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Abstract

Axons and presynaptic nerve terminals of both invertebrate and mammalian SCG neurons contain a

heterogeneous population of nuclear-encoded mitochondrial mRNAs and a local cytosolic protein

synthetic system. Nearly one quarter of the total protein synthesized in these structural/functional

domains of the neuron is destined for mitochondria. Acute inhibition of axonal protein synthesis

markedly reduces the functional activity of mitochondria. The blockade of axonal protein into

mitochondria had similar effects on the organelle’s functional activity. In addition to mitochondrial

mRNAs, SCG axons contain approximately 200 different microRNAs (miRs), short, noncoding RNA

molecules involved in the posttranscriptional regulation of gene expression. One of these miRs

(miR-338) targets cytochrome c oxidase IV (COXIV) mRNA. This nuclear-encoded mRNA codes

for a protein that plays a key role in the assembly of the mitochondrial enzyme complex IV and

oxidative phosphorylation. Overexpression of miR-338 in the axon markedly decreases COXIV

expression, mitochondrial functional activity, and the uptake of neurotransmitter into the axon.

Conversely, the inhibition of endogeneous miR-338 levels in the axon significantly increased

mitochondrial activity and norepinephrine uptake into the axon. The silencing of COXIV expression

in the axon using short, inhibitory RNAs (siRNAs) yielded similar results, a finding that indicated

that the effects of miR-338 on mitochondrial activity and axon function were mediated, at least in

part, through local COXIV mRNA translation. Taken together, recent findings establish that proteins

requisite for mitochondrial activity are synthesized locally in the axon and nerve terminal, and call

attention to the intimacy of the relationship that has evolved between the distant cellular domains of

the neuron and its energy generating systems.
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1 Introduction

One of the central tenets in neuroscience has been that the protein constituents of the distal

structural/functional domains of the neuron (e.g., the axon and presynaptic nerve terminal) are

synthesized in the nerve cell body and are subsequently transported to their ultimate sites of

function. Although the majority of neuronal mRNAs are indeed translated in the neuronal cell

soma, increasing attention is being focused on that subset of the transcriptome that is selectively

transported to the distal domains of the neuron. The local translation of these mRNAs plays a

key role in the development of the neuron and the function of the axon to include: navigation
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of the axon (Campbell and Holt 2001; Campbell et al. 2001; Ming et al. 2002; Zhang and Poo

2002, Wu et al. 2005; Leung et al. 2006), synthesis of membrane receptors employed as axon

guidance molecules (Bruttis et al. 2002), axon regeneration (Zhang et al. 2001; Hanz et al.

2003; Verma et al. 2005), axon transport (Le et al. 2007), synapse formation (Schacher and

Wu 2002), axon viability (Hu et al. 2003), neuronal survival (Cox et al. 2008), and activity-

dependent synaptic plasticity (Martin et al. 1997; Casadio et al. 1999; Beaumont et al. 2001;

Liu et al. 2003; Si et al. 2003).

Initial estimates of the number of mRNAs that are present in axon have derived from

invertebrate model systems and approximate 200-400 different mRNAs (Perrone-Capano et

al. 1987; Moccia et al. 2003). These messengers code for a diverse population of proteins to

include cytoskeletal proteins, translation factors, ribosomal proteins, molecular motors,

chaperone proteins and metabolic enzymes (for review, see Giuditta et al. 2008 and this

volume). Results of early quantitative RT-PCR analyses established that the relative abundance

of the mRNAs present in the axon differed markedly from that in the cell soma, a finding that

suggested that these gene transcripts were being differentially transported into the axonal

compartment (Chun et al. 1996). One surprising feature of the axonal mRNA population was

the presence of a significant number of nuclear- encoded mitochondrial mRNAs (Gioio et al.

2001; Hillefors et al. 2007). Based in part upon this observation, it was hypothesized that

proteins requisite for the maintenance of mitochondrial function are synthesized locally in the

axon and presynaptic nerve terminal. In this communication, we review the evidence that both

invertebrate and mammalian axons contain a heterogeneous population of nuclear-encoded

mitochondrial mRNAs and that the local translation of these mRNAs plays a critical role in

the regulation of the functional activity of the local mitochondrial population.

2 Nuclear-Encoded Mitochondrial mRNAs are Present in Invertebrate Axons

and Nerve Endings

The initial evidence that mRNAs coding for nuclear-encoded mitochondrial proteins were

present in the distal structural domains of the neuron derived from the squid giant axon and

the large presynaptic nerve terminals of squid retinal photoreceptor neurons (Gioio et al.

2001,2004). These structures were being employed as components of model invertebrate motor

and sensory neurons, respectively.

In these early studies, differential mRNA display was used to compare the mRNAs present in

the axon and neuronal cell soma. This comparison yielded approximately 150 sequences which

manifested a higher relative abundance in the axon. These mRNA fragments were subsequently

screened for evolutionary sequence conservation by dot-blot hybridization using cDNA

prepared from mouse brain mRNA. Fifty of the squid sequences cross-hybridized to mouse

brain cDNA and were subsequently subjected to DNA sequence analyses. Surprisingly, we

were able to establish the identity of four nuclear-encoded mRNAs coding for mitochondrial

proteins (COX 17, propionyl-OcA carboxylase, dihydrolipoamide dehydrogenase and CoQ7).

In addition, mRNAs encoding the molecular chaperones Hsp70 and Hsp90, proteins facilitating

the import of pre-proteins into the mitochondria, were also identified. The association of these

mRNAs with polysomes prepared from presynaptic nerve terminals of photoreceptor neurons

was subsequently established by RT-PCR and provided evidence to suggest that the mRNAs

were being actively translated (Fig. 1).

To further evaluate the hypothesis that nuclear-encoded mitochondrial proteins were being

locally synthesized, synaptosomes prepared from squid brain were incubated with [35S]

methionine and the amount of newly synthesized protein associated with purified mitochondria

was determined. Pretreatment of the synaptosomes with the antibiotic chloramphenicol was

used to inhibit endogenous mitochondrial translational activity. Surprisingly, 20-25% of the
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total translational activity of squid brain synaptosomes was associated with the mitochondrial

fraction. Hence, it appears that one of the major functions of the local protein synthetic system

is to maintain the energy generating system present in the axon and nerve ending.

The results of a subsequent independent analysis of protein synthesized in squid brain

synaptosomes confirmed the local synthesis of nuclear-encoded mitochondrial proteins

(Jimenez et al. 2002). In this study, [35S] methionine-labeled synaptosomal proteins were

fractionated by two-dimensional gel electrophoresis, and peptides generated by in-gel tryptic

digestion were identified by mass spectrometry. Essentially, this proteomics study established

the de novo synthesis of about 80 different proteins, several of which were nuclear-encoded

mitochondrial proteins, as well as the molecular chaperone, Hsp70. Interestingly, in a high-

throughput proteomic analysis of proteins synthesized in synaptoneurosomes derived from

cultured rat cortical neurons, Liao et al (2007) reported that brain derived neurotrophic factor

(BDNF) up-regulated the synthesis of approximately 200 different proteins. Eleven percent of

these proteins were associated with mitochondria.

3 Axons of Sympathetic Neurons Contain a Heterogeneous Population of

Nuclear-Encoded Mitochondrial mRNAs

To assess the general applicability of the early findings derived from invertebrate model

systems, RT-PCR analyses and in situ hybridization histochemistry was employed to identify

nuclear-encoded mitochondrial mRNAs in mammalian axons. In this study, primary

sympathetic neurons were prepared from rat superior cervical ganglia (SGG) and were cultured

in Campenot multi-compartment chambers (Campenot and Martin 2001). The use of this cell

culture system, allows one to plate dissociated SCG neurons in the center compartment and

grow axons into the two side compartments, providing pure axonal populations in both side

compartments. One advantage of this culture system is that it permits the manipulation of axons

in one of the side compartments, while axons in the opposite (contralateral) side compartments

of the same culture dish serve as experimental controls (Hillefors et al. 2007).

Consistent with the findings derived from the squid giant axon and presynaptic nerve endings,

SCG axons contain numerous nuclear-encoded mitochondrial mRNAs to include ATP

synthase, cytochrome c oxidase IV and Va, DNA Polymerase γ, as well as the molecular

chaperones Hsp70 and Hsp90 (for example, see Fig. 2A,B). The axonal localization of these

mRNAs was confirmed by in situ hybridization (Fig. 2C).

In contrast to these findings, we were unable to detect the presence of several nuclear-encoded

mitochondrial mRNAs in the SCG axons which were readily detected in the cell some located

in the central compartment of the Campenot chambers (e.g., Mitochondrial topoisomerase 1,

Cytochrome P450, Citrate lyase B subunit and Timm 10, a mitochondrial import inner

membrane translocase subunit). This finding indicates that only a subset of the nuclear-encoded

mitochondrial mRNAs that are expressed in the neuronal cell soma are translocated to the axon

(Aschrafi et al. 2008).

The application of quantitative RT-PCR methodology allowed us to compare the relative

abundance of different mRNAs present in the distal SCG axons present in the side

compartments to that of the mRNAs present in the proximal axons and neuronal cell somas

located in the central compartment. In somas and proximal axons, β-tubulin mRNA was more

abundant than the mRNAs encoding ATP synthase and DNA polymerase γ, whereas the

opposite was the case in the distal axon (Fig. 2A). The alterations in the relative abundance of

these mRNAs in the different domains of the neurons suggest that there is a differential

transport of nuclear-encoded mitochondrial mRNAs into SCG axons, an observation which is
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consistent with early findings reported in the squid giant axon (Chun et al. 1996). In this regard,

mammalian axons may prove quite similar to those of cephalopod mollusks.

4 Axonal Protein Synthesis and Mitochondrial Activity

4.1 SCG Axons Contain a Local Protein Synthetic System

To test the hypothesis that SCG axons contain a local protein synthetic system, distal axons

were exposed to low concentrations of the antibiotics cycloheximide, chloramphenicol or

emetine prior to the addition of [35S] methionine. After a 4 hour labeling period, the amount

of newly synthesized protein was assessed in the distal axons. The use of cycloheximide,

emetine and chloramphenicol provides one the ability to differentiate between the axoplasmic

and endogeneous mitochondrial translational activity, respectively. Cycloheximide and

emetine markedly decreased the incorporation of [35S] methionine into protein (approximately

70-80%). In contrast, chloramphenicol had only modest effects on axonal protein synthesis, a

finding that suggests that mitochondria, per se, contribute approximately 20-25% of the total

protein synthetic active in the axon. Once again, the data obtained in a model mammalian

neuron system were consistent with results obtained from the early metabolic labeling studies

conducted in squid brain synaptosomes (Gioio et al. 2001; Jimenez et al. 2002).

4.2 Mitochondrial Membrane Potential and ATP Synthetic Capacity is Dependent on Local

Protein Synthesis and Import of Axonal Protein

Mitochondrial viability and function are dependent on proteins synthesized from the cellular

genome and these nuclear-encoded proteins are imported into the organelle from the cytosol

(for review, see Bauer and Hoffman 2006). The import of mitochondrial pre-proteins utilizes

the molecular chaperones Hsp70 and Hsp90, and a translocase complex situated on the outer

membrane (TOM). The TOM70 receptor is located on the cytosolic side of the TOM complex,

and disruption of the interaction of Hsp90 with the receptor inhibits the import of proteins into

the mitochondria (Young et al. 2003). These events and inter-molecular interactions are

schematized in Fig. 3. To evaluate the potential significance of axonal protein synthesis on

mitochondrial function, we employed both protein synthesis inhibitors and a competitive

inhibitor of the TOM70 receptor. The results of these experiments are summarized briefly

below:

4.2.1 Protein Synthesis Inhibition—The findings that SCG axons contain both nuclear-

encoded mitochondrial mRNAs and a protein synthetic system, raised the possibility that

proteins requisite for mitochondrial function are locally synthesized. To explore this postulate,

axonal protein synthesis was inhibited by either cycloheximide or emetine and mitochondrial

membrane potential was monitored using the mitochondrial-specific fluorescent dyes, JC-1

and TMRE. The fluorescense intensity of these molecular probes is proportional to the

membrane potential of the organelle. Acute inhibition of local protein synthesis by either

cycloheximide or emetine (3 hours) decreased mitochondrial membrane potential (Fig. 4A, B).

Brief exposure to the protein synthesis inhibitors also inhibited the SCG axons ability to restore

ATP levels after a depolarization stress induced by KCl treatment (Fig. 4C). These results

suggest that the maintenance of axonal mitochondrial membrane potential and the organelle’s

ability to generate ATP is dependent, at least in part, on locally synthesized proteins.

4.2.2 Blockade of Mitochondrial Protein Import—One means used to disrupt the import

of axoplasmic proteins into mitochondria is to expose the TOM70 receptor to the carboxy

terminal portion of Hsp90 (C90; Young et al. 1998). Although the C90 fragment can bind to

the receptor, it is nonfunctional in that it cannot bind cargo proteins. When introduced into the

axon, C90 molecules act as competitive inhibitors preventing full-length functional Hsp90

molecules from binding to the TOM70 receptor. To facilitate the detection of mitochondria

Kaplan et al. Page 4

Results Probl Cell Differ. Author manuscript; available in PMC 2009 December 1.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



with C90 molecules bound to their TOM70 receptors, C90 was labeled with fluorescent Alexa

Fluor 488, and the inhibitor lipofected directly into the distal axons in one side compartment

of the Campenot chambers. Axons in the contralateral compartment were treated with the

reagent vehicle and served as controls. Alterations in mitochondrial membrane potential were

subsequently employed to evaluate the effects of decreased protein import into the organelle.

After 4 hours of exposure to C90, the membrane potential of Alexa-labeled mitochondria was

reduced to 35% control values, indicating that mitochondria present in the distal axon require

the import of local protein to maintain their functional integrity.

5 MicroRNAs in the Axon

MicroRNAs (miRs) are small (21-23 nucleotides), single-stranded, noncoding RNAs involved

in the posttranscriptional regulation of gene expression. They are highly conserved and play a

key role in the regulation of numerous biological processes such as cell proliferation and

differentiation (for a neuronal perspective, see Kosik 2006). Results of a recent microarray

analysis indicate that in the axons of primary sympathetic neurons there are approximately 200

different miRs. The axonal localization of twenty of these miRs was subsequently verified by

quantitative RT-PCR methodology. Here, we focus on a brain-specific microRNA, miR-338,

which modulates the expression of cytochrome c oxidase IV (COXIV), a nuclear- encoded

protein which plays an important role in the assembly of the mitochondrial enzyme complex

IV and oxidative phosphorylation (Fig. 3).

5.1 MicroRNAs Target Nuclear-encoded Mitochondrial mRNAs

As mentioned above, COXIV mRNA is one of several nuclear-encoded mRNAs that is present

in axons of sympathetic neurons (Fig. 2). Sequence analysis of the relatively short 3′
untranslated region (3′UTR) of this mRNA revealed the presence of a putative target site for

miR-338 (MTS). A RNA secondary structural analysis of the region indicated that the miR-338

MTS was positioned on a hairpin-loop structure, in an exposed position, that might facilitate

miR accessibility. The transfection of axons of cultured SCG neurons with chimeric reporter

gene constructs containing the COXIV 3′UTR with or without the putative MTS, established

that miR-338 could specifically target COXIV mRNA (Aschrafi et al. 2008).

To explore the possibility that mature miRs might function in the axon, the presence of Dicer

and the RNA-induced silencing complex (RISC) component eIF2c was visualized in the distal

axons by immunocytochemistry. Upon fluorescence microscopy, Dicer and eIF2c antibodies

revealed the presence of granule-like structures along the entire length of the axon. These

findings support the hypothesis that microRNAs play a role in the regulation of mRNA levels

in the axon and are consistent with the report of Hengst et al. (2006) who demonstrated that

axons of dorsal root ganglion neurons were capable of autonomously silencing a gene without

the contribution of the cell body.

In addition, SCG axons were transfected with precursor miR-338 (pre-miR-338) and levels of

mature miR-338 determined by RT-PCR using specific primers for the mature form of the

molecule. Transfection of axons with pre- miR-338 resulted in a 42-fold increase in mature

miR-338 levels within 4 hours. After 24 hours, a 42,000-fold increase in mature miR-338 levels

were observed in transfected axons compared to endogenous levels in sham-transfected control

axons. Clearly, distal axons of SCG neurons contain Dicer and RISC and have the capability

of processing miR precursors to the mature form of the molecule.

5.2 Regulation of Axonal COXIV Expression by miR-338

To evaluate whether miR-338 can modulate COXIV expression in the distal axon, COXIV

mRNA and protein levels were monitored after transfecting SCG axons with pre-miR-338.
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COXIV mRNA and protein decreased by 80% and 60% control values 24 hours after

transfection, respectively (Fig. 5A,B). Conversely, the inhibition of endogenous miR-338 by

transfection of the axons with a competitor molecule (anti-miR-338) resulted in a 3.5-fold

increase in axonal COXIV mRNA levels 24 hours after transfection (Fig. 5C). Two-fold

increases in axonal COXIV protein levels were observed 24 hours after transfection with anti-

miR-338 (Fig. 5D).

The specificity of the COXIV response to anti-miR-338 was evaluated by assessing COXII

mRNA levels by quantitative RT-PCR after transfection of the axons with anti-miR-338. This

mRNA codes for one of the three subunits of the enzyme complex IV encoded by the

mitochondrial genome. In contrast to the alterations in COXIV expression induced by anti-

miR-338, no differences in COXII mRNA levels were observed 24 hours after transfection

with anti- miR-338 (Fig. 5E).

5.3 Mir-338 Mediates Axonal Mitochondrial Activity

Alteration in the levels of miR-338 in the axon has a profound effect on the activity of the

axonal mitochondrial population and the basal metabolic rate of the axon. For example, the

overexpression of miR-338 in the axon significantly reduces mitochondrial oxygen

consumption, as demonstrated by the reduction of Alamar Blue (AB), a redox dye used to

assess the metabolic activity of mitochondria (Fig. 6A). The inhibition of miR-338 activity in

the axon by the introduction of a competitor RNA (anti-miR-338) directly into the axon by

lipofection increased oxygen consumption by 50-60% within 24 hours (Fig. 6B). Consistent

with this finding, axonal ATP levels were elevated by 50% after the inhibition of endogenous

axonal miR-338 (Fig 6C).

To delineate the impact of the modulation of axonal miR-338 levels on ATP synthesis and

respiration on the function of the axon and presynaptic nerve terminal, the distal axons present

in the side compartments of the Campenot chambers were exposed to the neurotransmitter,

[3H] norepinephrine (NE), and neurotransmitter uptake was assessed after introducing

precursor miR-338 or anti-miR-338 directly into the distal axons. Under the experimental cell

culture conditions employed in these experiments, desiprimine, a powerful NE uptake

inhibitor, reduced the amount of [3H] NE in the distal axons by 85-95%. The introduction of

anti-miR-338 or pre-miR-338 into the distal axons resulted in a 50% increase or decrease in

the uptake of NE, respectively (Fig. 6D,E). These findings clearly established that modulation

of axonal miR-338 levels has marked effects on axonal ATP synthesis, metabolic rate, and

axonal function, as judged by catecholamine neurotransmitter uptake.

5.4 Knockdown of Local COXIV Expression Alters Mitochondrial Activity

Although the modulation of miR-338 levels in the axon has significant effects on axonal

metabolic rate and function, this microRNA may have multiple target gene transcripts and it

is unclear whether the effects described above derived from the miR-338-mediated regulation

of COXIV expression per se. To further explore this phenomenon, short inhibitory RNAs

(siRNA), designed to specifically silence COXIV expression, were introduced directly into the

axons of primary sympathetic neurons cultured in Campenot chambers by lipofection. The

introduction of these siRNAs into the axon resulted in marked reductions in the levels of

COXIV mRNA and protein (Fig. 7A,B). Identical to the findings obtained with the

overexpression of miR-338, reduction in axonal COXIV expression by RNA interference

resulted in significant decrements in basal oxygen consumption (Fig.7C) and axonal ATP

levels (Fig. 7D). In contrast, the introduction into distal axons of a nontargeted siRNA (NT)

had no effect on these experimental outcomes. Moreover, the knockdown of local COXIV

expression reduced axonal function by 25-30%, as judged by the reduction of [3H] NE uptake

into the distal axons (Fig.7E). These findings provide persuasive evidence that the effects of
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MiR-338 on mitochondrial activity and axonal function are mediated, at least in part, by

translational inhibition of COXIV mRNA.

6 Conclusion

The mitochondrial genome encodes only a few proteins (approximately 13) thus requiring the

mitochondria to import several hundred nuclear-encoded proteins to maintain its structure,

function and replicative activity. For example, 10 of the 13 subunits of enzyme complex IV,

the proteins involved in the electron transport chain and ATP synthesis, derive from the nuclear

genome (Heales et al. 2006). Numerous studies have demonstrated that mitochondrial

functional activity requires a continuous import of nuclear-encoded proteins.

In neurons, it is well established that mitochondria are translocated via fast axonal transport

from the cell soma to the axon and presynaptic nerve terminal (Hollenbeck and Saxton,

2005) and that mitochondrial trafficking can be regulated by neuronal activity ( for example,

see Chang et al. 2006). However, little is known about the half-life or fate of these organelles

once they reach their ultimate sites of function. If axons and nerve terminals lacked a cytosolic

protein synthetic system then the resupply of protein for the local mitochondria must by default

differ significantly from that in the cell soma. Alternatively, the organelles present in the distal

domains of the neuron could be relatively, short-lived and continuously resupplied. The weight

of the recent evidence would indicate that the mitochondria present in the axon and nerve

ending are being sustained by local protein synthesis. Most significantly, it has recently been

reported that mitochondria can replicate in the axon and nerve ending (Amiri and Hollenbeck

2008). The finding that the nuclear-encoded mitochondrial DNA polymerase γ mRNA is

present in the axons of sympathetic neurons is consistent with this report (Hillefors et al.

2007), and raises the possibility that the local synthesis of nuclear-encoded mitochondrial

proteins also plays an important role in the biogenesis of this organelle.

The local synthesis of both nuclear-encoded mitochondrial proteins and the molecular

chaperones necessary for their import into the organelle suggests that a substantial portion of

the protein synthesized in the axon and nerve terminal are directed toward fulfilling the

biological demands of its energy generating and calcium buffering system. As mentioned above

(Section 2), 20-25% of the total protein synthesized in these regions of the neuron is destined

for the mitochondria. One surprising feature of the relationship between the axon and its

mitochondrial population is the apparent rapid turnover rate of the locally synthesized protein.

For example, only brief time periods of protein synthesis inhibition (3-4 hours) or the blockade

of local protein import into the organelle was sufficient to induce mitochondrial membrane

depolarization and diminish the organelle’s ability to generate ATP (Hillefors et al. 2007).

These observations indicate that a significant portion of mitochondrial protein is being rapidly

turned over in the axon, and raises the possibility that one of the major functions of the local

protein synthetic system is to replace these highly labile constituents of this organelle.

Interestingly, Li et al. (2006) demonstrated that COXIV plays a rate-limiting role in the

assembly of enzyme complex IV, and that dysfunctional COXIV resulted in a compromised

mitochondrial membrane potential, as well as decreased ATP levels and respiration. Such

deficits could ultimately have deleterious effects on axon function and the ability of the neuron

to respond to prolonged periods of activation or stress.

In summary, the findings reviewed here support the hypothesis that protein synthesis in the

distal regions of the neuron is vital for mitochondrial activity and suggests a new model for

the maintenance of mitochondrial function in the axon and nerve terminal (Fig. 8). In this

schema, nuclear-encoded mitochondrial mRNAs are transported to the distal structural/

functional domains of the neuron at a rapid rate in the form of relatively stable

ribonucleoprotein particles (mRNPs). These complexes can serve as templates for the synthesis
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of mitochondrial pre-proteins, and their translation can be regulated by multiple mechanisms,

to include microRNAs, at their site of function in response to local neuronal activity. In this

regard, it has been reported that ribosome clusters (i.e., polysomes) in the squid giant axon are

often visualized in association with mitochondria (Bleher and Martin 2001), and that the close

approximation of mRNA to the vicinity of mitochondria is essential for respiratory function

(Margeot et al. 2005). Hence, in this model, it is envisaged that pre-proteins are synthesized

juxtaposed to or on the surface of axonal mitochondria and that this relationship plays a key

role in the biogenesis, maintenance and functional activity of the organelle.
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Fig. 1.

Nuclear-encoded m RNAs are actively translated in squid brain synaptosomes. (A) Polysomes

were prepared from squid optic lobe synaptosomes and were displayed on linear sucrose

density gradients. Gradients were divided into monosome (M) and polysome (P) fractions. UV

absorbance of RNA was monitored continuously at 254 nm (B) RT-PCR analysis of monosome

and polysome fractions using gene-specific primer sets for the nuclear-encoded mitochondrial

protein CoQ7 and Na+ channel used as an internal control. PCR products were fractionated on

agarose gels and visualized by ethidium bromide staining. The absence of amplicons generated

from the Na+ channel primers indicates that the polysome fraction is devoid of RNA

contamination from the neuronal cell soma. Cont, Na+ channel amplicons obtained from total
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RNA prepared from the optic lobe; bp, base-pairs; MW, molecular weight. Reproduced from

Gioio et al. (2001).
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Fig. 2.

SCG axons contain a heterogeneous population of mRNA. (A) RT-PCR analyses performed

on total RNA isolated from SCG axons and somas. Note the shift in abundance of β-tubulin

mRNA relative to H+-ATP synthase and DNA Polymerase γ mRNAs between axon and soma.

(B) PCR products for β- tubulin and COXIV, a nuclear-encoded mitochondrial protein, were

size-fractionated by agarose gel electrophoresis and visualized by ethidium bromide staining.

MW, molecular weight. (C) COX IV subunit mRNA is present in SCG axons, as demonstrated

with in situ hybridization histochemistry. Representative phase contrast photomicrographs of

SCG axons after fixation and hybridization with antisense (COX IV antisense) and sense

(Control; COX IV sense) riboprobes. Bar = 10 μm. From Hillefors et al. (2007).
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Fig. 3.

Model of a mitochondrion showing the outer and inner membrane, intramembrane space, and

matrix. The Kreb’s cycle takes place in the matrix and the electron transport chain, generating

ATP, is located in the inner membrane. Molecular chaperones such as Hsp70 and Hsp90 help

facilitate the import of pre-proteins synthesized in the axoplasm into the organelle via the

translocase of outermembrane (TOM) complex, which is located on the mitochondrion outer

membrane.
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Fig. 4.

Inhibition of local protein synthesis decreases axonal mitochondrial membrane potential and

generation of ATP. Axons in one side compartment of the Campenot cell culture chamber were

exposed to the protein synthesis inhibitors emetine and cycloheximide for 3 hours and

mitochondrial membrane potential assessed by subsequent treatment with the mitochondrial-

specific fluorescent dyes JC-1 (A) or TMRE (B). Distal axons present in the contralateral side

compartment served as vehicle-treated controls. Values for mitochondrial membrane

potentials, as determined with each dye, are given as Mean ± S.E.M. (*P < 0.05, **P < 0.01)

(C) Protein synthesis inhibitors impede the recovery of depolarization-induced decreases in

axonal ATP levels. Depolarization was induced by exposing untreated SCG axons and axons

exposed to emetine or cycloheximide for 3 hours followed by a 5 min exposure to 50 mM KCl.

Axonal ATP levels were measured using ATPlite 1step kit and a microplate reader. Data shown

are provided as the Mean ± S.E.M. (**P < 0.01). Reproduced with modification from Hillefors

et al. (2007).
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Fig. 5.

Introduction of miRNA-338 into distal SCG axons reduces COXIV expression . Quantification

of COXIV mRNA levels in the distal axons of SCG neurons transfected with pre-miR-338 (A),

or anti-miR-338 (B), as determined by quantitative RT-PCR 24 hours after oligonucleotide

transfection. COXIV mRNA levels are expressed relative to β-actin mRNA. Values given are

the Mean ± S.E.M. (*P<0.05). The introduction into the distal axons of pre-miR-338 (C) or

anti-miR-338 (D) also altered axon COXIV protein levels 24 hours after transfection as

determined by immunoblot analyses. Values shown are Mean ±S.E.M. (*P<0.05). Transfection

of SCG axons with either precursor or anti-miR-338 oligonucleotides did not affect the relative

abundance of COXII mRNA in the axon as shown by quantitative RT-PCR (E). Reproduced

from Aschrafi et al. (2008) with modification.
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Fig. 6.

MiR-338 mediated alteration in COXIV levels modulates metabolic activity of mitochondria

and neurotransmitter uptake into the distal axons of sympathetic neurons. SCG axons were

transfected with either precursor miR-338 (A), anti-miR-338 (B), or non-targeting short

oligonucleotides and metabolic activity of the axons assessed using the redox dye Alomar Blue

(AB). Data represent Mean ±S.E.M. (* P < 0.05). ATP levels were measured in anti-miR-338

transfected axons using the luciferase cell viability assay (C). Values are given in arbitrary

luminescence units and represent the Mean ±S.E.M. (** P <0.0001). Distal axons were also

transfected with either anti-miR-338 (D), pre-miR-338 (E), or non-targeting short

oligonucleotides (NT) and were subsequently exposed to radiolabeled norepinephrine (NE).

NE uptake into distal treated axons was measured by liquid scintillation spectrometry. Data

represent Mean ±S.E.M. (* P < 0.002). Reproduced with modification from Aschrafi et al.

(2008).
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Fig. 7. Knock-down of local COXIV levels decreases axonal respiration and ATP levels, and
diminishes NE uptake into distal axons

Two independent siRNA oligonucleotides targeted against COXIV mRNA were introduced

into distal axons of SCG neurons by lipofection. COXIV mRNA (A) and protein levels (B)

were quantitated 24 hours later by quantitative RT-PCR and immunoblot analyses,

respectively. Knock-down of axonal COXIV expression reduced basal oxygen consumption

(C), ATP levels (D), and [3H]NE uptake (E). Values are expressed as Mean ±S.E.M and

statistical significance evaluated by One-Way ANOVA (* P<0.03). From Aschrafi et al.

(2008).
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Fig. 8.

Model of neuronal protein synthesis. Protein synthesis occurs in multiple compartments within

neurons to include the dendrite, axon, and nerve terminal. Key features of the model include

the rapid and selective transport of stable messenger ribonucleoprotein complexes (mRNPs)

to the neuronal periphery and the local regulation of mRNA translation in response to neuronal

activity. The model also shows that synthesis of proteins occurs in the vicinity or on the surface

of mitochondria in the distal parts of the neuron. The activity in the neuron can be modulated

by transcriptional regulation in the soma, as well as translational and post-translational

regulation in dendrites, axons, and nerve terminals. The down regulation of gene expression

in the distal structural/functional domains of the neuron can also be effected by microRNAs.

From Hillefors et al. (2007).
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