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Abstract

Deficits in axonal transport are thought to contribute to the pathology of many neurodegenerative

diseases. Expressing the slow Wallerian degeneration protein (WldS) or related nicotinamide

mononucleotide adenyltransferases (NmNATs) protects axons against damage from a broad range

of insults, but the ability of these proteins to protect against inhibition of axonal transport has

received little attention. We set out to determine whether these proteins can protect the axons of

cultured hippocampal neurons from damage due to hydrogen peroxide or oxygen-glucose

deprivation (OGD) and, in particular, whether they can reduce the damage that these agents cause

to the axonal transport machinery. Exposure to these insults inhibited the axonal transport of both

mitochondria and of the vesicles that carry axonal membrane proteins; this inhibition occurred

hours before the first signs of axonal degeneration. Expressing a cytoplasmically targeted version

of NmNAT1 (cytNmNAT1) protected the axons against both insults. It also reduced the inhibition

of transport when cells were exposed to hydrogen peroxide and enhanced the recovery of transport

following both insults. The protective effects of cytNmNAT1 depend on mitochondrial transport.

When mitochondrial transport was inhibited, cytNmNAT1 was unable to protect axons against

either insult. The protective effects of mitochondrially targeted NmNAT also were blocked by

inhibiting mitochondrial transport. These results establish that NmNAT robustly protects the

axonal transport system following exposure to OGD and reactive oxygen species and may offer

similar protection in other disease models. Understanding how NmNAT protects the axonal

transport system may lead to new strategies for neuroprotection in neurodegenerative diseases.
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Introduction

The unique geometry of neurons makes them particularly vulnerable to injuries that disrupt

the microtubule-based transport of organelles between the cell body and the distal axon. Not

surprisingly, genetic mutations that affect components of the axonal transport system, such

as kinesins and dynein, lead to diseases that are characterized by axonal degeneration

(Blackstone et al., 2011; Holzbaur and Scherer, 2011). Deficits in axonal transport may also

contribute to the axonal degeneration that occurs following insults such as inflammation

(Fang et al., 2012a; Stagi et al., 2005; Takeuchi et al., 2005) and are thought to contribute to

the pathology in many neurodegenerative diseases (Bilsland et al., 2010; Decker et al., 2010;

Her and Goldstein, 2008). Studies of cultured neurons show that inhibition of axonal

transport is among the earliest signs of damage following exposure to reactive oxygen

species or other insults (Fang et al., 2012a; Stagi et al., 2005). Thus there is a strong

motivation to identify agents that can protect against damage to the axonal transport

machinery.

The Wallerian degeneration slow (WldS) mutation, which arose spontaneously in a line of

C57Black mice, greatly prolongs the survival of axons that have been cut off from their cell

bodies (Coleman et al., 1998). The mutation leads to the expression of a chimeric protein

that is a fusion of the first 70 amino acids from Ube4b, an E4 ubiquitin ligase, and the full

length sequence of nicotinamide mononucleotide adenyltransferase 1 (NmNAT1), one of

three isoforms of the adenylating enzyme responsible for the biosynthesis of NAD+

(Coleman, 2005). Neurons of mice carrying the WldS mutation are resistant to damage from

a variety of insults (Adalbert et al., 2005; Gillingwater et al., 2006; Mi et al., 2005; Wang et

al., 2002) and expressing the WldS protein confers neuronal protection in other species and

in cultured neurons (Press and Milbrandt, 2008; Tokunaga and Araki, 2012; Wang et al.,

2005). The mechanisms by which WldS protein protects axons against damage have been

the subject of intensive research. In many cases, the protective effects of WldS can be

mimicked by overexpressing one or another form of NmNAT and axonal protection is often

prevented by mutations in WldS or NmNAT that interfere with enzymatic activity, but

changes in basal NAD+ levels do not correlate with neuroprotection (Coleman and Freeman,

2010). Although WldS protein and NmNAT1 are concentrated in the nucleus, mutating their

nuclear localization signals enhances their neuroprotective effects, suggesting that they act

within the cytoplasm (Babetto et al., 2010). The exact subcellular sites of action of these

proteins remain controversial, although recent evidence suggests that WldS increases

mitochondrial transport in axons and enhances the calcium buffering capacity of axonal

mitochondria (Avery et al., 2012).

We set out to determine whether NmNAT can protect axons in a culture model that mimics

the insults that occur in neural diseases and, in particular, whether NmNAT can reduce the

inhibition in axonal transport caused by these agents. We subjected neurons to two different

insults: hydrogen peroxide, an inflammatory mediator, and oxygen-glucose deprivation

(OGD), a model for ischemia/stroke. We examined two of the major organelle populations

that undergo rapid axonal transport, vesicles that convey proteins from the Golgi complex to

the axonal membrane and mitochondria. Our results show that expressing cytNmNAT1 (a

cytosolic version of NmNAT1) reduces inhibition to the axonal transport system and
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protects axons from degeneration due to these insults. We further show that mitochondrial

transport is critical for cytNmNAT1’s protective effects.

Materials and Methods

DNA constructs

All constructs were expressed from the CAG plasmid vector, which contains a chicken beta-

actin promoter (Niwa et al., 1991). NgCAM-mCherry was constructed by fusing mCherry to

the C-terminus of chicken NgCAM (Buchstaller et al., 1996; Sampo et al., 2003).

cytNmNAT1-GFP was prepared by fusing eGFP to the C-terminus of NmNAT1 that lacked

its nuclear localization signal in FUGW vector (Sasaki et al., 2006)(a generous gift from Dr.

Jeffrey Milbrandt at Washington University). Mitochondrially targeted NmNAT1-GFP

(mitoNmNAT-GFP) was constructed by fusing the mitochondrial targeting sequence from

subunit VIII of human cytochrome C oxidase (Rizzuto et al., 1995) to the N-terminus of

cytNmNAT1-GFP. ssNPY-mCherry and mito-GFP have been described previously (Fang et

al., 2012a). All constructs were verified by DNA sequencing.

Cell culture and plasmid expression

Primary hippocampal cultures were prepared from E18 rat embryos of either sex as

described previously (Banker and Goslin, 1988; Goslin K, 1998; Kaech and Banker, 2006).

GFP-tagged NmNAT constructs or GFP alone (0.5–1 μg of DNA) were introduced into

neurons by electroporation prior to plating using an Amaxa® Nucleofector® (Lonza, Basel,

Switzerland). In experiments that required mitochondrial labeling, mito-GFP was also

expressed by electroporation. Cells were plated onto poly-L-lysine-treated glass coverslips

at a density of 15–25,000 cells/cm2 and maintained in N2 medium in the presence of

astrocytes (prepared by differentiating neural stem cells). To evaluate axonal transport of

Golgi-derived vesicles, appropriate constructs (1–2 μg of DNA) were expressed by

transfection with Lipofectamine 2000 (Invitrogen, Carlsbad, CA) at 7–8 days in vitro and

transport was imaged 8–20 hours later.

Hydrogen peroxide exposure and oxygen–glucose deprivation

Neuronal cultures were subjected to hydrogen peroxide by replacing the culture medium

with HibernateE® medium (Invitrogen, Carlsbad, CA) containing 100 μM hydrogen

peroxide (Sigma, St Louis, MO) for 1 hour (for axonal degeneration study) or for 30 minutes

(for axonal transport study). Then hydrogen peroxide was removed and the cells were

returned to normal culture medium for 6 hours (for the axonal degeneration study) or for 1

hour (for analysis of axonal transport).

Neuronal cultures were subjected to oxygen–glucose deprivation (OGD) by replacing the

culture medium with Earle’s BSS lacking glucose and containing 2-deoxglucose (10mM)

and maintaining the cells in an atmosphere of 90% N2, 5% CO2, and 5% H2 (Airgas,

Portland, OR) for 4 hours, as described by Okami et al. (2012). Then the cells were returned

to normal culture medium and maintained in an atmosphere with 5% CO2 and ambient

oxygen levels. Control cultures were transferred to Earles BSS containing 5.6 mM glucose
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and maintained at ambient oxygen levels for 4 hours, then returned to normal culture

medium.

Imaging and Analysis of Axonal Transport

Organelle transport was imaged following the methods described by Kaech et al. (Kaech et

al., 2012a; Kaech et al., 2012b; Kaech et al., 2012c). Vesicle transport was imaged 8 h after

expression of NgCAM-GFP or 20 h after expression of SS-mCherry. Mitochondrial

transport was imaged 7–8 days after mito-GFP expression. Coverslips were placed in a

heated chamber (Warner Instruments, Hamden, CT) containing Hibernate E medium

(Brainbits LLC, Springfield, IL) and maintained at 37°. Imaging was performed using a

Nikon TE2000/PFS microscope equipped with a Yokugawa CSU-10 spinning disk confocal

head (Solamere Technology Group, Salt Lake City, Utah) and images were captured using

an ORCA ER camera (Hammamatsu Instruments, Hammamatsu, Japan). Mitochondrial

transport was imaged using a 40X 1.2 N.A oil immersion objective and vesicle transport was

imaged with a 60X 1.35 N.A oil immersion objective. Mitochondrial transport was imaged

at 1 frame every 2 sec for 2 min and vesicle transport was imaged at 2 frames/sec for 30 sec.

Transport was quantified by constructing kymographs of organelle movement, using

Metamorph Image Analysis software (Molecular Devices, Sunnyvale, CA). This produced a

graph in which the X-axis represents time and the Y-axis represents distance along the axon.

Diagonal lines correspond to moving organelles. To determine the number of transport

events, we counted all organelles that moved at least 5 μm in either the anterograde or

retrograde direction, then normalized these values to correct for differences in axon length

and imaging duration (events/min/100 μm). Statistical significance of the differences

between groups was determined by performing student T-test.

Quantification of Axonal Degeneration

Axonal morphology was assessed by acquiring low-magnification images of cells

expressing GFP or GFP-tagged NmNAT constructs (see Figure 1). These images typically

included the proximal 200 μm of the primary axon along with numerous collateral branches.

Only neurons that expressed the labeled constructs at high levels were selected for analysis.

Images were collected from at least three separate experiments performed on different

culture preparations and 65–150 cells were analyzed per condition. The extent of

degeneration, as indicated by axonal beading or fragmentation, was assessed from these

images by an observer blinded to the experimental condition, according to the following

scoring system: 1--axon fully intact or with beading limited to less than 10% of the axon

length; 2: beading and/or fragmentation over 10–50% of the axon; 3: beading and

fragmentation over 50–90% of the axon; 4: fragmentation of the entire axon. For statistical

analysis and for the figures, cells with a degeneration score of 1 or 2 were grouped together

in a single category, referred to as “mild” degeneration, and those with scores of 3 and 4

were grouped together as “severe” degeneration. Statistical differences between

experimental and control groups were analyzed using Fisher’s exact test.
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Quantification of Mitochondrial Density

To quantify mitochondria occupancy, line scans were drawn on the axons of cells expressing

mito-RFP and soluble GFP (control situation) or dnMiro-GFP, using the GFP signal as a

guide to determine axons. Mitochondrial occupancy was calculated as the percentage of

overall axonal length that contained at least one mitochondrion (based on maximum

intensity levels at least twice background values. The length of axon measured varied

between 60 and 120 μm per cell; a minimum of 20 cells were evaluated per condition.

Results

cytNmNAT1 protects axons from damage following hydrogen peroxide exposure and
oxygen-glucose deprivation

The overall goal of these experiments was to ask whether expressing WldS -related proteins

can protect primary hippocampal neurons against axonal transport inhibition induced by

exposure to hydrogen peroxide or oxygen-glucose deprivation (OGD). In doing so, we

focused initially on the effects of cytNmNAT1, a version of NmNAT1 that lacks its nuclear

localization signal and hence is localized to the cytoplasm (Sasaki et al., 2006). Millbrandt

and colleagues have demonstrated that expressing cytNmNAT1 in cultured dorsal root

ganglion neurons provides robust protection against axonal degeneration following axotomy

as well as a variety of toxic insults, including exposure to reactive oxygen species and

vincristine (Press and Milbrandt, 2008; Sasaki and Milbrandt, 2010; Vohra et al., 2010).

We set out to test the effects of expressing cytNmNAT1 in hippocampal neurons exposed to

two different insults—reactive oxygen species, which are associated with a variety of CNS

lesions (Brown and Neher, 2010)--and OGD, a cell culture model for ischemia and stroke

(Jones et al., 2011). Before plating, hippocampal neurons were electroporated with

cytNmNAT1-GFP or soluble GFP (as a control) and then were challenged by exposure to

injury 7 days later. We chose this strategy because electroporation results in much higher

transduction efficiency than transfection; typically about 50–80% of electroporated cells

expressed cytNmNAT1-GFP compared with less than 5% following Lipofectamine 2000-

mediated transfection. Like soluble GFP, cytNmNAT1-GFP filled the entire cell, including

the full extent of the axon. In neurons that were not injured, the axons extended over long

distances and gave rise to many branches (Figure 1A); signs of axonal degeneration, such as

beading, were minimal.

We first asked whether expressing cytNmNAT1-GFP affected the axons of neurons that

were not exposed to insults (Fig. 1A). To quantify axonal damage, a scoring system was

developed to assess degeneration, based on the GFP images of the axonal arbors. Cells were

scored from 1 to 4, with 1 corresponding to minimal signs of axonal degeneration and 4

corresponding to complete or nearly complete axonal fragmentation (for details, see

Materials and Methods). The quantification was performed by an observer blinded to the

experimental conditions. In the case of cells that were not subjected to injury, about 90% of

the axons were classified as having mild or no degeneration (scores of 1 or 2). There was a

subtle but statistically significant difference between control cells (expressing GFP alone)

and cells expressing cytNmNAT1-GFP. The axons of the latter cells were judged to be
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slightly less damaged than those of control neurons (Fisher’s exact test, p < 0.05). This

result suggests that cells expressing cytNmNAT1 may be protected from some of the

stresses inherent in maintaining cells in culture.

To evaluate the effects of reactive oxygen species on axonal integrity, we exposed neurons

to 100 μM hydrogen peroxide for 1 hour, following the approaches of Fang et al (Fang et al.,

2012a). Immediately after this treatment, the axons of control neurons appeared normal, but

6 hours later extensive beading and fragmentation had appeared all along the axon and its

branches. In contrast, neurons expressing cytNmNAT1-GFP showed much less damage

(Figure 1B). Phase contrast images show the healthy axons of neurons expressing

cytNmNAT1-GFP are surrounded by numerous untransfected neurons, whose axons have

almost completely degenerated (Supplementary Figure 1). After hydrogen peroxide

treatment, 82% of the axons of control neurons were severely damaged (score of 3 or 4),

compared with only 19% of the axons in neurons expressing cytNmNAT1 (p<0.001).

Oxygen-glucose deprivation was initiated by placing cultured neurons in medium in which

glucose was replaced with 2-deoxyglucose (a glucose analog that inhibits glycolysis), then

maintaining the cultures in an oxygen-free atmosphere for 4 h. The axons of control neurons

showed no signs of damage immediately after OGD, but over time their axons underwent

extensive degeneration (although the time course of axonal degeneration was slower than

that following hydrogen peroxide exposure). By 24 h after OGD, axons were almost entirely

fragmented. In contrast, the axons of neurons over-expressing cytNmNAT1 were much less

extensively damaged. Quantification shows a degree of protection similar to that seen in

cells exposed to hydrogen peroxide. In control neurons, 73% of axons showed severe

degeneration (score of 3 or 4) compared with only 27% of neurons expressing cytNmNAT1

(p<0.001) (Figure 1C). These results show that expression of cytNmNAT1 robustly protects

the axons of hippocampal neurons against injury from exposure to both reactive oxygen

species and to OGD. The axons of cytNmNAT1-expressing cells exposed to these

conditions were similar to those of control neurons that were not subjected to any insult.

Expressing cytNmNAT1 with a point mutation in its substrate binding domain (Sasaki et al.,

2009) failed to protect hippocampal axons against either hydrogen peroxide or OGD (data

not shown). Thus the protective effect of expressing cytNmNAT1 depends on its enzymatic

function.

CytNmNAT1 protects the axonal transport machinery from inhibition due to hydrogen
peroxide and oxygen glucose deprivation

We next asked whether expression of cytNmNAT1 protects hippocampal neurons against

inhibition to the axonal transport system. We examined the transport of two important

organelle populations: vesicles that arise from the Golgi complex and deliver newly

synthesized membrane proteins required to maintain axonal excitability and synaptic

transmission; axonal mitochondria, which are transported to sites of high energy demand or

where increased calcium buffering is required (Wang and Schwarz, 2009). We labelled

Golgi-derived vesicles by transfecting one of the following constructs: GFP-tagged

NgCAM, a transmembrane adhesion molecule that is delivered preferentially to the axonal

plasma membrane (Sampo et al., 2003); SS-mCherry, a construct consisting of an ER-
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targeting signal sequence fused to mCherry (Fang et al., 2012a). After cleavage of the signal

sequence in the ER, soluble mCherry fills the lumen of the ER, the Golgi complex and

transport vesicles that arise from the Golgi. Since the label does not accumulate in the

plasma membrane following vesicle exocytosis, transport of vesicles labeled by expressing

SS-mCherry can be visualized even after long periods of expression. Mitochondria were

labelled by expressing GFP fused to a mitochondrial targeting sequence (Fang et al., 2012a).

In cultured hippocampal neurons, vesicles derived from the Golgi complex undergo

extensive, rapid transport into the axon (Burack et al., 2000; Kaether et al., 1997; Nakata

and Hirokawa, 2003). In a 100 μm stretch of axon, there were on average 47±18 anterograde

vesicle movements per minute and 23±14 retrograde movements per minute; the average

velocity of vesicle transport was 1.60±0.41 μm/sec in the anterograde direction and

1.17±0.48 μm/sec in the retrograde direction. These values are similar to those from

previous reports for membrane vesicle transport in axons (Fang et al., 2012a; Her and

Goldstein, 2008).

As shown in Figure 2 (A & B), after exposure to hydrogen peroxide for 30 min, the number

of anterograde vesicle movements decreased markedly (to 34±7% of control values) while

there was no change in the number of vesicles moving in the retrograde direction (Figure 2A

& B). There was also a significant inhibition in the velocity of transport in both directions.

This result is consistent with our previous findings (based on following individual cells that

were exposed to hydrogen peroxide), which showed that the earliest indication of damage

was a reduction in transport velocity, which was followed by a decrease in the number of

vesicles moving in the anterograde direction (Fang et al., 2012a). Expression of

cytNmNAT1 significantly reduced the inhibition of anterograde transport; the number of

anterograde movements declined by only about one-third (to 67±13% of control values).

Moreover, when hydrogen peroxide-treated cells were returned to normal medium and

examined 1 h later, vesicle transport was fully restored to normal levels in neurons

expressing cytNmNAT1. In control neurons, anterograde transport recovered only partially.

Similar effects of expressing cytNmNAT1 were seen when Golgi-derived vesicles were

labeled by expressing SS-mCherry (data not shown). Thus expression of cytNmNAT1

protected neurons from inhibition to the transport system during the period of hydrogen

peroxide exposure and enabled transport to recover to normal levels following peroxide

exposure.

We used a similar approach to test whether expression of cytNmNAT1 protects vesicle

transport when neurons were subjected to OGD (Figure 2C & D). In control neurons after 4

h of OGD, transport in both anterograde and retrograde directions was almost completely

abolished. The number of anterograde events was reduced to only 3±1% of controls and

retrograde event numbers dropped to only 15±5% of control. Vesicle transport was also

severely inhibited in neurons expressing cytNmNAT1, but the inhibition was not quite as

severe as in control cells. The difference between control and cytNmNAT1-expressing cells

was statistically significant only for anterograde transport. The protective effects of

expressing cytNmNAT1 were more apparent when cells were allowed to recover after OGD.

In neurons expressing cytNmNAT1, anterograde vesicle transport fully recovered 2 h after

their being return to normal conditions, whereas in control neurons without cytNmNAT1
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anterograde transport remained depressed (at 53±10% of normal levels; p<0.001).

Retrograde vesicle transport fully recovered in both control- and cytNmNAT1-expressing

neurons (Figure 2D). These results make three important points. First, they show that

anterograde vesicle transport is particularly vulnerable to inhibition by both reactive oxygen

species and OGD. Second, they establish that expressing cytNmNAT1 reduces the inhibition

of anterograde vesicle transport following exposure to hydrogen peroxide and, to a lesser

extent, OGD. Finally, they demonstrate that in neurons expressing cytNmNAT1 vesicle

transport is restored to near-normal levels when neurons exposed to these insults are

returned to normal conditions.

We next examined whether expression of cytNmNAT1 can protect mitochondrial transport

from peroxide and OGD. Mitochondria move slower than Golgi-derived vesicles and a

greater fraction of mitochondria are stationary at any point in time (Fang et al., 2012a;

Morris and Hollenbeck, 1995; Shidara and Hollenbeck, 2010). Expressing WldS in

Drosophila neurons increases the number of moving mitochondria and reduces the number

of stationary mitochondria (Avery et al., 2012). In cultured hippocampal neurons, expressing

cytNmNAT1 also slightly increased the number of mitochondrial movements (by about 20%

for anterograde events and 10% for retrograde events), but this change did not reach

statistical significance.

When control neurons (not expressing cytNmNAT1) were exposed to hydrogen peroxide

(100 μM for 30 min), mitochondrial transport was almost completely abolished in both

anterograde and retrograde directions (Figure 3A & B). The number of transport events was

reduced to less than 5% of control levels. This result is consistent with previous reports

indicating that mitochondrial transport is particularly susceptible to peroxide (Fang et al.,

2012a). After 1h of recovery, transport recovered to only about 40% of normal in control

neurons. Expressing cytNmNAT1 significantly protected mitochondrial transport, as

assessed immediately after the insult, and significantly improved recovery following return

to normal medium. Both anterograde and retrograde transport were protected to a similar

degree.

Using a similar approach, we tested whether cytNmNAT1 can also protect mitochondrial

transport following OGD (Figure 3C & D). Like hydrogen peroxide, OGD severely

inhibited mitochondrial transport in control neurons. The number of anterograde and

retrograde transport events was reduced to less than 5% of normal. Even 2 h after return to

medium containing normal levels of glucose and oxygen, neurons that had been subjected to

OGD continued to show a significant deficit in mitochondrial transport (71±9% of normal in

the anterograde direction and 44±8% of normal in the retrograde direction). Expressing

cytNmNAT1 had a slight protective effect on transport after 4 h of OGD, but this effect did

not reach statistical significance. By comparison, the effects of cytNmNAT1 on recovery

from OGD were striking. Mitochondrial transport in both the anterograde and retrograde

directions was fully restored to normal levels after 2 h.

Taken together, these data demonstrate that mitochondrial transport is particularly

susceptible to hydrogen peroxide and OGD and that expressing cytNmNAT1 is able to
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protect against this inhibition. NmNAT expression also significantly enhanced the recovery

of mitochondrial transport when cells were returned to normal conditions.

Inhibiting mitochondrial transport reduces the protective effects of expressing
cytNmNAT1

Based on experiments in Drosophila neurons, it has been suggested that mitochondrial

transport is important for enabling expressed NmNAT to prolong the survival of transected

axons (Avery et al., 2012). To explore the role of mitochondrial transport in NmNAT’s

protection against other insults, we developed a dominant negative strategy to selectively

inhibit mitochondrial transport in cultured neurons (Figure 4A). Miro is a mitochondrial

membrane protein that binds Milton, the cytoplasmic adaptor that links mitochondria to the

motor protein Kinesin-1 (Glater et al., 2006). The dominant negative Miro construct

(dnMiro) includes the Milton binding domain, but lacks the transmembrane domain that

links Miro to mitochondria (Saotome et al., 2008; Wang and Schwarz, 2009). When this

construct was expressed by lipfofectamine-mediated transfection, mitochondrial transport

was markedly reduced when assayed 24 later (Figure 4B). The number of anterograde

mitochondrial movements was reduced to 40±7.3% of control values and the number of

retrograde movements to 31.6±7% of controls, based on recordings of 18 cells (both

differences were significant at p < 0.002). Despite this inhibition of transport, the density

and appearance of axonal mitochondrial was similar to that in control neurons. The

percentage of axonal length occupied by mitochondria was 38±17% in control neurons and

39±20% in neurons expressing dnMiro (For details, see Materials & Methods). The

inhibition of transport following expression of dnMiro was highly specific, as the transport

of Golgi-derived vesicles was unaffected. The number of anterograde vesicles movements

was 108 ± 44% of control and the number of retrograde movement was 89 ± 45% of control

(Figure 4C). The axons of neurons expressing this dnMiro construct were indistinguishable

from those of control neurons, based on morphology and on the degeneration index (Figure

5A).

We then used this dominant negative strategy to ask if inhibiting mitochondrial transport

affects the ability of cytNmNAT1 to protect axons against reactive oxygen species and OGD

(Figure 5C & D). After 7–8 days in vitro, we transfected dnMiro (or, as a control, soluble

RPF) into neurons that had been electroporated with cytNmNAT1 at the time of plating, and

then tested their response to these insults. In neurons that were not exposed to any insult,

expressing dnMiro had no effect on axonal integrity, either in normal cells (data not shown)

or in cells expressing cytNmNAT1 (Figure 5B). This result was somewhat surprising, but

presumably the mitochondrial transport that remained (roughly 30–40% of normal) was

sufficient for maintaining the axon under control conditions. Consistent with the results

described earlier, the axons of neurons expressing cytNmNAT1 and soluble RFP showed

little sign of degeneration when exposed to hydrogen peroxide or OGD (Figure 5 C & D left

column). Their degeneration scores were not significantly different from those of neurons

that were not subject to insult (compare Fig. 5 C & D right column and Fig. 1B). However,

when dnMiro was expressed in neurons that also expressed cytNmNAT1, this greatly

reduced the ability of cytNmNAT1 to protect axons against hydrogen peroxide and OGD

(Fig 5 C & D middle column). In neurons expressing dnMiro and cytNmNAT1, more than
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60% of axons exhibited severe degeneration (degeneration scores of 3 or 4) when exposed to

these insults, compared with less than 20% of axons in cells expressing cytNmNAT1 alone

(p < 0.001) (Figure 5 C & D right column). These data strongly indicate that the ability of

cytNmNAT1 to protect axons against hydrogen peroxide and OGD requires that the

mitochondrial transport system be intact.

The protective effect of mitochondrially targeted NmNAT also requires mitochondrial
transport

In Drosophila neurons, WldS enhances mitochondrial calcium buffering in axotomized

axons, which may be crucial for its ability to prolong axonal viability (Avery et al., 2012),

and overexpressing NmNAT3, which is localized to mitochondria, can protect mammalian

neurons against some insults (Press and Milbrandt, 2008; Sasaki et al., 2006). These results

might also explain our finding that mitochondrial transport is important for NmNAT’s

protection against reactive oxygen species and OGD, leading us to ask whether

mitochondrially targeted NmNAT could protect axons against these insults. Rather than

adding the complication of comparing the effects of expressing two different NmNATs, we

created a mitochondrially targeted form of NmNAT1 (mitoNmNAT1) by adding the

mitochondrial matrix targeting signal from cytochrome C oxidase to the N-terminal of

cytNmNAT1. Figure 6A shows that mitoNmNAT1 co-localizes with a mitochondrial

marker, in contrast to cytNmNAT1, which is diffusely distributed throughout the axon. We

then tested whether electroporation of mitoNmNAT1 prior to plating could protect axons

against hydrogen peroxide or OGD. As shown in Figure 6C and D, this construct was quite

effective in protecting axons against both insults. For example, in cultures exposed to

hydrogen peroxide, 90% of axons from control cells were severely degenerated, compared

with only 65% in neurons expressing mitoNmNAT1 (p < 0.01). mitoNmNAT1 appeared to

be somewhat less effective than cytNmNAT1 in preventing axonal degeneration (compare

Figures 1 and 6), but we do not know whether expression levels are similar for the two

constructs.

To determine whether mitochondrial transport is required for the protective effects of

mitochondrially-targeted NmNAT, we transfected dnMiro-RFP into cells that expressed

mitoNmNAT1-GFP (Figure 7). dnMiro abolished the protective effects of expressing

mitoNmNAT following exposure to both hydrogen peroxide and OGD (Figure 7 B & C).

dnMiro induced a significant shift in the percentage of neurons with severely damaged

axons (score 3 & 4) following hydrogen peroxide exposure, from 28% to 83% (p < 0.001)

and a shift from 24% to 73% after OGD (P<0.001) (Figure 7 B & C). These data highlight

the importance of mitochondrial transport for NmNAT function, whether NmNAT is

localized in the cytoplasm or in mitochondria.

Discussion

These results show that cytNmNAT1 protects cultured hippocampal neurons from axonal

degeneration induced by two different insults, hydrogen peroxide and oxygen glucose

deprivation. Expressing cytNmNAT1 also reduced hydrogen peroxide-induced transport

inhibition and enhanced the recovery of axonal transport following both insults. Expression
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of a dominant negative construct that specifically inhibited mitochondrial transport

interfered with cytNmNAT1 protection. Together, these results establish that NmNAT can

protect axonal transport and conversely that mitochondrial transport is crucial for NmNAT

protection.

NmNAT Reduces Inhibition of Axonal Transport

One key finding of this report is that expression of cytNmNAT1 protects the axonal

transport machinery from inhibition due to both hydrogen peroxide and OGD, although the

nature of the protection was slightly different for the two insults. Previously, we reported

that axonal transport inhibition was one of the earliest signs of axonal damage after

hydrogen peroxide insult (Fang et al., 2012a). Here we showed that inhibition of axonal

transport is also an early consequence of oxygen-glucose deprivation. Expression of

cytNmNAT1 reduced the inhibition of transport that occurred during hydrogen peroxide

exposure and enhanced the recovery of transport after cells were returned to control

medium. These effects were observed both for vesicle transport and mitochondrial transport.

cytNmNAT1 did not prevent the inhibition of vesicle or mitochondrial transport that

occurred when cells were exposed to OGD, but it significantly enhanced the recovery of

transport when cells were returned to normal medium and oxygen levels. For cells exposed

to either insult, expression of cytNmNAT1 allowed both vesicle and mitochondrial transport

to recover to near-normal levels. Thus, protection of the axonal transport machinery may be

an important factor in explaining the ability of NmNAT/WldS to protect axons against a

wide variety of environmental insults. Deficits in axonal transport are also thought to

contribute to the axonal degeneration that is a common component in many

neurodegenerative diseases (Adalbert and Coleman, 2012; Coleman and Perry, 2002;

Millecamps and Julien, 2013). Our demonstration that NmNAT1 protects against axonal

transport inhibition offers a promising new direction for developing strategies to protect the

transport machinery and hence confer axonal protection.

It is noteworthy that mitochondrial transport is more vulnerable to inhibition by both of

these agents than is vesicular transport. This differential susceptibility has been noted

previously in studies of oxidative stress (Fang et al., 2012a; Kim-Han et al., 2011). Since

both mitochondria and vesicles are transported primarily by the same kinesins, the selective

vulnerability of mitochondrial transport may reflect differences in how vesicle and

mitochondrial transport is regulated (Wang and Schwarz, 2009) or differences in their

reliance on oxidative versus glycolytic energy production (Zala et al., 2013).

How does cytNmNAT1 protect the axonal transport system against reactive oxygen species

and OGD? There are several possibilities. It may be that transport inhibition arises from the

calcium increases that occur following exposure to hydrogen peroxide and OGD (Barsukova

et al., 2012; Nikic et al., 2011). High levels of cytoplasmic calcium inhibit mitochondrial

transport by disrupting the interaction between Miro and the cytoplasmic adaptor protein

Milton, which links mitochondria to kinesin motors (Macaskill et al., 2009; Wang and

Schwarz, 2009). In addition, increases in calcium stimulate stress-activated kinases

(Arundine and Tymianski, 2003; Ermak and Davies, 2002), which can phosphorylate

kinesin motor domains (Morfini et al., 2013; Morfini et al., 2009) and kinesin adaptors
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(Arundine and Tymianski, 2003; Horiuchi et al., 2007; Morfini et al., 2002), thereby

inhibiting transport. Mice carrying the WldS mutation and Drosophila over-expressing WldS

protein or various NmNAT isoforms showed enhanced mitochondrial calcium buffering and

reduced calcium increases following axotomy (Adalbert et al., 2012; Avery et al., 2012). A

second possibility is that transport inhibition is due to the decrease in ATP levels that

follows exposure to reactive oxygen species and OGD (De Cristobal et al., 2002;

Karuppagounder et al., 2013), since the motors that mediate axonal transport are ATP-

dependent. NmNAT1 catalyzes the synthesis of NAD, a key substrate in ATP production.

Moreover, mitochondria from WldS mice have an enhanced ability to generate ATP (Yahata

et al., 2009) and expression of the WldS protein or various forms of NmNAT in cultured

neurons reduces the decline in ATP levels that occur following axotomy (Wang et al., 2005).

On the other hand, Press and colleagues (2008) report that over-expressing NmNAT3 in

DRG neurons does not reduce the ATP depletion that occurs following exposure to reactive

oxygen species (Press and Milbrandt, 2008). Yet another possibility is that the protective

effects of the WldS protein on axonal transport derive from its ability to prevent activation of

Sarm (sterile alpha/armadillo/Toll-interleukin receptor homology domain protein). Sarm

activation initiates a local apoptotic pathway in the axon (Osterloh et al., 2012). Whether

Sarm is involved in the pathways of axonal degeneration induced by agents such as

hydrogen peroxide or OGD is not yet known.

The Role of Mitochondria and Mitochondrial Transport in NmNAT Protection

There is emerging evidence that mitochondria play a key role in mediating many of the

protective effects of WldS/NmNAT, although they do not participate in every instance of

WldS protection (Avery et al., 2012; Court and Coleman, 2012; Fang et al., 2012b; Kitay et

al., 2013). Mitochondria isolated from WldS mice mutation exhibit increased capacity for

calcium buffering and in Drosophila neurons expressing the WldS protein a higher

proportion of mitochondria undergo axonal transport (Avery et al., 2012). It is less clear

whether WldS/NmNAT must be localized to mitochondria in order to exert its protective

effects. Over-expressing NmNAT3, a mitochondrially localized homolog of NmNAT

isoform, delays axonal degeneration in mouse and fly models and protects the axons of

cultured neurons against rotenone toxicity (Avery et al., 2012; Press and Milbrandt, 2008;

Yahata et al., 2009). On the other hand, other forms of NmNAT that are not targeted to

mitochondria also exert protective effects in a variety of models (Babetto et al., 2010; Feng

et al., 2010; Ljungberg et al., 2012; Yan et al., 2010). Our results show that expressing

mitochondrially targeted NmNAT1 protects axons against OGD and reactive oxygen

species, as does cytoplasmically targeted NmNAT1. Expressing a form of NmNAT1 that is

membrane bound (via the KRas membrane targeting signal) also protects hippocampal

axons against damage from reactive oxygen species and OGD (unpublished observation).

Whether or not the mitochondrial localization of WldS/NmNAT is responsible for axonal

protection, it is becoming increasingly clear that the protection it confers requires

microtubule-based transport of mitochondria. The ability of WldS to markedly prolong the

survival of axotomized Drosophila neurons is reduced with mutations in the Milton gene,

which cause a reduction in mitochondria motility (Avery et al., 2012). Here we show that

the ability of cytNmNAT1 to protect the axons of cultured hippocampal neurons against
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damage following exposure to reactive oxygen species and OGD is blocked when

mitochondrial transport is reduced by transiently expressing dominant negative Milton. The

protective effects of mitochondrially targeted NmNAT1 also require mitochondrial

transport. It is quite remarkable that in these two very different model systems (Drosophila

olfactory neurons in situ and cultured rat hippocampal cells) subjected to three different

kinds of axonal damage, the protective effects of WldS/NmNAT depend on mitochondrial

transport.

It is not yet clear why mitochondrial transport is so important for NmNAT protection. In

cultured hippocampal neurons, the density of axonal mitochondria is quite high.

Mitochondria occupy about 40% of the length of the axon and the distance between adjacent

mitochondria seldom is more than a few micrometers. Why then is mitochondrial transport

critical for the protective effects of WldS/NmNAT? One possibility, as suggested by Avery

et al. (2012), is that motile mitochondria traverse more “axonal space”, so that they are

exposed to more calcium than stationary mitochondria (Avery et al., 2012). It is also

possible that sites of calcium entry are quite localized and motile mitochondria can be more

accurately positioned to calcium channel “hot spots” (Barsukova et al., 2012). Motility could

also be required to facilitate docking between mitochondria and the endoplasmic reticulum,

another factor that can be important for efficient mitochondrial calcium buffering

(Kornmann, 2013). Decreased mitochondrial transport could also interfere with

mitochondrial fission and fusion, which are important for maintaining normal mitochondrial

functions (Chan, 2007; Chen and Chan, 2009; Detmer and Chan, 2007).

Taken together, our results show that exogenous NmNAT1, targeted either to the cytoplasm

or to mitochondria, protects the axons of hippocampal neurons against damage from

exposure to reactive oxygen species or OGD and reduces the axonal transport inhibition that

these agents cause. Neurons express endogenous NmNAT1 as well as other NmNAT

isoforms, but these are unable to prevent the inhibition of axonal transport, either because

they are not present at high enough levels or because they do not reach the appropriate

intracellular compartments. Given that mitochondrial transport is required for the protective

effects of exogenously expressed NmNAT, it may be that the mitochondrial transport

inhibition that occurs after axonal injury also interferes with the ability of endogenous

NmNAT to protect against axonal damage. If so, identifying strategies to maintain axonal

transport could enhance the protective effects of endogenous NmNATs and reduce the

axonal damage that is characteristic of so many neural diseases.

Conclusions

This study shows that expressing a cytoplasmically targeted version of NmNAT1

(cytNmNAT1) robustly protects cultured rat hippocampal neurons against axonal

degeneration caused by either exposure to hydrogen peroxide and oxygen-glucose

deprivation. Both agents cause an inhibition of axonal transport, which occurs hours before

any visible signs of axonal damage. Expressing cytNmNAT1 reduces the inhibition of

vesicle and mitochondrial transport due to hydrogen peroxide and enhances the recovery of

axonal transport following exposure to hydrogen peroxide or oxygen-glucose deprivation.

Mitochondrial transport plays a critical role in the protective effects of cytNmNAT1.
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Selectively inhibiting mitochondrial transport by expressing a dominant-negative Miro

construct abolishes the ability of cytNmNAT1 to protect axons against hydrogen peroxide or

oxygen-glucose deprivation. Expressing a mitochondrially targeted form of NmNAT1 also

protects axons against both insults and this protection is also abolished by inhibition of

mitochondrial transport.
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Refer to Web version on PubMed Central for supplementary material.
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WldS Wallerian degeneration slowed protein

cytNmNAT1 cytoplasmically targetred NmNAT1

mitoNmNAT1 mitochondrially targeted NmNAT1

OGD oxygen-glucose deprivation

dnMiro dominant negative Miro

GFP green fluorescent protein

RFP red fluorescent protein
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Highlights

• Cytoplasmically targeted NmNAT1 protected cultured hippocampal neurons

from axonal degeneration following exposure to oxidative stress and oxygen-

glucose deprivation.

• Cytoplasmically targeted NmNAT1 reduced inhibition of axonal transport

following exposure to oxidative stress or oxygen-glucose deprivation.

• Mitochondrial transport was critical for the protective effects of NmNAT1.
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Figure 1. Expression of cytNmNAT1 protects the axons of cultured hippocampal neurons from
hydrogen peroxide or OGD
(A) Neurons were electroporated with either soluble GFP (control) or cytNmNAT1-GFP

before plating. After 7–8 days in culture, neurons were challenged with either 100 μM

hydrogen peroxide for 1 h (B) or oxygen glucose deprivation for 4 h (C). Axons from

control neurons (i.e. expressing GFP alone) exhibited pronounced signs of degeneration

following hydrogen peroxide exposure or OGD, as indicated by beading and fragmentation

(B & C left column). In contrast, axons from neurons expressing cytNmNAT1-GFP were

largely intact following the same challenges (B & C middle column). To quantify these

results, the extent of degeneration was evaluated based on a scale ranging from 1 (minimal

degeneration) to 4 (beading or fragmentation of the entire axonal arbor). Cells with a

degeneration score of 1 or 2 were grouped together in a single category, referred to as

“mild” degeneration, and those with scores of 3 and 4 were grouped together as “severe”

degeneration. Exposure to hydrogen peroxide or OGD caused a large increase in the

percentage of severely degenerated axons. In cells expressing cytNmNAT1-GFP, the

percentage of severely degenerated axons was much reduced (B & C right column).
Axonal degeneration was evaluated 6 h after hydrogen peroxide exposure and 24 h after

OGD. * p < 0.05; *** P < 0.001. Scale bar: 30 μm.
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Figure 2. Expression of cytNmNAT1 protects against inhibition of the transport of Golgi-derived
vesicles
Cultured hippocampal neurons were electroporated with either soluble GFP (control) or

cytNmNAT1-GFP before plating, then were transfected with constructs to label Golgi-

derived vesicles (NgCAM-GFP or ssNPY-GFP) 7 days later. (A, B) Neurons were treated

with hydrogen peroxide (100 μM for 30min), then imaged immediately (H2O2) or returned

to normal medium and allowed to recover for 1 h before imaging (H2O2 + recovery).

Hydrogen peroxide caused a profound reduction in the number of anterograde vesicle

movements (> 65% inhibition compared with untreated neurons), which recovered only

partially (33% residual inhibition) (A). There was no reduction in the number of retrograde

movements (B). In neurons expressing cytNmNAT1, the inhibition of anterograde vesicle

transport was significantly reduced and recovery was significantly improved. (C, D)
Neurons were subject to OGD for 4 h and imaged immediately (OGD) or returned to normal

medium and imaged after a 2 h recovery period (OGD + recovery). Immediately after OGD,

anterograde vesicle transport (C) was almost completely eliminated in control neurons.

Expression of cytNmNAT1 reduced this inhibition to a small, but statistically significant

degree. When cells were returned to normal medium, vesicle transport in control neurons

recovered only partially (47% residual inhibition); in contrast, anterograde vesicle transport

was fully restored to normal levels in neurons expressing cytNmNAT1. Expressing

cyNmNAT1 also reduced the inhibition of retrograde transport observed immediately after

OGD (D), but this reduction was not statistically significant. Neurons were imaged either 8

h after expression of NgCAM-GFP (A, B) or 20 h after expression of ssNPY-mCherry (C,
D). Only neurons that co-expressed vesicles markers and cytNmNAT1-GFP or GFP were

imaged. Bars show means and standard deviations. * p < 0.05; ** p<0.01; *** p < 0.001
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Figure 3. Expression of cytNmNAT1 protects against inhibition of mitochondrial transport
Prior to plating, hippocampal neurons were co-electroporated with a mitochondrial marker

(mitoRFP) and either soluble GFP (control) or cytNmNAT1-GFP. (A, B) In control neurons

immediately after exposure to 100 μM hydrogen peroxide for 30 min (H2O2), mitochondrial

transport was severely inhibited in both the anterograde (A) and retrograde (B) directions.

After the hydrogen peroxide was removed and the cultures returned to normal medium for 1

h (H2O2 + recovery), mitochondrial transport was still severely inhibited (to about 50% of

normal levels). Expression of cytNmNAT1 significantly reduced the inhibition of transport

immediately after peroxide exposure and significantly improved recovery after the peroxide

was removed. (C, D) Immediately after OGD for 4 h, mitochondrial transport was almost

completely inhibited (to <2% of control values) in both anterograde and retrograde

directions. Expression of cytNmNAT1 improved mitochondrial transport only slightly

(differences not statistically significant). When cultures were returned to normal medium

after OGD (OGD + recovery), mitochondrial transport was fully restored in cells expressing

cytNmNAT1 but not in control neurons. Only neurons that co-expressed the mitochondrial

marker and cytNmNAT1-GFP or GFP were imaged. Bars show means and standard

deviations * p < 0.05; ** p<0.01; *** p < 0.001.
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Figure 4. Expression of dominant-negative Miro specifically inhibits mitochondrial transport
(A) Miro, a transmembrane protein present in the outer mitochondrial membrane, links

mitochondria to the adaptor protein Milton, which in turn binds to the tail of Kinesin-1. The

dominant negative construct used in these experiments, dnMiro-RFP, lacks a transmembrane

domain but retains the Milton binding region. When the dominant negative construct binds

to Milton, Milton cannot bind to mitochondria. (B) To test the efficacy of dnMiro-RFP, the

construct was expressed by transfection and axonal transport was assayed 24 h later.

Representative kymographs illustrate the transport of mitochondria or Golgi-derived vesicles

in neurons expressing dnMiro-RFP or in control neurons (expressing soluble RFP). In the

kymographs, horizontal lines represent stationary organelles and diagonal lines show

moving organelles. Mitochondrial transport was significantly inhibited in neurons
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expressing dnMiro-RFP while vesicle transport was unaffected. (C) Quantification showed

that mitochondrial transport event number were dropped to 40 ± 29% of control in

anterograde direction and 32 ± 27% of control in retrograde direction when co-expressed

with dnMiro. Vesicle transport remained 108 ± 44% in anterograde direction and 89 ± 45%

in retrograde direction with dnMiro compared with control (P>0.5). Bars show means and

standard deviations (n=18–23 cells per condition). * p<0.05; ** p<0.01.
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Figure 5. Inhibition of mitochondrial transport interferes with the ability of cytNmNAT1 to
protect axons against hydrogen peroxide or OGD
(A) Neurons were transfected with either soluble GFP (control) or dominant-negative Miro

(dnMiro) construct and their axonal integrity was examined 20 h later. Transiently

expressing dnMiro did not affect axonal integrity (8 and 10% severely damaged respectively

P>0.05). (B) Neurons were electroporated with cytNmNAT1-GFP before plating. After 7

days in culture they were transfected with either dnMiro-RFP or soluble RFP alone, were

then challenged with either 100 μM hydrogen peroxide for 1 h (C) or OGD for 4 h (D). The

axons of neurons expressing cytNmNAT1 and a soluble fill showed minimal signs of

damage following either insult (C & D left column). In marked contrast, the axons of

neurons expressing dominant-negative Miro showed extensive beading and fragmentation

(C & D middle column). When neurons were exposed to hydrogen peroxide, 61% of the

axons were severely degenerated in neurons expressing dominant-negative Miro and

cytNmNAT1, compared with only 14% in neurons expressing cytNmNAT1 alone.

Similarly, in neurons expressing both dnMiro and cytNmNAT1, 63% of axons were

severely degenerated after OGD, compared with only 2.5% in neurons with cytNmNAT1
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alone (C & D right column). Axonal damage was assessed 6 h after hydrogen peroxide and

24 h after OGD. *** p< 0.001. Scale bar=30 μm.
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Figure 6. Mitochondrially targeted NmNAT1 protects axons against damage due to hydrogen
peroxide and OGD
(A, B) cytNmNAT1-GFP was present throughout the axon, whereas mitoNmNAT1-GFP

was present in elongated organelles that resemble mitochondria and that co-localized with a

mitochondrial marker (mito-RFP). (C, D) Expressing mitoNmNAT1-GFP reduced axonal

damage following exposure to hydrogen peroxide (100 μM for 1 h) and OGD (for 4 h).

mitoNmNAT1-GFP was expressed by electroporation prior to plating. Cultures were

exposed to insults after 7–8 days in vitro and axonal degeneration was evaluated 6 h after

hydrogen peroxide exposure and 24 h after OGD. ** p< 0.01. Scale bar=30 μm.
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Figure 7. Inhibition of mitochondrial transport abolishes the axon-protective effects of
mitochondrially targeted NmNAT1
(A) Neurons were electroporated with mitoNmNAT1-GFP before plating, and then were

transfected with either dnMiro-RFP or RFP alone as a control (soluble fill) at DIV 7.

Neurons were subjected to hydrogen peroxide (B) or OGD (C) 20h after transfection. In

neurons expressing mitoNmNAT1 and a soluble fill, axons showed little damage after either

insult (B & C left column). In contrast, the axons of cells expressing dnMiro were badly

fragmented (B & C middle column). Quantification confirmed that without injury,

expressing dnMiro did not affect axonal integrity (P=0.2) (A right column). When treated

with hydrogen peroxide, 83% of the axons were severely degenerated (scores of 3 or 4) in

neurons expressing dnMiro, compared with only 28% in neurons expressing mitoNmNAT1

(B right column). After OGD, 73% of the axons of cells expressing dnMiro were severely

degenerated, compared with 25% of axons in neurons expressing mitoNmNAT1 (C right
column). *** p < 0.001. Scale bar=30 μm.
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