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Cellular/Molecular

Nicotinamide Mononucleotide Adenylyltransferase
Expression in Mitochondrial Matrix Delays Wallerian
Degeneration

Naoki Yahata,' Shigeki Yuasa,> and Toshiyuki Araki'
Departments of 'Peripheral Nervous System Research and Ultrastructural Research, National Institute of Neuroscience, National Center of Neurology and
Psychiatry, Kodaira, Tokyo 187-8502, Japan

Studies of naturally occurring mutant mice, wld’, showing delayed Wallerian degeneration phenotype, suggest that axonal degeneration
isanactive process. We previously showed that increased nicotinamide adenine dinucleotide (NAD)-synthesizing activity by overexpres-
sion of nicotinamide mononucleotide adenylyltransferase (NMNAT) is the essential component of the WId*® protein, the expression of
which is responsible for the delayed Wallerian degeneration phenotype in wld* mice. Indeed, NMNAT overexpression in cultured neurons
provides robust protection to neurites, as well. To examine the effect of NMNAT overexpression in vivo and to analyze the mechanism that
causes axonal protection, we generated transgenic mice (Tg) overexpressing NMNAT1 (nuclear isoform), NMNAT3 (mitochondrial
isoform), or the W1d*® protein bearing a W258A mutation, which disrupts NAD-synthesizing activity of the Wld® protein. Wallerian
degeneration delay in NMNAT3-Tg was similar to that in wld’ mice, whereas axonal protection in NMNAT1-Tg or W1d*(W258A)-Tg was
not detectable. Detailed analysis of subcellular localization of the overexpressed proteins revealed that the axonal protection phenotype
was correlated with localization of NMNAT enzymatic activity to mitochondrial matrix. Furthermore, we found that isolated mitochon-
dria from mice showing axonal protection expressed unchanged levels of respiratory chain components, but were capable of increased
ATP production. These results suggest that axonal protection by NMNAT expression in neurons is provided by modifying mitochondrial
function. Alteration of mitochondrial function may constitute a novel tool for axonal protection, as well as a possible treatment of

diseases involving axonopathy.

Introduction

Axonal degeneration is now regarded as a major component of
many neurodegenerative diseases, including Parkinson’s disease
and Alzheimer’s disease (Raff et al., 2002). Therefore, the axonal
degeneration process could well be a therapeutic target against
these diseases. The discovery of a spontaneous dominant muta-
tion in mice that results in delayed axonal degeneration, the Wal-
lerian degeneration slow (wld’) mice, strongly suggests that ax-
onal degeneration is an active process of self-destruction (Lunn et
al., 1989). The wld® mutation comprises an 85 kb tandem tripli-
cation, which causes overexpression of a chimeric molecule
(W1d°® protein). This protein is composed of the N-terminal 70 aa
of Ufd2a (ubiquitin fusion degradation protein 2a)/Ube4b (ubiq-
uitination factor E4b), a ubiquitin-chain assembly factor, fused
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to the complete sequence of nicotinamide mononucleotide ad-
enylyltransferase 1 (NMNAT1), an enzyme in the NAD biosyn-
thetic pathway that generates NAD in the nucleus (Conforti et al.,
2000; Mack et al., 2001). We previously showed that overexpres-
sion of NMNAT enzymatic activity is the essential mechanism
that causes the axonal protection phenotype in wid® mice (Araki
etal., 2004). NMNAT is a family of proteins that mediates NAD
synthesis by using nicotinamide mononucleotide (NMN) and
ATP as substrates. In addition to NMNAT1, NMNAT?2 (located
mostly in Golgi apparatus and expressed most highly in mamma-
lian brain) and NMNAT?3 (located mostly in mitochondria) have
been identified in mammals (Berger et al., 2005). We previously
showed that not only NMNAT1 but also NMNAT3 overexpres-
sion in neurons is protective in an in vitro Wallerian degeneration
model, which supports our hypothesis that NMNAT enzymatic
activity is the key for axonal protection (Sasaki et al., 2006).

There are conflicting results against our hypothesis. Coleman
and colleagues showed that the NAD content in wld® mouse tissue
is similar to that in wild-type despite the increased NMNAT ac-
tivity in wid® mice (Mack et al., 2001). Furthermore, they recently
showed that NMNAT1-overexpressing transgenic mice do not
show delayed Wallerian degeneration observed in wld® mice
(Conforti et al., 2007), which supports their hypothesis that
N-terminal Ufd2a region of the W1d ® protein plays a role (Laser et
al., 2006). These reports suggest that NMNAT activity may not be
crucial for axonal protection.
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In this study, to analyze the requirement of NMNAT activity
for axonal protection in vivo, we generated and analyzed the phe-
notype of mice that overexpressed either NMNAT1 (NMNAT1-
Tg), NMNAT3 (NMNAT3-Tg), or the WId® protein bearing a
W258A mutation that disrupts NAD producing activity of the
WId*® protein [W1d*(W258A)-Tg]. We found that NMNAT3-Tg
mice demonstrated delayed Wallerian degeneration, similar to
wld® mice; whereas NMNAT1-Tg or Wld*(W258A)-Tg mice did
not show any axonal protection. In both NMNAT3-Tg and wld"*
mice, significant amounts of NMNAT activity were found to be
located in the mitochondrial matrix. We further found that mi-
tochondrial localization of NMNAT activity resulted in increased
ATP synthetic capacity without affecting the expression profile of
mitochondrial enzymes of the respiratory chain. These data suggest
that mitochondrial localization of NMNAT activity plays an impor-
tant role in NMNAT expression-mediated axonal protection.

Materials and Methods

Generation of transgenic mice. The transgene was constructed by inserting
the cDNA 3’ downstream of the chicken B-actin promoter in the
pCAGGS plasmid (a kind gift from Dr. J. Miyazaki, Osaka University,
Osaka, Japan) (Niwa et al., 1991). The cDNAs for mouse NMNAT1 and
NMNATS3 used as transgenes were obtained from expressed sequence-
tagged clones (BC038133 for murine NMNAT1; BC005737 for murine
NMNATS3). cDNA for WId*® protein bearing W258A mutation was gen-
erated as previously described (Araki et al., 2004). The integrity of each
clone was verified by nucleotide sequence analysis. Transgenic constructs
were microinjected into fertilized BDF1 mouse oocytes by following stan-
dard procedure (Conner, 2004). Genomic integrations of transgenes were
examined by Southern blot analysis and/or PCR with the following prim-
ers sets: NMNAT1-Tg and WId*(W258A)-Tg, 5'-gaccggcggctctagagectct-
gctaa-3'  and  5'-cctgaggtgcatgttggtgatggggtta-3’; NMNAT3-Tg, 5'-
gaccggeggctctagagectetgetaa-3’ and  5'-atggggttgaaggaaccacaggecagaa-3'.
The PCR conditions were 94°C for 10 s, 62°C for 30 s, 72°C for 1 min, per-
formed for 40 cycles. All the transgenic lines were backcrossed to C57BL/6
for three generations when we performed the experiments described here.
Animal care and use in our laboratory were in strict accordance with the
guidelines for animal and recombinant DNA experiments by National
Center of Neurology and Psychiatry.

Antibodies. Polyclonal antiserum specific for Wld*® protein was raised
in rabbit by using a peptide containing 18 aa of linker region in W1d*
protein (WId-18, CDNIAVRGLHVGQHHQLLP) as antigen and
affinity-purified. Specificity of the antiserum was confirmed by immu-
noblot analysis (supplemental Fig. S1, available at www.jneurosci.org as
supplemental material).

Animal surgery and analysis of injured nerve. Surgical procedures to
obtain mouse sciatic nerve samples were approved by the Committee for
Animal Resources in National Center of Neurology and Psychiatry. Sci-
atic nerves of 8- to 11-week-old mice were transected and recovered as
described previously (Mack et al., 2001). Integrity of the injured nerve
was analyzed by immunoblot and immunohistochemistry to detect neu-
rofilament and by electron microscopy as detailed below.

Histological analysis. For immunohistochemistry, mice were perfused
by 4% paraformaldehyde/PBS. Immunohistochemical analysis of mouse
tissue was performed on 10 wm cryostat sections of tissues by using
standard methods. Sections were incubated with primary antibodies
against neurofilament (2H3; Developmental Studies Hybridoma Bank)
or His tag (Novagen) at 4°C overnight and were subsequently incubated
with biotinylated anti-mouse secondary antibody (Jackson ImmunoRe-
search) followed by Cy3-conjugated streptavidin (Jackson ImmunoRe-
search) for visualization under a fluorescent microscope.

For electron-microscopic examination, mice were perfused by 2%
paraformaldehyde and 2.5% glutaraldehyde in PBS. The fixed sciatic
nerves were embedded in 3% agarose in PBS and 70- um-thick transverse
sections of the location 2 mm distal to the transected site were prepared
on the Microslicer (DTK-3000; Dosaka). The transverse sections were
rinsed, osmicated, dehydrated, and embedded in epoxy resin. Then,
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1-pum-thick semithin sections were cut and stained with toluidine blue
for initial light-microscopic analysis. Subsequently, ultrathin sections
were prepared, stained with lead citrate and uranyl acetate, and analyzed
by a transmission electron microscope (Hitachi H-7000).

For counting protected axons in injured nerve, the numbers of mor-
phologically intact axons (designated by preserved myelin sheath struc-
tures) in transected sciatic nerves of indicated genotypes (1 = 7 for each
genotype) were determined on semithin transverse sections at 7 d after
injury. The entire axons in a 100 X 100 wm square field were counted
under a light microscopy for each sample.

Assays of NMINAT enzymatic activities. Whole cerebrum was lysed in a
buffer containing 50 mm Tris-HCl at pH 7.4, 300 mm NaCl, 5 mm EDTA,
and 1% Triton X-100 and protease inhibitor mixture EDTA-free
(Roche). NMNAT activity was measured by SpectraMax M2 (Molecular
Devices) at 37°C on 96-well plates, based on the procedure as previously
described (Balducci et al., 1995). Briefly, a 100 ul mixture containing 28
mwm HEPES at pH 7.4, 46 mm ethanol, 16 mm semicarbazide-HCI, 10 mm
MgCl,, 2 mm ATP, 6 U of alcohol dehydrogenase (Sigma-Aldrich), and
lysate supernatant (30 ug protein) was made. The reaction was started by
adding 10 ul of 20 mm NMN. Optical density at 340 nm (&5,, of NADH:
3.0 mm/100 wl in 96-well plate, one-half area) was measured for 1 h. One
unit of activity was defined as the amount of protein that catalyzes the
synthesis of 1 mmol of NAD per hour.

Subcellular fractionation. Fractionation of adult mouse cerebrum to
obtain nucleus, mitochondria, lysosome/peroxysome, microsome, and
cytosol fractions was performed by sequential centrifugation as described
previously (Tateno et al., 2004) (also shown in Fig. 4 A). Ten percent of each
fraction was subjected to SDS-PAGE and immunoblotting with antibodies
against His tag, W1d-18, Nucleoporin p62 (BD Biosciences), Prohibitin
(NeoMarkers), Adaptin vy (BD Biosciences), PMP70 (Affinity Bioreagents),
and superoxide dismutase 1 (SOD1) (Assay Designs).

Isolation of mitochondria. Mitochondria were isolated from cerebrum
as described previously with minor modifications (Sims, 1990; Rajapakse
et al., 2001) (also shown in supplemental Fig. S2, available at www.
jneurosci.org as supplemental material). To compare mitochondrial
quantity in wild-type, NMNAT3-Tg, and wld* mice by immunoblot anal-
ysis, the S1 fraction was analyzed to detect complex II 70 kDa Fp (Mito-
science) and complex IIT subunit core 2 (Mitoscience). To compare ex-
pression level of each respiratory enzyme complex by immunoblot
analysis, crude mitochondrial fraction (P2) (shown in supplemental Fig.
S2A, available at www.jneurosci.org as supplemental material) was ana-
lyzed to detect complex I subunit GRIM-19 (Mitoscience), complex II
subunit 70 kDa Fp, complex III subunit core 2, complex IV subunit IV
(COX 1IV) (Abcam), and complex V subunit 8 (Mitoscience). Layer 2
(purified synaptic mitochondrial fraction) (shown in supplemental Fig.
S2 B, available at www.jneurosci.org as supplemental material) obtained
by the last centrifugation was subject to mitochondrial subfractionation
and analysis for ATP synthetic activity.

Mitochondria subfractionation. Purified synaptic mitochondria were
subfractionated by using a phosphate swelling—shrinking method de-
scribed previously (Bijur and Jope, 2003), with minor modifications to
obtain fractions containing outer membrane, intermembrane space, in-
ner membrane, and matrix. Separation of each fraction was confirmed by
immunoblot analysis with antibodies against His tag, Wld-18, manga-
nese superoxide dismutase (MnSOD) (Nventa Biopharmaceuticals),
COX 1V, cytochrome ¢ (BD Biosciences), and voltage-dependent anion
channel (VDAC) (Cell Signaling).

ATP-synthetic activity. The citrate-sustained ATP-synthetic rate was
assayed by a modified procedure as described previously (Baracca et al.,
2000; Shaik et al., 2008). Purified mitochondria were suspended in a
buffer containing 0.25 M sucrose, 50 mm HEPES, 0.5 mm EDTA, 2 mm
MgSO,, 2 mm KH,PO,, and 10 mwm citrate, pH 7.4. The reaction was
initiated by adding ADP at 2 mwm, maintained for 15 min at 30°C, and
terminated by adding trichloroacetic acid. The quantity of ATP was an-
alyzed by using HPLC (Shimadzu) on 125/4 mm Necleosil 4000-7 PEI
anion-exchange column as described previously (Suter et al., 2006).



6278 - ). Neurosci., May 13, 2009 - 29(19):6276 — 6284

Results

Transgenic overexpression of NMNAT enzymatic activity in
neurons is necessary, but not sufficient, for delayed axonal
degeneration in vivo

We previously showed that the expression of WId® protein or
NMNAT1 is sufficient to protect axons in an in vitro Wallerian
degeneration assay, suggesting that increased NAD production is
crucial for axonal protection (Araki et al., 2004). However, Con-
forti et al. (2007) reported that NMNAT1 overexpression in vivo
does not result in axonal protection. To clarify the requirement of
NAD producing activity in Wld*- or NMNAT-mediated axonal
protection, we generated mice that overexpress NMNAT at dif-
ferent levels.

Since NMNAT?2 is constitutively expressed highly in neurons
(Raffaelli et al., 2002), we decided to generate mice that overex-
press mammalian NMNAT orthologs other than NMNAT? (i.e.,
NMNATI1 and NMNATS3, either of which are unexpressed in
neurons) (Emanuelli et al., 2001; Zhang et al., 2003). To deter-
mine the requirement of NMNAT activity in Wld *-mediated ax-
onal protection, we also generated mice that express Wld*® protein
with a W258A mutation shown previously to disrupt NMNAT
activity of the W1d® protein (Araki et al., 2004). To express mol-
ecules of interest at high levels, we used a standard CAG promoter
construct to drive expression in vivo in this work (Fig. 1A). We
generated the transgenic mice using a standard protocol and ob-
tained 6, 12, and 3 lines for NMNAT1-Tg, NMNAT3-Tg, and
WId*(W258A)-Tg, respectively. Expression of the transgene-
derived protein in brain tissue was determined by immunoblot
analysis (Fig. 1 B) and immunohistochemistry (Fig. 1C), as well as
an NAD synthetic activity assay (Fig. 1 D). We found that, among
multiple mouse lines exhibiting differential expression levels for
each molecule, some lines (line 744 of NMNAT1-Tg, lines 821
and 822 of NMNAT3-Tg) revealed NAD synthetic activity higher
than that observed in wld® mice, whereas others were at similar
levels. We observed that transgene-derived proteins were ex-
pressed in most of the cells of the nervous system in different
mouse lines having different expression levels (Fig. 1C; supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material).

Mice overexpressing NMNAT1, NMNATS3, or Wld*(W258A)
were born at the expected Mendelian ratio, developed normally,
and displayed no overt phenotype when compared with their
wild-type littermates up to 1 year of age. Despite the overexpres-
sion of enzymatic activity that synthesizes a respiratory coen-
zyme, NAD, body weight of the mice overexpressing NMNAT1
or NMNAT3 was similar to that of wild-type littermates (supple-
mental Fig. S4, available at www.jneurosci.org as supplemental
material). To examine whether delayed Wallerian degeneration
phenotype is observed in any of these different transgenic lines,
we established Wallerian degeneration in sciatic nerve by transec-
tion and examined, by immunoblot and immunohistochemistry,
the integrity of neurofilament in the segment distal to the tran-
section site at different time points. We found that only
NMNAT3-Tg mice had axonal protection phenotype similar to
that observed in wld* mice among different mice that we gener-
ated. Immunoblot analysis showed that injured nerves in
NMNAT3-Tgand wld® mice expressed similar levels of neurofila-
ment immunoreactivity at 14 d after transection (Fig. 2A). We
also analyzed integrity of the injured nerves extensively by mor-
phological methods. Neurofilament immunoreactivity profile in
injured sciatic nerves in NMNAT3-Tg mice (14 d after transec-
tion) was similar to that in injured wld’ mice (Fig. 2 B). Morpho-
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Figure 1. Generation of transgenic mice overexpressing NMNAT1, NMNAT3, and
WId *(W258A). The three transgenic mouse lines were generated using a vector containing CAG
promoter. A schematic construction map is presented in A. Transgene-derived proteins were
designed to be tagged with hexahistidine. Their expression was confirmed by immunoblot
analysis (B) or by immunohistochemistry on cerebral cortex sections (€) using an antibody
against His tag. -Tubulin served as a loading control in B. Note that the majority of cells,
including neurons, expressed transgene-derived proteins for all constructs. Scale bar, 50 um. D,
Differential expression of NAD-synthesizing activity observed in NMNAT1-Tg, NMNAT3-Tg,
WId *(W258A)-Tg, and wid® mice. NMNAT enzymatic activity was evaluated by the rate of NAD
synthesis in transgenic mice cerebrum lysate. One unit of activity is defined as the amount of
protein that catalyzes the synthesis of 1 mmol of NAD per hour. Error bars indicate SD.
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Figure 2.  NMNAT3-Tg mice show delayed Wallerian degeneration comparable with wid®
mice. Axonal degeneration was examined in a sciatic nerve injury model. Neurofilament immu-
noreactivity in the distal segment of the transected sciatic nerve was examined in NMNAT3-Tg
(lines 819 and 822), wid® mice, as well as in wild-type control at 14 d after nerve lesion and
compared with uninjured control by immunoblot analysis (4) and on longitudinal sections by
immunohistochemistry 14 d after injury (B). a-Tubulin served as a loading control in A. Note
that neurofilament expression remains close to wild-type level even at 14 d after injury. Scale
bar, 50 wm. C, Injured nerve morphology in indicated mice was analyzed on toluidine blue-
stained semithin sections (1 m thick) 7 d after transection at 2 mm distal to the injury site.
Injured nerves of NMNAT3-Tg and wid® mice exhibited apparently intact myelin structures almost
comparable with uninjured control, whereas injured nerves in wild-type mice lacked intact myelin
sheath and showed severe degeneration. Scale bar, 20 m. D, Electron-microscopic images of the
transverse sections of injured sciatic nerves at 2 mm distal to the transection site at 7 d after injury.
Organized axonal structures and intact myelin sheath were observed in myelinated and unmyelinated
(asterisk) axons of injured nerves in NMNAT3-Tg and wid® mice, whereas severe degeneration of both
myelinated and unmyelinated (asterisk) axons and destruction of myelin structures was observed in
injured nerves of wild-type mice. Scale bar, 2 um. E, Morphologically preserved axon numbers in
transverse sections of the injured sciatic nerve (7 d after transection) were counted for NMNAT3-Tg
(line 822), wic?, and wild type mice (n = 7 for each genotype) and shown as percentage to the total
number of axons. Error bars indicate SD.

logical examination of toluidine blue-stained semithin sections
of injured sciatic nerves (7 d after injury) showed that axons were
mostly preserved in injured nerves of NMNAT3-Tg and wld®
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mice, whereas they were mostly degraded in injured nerves in
wild-type mice (Fig. 2C). In ultrastructural analysis by electron
microscopy, mostly intact myelinated and unmyelinated nerves,
characterized by organized microtubule structures and intact mi-
tochondria in axoplasm as well as intact myelin sheath, were
observed in injured nerves (7 d after injury) of NMNAT3-Tgand
wld’ mice, whereas degeneration was severe in injured nerves of
wild-type mice, as axoplasm was lost from both myelinated and
unmyelinated axons and destruction of myelin structures was
prominent (Fig. 2 D). The numbers of morphologically preserved
axons at 7 d after injury indicated the similar degree of axonal
protection in NMNAT3-Tg and wld® mice (Fig. 2E). Thus,
NMNAT3-Tg mice show significant delay of axonal degenera-
tion, which is very similar to the phenotype of wld’ mice.

In contrast to the axonal protection phenotype of NMNAT3-
Tg, we did not see any delay of Wallerian degeneration in either
NMNAT1-Tg or WId*(W258A)-Tg mice. We first examined
transected nerve 7 d after injury in the same way as that for
NMNAT3-Tg, but we did not see any remaining neurofilament
immunoreactivity (data not shown). In this sciatic nerve transec-
tion model, neurofilament immunoreactivity became undetect-
able by immunoblot analysis at 3 d after transection in wild-type
mice (Fig. 3A). By immunohistochemistry, scattering
neurofilament-immunoreactive structures can still be observed
after 3 d, but become completely undetectable at 4 d after tran-
section (Fig. 3B). Therefore, to examine whether subtle axonal
protection occurs in these transgenic mice, we examined
transected nerves at 3 and 4 d after injury. The neurofilament
expression profile (by immunoblot analysis and immunohisto-
chemistry) in injured nerves of NMNATI1-Tg and
WId*(W258A)-Tg mice is mostly the same as that of wild-type
mice (Fig. 3A, B). It is noteworthy that NAD-producing activity
in brain tissue of line 744 of NMNAT1-Tg, which showed no
axonal protection, was higher than that naturally occurring in
wld® mice or line 819 of NMNAT3-Tg mice, both of which dis-
played significant delays in Wallerian degeneration. The com-
plete loss of axonal protection phenotype in WI1d*(W258A)-Tg
indicates that NAD-producing activity was indispensable for
WId*-mediated axonal protection, but the lack of axonal protec-
tion in NMNAT1-Tg mice suggests that the increased NMNAT
enzymatic activity in neuronal cells was not sufficient for axonal
protection phenotype in vivo.

Mitochondrial localization of NMNAT is correlated with
axonal protection phenotype

Differential axonal protection phenotype observed in
NMNAT1-Tg and NMNAT3-Tg mice suggested that some fac-
tor(s) other than neuronal NMNAT activity determines whether
axonal protection in vivo is enabled. The major difference be-
tween NMNAT1 and NMNATS3 is their subcellular localization;
NMNATT1 is located in nucleus, whereas NMNATS3 is mainly in
mitochondria (Berger et al., 2005). Also, subcellular localization
of WId® protein is not the same as that of NMNAT1 presumably
because of its N-terminal sequence (Laser et al., 2006). To exam-
ine whether specific subcellular localization of NMNAT corre-
lates with the axonal protection phenotype, we determined de-
tailed localization of transgene-derived proteins in NMNAT1-Tg
and NMNAT3-Tg mice and compared that with the localization
of WId*® proteins. We performed a standard subcellular fraction-
ation analysis of brain tissue homogenate by sequential centrifu-
gation (Fig. 4A). Separation of fractions enriched for nucleus,
mitochondria, lysosome/peroxysome, microsome (containing
endoplasmic reticulum, Golgi), and cytosol was confirmed by
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identification of nucleoporin p62, prohib-
itin, PMP70, adaptin y, and SOD1, respec-
tively. We located NMNAT1 in the nu-
cleus of NMNATI1-Tg mice, and
NMNATS3 in  mitochondria  of
NMNAT3-Tg mice (Fig. 4B). Previous re-
ports suggest that NMNAT3 is located
mainly, but not exclusively, in mitochon-
dria when it is transiently overexpressed in
cultured cells (Zhang et al., 2003; Berger et
al., 2005); however, we found that
NMNATS3 was located almost exclusively
in mitochondria of NMNAT3-Tg mice.
Contrary to the previous immunohisto-
chemical analysis, we found that various
levels of WId® protein were located not
only in nucleus but also in mitochondria
and most other fractions as well (Fig. 4 B).
The subcellular distribution profile of
WId*(W258A) was mostly similar to that
of WId* protein (data not shown). Com-
parison of NMNATI, NMNAT3, and
WId* protein localization showed that the
mitochondrial fraction was the only one
that contained NMNAT3 and WId® but
lacked NMNAT1. These results suggest
that, contrary to our previous expecta-
tions, NMNAT activity may need to be lo-
cated in mitochondria to exert delayed ax-
onal degeneration phenotype in vivo.

NMNAT3 and WId°® protein are
transported to mitochondrial matrix
Previous reports have shown that
NMNATS3 is located mainly in mitochon-
dria, but it was not identified where in the
mitochondria NMNAT3 is located. With
regard to WId® protein, it has been re-
garded as a nuclear molecule, but ifit func-
tions in mitochondria as we showed here,
it should be transported across the outer
membrane into the mitochondria. To gain
more insights on the functions of
NMNAT3 and WId® proteins in mito-
chondria, we performed mitochondrial
subfractionation to locate NMNAT3 and
WId*® protein in mitochondrial subcom-
partments. Synaptic mitochondria were
fractionated and purified from brain tissue
of NMNAT3-Tg and wld® mice [the puri-
fication procedure is summarized in sup-
plemental Fig. S2 (available at www.
jneurosci.org as supplemental material)]
and subfractionated. Both NMNAT3 and
WId® protein were detected mainly in mi-
tochondrial matrix and inner membrane
fractions, but not in outer membrane and
intermembrane space fractions (Fig. 5),
indicating that NMNAT3 and WId* pro-
tein were both transported to the inside of
the mitochondria. These data support our
finding that W1d® protein is located in mi-
tochondria, and suggest that NMNAT3
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Figure 4.  Mitochondrial localization is shared between NMNAT3 and WId* protein. Subcellular localization of transgene-
derived proteins in NMNAT1-Tg, NMNAT3-Tg, and WId* protein in wid® mice was determined by sequential centrifugation as
illustrated in A. B, NMNAT1 and NMNAT3 were mainly detected in P1 (nucleus) and P2 (mitochondria) in each of the transgenic
mice. WId* proteins in wid* mice showed wide distribution including mitochondria.
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Figure 5. NMNAT3 and WId® protein are located in mitochondrial matrix. Mitochondria

fractionated and purified from cerebrum of NMNAT3-Tg or wid® mice were subject to subfrac-
tionation to obtain fractions for outer membrane (OM), intermembrane space (IMS), inner
membrane (IM), and matrix (Mx). Separation of each fraction was confirmed by immunoblot
analysis to detect VDAC (OM), cytochrome ¢ (IMS), COX IV (IM), and MnSOD (Mx). NMNAT3 or
WId* protein was detected in IM and Mx fractions by anti-His tag or anti-WId18 antibody,
respectively. Wid ®* protein-specific band is indicated by an arrow.

and WId* protein may affect mitochondrial function in neurons
via their enzymatic activity.

Mitochondria of NMNAT3-Tg and wld’ mice show increased
ATP-synthesizing activity

By analyzing delayed Wallerian degeneration phenotype in
NMNAT1-Tg, NMNAT3-Tg, and wid® mice, we observed a cor-
relation between the axonal protection phenotype and localiza-
tion of NMNAT activity in the mitochondrial matrix. To deter-
mine how NMNAT activity may affect mitochondrial functions,
we examined whether an overall change occurred in the quantity
of mitochondria in brain tissues of NMNAT3-Tg and wid’ mice
compared with wild-type control. For this purpose, we explored
the expression of complex II 70 kDa Fp and complex III core 2
proteins in brain tissue homogenate. The expression levels of
both proteins in NMNAT3-Tg and wld® mice were similar to
those in control mice (Fig. 6A). Furthermore, mitochondrial
DNA content relative to nuclear DNA in NMNAT3-Tg and wid®
mice was unchanged from that in wild-type mice, indicating that
mitochondrial DNA number in NMNAT3-Tg and wld® mice is
similar to that in wild-type mice (supplemental Fig. S5, available
at www.jneurosci.org as supplemental material). These results
suggest that the number of mitochondria in NMNAT3-Tg and
wld® mice was comparable with wild type. We also observed that
mitochondrial morphology and subcellular distribution in pri-
mary dorsal root ganglia neurons of NMNAT3-Tg and wld* mice
were comparable with those of wild-type control (data not
shown). These results suggest that NMNAT expression in mito-
chondria did not affect the division/fusion or transport of
mitochondria.

NAD is one of the coenzymes for mitochondrial electron
transfer system. Therefore, the expression of NMNAT in the mi-
tochondrial matrix would likely affect cellular ATP metabolism.
To know whether mitochondrial respiration is modified by the
expression of NMNAT within the matrix, we examined the ATP
synthesis rate of synaptic mitochondria fractionated and purified
from brain tissue of NMNAT3-Tg, wid’, and wild-type mice. Ci-
trate was used as a substrate for respiration, and synthesized ATP
was measured by HPLC. The ATP synthesis rate increased signif-
icantly in mitochondria derived from NMNAT3-Tg and wld®
mice compared with mitochondria from wild-type control (Fig.
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6C). Thus, mitochondria expressing NMNAT activity were capa-
ble of increased ATP synthesis. As stated above, enzymatic func-
tion of NMNAT that modifies metabolism of NAD and ATP
could well affect mitochondrial ATP synthesis. However,
NMNAT activity in mitochondria may indirectly affect expres-
sion of mitochondrial proteins involved in the electron transfer
chain, and thereby change the ATP synthesis. To exclude this
possibility, we compared by immunoblot analysis the expression
of representative proteins of each respiratory chain complex. The
expression level of representative proteins in complex I through
V was unchanged in mitochondria (Fig. 6 B). Furthermore, the
enzymatic activity of each mitochondrial respiratory complex in
NMNAT3-Tgand wld® mice was comparable with wild-type con-
trol (supplemental Fig. S6, available at www.jneurosci.org as sup-
plemental material). Together, our results suggest that NMNAT
expression in the mitochondrial matrix increased ATP synthesis
rate by a mechanism not directly related to electron transfer chain
and thereby has an important role in formation of delayed Wal-
lerian degeneration phenotype.

Discussion

We previously identified that overexpression of NMNAT gave
the most robust axonal protection among all other enzymes in
the NAD-synthesizing pathway (Sasaki et al., 2006). However,
Coleman et al. showed that NMNAT1-overexpressing mice did
not show an axonal protection phenotype and speculated that
axonal protection by NMNAT overexpression may only be ob-
served in in vitro settings (Conforti et al., 2007). Here, we showed
for the first time that overexpression of a native NMNAT enzyme
can save axons in vivo and that W1d® protein lacking NMNAT
activity cannot save axons. Together, these results suggest that
increased NMNAT activity does lead to axonal protection phe-
notype in vivo.

In this report, we identified that NMNAT3-Tg mice showed
robust axonal protection similar to wld® mice, whereas
NMNAT1-Tg did not, even when the NAD-synthesizing activity
by NMNAT]1 overexpression reached a level higher than that in
NMNAT3-Tg mice with the axonal protection phenotype. These
results suggest that the increased NMNAT activity is necessary,
but not sufficient, to see axonal protection phenotype in vivo.
Based on the previously reported molecular characteristics of
NMNAT1, NMNATS3, and WId® proteins (Berger et al., 2005;
Laser et al., 2006), we hypothesized that their subcellular local-
ization is an important determinant of the axonal protection phe-
notype. We showed that NMNAT activity was found in the mi-
tochondrial matrix of mice showing Wallerian degeneration
delay and that NMNAT in mitochondria increased ATP synthesis
capability. These results suggest that NMNAT activity is trans-
ported into the mitochondrial matrix of mice showing the axonal
protection phenotype, and the subsequent increased ATP-
synthesizing capability may play a role in axonal protection.

Roles of NMNAT, NAD, and Sirtuins for axonal protection

We previously screened NAD synthesis pathway enzymes and
their substrates/products using the in vitro Wallerian degenera-
tion model (Sasaki et al., 2006). This work not only demonstrated
that the most effective method for axonal protection is overex-
pression of NMNAT, but it also made us realize the uniqueness of
NMNAT (i.e., the axonal protection phenotype caused by
NMNAT overexpression does not seem to reflect the function
of NMNAT as an NAD synthesis enzyme). Overexpression of
each NAD-synthesizing enzyme in the presence of its substrate
caused axonal protection similar to exogenous application of
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Mitochondrial expression of NMNAT increased ATP synthesis capability without affecting expression of electron transfer chain enzyme expression. Expression of complex |1 70 kDa Fp and

complex Il core 2 proteins was examined in crude lysate of cerebrum from NMNAT3-Tg, wid, as well as wild-type mice (A). Neurofilament served as a loading control. Expression of representative
components of electron transfer complex (complex | subunit GRIM-19, complex Il subunit 70 kDa Fp, complex Il subunit core 2, COX 1V, and complex V subunit 3) was examined in mitochondrial
pellets (supplemental Fig. S2A, available at www.jneurosci.org as supplemental material) (P2 fraction) obtained from NMNAT3-Tg (line 822), wid* mice, as well as from wild-type mice, by
immunoblot analysis (B). Citrate-sustained ATP-synthetic activity was examined by using purified mitochondria obtained from NMNAT3-Tg (line 822), wid® mice, as well as from wild-type mice.
ATP-synthetic activity (nanomoles of ATP per minute per microgram of protein) was calculated; mean = SD is shown for indicated number of animals for each condition (*p << 0.05; **p << 0.01,

one-way ANOVA followed by Tukey's test) (C).

NAD. NMNAT overexpression, however, gave much more ro-
bust protection to axons than NAD application, regardless of the
presence of the substrate. This observation made us recognize
another previously observed discrepancy. We showed that exog-
enously applied NAD results in activation of Sirtl, an NAD-
dependent protein deacetylase, and discussed that this is the key
mechanism that connects increased NMNAT activity and axonal
protection (Araki et al., 2004). However, it was not clear how
NMNAT overexpression affects Sirtl activity, because, whereas
Sirtl activity is strictly dependent on intracellular NAD levels
(Yamamoto et al., 2007), overexpression of NMNAT activity
does not cause major changes in NAD levels (Mack et al., 2001).
Researchers, including ourselves, discussed that this apparent
contradiction could be explained by rapid degradation of NAD
by nuclear enzymes such as Sirtuins or poly(ADP-ribose) poly-
merases (Araki et al., 2004; Kim et al., 2005). However, our sub-
sequent studies suggested that this speculation may not be cor-
rect. NMNAT activity that is located outside of the nucleus
protected axons the same way as nuclear NMNAT (Sasaki et al.,
2006). In the current report, we confirmed that nuclear
NMNAT1 cannot protect axons in vivo, suggesting that nuclear
localization of NMNAT is not related to axonal protection. To-
gether with the unique feature of NMNAT overexpression-
derived axonal protection, this result made us realize a possibility
that Sirtl activation and resultant transcriptional changes are
necessary for axonal protection by NAD, but that NMNAT over-
expression may be able to protect axons independent from cellu-
lar NAD levels or Sirtuin activation.

Because overexpression of NMNAT3 but not NMNAT1 pro-
tects axons in vivo, we hypothesized that subcellular localization
of overexpressed NMNAT activity has a significant impact on the
axonal protection phenotype. Localization of NMNAT3 and
WId* proteins in the mitochondrial matrix indicates that they are
actively transported into the mitochondria and suggests that mi-
tochondrial localization of NMNAT activity may be important
for the axonal protection phenotype. Although the W1d® protein
is primarily a nuclear molecule determined by the nuclear local-
ization signal in NMNAT1, the N-terminal sequence derived
from Ufd2a presumably affects the localization so that W1d® can

be located outside of the nucleus. The WId® protein is likely sub-
jected to the intramitochondrial transport mechanism the same
way as NMNATS3 so long as the proximity to mitochondria is
close, because the three-dimensional structure of NMNAT1 is
remarkably similar to that of NMNAT3 (Zhang et al., 2003). We
showed in a previous report that lentiviraAl NMNAT1 overexpres-
sion in primary cultured neurons results in the axonal protection
phenotype in the Wallerian degeneration model in vitro (Araki et
al., 2004; Sasaki et al., 2006). Because NMNAT1 overexpression
was driven so strongly in this in vitro experiment, we suspect that
NMNAT1 was located not only in the nucleus but also in the
cytoplasm (Fig. 7). As a result, the cytoplasmic NMNAT1 was
transported into the mitochondria the same way as the Wid*
protein. Together, we currently speculate that the robust axonal
protection by NMNAT overexpression is derived from the mito-
chondrial localization of NMNAT activity and resultant modifi-
cation of mitochondrial function.

NMNAT is reported to show “chaperone-like” activity and
thereby protect neurons against degeneration. This chaperone-
like activity is independent from NAD-synthesizing activity of
NMNAT (Zhai et al., 2008). In our current analysis, we found
that the axonal protection activity was not observed in
WId*(W258A)-Tg mice. Our results, together with the previous
observations (Araki et al., 2004), suggest that axonal protection
activity of NMNAT and WId® proteins is inseparable from NAD-
synthesizing activity and therefore is not related to the
chaperone-like activity of NMNAT.

Role of NMNAT in mitochondria

Previous reports on axonal protection observed in wld® mice sug-
gested possible significance of mitochondrial function (Ikegami
and Koike, 2003; Wishart et al., 2007; Press and Milbrandt, 2008).
However, how mitochondrial functions are modified in neurons
with protected axons has never been analyzed. We determined
that isolated mitochondria from NMNAT3-Tg and wild® mice
show increased ATP-synthesizing potential. This result confirms
that NMNAT activity in these mice is incorporated inside of the
mitochondria, and is functional, and suggests that this increased
ATP-synthesizing potential may be important for the axonal pro-
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inseparable from that observed in D.

tection phenotype in these mice. We showed that the respiratory
chain expression level and activity in NMNAT3-Tg or wld® mice
are similar to those in wild type. These results suggest that
NMNAT in the mitochondrial matrix is either involved in ATP
synthesis or modifies enzymatic activity to increase ATP synthesis
or decrease ATP degradation. Among these possibilities, one
likely mechanism is direct involvement of NMNAT in ATP gen-
eration. Normally, NMNAT enzymes synthesize NAD from
NMN and ATP, but all NMNAT family members can also cata-
lyze the inverse reaction in which NAD serves as a substrate to
generate ATP (Berger etal., 2005). This inverse NMNAT reaction
in the mitochondrial matrix generates extra ATP and thereby
increases ATP synthesis efficiency. Therefore, lower glucose is
required and less reactive oxygen species is generated to produce
the same amount of ATP in neurons. Recent proteomic analysis
indicates that a significant amount of mitochondrial proteins are
involved in functions other than ATP metabolism (Fukada et al.,
2004). Such proteins include components of urea cycles, enzymes
that regulate intracellular calcium concentration, and metabo-
lism of ketone bodies. These functions are correlated with cellular
energy metabolism and redox status, and thus it is possible that
overall ATP production increases via modification of some of
these activities in NMNAT-expressing mitochondria.

The relationship between mitochondrial functions and cellu-
lar protection is complex. Increased respiration by calorie restric-
tion increases longevity in yeast and Caenorhabditis elegans, but
increased respiration in mammals may simply result in accelera-
tion of the aging process. Successful neuronal protection by al-
tering mitochondrial functions would be a novel treatment for
neuronal disorders. Additional investigation will be necessary to
pursue this possibility.
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