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Neurobiology of Disease

Rescue of Peripheral and CNS Axon Defects in Mice Lacking
NMNAT2
Jonathan Gilley,1 Robert Adalbert,1 Gang Yu,2 and Michael P. Coleman1
1Signalling Programme, The Babraham Institute, Babraham Research Campus, Cambridge, CB22 3AT, United Kingdom, and 2Department of Neuroscience,
University of Texas Southwestern Medical Center, Dallas, Texas 75390

NMNAT2 is an NAD ⫹-synthesizing enzyme with an essential axon maintenance role in primary culture neurons. We have generated an
Nmnat2 gene trap mouse to examine the role of NMNAT2 in vivo. Homozygotes die perinatally with a severe peripheral nerve/axon defect
and truncated axons in the optic nerve and other CNS regions. The cause appears to be limited axon extension, rather than dying-back
degeneration of existing axons, which was previously proposed for the NMNAT2-deficient Blad mutant mouse. Neurite outgrowth in both
PNS and CNS neuronal cultures consistently stalls at 1–2 mm, similar to the length of truncated axons in the embryos. Crucially, this
suggests an essential role for NMNAT2 during axon growth. In addition, we show that the Wallerian degeneration slow protein (Wld S), a
more stable, aberrant NMNAT that can substitute the axon maintenance function of NMNAT2 in primary cultures, can also correct
developmental defects associated with NMNAT2 deficiency. This is dose-dependent, with extension of life span to at least 3 months by
homozygous levels of Wld S the most obvious manifestation. Finally, we propose that endogenous mechanisms also compensate for
otherwise limiting levels of NMNAT2. This could explain our finding that conditional silencing of a single Nmnat2 allele triggers substantial degeneration of established neurites, whereas similar, or greater, reduction of NMNAT2 in constitutively depleted neurons is
compatible with normal axon growth and survival. A requirement for NMNAT2 for both axon growth and maintenance suggests that
reduced levels could impair axon regeneration as well as axon survival in aging and disease.

Introduction
Dying-back axon degeneration contributes to pathology in many
common neurodegenerative diseases, even before loss of neuronal viability (Adalbert and Coleman, 2012). In many cases, this
degeneration shares physical and biochemical features with Wallerian degeneration, so elucidation of the critical molecular
changes that occur in axons in the more defined context of an
acute injury should facilitate identification of suitable therapeutic
targets for these disorders. Studies of Wld S, an aberrant fusion
protein with nicotinamide mononucleotide adenylyltransferase
(NMNAT) activity that robustly delays Wallerian degeneration
(Mack et al., 2001), have been very informative in this respect.
They support a model in which an intrinsic axon degeneration
pathway, conserved between mammals and flies, is triggered by
injury and other diverse stresses (Coleman and Freeman, 2010).
NMNAT2 is one of three naturally occurring mammalian
NMNAT isoforms. Like Wld S, each can delay Wallerian degeneration when overexpressed (Sasaki et al., 2006; Yan et al., 2010),
but depletion of NMNAT2 alone causes spontaneous neurite
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degeneration, which endogenous NMNAT1 and NMNAT3 cannot prevent (Gilley and Coleman, 2010). Loss of short-lived
NMNAT2 has therefore been proposed as a natural trigger for
Wallerian and related, Wallerian-like axon degeneration, with
Wld S directly substituting for NMNAT2 loss in compromised
axons because it is relatively much more stable and shares critical
NMNAT activity (Gilley and Coleman, 2010). Constant replenishment of NMNAT2 levels in axons, needed to prevent spontaneous degeneration, is likely achieved through rapid axonal
trafficking on the surface of Golgi-derived vesicles, with palmitoylation playing a key role in vesicle attachment (Milde et al.,
2013). Recent, independent studies of NMNAT2 and its Drosophila ortholog, dNmnat, have provided strong support for this
model (Fang et al., 2012; Xiong et al., 2012; Babetto et al., 2013).
However, the role of NMNAT2 during development of the nervous system is only just beginning to be addressed, and it is not
known whether Wld S can also substitute for NMNAT2 in vivo.
A severe peripheral axon defect was recently reported in Blad
mutant mice (Nmnat2 blad/blad) lacking NMNAT2 (Hicks et al.,
2012). Dying-back axonopathy during late embryonic development was proposed as a possible cause. Here, using an independent mouse line with conditional-ready targeting of Nmnat2, we
report that the underlying cause of the peripheral axon defect in
NMNAT2-deficient embryos actually appears to be a failure of
axons to extend beyond a threshold length from the outset, and
not dying-back degeneration after relatively normal initial
growth and innervation. This suggests a novel developmental
role for NMNAT2 during axon growth, potentially linking axon
growth and maintenance mechanisms. We also provide the first
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evidence that neurons in the CNS are similarly affected by
NMNAT2 depletion. Finally, we not only show that Wld S can
substitute for NMNAT2 in vivo but find that low levels of
NMNAT2 during development, which might otherwise limit
axon survival, appear to trigger endogenous compensatory
mechanisms. The implications of these results are discussed, with
particular focus on the relationship between axon growth/regeneration and axon maintenance mechanisms, and their relevance
to development, aging, and disease.

Materials and Methods
Generation of conditional-ready Nmnat2-targeted mice
ES cell clones EUCE0262a08 and EUCE0030a11 containing a
conditional-ready gene trap cassette (Schnutgen et al., 2005) within intron 1 of one allele of the Nmnat2 gene were obtained from the European
Conditional Mouse Mutagenesis Program (EUCOMM). Only the first 28
amino acids of murine NMNAT2 (total length 307) encoded by Nmnat2
exon 1 should be expressed from the disrupted allele as a fusion with
␤geo encoded by the gene trap cassette. PCR and sequencing were used to
confirm single insertion of the gene trap within intron 1 of the Nmnat2
gene in both clones. Semiquantitative endpoint RT-PCR and immunoblotting were used to assess Nmnat2 mRNA and NMNAT2 protein
knock-down in the two clones, and ES cell clone EUCE0262a08 was
chosen for blastocyst injection as it showed greater depletion (data not
shown). EUCE0262a08 (E14TG2a) ES cells (129P2/Ola strain) were injected into C57BL/6J-Tyr c-2J blastocysts by the Babraham Institute Gene
Targeting Facility to generate chimeras, which were then mated to
C57BL/6J-Tyr c-2J mice. We used duplex-PCR to assess germline transmission of the Nmnat2 Gt(EUCE0262a08)Hmgu allele (referred to as
Nmnat2 gtE in the text), and for subsequent genotyping, using the following primers (locations shown in Fig. 1A): 5⬘-gctggcctaggtggtgatttgc-3⬘
(A), 5⬘-actgggatgcacgagaccctgc-3⬘ (B), and 5⬘-agtcatagacactagacaatcg
g-3⬘ (C). These primers amplified 491 bp and 552 bp products from the
wild-type and trapped alleles, respectively (see Fig. 1A). Inversion of the
gene trap does not alter the amplification products of the genotyping
PCR, so gene trap orientation after crosses to FLPe mice was confirmed
using a separate duplex-PCR using primers flanking the recombinase
target sequences. Primers (3⬘) 5⬘-ACCTCGAGTACCACCACACTGG3⬘, (forward) 5⬘-GCTAGCTTGCCAAACCTACAGG-3⬘, and (reverse)
5⬘-AACGTCGGATGGCCGCGAGACG-3⬘ amplify a 590-bp product
from the gene trap in the forward orientation (before any FLPe or Cremediated recombination) and a 367 bp product from the inverted gene
trap after FLPe-mediated recombination. Mice with the FLPe transgene
were identified using primers 5⬘-GCATCATGTGCTGCTGAACTAA-3⬘
and 5⬘-GTGCCTACTAACGCTTGTCTTT-3⬘.

Other mouse strains and animal work
C57BL/6OlaHsd-Wld (Wld S) mice were obtained from Harlan UK,
FLPe transgenic mice (Rodríguez et al., 2000) were obtained from Martin
Turner (Babraham Institute), and Nmnat2 gtBay mice, derived from gene
trap ES cell clone RRF238 (BayGenomics), were described previously
(Mayer et al., 2010).
All animal work was performed in accordance with the Animals (Scientific Procedures) Act, 1986, under Project License PPL 80/2254. Standard timed mating procedures were followed to produce E12.5–E14.5
and E18.5 embryos. The developmental stage was confirmed using Theiler staging criteria. Pregnant females of the Nmnat2 gtE strain usually
littered at E19. E18.5 embryos were therefore considered essentially fullterm. Mice of both sexes were studied in experiments.

RT-PCR analysis
We used semiquantitative endpoint RT-PCR to determine levels of selected mRNA species in total brain RNA extracts. RNA was extracted
using TRIsure reagent (Bioline), after mechanical homogenization using
an Ultra-Turrax homogenizer, and reverse transcribed by Superscript II
(Invitrogen) using 1 g RNA per reaction. DNA contamination of samples was assessed using no RT controls. Standard PCR amplification was
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performed using REDTaq DNA polymerase (Sigma). One-fortieth of the
cDNA from the RT reaction was used in each PCR. The number of cycles
needed for detection of product within the presumed exponential phase
of amplification was determined empirically for each set of primers (using increments of 2 cycles). The following sets of primers were used (with
reaction annealing temperatures in parentheses): Nmnat2 (exon 1–2),
5⬘-CAGTGCGAGAGACCTCATCCC-3⬘ and 5⬘-ACACATGATGAGAC
GGTGCCG-3⬘ (63°C); Nmnat2 (exon 4 –5), 5⬘-GAGTGCTATCAGGA
CACCTGG-3⬘ and 5⬘-GTGGGCACATTGCTGTTCTGG-3⬘ (63°C); GT
(to detect hybrid Nmnat2-gene trap mRNA), 5⬘-CAGTGCGAGAGACC
TCATCCC-3⬘ and 5⬘-TCTTCGCTATTACGCCAGCTGG-3⬘ (63°C);
Nmnat1, 5⬘-TTCAAGGCCTGACAACATCGC-3⬘ and 5⬘-GAGCACCT
TCACAGTCTCCACC-3⬘ (63°C); Nmnat3, 5⬘-GGTGTGGAGGTGTG
TGACAGC-3⬘ and 5⬘-GCCATGGCCACTCGGTGATGG-3⬘ (63°C);
Nampt, 5⬘-GGTCATCTCCCGATTGAAGT-3⬘ and 5⬘-GAAGAGACTC
CTCTGTAACC-3⬘ (58°C); Actb, 5⬘-TGTTACCAACTGGGACGACA-3⬘
and 5⬘-ATGAGGTAGTCTGTCAGGTC-3⬘ (58°C). Single products of
the expected size were amplified for each set of primers.

Immunoblotting
Whole brains from E14.5 and E18.5 mouse embryos, early postnatal
pups, and adult mice were mechanically homogenized using an UltraTurrax homogenizer in 1⫻ TG lysis buffer consisting of 20 mM Tris (pH
7.5), 137 mM NaCl, 1 mM EGTA, 1% (v/v) Triton X-100, 10% (v/v)
glycerol, 1.5 mM MgCl2, 1 mM Na3VO4, 50 mM NaF, and cOmplete Mini
protease inhibitor cocktail (Roche). Samples were microfuged at
10,000 ⫻ g to pellet cell debris, and the supernatant was mixed with 2⫻
Laemmli sample buffer. This step was included to facilitate detection of
NMNAT2, which is a nonabundant protein (Mayer et al., 2010). There
was no significant loss of NMNAT2 in the pellet. Detection of low abundance NMNAT2 required 40 g of each extract to be loaded per lane of
the gel (15 well format). To avoid signal saturation, we ran 5% of the
same extracts (diluted in sample buffer) on a separate gel for detection of
the far more abundant sample reference, ␤III-Tubulin Extracts were
separated by standard SDS-PAGE on SDS polyacrylamide gels (12% or
4 –15% gradient gels) and transferred to Immobilon-P membrane (Millipore) using the Bio-Rad Mini-PROTEAN III wet transfer system. Blots
were blocked and incubated with primary antibodies overnight at 4°C (in
1⫻ TBS pH 8.3, with 0.05% Tween 20 and 5% milk powder), followed by
the appropriate HRP-conjugated secondary antibody for 1–2 h at room
temperature (1:2000 –1:10,000), with subsequent detection using ECL or
ECL plus (GE Healthcare). Multiple short washes were performed after
each antibody incubation. The following primary antibodies were used:
mouse monoclonal anti-NMNAT2 clone 2E4 (2.0 g/ml, Sigma,
WH0023057M1 or Abcam, ab56980), rabbit polyclonal anti-NMNAT2
Y079B (1:2000, G.Y. laboratory), mouse monoclonal anti-neuronal class
␤III-Tubulin TUJ1 (1:10,000, Covance, MMS-435P), and rabbit polyclonal anti-Wld S Wld18 (1:2000). Relative band densities on scanned
autoradiographs were determined using ImageJ software.

Primary neuronal cultures and neurite outgrowth assays
Explant cultures. Superior cervical ganglia (SCG) dissected from E18.5
mouse embryos, dorsal root ganglia (DRG) dissected from E14.5 or
E18.5 mouse embryos, and small cortical neuron explants dissected from
E18.5 mouse embryos were plated on 3.5 cm tissue culture dishes precoated with poly-L-lysine (20 g/ml for 1–2 h; Sigma) and laminin (20
g/ml for 1–2 h; Sigma). SCG and DRG explants were cultured in
DMEM with 4500 mg/L glucose and 110 mg/L sodium pyruvate (Sigma),
and supplemented with 2 mM glutamine, 1% penicillin/streptomycin,
100 ng/ml 7S NGF (all Invitrogen), and 10% FBS (Sigma) for SCG cultures or 2% B27 supplement (Invitrogen) for DRG cultures. A total of 4
M aphidicolin (Calbiochem) was used to reduce proliferation and viability of small numbers of non-neuronal cells. Cortical neuron explants
were cultured in Neurobasal Medium (Invitrogen) supplemented with 2
mM glutamine, 1% penicillin/streptomycin, and 2% B27 supplement.
Dissociated SCG cultures. SCG ganglia from P1–P2 mouse pups were
incubated in 0.025% trypsin (Sigma) in PBS (without CaCl2 and MgCl2)
for 30 min followed by 0.2% collagenase type II (Invitrogen ) in PBS for
30 min. Ganglia were then gently triturated using a pipette. After a 2 h
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preplating stage to remove non-neuronal cells, dissociated neurons were
plated on poly-L-lysine and laminin-coated ibidi -dishes (Thistle Scientific) and cultured as for SCG explant cultures.
Neurite outgrowth assays. Phase-contrast images of DRG, SCG, and
cortical explants and their extending neurites were captured at low magnification (4⫻ objective) at the same time on each specified day after
plating. Low magnification ensured neurite outgrowth could be captured
in a single image at most time points to facilitate measurement. Radial
outgrowth on each day was determined by taking the average of two
measurements of representative neurite outgrowth for each explant. At
later time points, measurements were made from overlapping images of
the total neurite outgrowth. After 14 days in vitro (DIV), cortical neuron
explants were incubated with 1 M calcein-AM (Invitrogen) for 30 min at
37°C in the dark to label cells and neurites retaining esterase activity.

DiI labeling of peripheral nerve axons
Crystals of the lipophilic dye DiI (1,l⬘-dioctadecyll3,3,3⬘,3⬘
tetramethylindocarbo-cyanine perchlorate) were inserted into a rostrocaudal incision along the posterior median sulcus of thoracic and subthoracic
spinal cord of fixed newborn pups and embryos. Embryos were kept at 37°C
in 4% paraformaldehyde for 5– 8 weeks, duration being dependent on the
developmental stage, to allow diffusion of the dye through neuronal membranes leading to labeling of axons in the dorsal and ventral root and spinal
nerves. Tissues selected for subsequent analysis were then dissected and
cleaned up before optical clearing by immersion in an increasing PBSglycerol series (up to 100% glycerol). Lengths of DiI-labeled intercostal
nerves were determined from captured images using ImageJ software.

Histology and immunostaining
Fixation and cryosectioning. Embryos were fixed by immersion in 4%
paraformaldehye and left for several days at 4°C before being cryoprotected in 0.1 M PBS, 30% sucrose, 0.01% w/v sodium azide at 4°C. Pieces
of embryo were then frozen in Shandon M-1 embedding matrix
(Thermo Scientific), and transverse serial sections were cut at 20 m
using a Leica CM 1850 cryostat and placed onto Superfrost plus slides
(BDH). Slides were stored at ⫺20°C.
Hematoxylin and eosin staining. Sections warmed to room temperature
were stained with Gill’s III hematoxylin solution (Sigma-Aldrich) followed by a wash in tap water, differentiation in 70% ethanol, 1% HCl,
and another wash in tap water. Slides were then stained with 1% (w/v)
eosin (BDH), washed three times in 100% ethanol, and then cleared in
xylene (twice). Sections were coverslipped with Entellan (Merck).
Nissl staining. Sections warmed to room temperature were rinsed in
PBS and then stained with 0.5% w/v cresyl violet acetate (Sigma). After
washing in distilled water, sections underwent a series of ethanol washes
(1⫻ 70% 30 s, 2⫻ 90% 2 min, 1 ⫻ 100% 30 s) and were then cleared in
1-butanol and xylene (twice). Sections were coverslipped with Entellan
(Merck). Numbers of neurons in the L4 DRGs of newborn pups were
counted on every fourth Nissl-stained transverse whole embryo section
and multiplied by 4 to provide approximate neuron numbers for each
whole ganglion. Ventral horn motor neurons were counted on multiple
adjacent Nissl-stained sections from the lower lumbar spinal cord (at the
level of the L3 DRG) and the average number per slide calculated.
Immunostaining of cryosections. Sections were permeabilized with 1%
Triton X-100 in PBS (10 min), blocked in 50% goat serum in PBS, 1%
BSA (30 min), and incubated with rabbit polyclonal anti-NF-L (Millipore AB9568) diluted 1:250, and mouse monoclonal anti-neuronal class
␤III-Tubulin TUJ1 (Covance MMS-435P) diluted 1:500 in PBS, 1% BSA
for 1 h at room temperature. After three PBS washes, sections were incubated with AlexaFluor-488-cojugated anti-rabbit and AlexaFluor-568conjugated anti-mouse secondary antibodies (Invitrogen) diluted 1:250
in PBS, 1% BSA for 1 h at room temperature. After four washes in PBS,
sections were coverslipped in Vectashield containing DAPI (Vector Laboratories) for counterstaining of nuclei.
Whole-mount immunostaining. Diaphragms dissected from E14.5 embryos that had been immersion fixed in 4% paraformaldehye were
washed in PBS and then permeabilized/blocked in PTX (PBS, 0.5% Triton X-100) with 2% milk powder overnight at 4°C. Rabbit polyclonal
anti-NF-H or anti-NF-L antibodies (Millipore AB1991 and AB9568)

were added direct to the blocking solution (1:1000 and 1:250 dilution,
respectively) and incubated for 24 h at 4°C. After multiple washes in PTX
(3⫻ 1 h at room temperature and 1⫻ overnight at 4°C), the diaphragms
were incubated with an AlexaFluor-488-cojugated anti-rabbit antibody
(1:200 dilution) for 24 h at 4°C. Diaphragms were imaged after further
multiple washes in PTX (3⫻ 1 h at room temperature and 1⫻ overnight
at 4°C) and optical clearing by immersion in an increasing PBS-glycerol
series (up to 100% glycerol).

Microscopy and imaging
Phase-contrast and standard fluorescence images of primary neuronal
cultures and sections were acquired at room temperature using an Olympus IX81 inverted fluorescence microscope with 4⫻, 10⫻, and 20⫻ objectives, standard DAPI, GFP, and TRITC filters, and a Soft Imaging
Systems (SIS) F-View camera (analySIS imaging software). Phasecontrast images of the same field of neurites in primary cultures were
captured at the indicated time points. Confocal images of immunostained and/or DiI-labeled sections were acquired at room temperature
using an Olympus FV1000 confocal microscope imaging system with
40⫻ NA 1.3 and 60⫻ NA 1.35 objectives. Laser excitation and emission
filter settings were 405 nm and 425/50 for DAPI, 488 nm and 515/30 for
AlexaFluor-488, and 543 nm and 560 LP for DiI/AlexaFluor-568. All
channels used the same dichroic mirror with edge wavelengths at 405,
488, and 543 nm. The different fluorescence channels were acquired
sequentially. Bright-field images of Nissl-stained sections were acquired
at room temperature using an Olympus BX41 upright microscope (5⫻
objective) and MicroPublisher 3.3 camera (QIMaging). Images of hematoxylin and eosin-stained whole embryo sections were acquired using a
Nikon SMZ 800 microscope at room temperature with a transillumination light source and Nikon Coolpix 990 digital camera. Images were
processed using Adobe Photoshop Elements 6.

Microinjection and quantification of neurite degeneration
Microinjection. Injections were performed on a Zeiss Axiovert 200 microscope using a FemtoJet and TransferMan NK2 microinjection system (Eppendorf). Plasmids were diluted in 0.5⫻ PBS and passed through a Spin-X
filter (Costar) before loading into Femtotips (Eppendorf) and being injected
into the nuclei of SCG neurons in dissociated cultures. Plasmids
pDsRed2-N1 and LV-Cre-EGFP (containing Cre-EGFP under the control
of the CMV promoter) or pEGFP-C1 were injected at a final concentration
of 10 ng/l. Just 50 –100 neurons were injected per dish to facilitate visualization of individual labeled neurites.
Quantification of neurite degeneration. Numbers of continuous,
healthy Ds-Red2-labeled neurites were counted in the same field of distal
neurites at the same time every day after injection from the second day
after injection (labeling was faint at 1 d after injection, making quantification unreliable). The percentage of healthy neurites remaining relative
to the total number of labeled neurites (healthy and degenerated) at 2 d
after injection was determined. Neurites were deemed unhealthy if they
displayed abnormal swellings or had undergone fragmentation. Any new
neurites growing into the analyzed field during the time course (mainly
in wild-type cultures) were not counted.

Statistical analysis
The statistical analyses described in the text were performed using Microsoft Excel, PASWStatistics version 18.0 (SPSS), and Prism (GraphPad
Software) software.

Results
Generation of a mouse line with conditional-ready disruption
of Nmnat2
We generated a mouse line with targeted disruption of
the Nmnat2 gene using a EUCOMM gene trap allele
(Nmnat2 Gt(EUCE0262a08)Hmgu) with a conditional-ready gene trap
cassette inserted into intron 1 of the gene (Fig. 1A) (Schnutgen et al.,
2005). Mice heterozygous and homozygous for the targeted allele
will hereafter be referred to as Nmnat2 ⫹/gtE and Nmnat2 gtE/gtE mice,
respectively.
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is unlikely. Nmnat2 gtE/gtE mice can therefore be considered to be nullizygous, or
at least severely hypomorphic, for the
Nmnat2 gene.
Nmnat2 gtE/gtE mice show gross morphological changes that are identical to
those seen in the NMNAT2-deficient Blad
(Nmnat2 blad/blad) mutant mouse (Hicks et
al., 2012). Nmnat2 gtE/gtE pups fail to initiate breathing and die at birth, they do not
move in utero or at birth, and they show a
hunched posture characteristic of mice
with severe neuromuscular defects (Turgeon and Meloche, 2009). Nmnat2 gtE/gtE
embryos are also unable to micturate and
develop a distended bladder by E18.5. In
contrast, Nmnat2 ⫹/gtE mice are born at
the expected ratios, appear normal at
birth (as is the case for Nmnat2 ⫹/blad mice
(Hicks et al., 2012), and show no obvious
signs of abnormality up to 12 months.
We found no changes in Nmnat1 or
Nmnat3 mRNA levels in the brains of either Nmnat2 ⫹/gtE or Nmnat2 gtE/gtE E18.5
embryos (Fig. 1C), consistent with results
for the Blad mutant mouse (Hicks et al.,
2012). We additionally found no change
in Nampt mRNA levels (Fig. 1C), the gene
encoding the rate-limiting enzyme in the
NAD ⫹ salvage pathway. Therefore, depletion of NMNAT2 in Nmnat2 ⫹/gtE or
Nmnat2 gtE/gtE embryos during development does not appear to induce compensatory changes in expression of other
critical enzymes in the NAD ⫹ biosynthetic pathway.
Restricted axon extension underlies the
peripheral nerve defect in Nmnat2 gtE/gtE
Figure 1. Generation and initial characterization of NMNAT2-deficient mice. A, Localization of the conditional-ready gene trap embryos
within intron 1 of the mouse Nmnat2 gene in mice derived from EUCOMM ES cell clone EUCE0262a08. Features are as described Peripheral nerve/axon defects were found
previously (Schnutgen et al., 2005). Positions of PCR genotyping primers (arrows A–C), and representative genotyping results for to be a key feature of Blad mutant emwild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE animals, are also shown. B, Representative RT-PCR showing Nmnat2 mRNA bryos, with dying-back axonopathy, belevels (two sets of primers), levels of the mRNA derived from trapping (GT ), and Actb mRNA levels (acting as a reference), in brains ginning between E13.5 and E15.5, being
of wild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE E18.5 embryos. C, Quantification of RT-PCR data showing relative mean
proposed as a possible cause (Hicks et al.,
levels (⫾ SEM) of Nmnat2, GT, Nmnat1, Nmnat3, and Nampt mRNAs after normalization to Actb mRNA (n ⫽ 4 for each genotype).
2012). This was principally based on an
gtE/gtE
levels.
Data are presented relative to wild-type levels (set at 1), except for GT data, which is presented relative to Nmnat2
*p ⬍ 0.05 (two-tailed one sample t test). **p ⬍ 0.01 (two-tailed one sample t test). D, Representative immunoblots showing immunohistological analysis of embryo
Nmnat2 levels (two antibodies) in brains of wild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE E18.5 embryos. ␤III-Tubulin acts sections, which revealed that axons presas the sample control. NMNAT2 migrates at ⬃32 kDa. A nonspecific band (*), slightly larger than NMNAT2 (arrow), is detected by ent in the thigh region of mutant embryos
Y079B. E, Quantification of immunoblot data showing relative mean levels (⫾ SEM) of NMNAT2 detected with each antibody after at E13.5 have degenerated by E18.5 and
normalization to ␤III-Tubulin (n ⫽ 4 for each genotype). Data are presented relative to wild-type levels (set at 1). **p ⬍ 0.01 that axons are absent in the lower leg and
(two-tailed one sample t test).
hindpaw at E15.5. However, the presence
or absence of axons in more distal regions
Using RT-PCR and immunoblotting, we found that silencing
of the hindlimb at stages earlier than E15.5 was not reported. We
of the trapped allele appears to be robust (Fig. 1B–E). Nmnat2 ⫹/
therefore used a variety of techniques, including lowergtE animals showed an ⬃50% reduction in expression of
magnification, whole-mount methods, to provide a more
Nmnat2 mRNA and NMNAT2 protein in the brains of E18.5
complete overview of the extent of the peripheral axon defect
embryos. No expression was detected in Nmnat2 gtE/gtE embryos,
in NMNAT2-deficient Nmnat2 gtE/gtE embryos at E13–E14.5.
although trace amounts of Nmnat2 mRNA or protein could
DiI tracing, which can be used to anterogradely label axons
nevertheless be present. Similar reductions were also found in
(Godement et al., 1987), was first used to longitudinally label
E13–E14.5 brains (data not shown). Our immunoblot results,
spinal nerves and their distal branches in the embryos (Fig.
together with use of RT-PCR primers spanning exons 4 –5, indi2 A, B). Nerve branches in the hindlimb were consistently labeled
cate that alternative promoter usage downstream of the gene trap
as far as the hindpaws in wild-type and Nmnat2 ⫹/gtE embryos at
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Figure 2. DiI labeling and neurofilament immunostaining reveal peripheral nerve defects in E13–E14.5 Nmnat2 gtE/gtE embryos. A, DiI-labeled spinal nerve branches in the hindlimb
and intercostal nerves in the ribcages of E13/13.5 and E14.5 wild-type, Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE embryos 5 weeks after insertion of DiI crystals into the thoracic and subthoracic
spinal cord (images are representative of at least n ⫽ 3 embryos of each genotype). B, Confocal optical slice from a transverse cryosection of an intercostal nerve immunostained for NF-L
after diffusion of DiI from the thoracic spinal cord of a wild-type E18.5 embryo confirms labeling of structures within the nerve by DiI (DAPI counterstaining reveals nuclei). Lack of precise
colocalization is consistent with DiI labeling membranes and NF-L labeling the cytoskeleton. C, Whole-mount NF-L immunostaining of diaphragms from wild-type, Nmnat2 ⫹/gtE, and
Nmnat2 gtE/gtE E14.5 embryos (representative of n ⫽ 3 for each genotype) to label phrenic nerve branches. No branches were detected in Nmnat2 gtE/gtE diaphragms. NF-H immunostaining revealed a similar lack of phrenic nerve branches in Nmnat2 gtE/gtE E14.5 embryos (n ⫽ 2 for each genotype), although staining was weaker because of low levels of NF-H
expression at this stage (data not shown).
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Figure 3. Restricted neurite outgrowth in explant cultures of Nmnat2 gtE/gtE DRGs and SCGs at different embryonic stages. A, Representative images of neurite outgrowth at 2 DIV and 7 DIV from
cultured E13.5–E14.5 and E18.5 DRG explants and E18.5 SCG explants from Nmnat2 ⫹/gtE and Nmnat2 gtE/gtE embryos. Nmnat2 ⫹/gtE explants were indistinguishable from wild-type explants (data
not shown) in all cases (see B). Nmnat2 gtE/gtE DRGs taken from E18.5 embryos were noticeably smaller than wild-type and Nmnat2 ⫹/gtE DRGs, reflecting extensive DRG loss that occurs at later
developmental stages in Nmnat2 gtE/gtE embryos (Fig. 8C). The limit of mass outgrowth of the majority of neurites is indicated by an arrow (if located in the image shown) and maximum extension
of smaller numbers of neurites in Nmnat2 gtE/gtE cultures by an asterisk. Higher magnification of the boxed region in the Nmnat2 gtE/gtE SCG culture at 7 DIV shows deteriorating health of the small
population of longer neurites. B, Mean radial neurite outgrowth (mm ⫾ SEM) up to 7 DIV in DRG and SCG explant cultures (as indicated) from wild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE
E14.5 or E18.5 embryos. Mass outgrowth (mean extension of the majority of neurites) and maximum (max) outgrowth (mean extension of smaller populations of longer neurites) are plotted
separately for Nmnat2 gtE/gtE cultures. Each analysis involved n ⫽ 2 wild-type, n ⫽ 7–11 Nmnat2 ⫹/gtE, and n ⫽ 6 Nmnat2 gtE/gtE embryos, with average growth determined from 1 to 3 ganglia for
each embryo. p values were calculated from embryo averages using two-way repeated-measures ANOVA with Bonferroni post hoc correction. Wild-type and Nmnat2 ⫹/gtE growth curves were
essentially indistinguishable in all cases.

both E13/E13.5 and E14.5, but labeled nerves only extended a
relatively short distance into the thigh region in Nmnat2 gtE/gtE
embryos. For intercostal nerves, DiI labeling reached a maximum
of 2.39 ⫾ 0.15 mm from the spinal cord in E14.5 Nmnat2 gtE/gtE
embryos (n ⫽ 7 embryos, multiple nerves), compared with
3.76 ⫾ 0.14 mm in wild-types (n ⫽ 4) and 3.79 ⫾ 0.16 mm in
heterozygotes (n ⫽ 3). Intercostal nerves in Nmnat2 gtE/gtE embryos also appeared to lack significant lateral branching. These

results were indicative of truncated spinal nerve axons. Neurofilament immunostaining of cryosections additionally confirmed
that axons are present in pelvic and upper thigh regions of E14.5
Nmnat2 gtE/gtE embryos but are essentially absent from more distal regions of the hindlimb (data not shown). Finally, we found
that the distal branches of the phrenic nerves are also absent from
the diaphragms of Nmnat2 gtE/gtE E14.5 embryos using wholemount neurofilament immunostaining (Fig. 2C). Together, these
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findings confirmed a widespread peripheral nerve/axon defect as early as E13–
E14.5 in Nmnat2 gtE/gtE embryos that is
characterized by axon truncation. The fact
that this is already evident just a short time
after axons first invade the developing
limb bud at E11.5–E12.5 (Martin, 1990),
together with a failure to detect any degenerated axon remnants at E14.5 using
neurofilament immunostaining (Fig. 2C;
and data not shown), raised the possibility
that defective axon outgrowth, rather
than dying-back degeneration of more established axons, could be the underlying
cause.
To test this, we monitored neurite outgrowth and survival over time in primary
explant cultures of sensory and sympathetic PNS ganglia (Fig. 3). In E13.5–
E14.5 DRG explant cultures, radial
outgrowth of neurites from Nmnat2 gtE/gtE
ganglia initially appeared relatively normal up to 1 DIV, but subsequent extension was extremely limited. Neurite
extension stalled at just ⬎2 mm by 3 DIV,
after which the majority of Nmnat2 gtE/gtE
neurites began to retract slightly into bundles without showing any other physical
signs of deteriorating health. In contrast, neurite outgrowth in Nmnat2 ⫹/gtE
cultures was comparable with that in
wild-type cultures and had exceeded 5
mm by 7 DIV.
Similar patterns of neurite outgrowth
were seen in DRG and SCG cultures from
E18.5 embryos. Overall extension rate in
E18.5 DRG cultures of all genotypes was
slower than for E13.5–E14.5 DRGs, but
the maximum extent of outgrowth for
Nmnat2 gtE/gtE neurites was nevertheless Figure 4. An RGC axon defect in Nmnat2 gtE/gtE optic nerve. A, Low-magnification wide-field images of NF-L and ␤III-Tubulin
similar (⬃2 mm at 3 DIV). Importantly, (TUJ1) immunostaining of horizontal cryosections of the heads of wild-type, Nmnat2 gtE/gtE, and Nmnat2 gtE/gtE;Wld S/⫹ E18.5
initial outgrowth (up to 3 DIV) from embryos at the level of the optic nerve (ON), optic chiasma (OX), and optic tract (OT). Maximal length of NF-L and ␤III-TubulingtE/gtE
ON (as revealed by staining of adjacent serial sections for ⬎150 m in each direction) is
Nmnat2 gtE/gtE E18.5 DRGs was rela- labeled RGC axons in the Nmnat2
gtE/gtE
;Wld S/⫹ embryos. B, Confocal slices
tively normal, despite the significant indicated by an asterisk. The RGC axon defect appears to be largely corrected in Nmnat2
of
the
boxed
regions
in
A
highlight
abnormal
swellings
containing
accumulations
of
NF-L
at
the
distal ends of the truncated RGC
DRG neuron loss that has occurred by this
axons in Nmnat2 gtE/gtE embryos. Arrows point to swellings in higher-magnification images (zoom) of the boxed regions in the
developmental stage in embryos lacking
panels above. C, NF-L immunostaining and DAPI counterstaining of horizontal sections through the retinas of wild-type and
NMNAT2 (Hicks et al., 2012) (see Fig. Nmnat2 gtE/gtE E18.5 embryos revealed a normal optic fiber layer (OFL) and no evidence of significant pyknosis in the ganglion cell
gtE/gtE
E18.5 SCGs, the layer (GCL) in the mutant. Images are representative of n ⫽ 3 embryos of each genotype. Nmnat2 ⫹/gtE embryos (n ⫽ 3) were
8C). For Nmnat2
length of the majority of neurites was indistinguishable from wild-types (data not shown).
more restricted, with a maximum of just
⬎1 mm of radial outgrowth by 3 DIV.
Nmnat2 gtE/gtE embryos at different developmental stages. This
However, a small number of Nmnat2 gtE/gtE SCG neurites showed
is an inherent defect as glia are essentially absent from these culmore robust and prolonged extension, possibly reflecting pretures. Intriguingly, the extent of radial neurite outgrowth in these
viously reported SCG neuron heterogeneity (Bowers and Zigcultures is broadly comparable with the consistent length of the
mond, 1979), but this was still relatively limited (⬃3 mm
peripheral nerve stumps in E13–E14.5 Nmnat2 gtE/gtE embryos.
compared with ⬃5 mm in wild-type and Nmnat2 ⫹/gtE cultures
Axon defects in the CNS of Nmnat2 gtE/gtE embryos
at 7 DIV). Importantly, in contrast to the mass of more
gtE/gtE
neurites, some blebbing of this small
stunted Nmnat2
Gross structural changes were reported to be absent in Blad mupopulation of longer SCG neurites was evident by 7 DIV (Fig.
tant brain and spinal cord, and the populations of CNS neurons
3A), suggestive of deteriorating health.
that were found to be depleted in late-stage embryos (motor
These data indicate that the maximum length a neurite can
neurons in the ventral horn of the spinal cord and some cranial
extend, or can be supported, is severely limited in primary culnerve nuclei) extend their axons into peripheral nerves (Hicks et
tures of two different populations of peripheral neurons from
al., 2012). We similarly found no obvious signs of gross structural
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mulations were found toward the distal
ends of the truncated axons (Fig. 4B). Importantly, the optic fiber layer in the retina, containing proximal RGC axon
segments, appeared normal in Nmnat2 gtE/
gtE embryos, and there was no evidence for
significant loss of RGC viability (Fig. 4C),
indicating that this is a primary axonal
defect.
Reduction, or even absence, of corticospinal tract axons in the dorsal column of
cervical segments of the spinal cord in
E18.5 Nmnat2 gtE/gtE embryos (Fig. 5A)
may reflect limited axon extension in another CNS neuron population. These axons, which mostly originate from neurons
in the primary motor cortex and project
caudally along the spinal cord, are still in
their growth phase at this developmental
stage (Hsu et al., 2006). The lack of any
clear signs of degenerated axon remnants
at this level suggests that axon extension
in the mutant is either delayed or has
stalled at an earlier point along the tract.
Other axonal changes are also evident
in the CNS of E18.5 Nmnat2 gtE/gtE embryos, including an absence of healthylooking gracile tract axons in the dorsal
column of the spinal cord (Fig. 5A) and
complete absence of the olfactory nerve
fiber layer in the olfactory bulb (Fig. 5B).
However, although these axon populations reside in the CNS, they are the central projections of DRG and olfactory
receptor neurons located in the periphery, respectively. The extent to which
Figure 5. Axon defects in the spinal cord and olfactory bulb in E18.5 Nmnat2 gtE/gtE embryos. Images of NF-L and ␤III-Tubulin early axonal defects might contribute is
(TUJ1) immunostaining of horizontal cryosections of the lower cervical spinal cord (and surrounding tissues) (A), and the olfactory also not clear. Certainly, some of the
bulb (B), of wild-type, Nmnat2 ⫹/gtE, Nmnat2 gtE/gtE, and Nmnat2 gtE/gtE;Wld S/⫹ E18.5 embryos (representative of serial sections axon loss and apparent axonal dystrofrom n ⫽ 3 embryos of each genotype). Higher-magnification images of NF-L immunostaining in the dorsal column of the spinal phy in the gracile tract is likely to be the
cord (white boxed region) are shown at the bottom of A. The approximate locations of the corticospinal tract (yellow circle) and result of axon degeneration secondary
gracile tract (red box) are indicated. The dorsal column appears elongated in the Nmnat2 gtE/gtE embryo, but the overall area is to the extensive DRG cell death that is
similar to that in wild-type and Nmnat2 ⫹/gtE embryos. However, there is a clear deficiency of axons in the corticospinal tract in the
evident by E18.5/P0 in Nmnat2 gtE/gtE
Nmnat2 gtE/gtE dorsal column, and the gracile tract appears to contain fewer, severely dystrophic axons. B, The olfactory nerve layer
embryos (see Fig. 8C).
(circled in yellow) can easily be identified in wild-type, Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE;Wld S/⫹ sections but is absent from serial
gtE/gtE
These observations suggest that axonal
sections through the comparable region in Nmnat2
embryos.
defects may be relatively common within
the CNS of Nmnat2 gtE/gtE embryos, with
changes in the CNS of late-stage Nmnat2 gtE/gtE embryos or
some being evident in axon tracts derived from CNS neuron
newborn pups using hematoxylin and eosin and Nissl staining
populations, and not just central projections of peripheral neu(data not shown). However, given the profound axon defect in
rons. To establish whether this reflects defective axon extension,
the periphery, we next investigated whether similar axonal
as appears likely in the PNS, we assessed neurite outgrowth in
defects are present in the CNS of Nmnat2 gtE/gtE embryos that
primary cultures of cortical explants from E18.5 embryos (Fig. 6).
are not revealed using these detection methods.
Cortical neurite extension was much slower than for peripheral
We sought direct evidence for truncated axons originating
ganglia, but outgrowth from Nmnat2 gtE/gtE cortical explants was
gtE/gtE
E18.5 embryos
similarly severely restricted after an initial, short period of normal
from CNS neuron populations in Nmnat2
using a combination of NF-L and ␤III-Tubulin immunostaining
extension (Fig. 6A–C). Radial outgrowth reached a maximum of
of brain and spinal cord sections to highlight axons and axon
1.5 mm by 7 DIV, whereas both wild-type and Nmnat2 ⫹/gtE cultracts. The clearest example was found in the visual system (Fig.
tures continued to extend to ⬎2.5 mm by 14 DIV. In contrast to
4). Both NF-L and ␤III-Tubulin immunostaining revealed the
the majority of neurites in Nmnat2 gtE/gtE DRG and SCG cultures,
presence of truncated retinal ganglion cell (RGC) axons in the
Nmnat2 gtE/gtE cortical neurites started to show signs of significant
gtE/gtE
optic nerve of Nmnat2
embryos (Fig. 4A). Axons fall short
blebbing from 7 DIV once this maximum had been reached (Fig.
of the optic chiasma, and the optic tract is essentially absent. In
6D). However, there was no subsequent dying-back of neurites
addition, numerous swellings containing neurofilament-L accu(Fig. 6A), and calcein-AM staining at 14 DIV suggested that the
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blebbed neurites retained esterase activity
and were not completely degenerated
(Fig. 6 B, D). Intriguingly, blebbing of the
stunted Nmnat2 gtE/gtE cortical neurites in
these cultures mirrors the swellings seen
along truncated Nmnat2 gtE/gtE RGC axons in the optic nerve.
These data indicate that a lack of
NMNAT2 significantly limits neurite extension in a major population of CNS
neurons via a mechanism that does not
appear to involve dying-back degeneration of longer neurites. This largely
matches the situation in peripheral ganglia explant cultures and may underlie the
RGC axon defect in the optic nerve.
Defects in Nmnat2 gtE/gtE mice are
rescued by Wld S dose-dependently
We proposed that the Wld S protein can
substitute for NMNAT2 in neurites in primary SCG neuron cultures because of its
shared enzyme activity and greater stability,
enabling neurites to survive after axotomy
or NMNAT2 knockdown (Gilley and
Coleman, 2010). To address whether it
can also compensate for a lack of
NMNAT2 in vivo, we bred Nmnat2 gtE/gtE
mice that were heterozygous for the Wld S
mutation (Nmnat2 gtE/gtE;Wld S/⫹). Whereas
gtE/gtE
cortical explant cultures. A, Mean radial neurite outgrowth (mm ⫾
Nmnat2 gtE/gtE pups are hunched at birth and Figure 6. Restricted neurite outgrowth in Nmnat2
SEM) up to 14 DIV in cortical explant cultures from wild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE E18.5 embryos (n ⫽ 4
gtE/gtE
S/⫹
;Wld
cannot breathe, Nmnat2
embryos per genotype, with average growth per embryo determined from 2 separate explants). p values were calculated from
pups were born with a normal posture embryo averages using two-way repeated-measures ANOVA with Bonferroni post hoc correction. B, Representative fluorescent
and could initiate breathing in most cases images of cortical explant cultures stained with calcein-AM at 14 DIV. C, Mean radial neurite outgrowth (mm ⫾ SEM) in cortical
(Fig. 7 A, B). However, all still died within explant cultures as revealed by Calcein-AM staining at 14 DIV. Data are from the same cultures as in A. **p ⬍ 0.01, Nmnat2 gtE/gtE
a few hours of birth.
versus both wild-type and Nmnat2 ⫹/gtE (calculated from embryo averages using one-way ANOVA with Bonferroni post hoc
Despite its limited ability to extend life correction). Measurements based on calcein-AM staining and phase-contrast images are therefore consistent with each other. D,
span, heterozygous Wld S expression in Representative phase-contrast images of neurites in cortical explant cultures at 7 DIV, and fluorescent images of calcein-AM
gtE/gtE
cultures at both time points.
these animals (confirmed by immuno- stained neurites at 14 DIV. Significant neurite blebbing is visible in Nmnat2
blotting; Fig. 7C) was sufficient to rescue
other morphological and neuronal defects associated with a lack
of NMNAT2. At the gross morphological level, we found that the
neurons and spinal cord motor neurons that occurs late in the
bladders of newborn Nmnat2 gtE/gtE;Wld S/⫹ pups and full-term
development of NMNAT2-deficient embryos (Fig. 8C), and the
embryos (E18.5) were not distended (Fig. 7B), suggesting a correcdegeneration of truncated axons in spinal nerve stumps (Fig. 8D),
tion of the micturition defect (Hicks et al., 2012). Reduced muscle
themselves possible consequences of an initial axon extension
mass, likely because of failed innervation, is also a key feature of
defect (see Discussion).
Nmnat2 gtE/gtE and Blad embryos and newborn pups, but there
was no obvious wasting of skeletal muscles in the torsos and limbs
Interestingly, heterozygous levels of Wld S also rescued CNS degtE/gtE
S/⫹
;Wld
animals (Fig. 7B). Importantly, the diafects associated with a lack of NMNAT2, including the RGC axon
of Nmnat2
phragm, which is underdeveloped in the mutant animals, also
defect in the optic nerve (Fig. 4A) and the loss of the olfactory nerve
appeared normal in the presence of Wld S (Fig. 7D).
layer in the olfactory bulb (Fig. 5B). We also found that neurite
With regard to any peripheral nerve defect, we found that DiI
outgrowth in Nmnat2 gtE/gtE;Wld S/⫹ cortical explant cultures is pargtE/gtE
S/⫹
;Wld
E14.5 embryos
tially rescued, with neurites extending to 2.33 ⫾ 0.11 mm by 14 DIV
labeling of spinal nerves in Nmnat2
revealed a grossly normal appearance and length of intercostal
(n ⫽ 4 explants from 2 embryos, compare withFig. 6C).
nerves and nerves in the hindlimb (Fig. 8A). Consistent with this,
Although the rescue of defects attributable to restricted axonal
Wld S expression largely corrected the Nmnat2 gtE/gtE neurite outextension is substantial in Nmnat2 gtE/gtE;Wld S/⫹ mice, it does not
growth defect in E14.5 DRG explant cultures without having
significantly extend life span, presumably because it is not complete.
any significant effect on neurite outgrowth in wild-type or
However, as delayed Wallerian degeneration in Wld S mice is dose⫹/gtE
cultures (Fig. 8B). Rescue of the axon outgrowth
dependent (Mack et al., 2001), we bred Nmnat2 gtE/gtE mice homozyNmnat2
defect, resulting in greatly improved innervation of target tissues,
gous for Wld S (Nmnat2 gtE/gtE;Wld S/S) and found that increased
Wld S expression results in more complete rescue. Nmnat2 gtE/gtE;
therefore likely accounts for the normal gross morphology of
gtE/gtE
S/⫹
;Wld
embryos and newborn pups.
Wld S/S mice survive to breeding age (2–3 months) without overt
late-stage Nmnat2
S
Wld expression also largely prevented the massive loss of DRG
signs of abnormality, are within a healthy weight range, and are
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Figure7. GrossmorphologicaldefectsfoundinnewbornpupslackingNMNAT2arerescuedbyWld S expression.A,PostureofNmnat2 gtE/gtE,Nmnat2 gtE/gtE;Wld S/⫹,andwild-type(Wld S/⫹)E18.5embryos.
AllNmnat2 gtE/gtE;Wld S/⫹ E18.5embryosandnewbornpupsobservedtodate(n⫽13)hadanormalposture.HeterozygosityforWld S doesnotaffectthegrossappearanceofwild-typeorNmnat2 ⫹/gtE embryos
(which are also normal; data not shown). B, Hematoxylin and eosin-stained pelvic, abdominal, and thoracic cryosections from newbornNmnat2 gtE/gtE, Nmnat2 gtE/gtE;Wld S/⫹, and wild-type (Wld S/⫹) pups. A
distendedbladder(b)canbeseentoextendtothelevelofthekidneys(k)intheabdomenoftheNmnat2 gtE/gtE pup.Thereisalsoreducedmusclemassinthethigh,pelvis,andabdominalwalls,andcollapsedlungs
(lu) are indicative of a failure to breathe. The Nmnat2 gtE/gtE;Wld S/⫹ pup appears similar to the wild-type with a nondistended bladder, normal muscle mass, and lungs (lu) that show clear signs of inflation. A
distended stomach (st) can be seen in the abdomen of the wild-type pup. C, Immunoblot showing selective expression of Wld S in newborn wild-type (⫹/⫹), Nmnat2 ⫹/gtE, and Nmnat2 gtE/gtE pups
heterozygous for Wld S (W S/⫹). ␤III-Tubulin represents the sample control, and NMNAT2 levels confirm the Nmnat2 genotype. D, Hematoxylin and eosin-stained cryosections showing an underdeveloped
diaphragm in a newborn Nmnat2 gtE/gtE pup but normal diaphragms in newborn Nmnat2 gtE/gtE;Wld S/⫹ and wild-type pups. The diaphragm (arrowhead) lies between the liver (li), the lungs (top), and the
ribcage (left) in these sections. B, D, Images are representative of at least n ⫽ 3 per genotype.

fertile. This indicates that Wld S can offset an absence of NMNAT2 in
vivo into adulthood, but only if levels are high enough.
Mice expressing subheterozygous levels of NMNAT2
are viable
We next investigated whether NMNAT2 expression at levels
lower than those in Nmnat2 ⫹/gtE mice is compatible with survival. We crossed Nmnat2 ⫹/gtE mice to mice heterozygous for an
alternative gene-trapped Nmnat2 allele (termed Nmnat2 gtBay to

distinguish it from the Nmnat2 gtE allele), which suppresses expression from the trapped allele by only ⬃50% (Mayer et al., 2010).
This produced compound heterozygotes (Nmnat2 gtBay/gtE) expressing Nmnat2 mRNA and NMNAT2 protein at ⬃25% of
wild-type levels (Fig. 9). Despite the lower expression levels,
Nmnat2 gtBay/gtE mice are viable and survive to at least 12 months
of age without any overt abnormalities. Therefore, the threshold
level of NMNAT2 required for normal development and survival
appears to be ⬃ⱕ25% of wild-type levels.
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Figure 8. Whole nerve and neuronal defects found in newborn pups lacking NMNAT2 are rescued by Wld S expression. A, DiI-labeled intercostal nerves in the ribcage and spinal nerve branches
in the hindlimb of an Nmnat2 gtE/gtE;Wld S/⫹ E14.5 embryo (representative of n ⫽ 3 and matching images in Fig. 2A). B, Mean radial neurite outgrowth (mm ⫾ SEM) up to 7 DIV in E14.5 DRG explant
cultures from wild-type (⫹/⫹), Nmnat2 gtE/gtE, and Nmnat2 gtE/gtE;Wld S/⫹ embryos (top: n ⫽ 2, 5, and 3 embryos, respectively, with average growth per embryo determined from 1–3 DRGs), and
at 7 DIV only in cultures from Nmnat2 ⫹/gtE embryos ⫾ Wld S/⫹ (bottom: n ⫽ 2 or 3 embryos per genotype/3 DRGs per embryo). p values (top) were calculated from embryo (Figure legend continues.)
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Figure 9. Subheterozygous levels of NMNAT2 expression in Nmnat2 gtBay/gtE compound heterozygote mice. A, RT-PCR showing levels of Nmnat2 mRNA in brains of 6 month wild-type,
Nmnat2 ⫹/gtBay, Nmnat2 ⫹/gtE, and Nmnat2 gtBay/gtE mice. Levels of Actb mRNA act as a reference. B, Representative immunoblot showing NMNAT2 levels (two independent antibodies) in
brains of 6 month wild-type, Nmnat2 ⫹/gtBay, Nmnat2 ⫹/gtE, and Nmnat2 gtBay/gtE mice. ␤IIITubulin acts as the sample control.

Conditional silencing of a single Nmnat2 allele is sufficient to
induce neurite degeneration
We have previously shown that siRNA-mediated depletion of
NMNAT2 in primary SCG neuron cultures triggers Wallerian-like
neurite degeneration (Gilley and Coleman, 2010). The gene trap
cassette in the Nmnat2 gtE allele is conditional-ready (Schnutgen et
al., 2005) and can be inactivated and then reactivated via sequential
expression of FLPe and Cre recombinases (Fig. 10A). We therefore
used this functionality to test whether conditional silencing of
trapped Nmnat2 alleles could replicate our siRNA results.
Nmnat2 ⫹/gtE mice were first bred to FLPe transgenic mice to
invert the gene trap cassette (Nmnat2 gt(inv)) and reinstate Nmnat2
expression from the targeted allele. Mice were then bred to homozygosity. As predicted, Nmnat2 mRNA and NMNAT2 protein levels
were restored to wild-type levels in both Nmnat2 ⫹/gt(inv) and
4
(Figure legend continued.) averages using two-way repeated-measures ANOVA with Bonferroni
post hoc correction. Data are independent of that in Figure 3B. Wld S/⫹ does not significantly affect
wild-typeandNmnat2 ⫹/gtE DRGneuriteoutgrowth(bottom:one-wayANOVA).C,Nissl-stainedhorizontal cryosections at the level of the L3 DRG (widest aspect), from newborn Nmnat2 gtE/gtE,
Nmnat2 gtE/gtE;Wld S/⫹, and wild-type;Wld S/⫹ (⫹/⫹;Wld S/⫹) pups. Reduced DRG size (arrowed)
andreducednumbersofventralhornmotorneurons(VHMNs)inthespinalcord(magnifiedforclarity)
areevidentintheNmnat2 gtE/gtE pupandarerescuedintheNmnat2 gtE/gtE;Wld S/⫹ pup.Meanneuron
numbers (⫾ SEM) in L4 DRGs (top) and mean numbers (⫾ SEM) of VH MNs per section in lower
lumbar spinal cord (bottom) in each genotype. Data are from n ⫽ 3 or 4 pups for each genotype
(wild-types⫾Wld S/⫹ weregrouped;n⫽2each).***p⬍0.001(one-wayANOVAwithBonferroni
post hoc correction). *p ⬍ 0.05 (one-way ANOVA with Bonferroni post hoc correction). D, DiI-labeled
intercostal nerves in the ribcages of newborn Nmnat2 gtE/gtE, Nmnat2 gtE/gtE;Wld S/⫹, and wild-type
pups (representative of n ⫽ 3 per genotype). Magnified regions highlight axon degeneration in
Nmnat2 gtE/gtE intercostal nerves.
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Nmnat2 gt(inv)/gt(inv) brains (Fig. 10B,C), and homozygotes were viable. We then prepared dissociated cultures of SCG neurons from
wild-type, Nmnat2 ⫹/gt(inv), and Nmnat2 gt(inv)/gt(inv) pups and injected them with an expression construct for EGFP-tagged Cre recombinase to invert the gene trap for a second time and thus
resilence trapped Nmnat2 alleles. We also injected a DsRed2 expression vector to allow visualization of neurites of the injected neurons.
As predicted, we found that Cre-EGFP expression triggered robust dying-back degeneration of distal neurites in Nmnat2 gt(inv)/gt(inv)
cultures relative to controls (Fig. 10D,E). This occurred at a slower
rate than that reported for neurite degeneration induced by Nmnat2
siRNA (Gilley and Coleman, 2010), presumably because of the different methods used to deplete NMNAT2. In the case of Cre-EGFP
injection, this requires several additional steps, including expression
of Cre-EGFP, recombination of the trapped allele, and natural turnover of Nmnat2 mRNA, whereas siRNA can actively target Nmnat2
mRNA for degradation as soon as injected. Notably, in contrast to
siRNA-mediated NMNAT2 depletion, there was no significant reduction in neuronal viability associated with Cre-mediated
Nmnat2 gtE silencing relative to the control (Fig. 10D). The extent of
loss of neuronal viability for all genotypes was consistent with a normal level of loss that occurs in experiments of this type and likely
underlies the gradual loss of neurites seen in control cultures.
However, a much more unexpected outcome of this analysis
was that distal neurites of Nmnat2 ⫹/gt(inv) neurons expressing
Cre-EGFP also showed significantly increased degeneration relative to controls (Fig. 10 D, E). This was delayed with respect to
Nmnat2 gt(inv)/gt(inv) neurons but was still extensive, with almost
70% of distal neurites having degenerated by 6 d after injection.
Maintenance of established SCG neurites therefore requires
NMNAT2 levels at least 50% that of wild-type levels. This directly
contrasts with the normal neurite outgrowth observed in constitutive heterozygote Nmnat2 ⫹/gtE SCG cultures (Fig. 3) and the
fact that mice with constitutive depletion of NMNAT2 to as low
as 25% of normal levels are healthy and outwardly normal (see
above). It therefore suggests that compensatory mechanisms are
triggered by otherwise limiting amounts of NMNAT2, at least in
primary culture and probably also in vivo, to promote normal
axon extension and survival. These putative compensatory
changes appear not to alter expression of other enzymes in the
NAD ⫹ salvage pathway (Fig. 1C). We have additionally found no
evidence for reduced expression of SARM1, a molecule that is
required for activation of Wallerian degeneration (Osterloh et al.,
2012), in the brains of E14.5 or E18.5 Nmnat2 ⫹/gtE embryos or
adult Nmnat2 ⫹/gtE and Nmnat2 gtBay/gtE mice (data not shown).

Discussion
Nmnat2 gtE/gtE embryos replicate all the initial phenotypic characteristics reported for the NMNAT2-deficient Blad mutant, providing
clear confirmation that NMNAT2 has an essential developmental
role. However, the extended findings presented here provide important new insight. Most significantly, neurite outgrowth assays
implicate stalled extension as the origin of axonal defects in
NMNAT2-deficient embryos, rather than the dying-back degeneration of established axons, which was proposed previously (Hicks et
al., 2012). Critically, this suggests that NMNAT2 is required for normal axon growth, in addition to its previously reported axon maintenance function (Gilley and Coleman, 2010).
Restricted axon extension could also underlie the widespread
sensory and motor neuron cell death in late-stage Nmnat2 gtE/gtE and
Blad embryos. Many neuron types become dependent on targetderived trophic support for survival during this stage of embryonic
development (Oppenheim, 1991; Raff et al., 1993), so failure of trun-
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Figure 10. Silencing of a single Nmnat2 allele is sufficient to induce neurite degeneration in primary SCG neuron cultures. A, Schematic showing how sequential exposure to FLPe and Cre
recombinases allows restoration of expression from the targeted Nmnat2 allele, and subsequent resilencing, through successive inversion of the gene trap facilitated by pairs of inversely orientated
heterotypic FLPe and Cre recombinase target sequences (colored triangles) (Schnutgen et al., 2005). B, C, Representative RT-PCR (B) and representative immunoblot (C) showing Nmnat2 mRNA and
NMNAT2 protein levels in brains of wild-type, Nmnat2 ⫹/gt(inv), and Nmnat2 gt(inv)/gt(inv) P1 pups. Actb and ␤III-Tubulin represent sample references. D, Survival of DsRed2-labeled distal neurites
(top) and neuron viability (bottom) for wild-type (⫹/⫹), Nmnat2 ⫹/gt(inv), and Nmnat2 gt(inv)/gt(inv) SCG neurons injected with a Cre-EGFP expression vector and pDsRed2 (both at 10 ng/l). The
mean percentage (⫾ SEM) of healthy DsRed2-labeled neurites or viable cell bodies remaining each day after injection, of those (both healthy and abnormal) present in (Figure legend continues.)
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cated axons to innervate more distal targets from the outset would be
expected to trigger programmed cell death. Consequently, the extensive degeneration of (already truncated) peripheral nerve axons seen
at the same, late stages in Nmnat2 gtE/gtE and Blad embryos is predicted to be secondary to neuronal death, rather than primary dyingback degeneration. The small numbers of surviving sensory and
motor neurons in DRGs and ventral horn of the spinal cord of P0
Nmnat2 gtE/gtE pups may be those that innervate more proximal targets within range of the limited axon length. The fact that
Nmnat2 gtE/gtE DRG and SCG neurons, from both mid-stage and
late-stage embryos, can support secondary regrowth of neurites and
maintain mostly healthy, if somewhat stunted, neurites when provided with appropriate trophic provision in primary culture, further
supports this possible interpretation.
Given its central role in NAD ⫹ biosynthesis, it seems likely that
the length of axon that can be supported when NMNAT2 is lacking
will be restricted by limiting levels of NAD ⫹ itself or other related
metabolites. As such, the range of influence of the other NMNATs
might be a critical determinant. NMNAT3, being mitochondrial,
should be present along the whole length of axons. Thus, it would be
hard to explain why axon length is so restricted if this source of
NMNAT activity has any meaningful capacity to promote axon extension. Indeed, this suggests that endogenous NMNAT3, which is
expressed at low levels in the nervous system (Berger et al., 2005;
Orsomando et al., 2012), is either too scarce or too compartmentalized to have any influence. Nuclear NMNAT1 activity and shortrange diffusion of critical metabolite(s) between the cell body and
axon therefore appear to be a more likely determinant of axon length
in NMNAT2-deficient embryos. Alternatively, loss of chaperone activity associated with NMNAT isoforms (Zhai et al., 2008; Ljungberg
et al., 2012) could perhaps be involved, with other chaperones able to
partially compensate for NMNAT2 loss.
Of course, although robust reductions in Nmnat2 expression
are seen in Nmnat2 gtE/gtE embryos, the possibility that the initial,
normal growth in Nmnat2 gtE/gtE cultures is actually the result of
extremely low residual levels of NMNAT2 cannot be ruled out.
Gene trapping involves alternative splice acceptor usage; consequently, suppression of gene expression is sometimes incomplete
(a good example being the Nmnat2 gtBAY allele). Interestingly, this
could also explain the less restricted outgrowth of small numbers
of neurites in Nmnat2 gtE/gtE SCG explant cultures if differential
splicing occurs in a subpopulation of the neurons.
A requirement of NMNAT2 for normal axon extension naturally
leads us to speculate about a possible role during axon regeneration.
In this respect, it will be critical to clearly establish the mechanistic
relationship between its axon growth and maintenance roles. Most
of the stunted Nmnat2 gtE/gtE neurites in SCG and DRG cultures
appear healthy, and the small amount of retraction that does occur at
later time points is probably the result of mechanical forces associated with neurite bundling rather than degeneration. However, the
distal ends of Nmnat2 gtE/gtE RGC axons in the optic nerve and cortical neurites in primary cultures, as well as some of the less stunted
4
(Figure legend continued.) the same field at 2 d after injection, is plotted. Neurite data are from
multiple fields in five independent injection experiments for each genotype. Injected cell bodies with
normal gross morphology were classed as viable. We previously demonstrated that morphology revealedbyfluorescentproteinsisareliableindicatorofneuronalviability(GilleyandColeman,2010).p
values were calculated from individual experiment averages using two-way repeated-measures
ANOVAwithBonferroniposthoccorrection.Wealsosawnoincreaseinneuritedegeneration(relative
to wild-type) for Nmnat2 ⫹/gt(inv) and Nmnat2 gt(inv)/gt(inv) SCG neurons injected with a control EGFP
expression vector, rather than Cre-EGFP (data not shown). E, Representative fields of DsRed2-labeled
distal neurites from experiments quantified in D at 2 and 6 d after injection.
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Nmnat2 gtE/gtE neurites in SCG cultures, do develop signs of blebbing
after initially appearing healthy. This suggests that they may be close
to the limit of survival. Thus, it is possible that stalled extension
simply reflects the point at which a threshold for degeneration is
reached. Although the ability of Wld S to rescue Nmnat2 gtE/gtE axon
extension does not differentiate these possibilities, as it ultimately
fulfills the same function as NMNAT2, assessing the effects of unrelated genetic manipulations that modulate Wallerian-like degeneration, such as an absence of MORN4 or SARM1 (Bhattacharya et al.,
2012; Osterloh et al., 2012), should provide important mechanistic
insight. Nevertheless, the possibility that compromised function or
restricted availability of NMNAT2 might influence axon regeneration is intriguing and clearly an area for future investigation.
The ability of Wld S expression to correct developmental defects associated with a lack of NMNAT2 in vivo nicely complements our previous findings in primary culture (Gilley and
Coleman, 2010). Furthermore, the dose dependence of this effect
mirrors the dose-dependent protection of cut axons by Wld S
(Mack et al., 2001). Whereas Wld S stability appears critical for its
ability to delay Wallerian degeneration by substituting for shortlived NMNAT2, relative rates of axonal delivery are probably
more critical with respect to its dose-dependent ability to rescue
the extension defect in axons lacking NMNAT2. A failure to
match the normal rate of supply of NMNAT2 with delivery of
Wld S might explain the incomplete rescue in Nmnat2 gtE/gtE;
Wld S/⫹ neurons. Healthier supply when expression is higher
could account for the improved survival of Nmnat2 gtE/gtE;Wld S/S
mice. Intriguingly, relatively slower delivery and accumulation of
Wld S in extending axons could also explain why its capacity to
delay Wallerian degeneration takes several days to become fully
established in Wld S neuronal cultures (Buckmaster et al., 1995).
Consistent with Nmnat2 ⫹/Blad mice (Hicks et al., 2012),
Nmnat2 ⫹/gtE mice develop normally and appear healthy up to at
least 12 months. Nmnat2 gtBAY/gtE compound heterozygotes, with
further reduced NMNAT2 levels, are also outwardly healthy up
to this age. Given that NMNAT2 is a low abundance protein
(Mayer et al., 2010), this sets a surprisingly low threshold of
NMNAT2 for normal development and animal survival, although enzyme activity will amplify its effects. The finding that
conditional silencing of a single Nmnat2 allele in primary culture
is sufficient to trigger distal neurite degeneration was therefore
both unexpected and intriguing. This leads us to suggest that
otherwise limiting levels of NMNAT2 trigger compensatory
mechanisms during development, allowing normal axon development and survival. Establishing what compensatory changes
occur in these mice will likely be very revealing with regard to
axon growth and/or maintenance mechanisms and could identify novel therapeutic targets for axonopathies. So far, we have
ruled out altered expression of other key enzymes in the NAD ⫹
salvage pathway or reduced expression of SARM1 as being involved.
Previously, we postulated that decreasing NMNAT2 levels in axons might precipitate dying-back axon degeneration in neurodegenerative diseases (Gilley and Coleman, 2010). Reduced Nmnat2
expression has been linked to pathogenesis in models of amyloid
pathology and tauopathy (Yan et al., 2010; Ljungberg et al., 2012),
but reduced delivery of NMNAT2, resulting from natural agerelated or pathology-driven declines in transport, could also trigger
dying-back degeneration. Thus, Nmnat2 ⫹/gtE and Nmnat2 gtBAY/gtE
mice should be useful resources for studying the effect of reduced
NMNAT2 levels on axon loss and declining cognitive function during aging. It will be important to determine whether compensatory
changes that allow normal development are also activated in this
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situation. The conditional functionality of the Nmnat2 gtE allele
should also facilitate analysis of the effect of NMNAT2 loss in axons
in adult mice, as other, unrelated changes that likely occur in transected or damaged axons should be absent. These mice could also be
a valuable resource for studying the influence of NMNAT2 in nonneuronal situations, such as cardiac hypertrophy (Cai et al., 2012), or
other aspects of NAD ⫹ biology.
Finally, it is intriguing that peripheral nerve and axon outgrowth defects in mice lacking the transcription factor CREB
(Lonze et al., 2002) are similar to those in NMNAT2-deficient
mice, given that CREB has been implicated in Nmnat2 regulation
(Ljungberg et al., 2012). Of course, CREB regulates a broad range
of genes in response to a variety of stimuli in neurons (Lonze and
Ginty, 2002), but it would nevertheless be interesting to establish
whether reduced NMNAT2 expression contributes to this phenotype in these mice.
In conclusion, we have proposed that widespread axon truncation in both the periphery and CNS of embryos lacking NMNAT2,
likely a key determinant of their overall phenotype, reflects severely
limited axon extension during early development, rather than later
dying-back axonopathy. We have also shown that both exogenous
and endogenous mechanisms can rescue the phenotype. Wld S can
directly substitute for NMNAT2 in vivo, both in a maintenance role
similar to that in primary culture and in this previously unstudied
developmental role. However, most intriguingly, our findings suggest that compensatory changes occur during development to facilitate normal axon growth and survival at limiting NMNAT2 levels.
Our conditional-ready Nmnat2-targeted mouse will be a useful resource for future studies of the role of NMNAT2 in axons, as well as
in a wide variety of other contexts.
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