12.8.2 Does NRF-1 Coordinate the Transcriptional Regulation of Neurochemicals and
Cytochrome c Oxidase in Neurons?

NRF-1 is a natural candidate for such an inquiry. Its role in regulating all 13 COX subunit
genes has been well defined (see above). A consensus recognition sequence for NRF-1 has
been reported for the GC-rich proximal promoter of the rat Gria2 (for GluR2) gene, but it
has not been rigorously tested (Myers et al 1998). Whether NRF-1 regulates the other
AMPA (Gria) and any of the NMDA receptor (Grin) subunit genes was entirely unknown.
By means of in silico analyses, in vitro EMSA and supershift assays, in vivo ChIP, promoter
mutational analyses, and shRNA, NRF-1 was found to functionally regulate Grin1 and
Grin2b, but not the other, subunits of the NMDA receptor genes, and Gria2, but not the
other, subunits of the AMPA receptor genes (Dhar and Wong-Riley 2009; Dhar et al 2009b).
The transcripts are upregulated by KCl depolarizing stimulation and downregulated by TTX
impulse blockade in cultured primary neurons. However, silencing of NRF-1 blocks the
upregulation, and over-expression of NRF-1 rescues the downregulation, of Grin1, Grin2b,
Gria2, as well as COX subunit transcripts in neurons (Dhar and Wong-Riley 2009; Dhar et
al 2009b). NRF-1-binding sites on these genes are also highly conserved among rats, mice,
and humans. As discussed above, NR1 is an essential subunit, NR2B is critical for a number
of basic structural and functional attributes of the NMDA receptors, and GluR2 is an
important regulatory subunit of AMPA receptors.

NRF-1 also functionally regulates neuronal nitric oxide synthase (Nos1) (Dhar et al 2009c),
which links NMDA receptor transmission to the cGMP second messenger cascade
(Garthwaite 1991). This regulation is specific, as NRF-1 does not control the expressions of
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either inducible NOS (iNOS or Nos2) or endothelial NOS (eNOS or Nos3) (Dhar et al
2009c). Silencing NRF-1 not only downregulates Nos1 mRNA and proteins, but also the
transcripts of guanylyl cyclase, a downstream target of the nitric oxide pathway (Dhar et al
2009c).

12.8.3 Is There a Transcription Factory for Cytochrome c Oxidase and Genes of
Glutamatergic Neurotransmission?

To verify that there is coordinated transcription of COX and those of neurochemicals
coregulated by NRF-1, chromosome confirmation capture was utilized. Indeed, interactions
were found among genomic loci for COX, Grin1, Grin2b, Gria2, and Nos1 in neurons, but
not in C2C12 muscle cells, indicating that such a “factory” is neuron-specific (Dhar and
Wong-Riley 2010). COX subunit genes also do not interact with Grin3a, Gria4, or Nos3,
genes that are not regulated by NRF-1, nor with genes for calreticulin, a non-mitochondrial
protein (Dhar and Wong-Riley 2010). Depolarizing stimulation increases the interaction
frequencies between COX and neurochemical genes, whereas TTX impulse blockade or
KCN inhibition of COX downregulates such interactions in neurons (Dhar and Wong-Riley
2010). Hence, these data are consistent with coordinated transcription of COX and specific
glutamatergic neurochemical genes in the same transcription factory in neurons.

12.8.4 NRF-1 Coregulates NR2B and Its Transport Motor KIF17 in Neurons
More recently, NRF-1 was found to also regulate the expression of the kinesin superfamily
protein KIF17 (Dhar and Wong-Riley 2011), which transports NR2B along microtubules
specifically from the cell body to the dendrites, where it forms part of the NMDA receptor
complex (Setou et al 2000). Interestingly, Kif17 is not regulated by NRF-2, and NRF-1 does
not regulate other Kif transcripts, such as Kif1a (Dhar and Wong-Riley 2011). This is a clear
example of how the same transcription factor regulates the expression of both the motor and
its specific synaptic cargo in neurons.

12.8.5 Molecular Coupler(s) of Energy Metabolism and Neuronal Activity
NRF-1 plays the heretofore unrecognized and unappreciated role of dually coordinating the
expressions of neurochemicals of glutamatergic neurotransmission and agents of energy
metabolism (COX). This coordinated expression ensures that energy production precisely
matches energy utilization and thereby mediates the tight coupling between neuronal activity
and energy metabolism at the molecular level (Fig. 3). Whether NRF-2 and/or other
transcription factors also participate in this coupling remains to be explored. For example, it
is unknown if NRF-2 coregulates glutamatergic neurochemicals together with NRF-1 in a
complementary, concurrent, or a combination of complementary and concurrent manner.
Whether NRF-1 and NRF-2 interact as they activate their common target genes is also not
known at this time. However, silencing each of them with shRNA does not affect the
expression of the other (Ongwijitwat et al 2006; Dhar et al 2008), suggesting that the two
may function independently of each other in neurons.

12.9 Conclusions
Cytochrome c oxidase is one of the most ancient enzymes known. Its critical roles in the
complete oxidation of carbohydrates, amino acids, and fatty acids and in the generation of a
proton gradient necessary for ATP synthesis within the mitochondria are well recognized.
The absolute dependence of neurons on COX for their proper functioning and survival is
without question. However, only in recent years has the transcriptional regulation of this
multisubunit, multichromosomal, bigenomic enzyme been extensively explored in neurons.
NRF-1 and NRF-2 are proven bigenomic transcriptional coordinators of all 13 COX subunit
transcripts from the two genomes, and both of them are under strict regulation of neuronal
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activity. NRF-1, in addition, regulates a number of neurochemicals crucial for glutamatergic
neurotransmission. Thus, NRF-1 is the first transcription factor known to mediate the tight
coupling between neuronal activity and energy metabolism at the molecular level. Other
transcription factors, such as NRF-2, and coactivators, such as PGC-1α, may well
participate in the coupling process to ensure the exquisite matching of energy production
with energy demand of synaptic transmission in neurons.
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Fig. 12.1.
Schematic diagram depicting that PGC-1α coordinates the induction of NRF-1 and NRF-2
in regulating the transcription of all ten nuclear-encoded COX subunit genes, as well as the
genes for Tfam, Tfb1m, and Tfb2m in the nucleus. Translation in the cytoplasm leads to the
generation of the respective proteins, all of which enter into the mitochondria. Within the
mitochondrion, the three mitochondrial-encoded COX genes are transcribed aided by the
TFs and translated into polypeptides. Together, the nuclear- and mitochondrial-encoded
COX subunits form the holoenzyme that is complex IV of the electron transport chain
(ETC).

Wong-Riley Page 18

Adv Exp Med Biol. Author manuscript; available in PMC 2013 July 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 12.2.
Schematic rendition of a dynamic transcription factory in which the loops of 13 genomic
loci for the ten nuclear-encoded COX subunit genes and genes for Tfam, Tfb1m, and Tfb2m
are cotranscribed, with the aid of RNA polymerase II, NRF-1, NRF-2, and possibly other
transcription factors and coactivators. (Reproduced with permission from Dhar et al 2009a).
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Fig. 12.3.
A Venn diagram illustrating the tight coupling between neuronal activity and energy
metabolism at the molecular level by having the same transcription factor, NRF-1,
coregulating genes for critical glutamatergic neurochemicals (Grin1, Grin2b, Gria2, Nos1,
and NR2B motor Kif17) as well as all 13 subunits of COX. Such coupling ensures that
energy production exquisitely matches energy demand of neuronal activity.
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