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Abstract MicroRNAs (miRNAs) constitute a novel class

of small, non-coding RNAs that act as post-transcriptional

regulators of gene expression. Remarkably, it has been

shown that these small molecules can coordinately regulate

multiple genes coding for proteins with related cellular

functions. Previously, we reported that brain-specific

miR-338 modulates the axonal expression of cytochrome

c oxidase IV (COXIV), a nuclear-encoded mitochondrial

protein that plays a key role in oxidative phosphorylation

and axonal function. Here, we report that ATP synthase

(ATP5G1), like COXIV mRNA, contains a putative miR-

338 binding site, and that modulation of miR-338 levels in

the axon results in alterations in both COXIV and ATP5G1

expression. Importantly, miR-338 modulation of local

COXIV and ATP5G1 expression has a marked effect on

axonal ROS levels, as well as axonal growth. These find-

ings point to a mechanism by which miR-338 modulates

local energy metabolism through the coordinate regulation

of the expression of multiple nuclear-encoded mitochon-

drial mRNAs in the axon.
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Abbreviations

H2DCFDA 5-(and-6)-Carboxy-20,
70-dichlorodihydrofluorescein diacetate

NDGA Nordihydraguaiaretic acid

COX Cytochorome oxidase

qRT-PCR Quantitative real-time reverse transcriptase

polymerase chain reaction

miRNA MicroRNA

Introduction

It is well established that the axon and presynaptic nerve

terminal contains large numbers of highly active mito-

chondria, and that these organelles play a critical role in the

function of these remote structural/functional regions of the

neuron [1–3]. Mitochondria present in these cellular com-

partments have been shown to be closely associated with

synapses and tethered to vesicle release sites [4, 5]. Syn-

aptic transmission requires mitochondrial ATP generation

and control of local [Ca2?]i for neurotransmitter exocytosis,

vesicle recruitment, and potentiation of neurotransmitter

release and reuptake [6, 7]. In addition, mitochondrial

fragmentation has been shown to be one of the hallmarks of

neurodegeneration, further supporting the importance of

these organelles in axonal maintenance and function [8].

However, little is known about the half-life and biogenesis

of synaptically localized mitochondria. Evidence that a

portion of neuronal mitochondrial biogenesis occurs in the

axon at significant distances from the cell body has been

recently provided [3]. Over the past few years, it has also

become widely accepted that a distinct subset of nuclear-

encoded mitochondrial mRNAs are selectively transported

to the distal structural/functional domains of the neuron,

including the axon and presynaptic nerve terminal [9–14].

Proteins synthesized from these mRNAs play a key role, not

only in mitochondrial function but also in the development
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of the neuron and the function of the axon and nerve ter-

minal [15–17].

Previous studies have identified microRNAs (miRNAs)

as key gene regulators that are abundantly expressed in

both the developing and adult mammalian brain [18–20].

MicroRNAs are non-coding gene transcripts that are

involved in post-transcriptional regulatory processes,

modulating gene expression by binding to the 30-untrans-

lated region (UTR) of target mRNAs and inhibiting mRNA

translation or causing mRNA degradation [21]. Recently,

using a compartmentalized neuronal cell culture system

[22], we identified 130 miRNAs present in axons of primary

sympathetic neurons by microarray analysis and quantita-

tive real-time PCR (qRT-PCR) [23]. These axonally located

miRNAs were postulated to play an important regulatory

role in the maintenance of synaptic structure and function,

as well as in neuronal growth and development [23].

A particularly powerful aspect of miRNA function is the

ability of individual miRNAs to coordinately regulate the

expression of a multitude of proteins with related cellular

functions [24, 25]. Given that we had previously estab-

lished that the brain-specific miR-338 regulated the levels

of COXIV expression in the axon and influenced axonal

energy metabolism, as well as function [15], we explored

the possibility that miR-338 regulates the local expression

of multiple nuclear-encoded mitochondrial mRNAs coding

for proteins comprising the oxidative phosphorylation

chain, such as COXIV and ATP5G1.

Materials and methods

Primary cell cultures

Primary neuronal cell cultures were prepared from superior

cervical ganglion (SCG) obtained from 3-day-old Harlan

Sprague–Dawley rats. Ganglia were dissociated, and the

cells (e.g., neurons, glia, fibroblasts, and blood cells) were

plated in the center compartment of compartmentalized

Campenot culture dishes as previously described [11, 16].

Cells were cultured in serum-free Neurobasal medium

(Invitrogen) containing 20 mM KCl, NGF (50 ng/ml), and

20 U/ml Penicillin/20 lg/ml Streptomycin (Hyclone) for

3–10 days prior to use. The complete culture media,

including NGF, was present in both the central and side

compartments throughout the culture period and during all

experimental procedures. After 2 days in culture, 5-Fluoro-

20-deoxyuridine (50 lM) was added to the culture medium

to inhibit the growth of non-neuronal cells, and remained

in the media for the duration of the experiment. The

side compartments, which contained the distal axons used

in these experiments, were devoid of neuronal cell

soma or non-neuronal cells, as judged by phase-contrast

microscopy, as well as ethidium bromide and acridine

orange staining.

Analyses of mitochondrial mRNA levels

mRNA levels were determined by qRT-PCR, in total RNA

samples prepared from SCG axons and parental cell soma

using the cells-to-signal lysis buffer (Ambion) and gene-

specific primers for COXIV, COXVIc, ATP5G1, and

ATP5I (Qiagen). Total RNA was incubated with RNase-

free DNaseI to remove trace DNA contamination and

qRT-PCR analyses were conducted essentially as previ-

ously described [11]. The relative levels of each transcript

were normalized to b-actin to provide an internal control

for reverse transcription and axonal density. RNA values

are expressed relative to control by the comparative

threshold (CT) method [26].

Western-blot analysis

For the analysis of ATP5G1 protein levels, distal axons in the

side compartments of Campenot chambers were harvested

and lysed in 250 mM Tris–HCl (pH 7.4), 150 mM NaCl,

1 mM EDTA, 5 % LDS, 2 % BME, 8 M urea, and complete

protease inhibitor cocktail (Sigma). Protein concentration

was assessed using the micro BCA Assay Kit (Pierce). Equal

amounts of each lysate were separated using sodium dodecyl

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

For SDS-PAGE, axonal homogenates were heated at 70 �C

in LDS sample buffer (Invitrogen) and resolved on 12 %

mini-gels (Invitrogen). Proteins were transferred to PVDF

membranes that were then blocked with ECL Advance

Blocking Agent (GE Healthcare), probed with monoclonal

antibodies as previously described [16], and developed using

the ECL Advance kit (GE Health Care). ATP5G1 and b-actin

antibodies were purchased from Sigma.

Transfection of axons with miRNA precursors

and siRNAs

The siRNA sense and antisense strands targeting ATP5G1

were purchased from Dharmacon with the following

sequences: sense 50-CCUCAUACCUUUGAUCGUGUU-30,
antisense 50-CACGAUCAAAGGUAUGAGGUU-30, and

scramble control, sense 50-UAGCGACUAAACACAUCA

A-30, antisense 50-UAAGGCUAUGAAGAGAUAC-30. Two

independent siRNAs targeting rat COXIV were used for

silencing in SCG neurons. The COXIV siRNA sense and

antisense strands were purchased from Dharmacon; the

sequences for siRNAs targeting COXIV are provided

in [15].

The double-stranded RNA that mimics endogenous rat

precursor miRNA-338 (pre-miR-338), and non-targeting
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miRNA (pre-miR-NT), employed as a negative control,

were obtained from Ambion. In addition, the miRNA

inhibitor (anti-miR-338) and non-targeting control (anti-

miR-NT) were obtained from Ambion. The introduction of

small RNAs (miRNAs or siRNAs, each at 25 nM final

concentration) into the distal axons located in the side

chambers of the culture dishes, or the soma and proximal

axons in the center compartment was accomplished by

lipofection using siPORT NeoFX (Ambion). For qRT-PCR

and Western-blot analyses, 16- and 24-h transfection

paradigms were used, respectively. The Campenot multi-

chamber culture system used in the present studies con-

tained two lateral compartments that harbored the distal

axons. The distal axons present in each of these lateral

compartments were transfected independently, and the total

RNA obtained from each lateral compartment was tested

separately to increase the sample number of the analyses.

ATP and ROS measurements

ATP levels were assessed by luminescence using

ViaLight� Plus Kit (Lonza) according to the manufac-

turer’s instruction. Briefly, SCG neurons were transfected

with ATP5G1-siRNA or the NT-siRNA control. After

transfection (16–24 h), the distal axons were independently

harvested in 50 ll of cell lysis reagent, and AMR Plus

assay reagent (100 ll) was added to the cell lysate, and the

luminescence was then recorded in a luminometer with an

integration time of 1 s per well.

Reactive oxygen species (ROS) were detected using

Image-iT
TM

Live Green Reactive Oxygen Species Detection

Kit (Invitrogen). After miRNA or siRNA treatment,

cultures were incubated in Hank’s balanced salt solution

with calcium and magnesium (HBSS/Ca/Mg) containing

5-(and-6)-carboxy-20,70-dichlorodihydrofluorescein diace-

tate (H2DCFDA, 25 lM) for 30 min at 37 �C. Cultures

were subsequently washed thrice with HBSS/Ca/Mg. Fluo-

rescence was visualized according to the manufacturer’s

recommendation, using an inverted fluorescence microscope

(Nikon Eclipse TE300). Images were deconvoluted and

fluorescence quantitated using the Deconvolution Lab plugin

[27] and ImageJ software (NIH).

We used MitoSOX Red (Invitrogen) to determine rela-

tive mitochondrial ROS levels. After miRNA or siRNA

treatments, cultures were incubated for 10 min at 37 �C in

the cell culture medium containing MitoSOX (4 lM). After

incubation in MitoSOX, cultures were washed thrice with

culture medium and MitoSOX fluorescence was measured

according to the manufacturer’s recommendations.

For ROS scavenging experiments, siRNA or miRNA

treated cultures were treated with either 100 lM oxypuri-

nol or 10 lM nordihydraguaiaretic acid (NDGA) in culture

media at the time of transfection and ROS levels were

measured after 16–24 h by MitoSOX and H2DCFDA

staining. For the axonal growth rescue experiments, 5 lM

NDGA was added to the culture media at the time of

transfection of axons with siRNAs, and the axon length

was measured 16–24 h after treatment by phase contrast

microscopy (see below).

Measurement of axonal growth

Images of axons were obtained using an inverted phase-

contrast microscope (Nikon). The length of the distal axons

present in the side compartment was measured using the

neurite tracing and quantification tool, Neuron J, from

ImageJ software (NIH). All axons in each culture dish were

measured and a total of at least 35–40 axons for each

treatment were used for statistical comparisons.

Bioinformatics and statistical analysis

To investigate putative targets of miR-338, we searched

several target databases for conserved, putative rodent

targets of miR-338 [28, 29]. The secondary structure pre-

diction analysis of the ATP5G1 and COXIV 30UTRs was

conducted using Mfold [30]. All quantitative data are

presented as the mean ± SEM. Student’s t test was used to

determine significant differences between two groups.

One-way analysis of variance (ANOVA) was employed

to analyze differences among multiple groups; p val-

ues B 0.05 were considered significant.

Results

As mentioned in the introduction, COXIV mRNA is one of

several nuclear-encoded mitochondrial mRNAs that are

present in the axons of sympathetic neurons [31]. An Mfold

[30] RNA secondary structure prediction analysis of the

30UTR of COXIV mRNA indicated that a miR-338 tar-

geting site (MTS) was present in a 37-nucleotide hair-pin

loop structure in a position that might facilitate miRNA

accessibility. The construction of a chimeric luciferase

reporter gene containing this stem-loop structure placed the

reporter gene expression under the control of miR-338

[15]. Further, in silico analyses for other genes containing

the miR-338 MTS, revealed that the nuclear-encoded

mitochondrial mRNA encoding ATP5G1, a key component

of Complex V of the oxidative phosphorylation chain [32],

also contained a putative miR-338 binding site in its 30UTR

(Fig. 1a). The putative MTS in ATP5G1 had a predicted

free energy of hybridization with the cognate miRNA of

24.8 kcal/mol. Recently, we reported that ATP5G1 mRNA

was present and locally translated in the axons of sympa-

thetic neurons [16].
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Regulation of axonal levels of ATP5G1 mRNA

and protein by miR-338

To explore whether miR-338 had the capacity to regulate

ATP5G1 mRNA levels in the axons of SCG neurons, we

quantified ATP5G1 mRNA levels after transfecting the

distal axons with the miR-338 precursor (pre-miR-338). In

these experiments, COXIV mRNA served as an internal

positive control. Similar to earlier results observed with

COXIV mRNA, axonal ATP5G1 mRNA levels decreased

Fig. 1 miR-338 targets rat ATP5G1. a Putative miR-338 binding site

in the rat ATP5G1 and COXIV 3‘UTR. Secondary structure of the

ATP5G1 3‘UTR was determined by Mfold secondary structural

analysis. The COXIV 3‘UTR secondary structure has been adapted

from Aschrafi et al. [15]. The miR-338 target site is indicated in grey.

Putative miR-338 binding site sequence in the rat ATP5G1 and

COXIV 3‘UTR: The seed sequence of the target site is bolded.

b–e miR-338 modulates ATP5G1 expression in the axons of SCG

neurons. Quantification of nuclear-encoded mitochondrial mRNA

levels in the distal axons and cell soma of SCG neurons transfected

with b 25 nM pre-miR-338 or c 25 nM anti-miR-338. mRNA

abundance was determined by qRT-PCR 16 h after transfection. All

mRNA levels are expressed relative to b-actin mRNA. Error bars
represent the SEM for three samples. Student’s t test *p\ 0.05,

**p\0.01. Western-blot analysis of axonal protein lysates from SCG

axons transfected with d pre-miR-338 or e anti-miR-338. b- actin was

used as a loading control. NT, non-targeting oligonucleotides. Blots

of axonal protein lysates were quantified using ImageJ. Quantification

showed significant changes in ATP5G1 protein levels under the

influence of miR-338. Values represent the mean ± SEM. Student’s

t test ** p\ 0.01; *** p\0.001
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approximately 40 % when compared to the non-targeting

pre-miR-NT 16–24 h post-transfection (Fig. 1b). Transfec-

tion of the distal axons with pre-miR-338 had no effect on the

levels of COXIV or ATP5G1 in the parental cell soma located

in the central compartment of the culture chamber. To eval-

uate the specificity of these effects, we compared the effects

of miR-338 levels on the relative abundance of COXVIc and

ATP5I, two nuclear-encoded mitochondrial mRNAs that do

not contain a miR-338 binding site in their 30UTRs. As shown

in Fig. 1b, the introduction of pre-miR-338 into the distal

axons had no effect on the levels of these mRNAs either in the

distal axon or parental cell bodies. On the other hand, lipo-

fection of an inhibitor of endogenous miR-338 activity, anti-

miR-338, into the distal axons resulted in a 2.5-fold increase

in ATP5G1 mRNA when compared with the non-targeting

anti-miRNA control (Fig. 1c).

To assess whether the miR-338-mediated modulation of

mRNA also correlated with an alteration in axonal ATP5G1

protein levels, miR-338 was over-expressed in SCG axons

by transfection of precursor miR-338, and ATP5G1 protein

levels were evaluated by Western analysis. Consistent with

the mRNA findings described above, over-expression of

miR-338 led to a 40 % decrease in ATP5G1 protein levels

in distal axons of SCG neurons (Fig. 1d). Conversely, the

inhibition of endogenous miR-338 by transfection of the

specific anti-miR-338 into the distal axons led to a 2.5-fold

increase in the expression of ATP5G1 protein, while having

no effect on the b-actin protein levels in the axons (Fig. 1e).

No change in ATP5G1 protein levels was observed in the

corresponding cell bodies after treatment of axons with

either pre-miR-338 or anti-miR-338 (data not shown).

Modulating local miR-338 levels alters ROS production

in the axons of SCG neurons

Recent studies suggest that inhibition of oxidative phos-

phorylation results in the production of ROS [33, 34].

COXIV and ATP5G1 play rate-limiting roles in the

Fig. 2 Modulation of axonal ATP5G1 expression alters ROS

production. a miR-338-mediated ROS production in distal axons.

Distal axons were transfected with pre-miR-338, or non-targeting

oligonucleotides (NT). Intra-axonal ROS levels were measured in

miRNA-treated axons by fluorescence microscopy using Carboxy-

H2DCFDA (green) and Mitosox (red). NDGA, a potent antioxidant,

was used to inhibit miR-338-mediated ROS generation in the axon.

b Fluorescence intensity was quantified using ImageJ, and fluores-

cence levels are indicated as relative fluorescence units (RFU). Data

are mean ± SEM from the measurement of 35–45 axons. Student’s

t test, ***p \ 0.0001. c Oxypurinol was employed to inhibit the

formation of extra-mitochondrial, xanthine oxidase-generated ROS.

e Distal axons were transfected with anti-miR-338, or NT-oligonu-

cleotides. ROS was measured in axons as described above. Scale bar,

20 lm. b, d, f Quantitation of miR-338-mediated induction of ROS

levels in the axon. Arrows indicate mitochondrial-associated ROS.

Values represent the mean ± SEM. Student’s t test **p \ 0.01;

***p \ 0.001
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assembly of complexes IV and V, respectively, and dys-

functional COXIV and ATP5G1 resulted in a compromised

mitochondrial membrane potential, as well as decreased

respiration and ATP levels [15, 16, 35]. Since elevation of

miR-338 levels in distal axons lead to a reduction in mito-

chondrial oxygen consumption and ATP production [15],

we investigated whether the miR-338 effects on mitochon-

drial function resulted in changes in the axonal ROS levels.

To determine whether alterations in miR-338 levels had

the capacity to modulate ROS production in the distal

axons, axonal processes located in the side compartments

of 7-day-old cultures were transfected with either pre-

miR-338 or non-targeting pre-miR-NT, and ROS levels

were assessed 16 h later with H2DCFDA and MitoSOX,

fluorescent indicators of total and mitochondrial-generated

ROS (i.e., superoxide), respectively. We found that over-

expression of miR-338 in distal axons resulted in a marked

increase in axonal ROS levels: Some of the fluorescent

signal appeared punctuate in nature (Fig. 2a, arrows).

Quantitation of the fluorescent signal in miR-338-treated

axons revealed that total ROS levels increased 2.5-fold

(H2DCFDA), whereas mitochondrial-generated ROS was

elevated twofold (MitoSOX), as compared to ROS levels

visualized in axons transfected with the pre-miR-NT

(Fig. 2b). Repetitions of this experiment yielded similar

results, with 2.1–2.3-fold elevation in total ROS levels and

1.6–1.9-fold elevation in mitochondrial ROS levels when

compared to pre-miR-NT transfected neurons. In both

cases, exposure of miR-338-treated axons to NDGA, a

powerful ROS scavenger, at the time of transfection

returned miRNA-induced increases in ROS levels to con-

trol values (Fig. 2a, b). Previous studies indicated that

inhibition of ATP production and/or ATP depletion in

cultured primary neurons could result in the generation of

cytoplasmic ROS via activation of a xanthine oxidase-

mediated pathway [36]. To test whether miR-338 induced

the generation of mitochondrial ROS, cytosolic ROS, or

both, we used oxypurinol to specifically inhibit xanthine

oxidase-dependent cytosolic ROS production. In this

experiment, miR-338- or miR-NT-treated distal axons

(7 DIV) were exposed to oxypurinol at the time of trans-

fection and throughout the duration of the experiment. ROS

levels were visualized by both H2DCFDA and MitoSOX

16–24 h later. We observed no effect of oxypurinol on

basal levels of ROS in miR-NT-treated control axons

(Fig. 2c). In contrast, oxypurinol treatment showed a

2.2-fold reduction in the levels of extra-mitochondrial ROS

induced by miR-338, but had little effect on mitochondrial-

generated ROS (Fig. 2c, d). Similar results were obtained

on repetition of this experiment. No statistically significant

change was observed in miR-338-induced mitochondrial

ROS levels after oxypurinol treatment, while a 2.3–2.5-fold

decrease in cytosolic ROS levels was detected as compared

to axons not exposed to oxypurinol. The outcome of this

Fig. 3 Elevation of axonal

miR-338 levels attenuates axon

outgrowth in sympathetic

neurons. a Photomicrographs of

distal axons of SCG neurons

that were cultured for 3 days

and axons located in the lateral

sides of compartmentalized

cultures were transfected with

25 nM pre-miR-338 or 25 nM

control pre-miR-NT for 24 h.

Arrows indicate location of

growth cones. Scale bar:

100 lm. b Distal axons were

transfected with pre-miR-338,

or NT-oligonucleotides and

c anti-miR-338, or NT-control

for 24 h. The axon length was

measured after transfection.

Data are mean ± SEM from the

measurement of 35–45 axons.

The experiment was repeated

three times with similar results.

Student’s t test, ***p \ 0.0001
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experiment suggested that miR-338-mediated modulation

of axonal protein synthesis resulted in a marked increase in

mitochondrial ROS.

Next, we addressed the question as to whether ROS

levels could be reduced in distal axons by specifically

silencing endogenous miR-338 activity through the trans-

fection of anti-miR-338. Consistent with the increase in the

ROS levels observed upon over-expression of miRNA-338,

axons transfected with anti-miR-338 displayed a *50 %

reduction in basal axonal ROS levels (Fig. 2e, f). These

findings point to the fact that the action of miR-338 on its

nuclear-encoded mitochondrial target genes can have

significant effects on axonal ROS levels.

Modulation of axonal elongation rates by miR-338

In previous studies, we used 2-day-old SCG cultures, and

identified miR-338 as a novel regulator of mitochondrial

oxidative phosphorylation and axonal function in the distal

axons through local modulation of COXIV levels [15]. The

reduction in axonal respiration mediated by this miRNA

had pronounced effects on some functions of SCG axons,

such as neurotransmitter uptake, yet over-expression or

inhibition of miR-338 had only minimal effects on axon

morphology and viability, as judged by light microscopy.

Therefore, the question arose as to whether the modulation

of local mitochondrial protein synthesis by miR-338 would

Fig. 4 Knock-down of both ATP5G1 and COXIV levels together

leads to a greater increase in ROS and decrease in ATP levels in the

axon as compared to knock-down of the individual mRNAs. a SCG

neurons (7-DIV) were transfected with siRNA oligonucleotides

(25 nM) targeted against ATP5G1 mRNA or COXIV mRNA or both

together. ATP levels were assessed using ViaLight� Plus Kit from

Lonza. Values were plotted in arbitrary luminescence units. Data

represent the mean ± SEM; one-way ANOVA, **p \ 0.001.

b Knock-down of axonal COXIV and ATP5G1 expression increased

ROS levels in the axon. SCG neurons (7 DIV) were transfected with

siRNA oligonucleotides (25 nM) targeted against COXIV mRNA or

ATP5G1 mRNA or both together. Intra-axonal ROS levels were

measured in siRNA-treated axons by fluorescence microscopy using

Carboxy-H2DCFDA (green) and Mitosox (red). Values are plotted in

arbitrary fluorescence units. Data represent mean ± SEM; one-way

ANOVA, **p \ 0.001. Scale bars: 50 lm
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exhibit significant effects on SCG axon growth rate and/or

elongation. To investigate the role miR-338 might play in

the mediation of axonal growth, we transfected 1-day-old

primary SCG neurons with pre-miR-338, and determined

the length of SCG axons. Over-expression of miRNA-338

in primary SCG neurons resulted in a significant decrease

in axon length in comparison to cells transfected with the

non-targeted precursor (Fig. 3a). Conversely, we observed

a marked increase in neurite outgrowth of 3-day-old pri-

mary neurons that were transfected with a specific inhibitor

of endogenous miR-338 (data not shown). As shown in

Fig. 3b, the axonal transfection of pre-miR-338 resulted in

20–30 % reduction in axon outgrowth, as compared to

axons transfected with a non-targeted precursor. Con-

versely, inhibition of endogenous miR-338 in axons by

transfection with anti-miR-338 resulted in a significant

increase in primary neurite outgrowth. The average neurite

length for anti-miR-338-treated neurons was approximately

40 % greater than that of the non-targeted anti-miR trans-

fected control axons (Fig. 3c).

Effects of miR-338 on axonal ATP synthesis and ROS

production are mediated by local ATP5G1 and COXIV

expression

To further evaluate the postulate that the axonal effects of

miR-338 are mediated, at least in part, by the local syn-

thesis of ATP5G1 and COXIV, siRNAs targeted against

ATP5G1 and COXIV mRNAs were lipofected into the

distal axons. We previously reported the siRNA-mediated

knock-downs of COXIV and ATP5G1 mRNA and protein

in SCG axons. The COXIV siRNA knock-down yielded 70

and 60 % decreases in mRNA and protein levels, respec-

tively, while ATP5G1 siRNA treatment resulted in 70 and

50 % decreases in mRNA and protein levels [15, 16].

Similar to the findings obtained with miR-338, reduction in

ATP5G1 and COXIV expression by RNA interference

resulted in a 50 and 60 % decrease in axonal ATP levels,

respectively, compared to sham controls (Fig. 4a). Addi-

tionally, the combined knock-down of ATP5G1 and

COXIV resulted in a 70 % reduction in axonal ATP levels

(Fig. 4a). Transfection of distal axons with NT- siRNA had

no effect on this experimental variable.

To test the hypothesis that the miR-338-induced ROS

levels were mediated, at least in part, by suppression of

axonal ATP5G1 and COXIV levels, siRNAs targeted

against ATP5G1 and COXIV mRNAs were introduced

individually or in combination into distal axons: ROS levels

were assessed 16–24 h post-transfection, as described

above. As shown in Fig. 4b, little fluorescence was

observed in control, NT-, or siRNA-treated axons with

either dye. In contrast, there was a marked elevation in

fluorescence in COXIV, as well as ATP5G1, siRNA-treated

axons (Fig. 4b, arrows). Quantitation of the fluorescent

signal in COXIV or ATP5G1 siRNA-treated axons revealed

that total ROS levels increased 1.5-fold, whereas, joint

Fig. 5 Knock-down of axonal ATP5G1and COXIV mRNAs shows a

greater decrease in axon outgrowth as compared to knock-down of the

individual mRNAs. a SCG neurons were cultured for 3 days and the

distal axons were subsequently transfected with siRNA oligonucle-

otides (25 nM) targeted against COXIV mRNA or ATP5G1 mRNA

or both together. Arrows indicate location of axon terminal regions.

Scale bars: 200 lm. b Axons were measured 16 h post-transfection in

the lateral sides of compartmentalized culture. Data are the

mean ± SEM from measurement of 30–40 axons. The experiment

was repeated three times with similar results. One-way ANOVA,

***p \ 0.0001
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application of COXIV together with the ATP5G1 siRNA

resulted in over a twofold elevation in axonal ROS levels.

Silencing of local ATP5G1 and COXIV expression

inhibits axonal growth

Since knock-down of axonal ATP5G1 and COXIV levels

resulted in both a reduction of axonal ATP levels and an

increase in axonal ROS production, we tested the hypoth-

esis that the effects of miR-338 on axonal outgrowth were

mediated by the co-ordinate regulation of local ATP5G1

and COXIV expression. Toward this end, siRNAs targeted

against ATP5G1 and COXIV mRNAs were lipofected into

the 3-day-old axons grown in the lateral compartments of

Campenot cultures. After 16 h, knock-down of COXIV or

ATP5G1 mRNA levels resulted in a 30–40 % reduction in

rates of axonal elongation, as compared to control axons.

The combined knock-down of COXIV and ATP5G1

mRNAs resulted in a 50 % attenuation of axonal growth

(Fig. 5a, b). These data provide evidence that the local

translation of ATP5G1 and COXIV mRNAs and their

subsequent effects on mitochondrial activity play an

important role in regulating outgrowth of the axon, and

supports the hypothesis that miR-338 affects axonal growth

via the co-ordinate regulation of axonal ATP5G1 and

COXIV expression.

Discussion

Mitochondria are enriched in subcellular regions of high

energy consumption, such as in axons, dendrites, as well as

presynaptic nerve terminals [1, 31]. Despite the acknowl-

edged significance of mitochondria in synapse formation

and function, there is still a paucity of information

regarding the mechanisms that regulate their activity in the

distal structural/functional domains of the neuron. In pre-

vious studies, we identified miR-338, a brain-specific

miRNA, as a local modulator of COXIV expression in the

distal axons of SCG neurons. Alteration in the levels of

miR-338 in the axon had a profound effect on the activity

of the local mitochondrial population and the basal meta-

bolic rate of the axon [15]. That miR-338-mediated

modulation of local COXIV expression could have such a

profound effect on axonal respiration and function further

led us to assess the regulatory impact of miR-338 on axonal

mitochondrial activity. We, therefore, conducted a bioin-

formatics search to identify additional nuclear-encoded

mitochondrial mRNAs that contained putative miR-338-

binding sites. The 18 additional messages identified rep-

resent approximately 1 % of the total mRNAs that encode

mitochondrial proteins: 13 of these mRNAs have been

identified in the axon by RT-PCR methodology. These

mRNAs code for a variety of proteins involved in energy

metabolism, membrane transport, DNA replication, mRNA

translation, and lipid metabolism (see Table 1, Ref. [15]).

One of these 13 axonally localized mRNAs that contained

a miR-338 binding site coded for ATP5G1, a key compo-

nent of Complex V of the oxidative phosphorylation chain

[37]. Mitochondrial ATP synthase catalyzes ATP synthe-

sis, utilizing an electrochemical gradient of protons across

the inner membrane during oxidative phosphorylation. The

present study provides direct evidence to support the

hypothesis that miR-338 has the capacity to regulate

mitochondrial function by locally regulating the synthesis

of ATP5G1 in addition to COXIV in the distal axons of

sympathetic neurons. Moreover, our investigation demon-

strated that the modulation of axonal levels of ATP5G1

expression by miR-338 has a wide range of functional

consequences for local ATP and ROS generation, as well

as axonal outgrowth. Taken together, our results also

support the notion that these small, non-coding RNAs have

the capacity to modulate complex physiological pheno-

types by co-ordinately regulating the expression of

multiple functionally related genes [38, 39].

Key proteins involved in the miRNA processing and

functional pathway, i.e., Dicer and miRISC complexes, can

assemble and function in developing axons [40]. In addi-

tion, miRNAs and the RISC complex have recently been

shown to be present in the axonal compartments where

they can actively regulate local mRNA levels [15]. Most

recently, we employed the Campenot cell culture system to

obtain a pure axonal RNA fraction of superior cervical

ganglia (SCG) neurons and determined the composition

and miRNA expression levels in this subcellular structural

domain [23]. The data revealed the presence of a number of

mature miRNAs that were enriched in the axons and pre-

synaptic nerve terminals. Among the 130 miRNAs

identified in the axon, miR-15b, miR-16, miR-204, and

miR-221 were found to be highly abundant in distal axons

relative to their levels in the cell bodies.

The intracellular mechanisms underlying the regulation

of axonal growth are not well understood, although it has

been demonstrated that extracellular factors, such as NGF,

can modulate axon growth rates [41]. Our experiments

show that in the presence of NGF, upregulation of both

COXIV and ATP5G1 levels by inhibition of endogenous

miR-338 activity in the distal axons, enhanced axon

growth, while its down-regulation, by transfection of axons

with the precursor miR-338, or specific siRNAs, resulted in

axon growth attenuation. The findings presented here also

establish that local regulation of COXIV and ATP5G1

expression has significant effects on the levels of ATP in

the axon. The energy generated by mitochondria is required

for a number of pivotal processes during outgrowth,

including growth cone motility, and the accumulation of
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this organelle has been shown to be important for sustained

axonal outgrowth. Our studies suggest that regulation of

mitochondrial activity by local translation of nuclear-

encoded mRNAs contribute to the mitochondria-mediated

effects on axonal elongation, and further underscore the

importance of local translation in axonal growth.

To initiate investigation into the molecular mechanisms

underlying miR-338-mediated mitochondrial dysfunction,

which affected axonal growth, we assessed the relative

abundance of axonal ROS levels. Earlier studies suggested

that enhancement of mitochondrial ROS levels can be

generated through decreased complex IV or complex V

activity [42–44], and that regulation of ROS levels strongly

affected nervous system development, particularly axon

pathfinding [45]. The findings presented here demonstrate

that significant mitochondrially derived ROS levels are

detected as a consequence of suppression of local ATP5G1

and COXIV levels by miR-338 or specific siRNAs.

Conversely, the transfection of anti-miR-338 increased

ATP5G1 and COXIV levels, and resulted in a significant

decrease in axonal ROS production. Taken together, our

findings demonstrate that miR-338 modulates the axonal

expression of multiple components involved in the mito-

chondrial oxidative phosphorylation pathway.

Interestingly, an increasing number of studies have

indicated that cytotoxic-free radicals, such as superoxides,

nitric oxide, and others may contribute to neural damage,

including attenuation in axonal growth [46]. ROS has

previously been implicated in the pathogenesis of neuro-

degenerative diseases, as well as in the deficits that occur in

normal aging [47]. It has also been reported that ROS

production promotes apoptosis of neurons leading to neu-

rodegeneration. Although we have not addressed axonal

degeneration in our studies, our results raise the possibility

that moderate deficiencies in mitochondrial activity could

have detrimental effects on axonal growth as a conse-

quence of excess ROS production, as well as through

abnormalities associated with energy deficits, per se (i.e.,

decreased ATP levels).

Recent studies have proposed a connection between

mitochondrial dysfunction and a number of neuropsychi-

atric disorders, including schizophrenia, bipolar disorder,

and neurodegenerative disorders, such as amyotrophic

lateral sclerosis, Parkinson’s and Alzheimer’s disease [48,

49]. The outcomes of this investigation support the notion

of the significance of local translation of nuclear-encoded

mitochondrial mRNAs in the maintenance of mitochon-

drial function, particularly in neurons with long axons, and

propose a novel mechanism for the maintenance of axonal

function and viability, which ultimately could underlie

neurodegenerative and/or neurodevelopmental disorders.

Multiple lines of evidence suggest that altered neuronal

plasticity and morphology, as seen in neurodevelopmental

disorders, may result from disruption of a common post-

translational process that is under tight regulation by

miRNAs [50]. Several intellectual disability (ID) syn-

dromes, such as Fragile X syndrome, Rett syndrome, and

Down syndrome have been linked to the miRNA pathway

[51–53]. Increasing evidence suggests that miRNAs, which

act as regulators of neuronal gene circuitries, are associated

with complex neuropsychiatric disorders involving abnor-

malities in synaptic plasticity, as well as neurodegenerative

diseases. From a large number of recent studies on neuro-

logical diseases, it thus appears that miRNAs play an essential

regulatory role in neuronal differentiation, neurite outgrowth,

and dendritic spine formation. Thus, the dysregulation of

miRNAs could ultimately underlie some of the clinical fea-

tures observed in these diseases through their effects on the

local protein synthetic system(s).
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