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Nicotinamide adenine dinucleotide (NAD)
is one of the most important metabolites
in mammalian cells (Figure 1A). Its oxidized
form (NAD") and reduced form (NADH) play
a role in many reactions within cells, most
prominently in the redox reactions that lead
to the production of ATP. NAD functions
more broadly than that, however, and is
considered to be involved in hundreds of
different biological events (Lautrup et al.,
2019). Production of NAD" in mammalian
cells occurs mainly via the salvage pathway,
which utilizes nicotinamide (NAM), a product
of NAD" degradation, to re-synthesize NAD"
(Figure 1B). This occurs in two steps (Garten
et al., 2015): first, NAM and phosphoribosyl
pyrophosphate are condensed to
nicotinamide mononucleotide (NMN) by
the enzyme nicotinamide phosphoribosyl
transferase (NAMPT); second, NMN and ATP
are used by nicotinamide mononucleotide
adenylyltransferase 1-3 to produce NAD".
NAMPT functions as the rate-limiting
enzyme of the NAD' salvage pathway
(Revollo et al., 2004). More recently, the
therapeutic potential of NAD" and NAD"
biosynthesis has been investigated, with
focus on metabolic diseases, cancer, aging
and neurodegeneration (Garten et al. 2015;
Lautrup et al., 2019). The relationship
between NAD® and neurodegeneration has
been actively investigated; however, less is
understood concerning the impact of NAD"
and NAD" biosynthesis on the neuromuscular
junction (NMJ), the synapse where motor
neurons interact with skeletal muscle,
and how muscles and neurons respond to
disruptions in NAD homeostasis. Our recent
studies have demonstrated that NAMPT
deletion in projection neurons significantly
impacts the function of NMJs (Wang et al.
2017; Lundt et al. 2020), indicating a non-
cell autonomous effect of neuronal NAMPT
on NMJs. NMJs are significantly affected
following the loss of NAMPT from projection
neurons in mice with a phenotype similar to
what is observed in motor neuron diseases,
especially amyotrophic lateral sclerosis.

The importance of NAMPT to muscles and
neurons has been investigated using gene
deletion mouse models. In skeletal muscles,
deletion of NAMPT disrupts both normal
muscle function and structure. Skeletal
muscles are atrophied, are significantly
weaker, and seem to be degenerating
(Frederick et al., 2016). These mice also have
disrupted energy metabolism. The disruption
of NAD" homeostasis can be reversed by

administering NMN or nicotinamide riboside
(NR), a metabolite that can be converted
into NMN by nicotinamide riboside kinases
(Figure 1B). The skeletal-muscle NAMPT
deleted mice were able to recover the
functional deficits by receiving NR in the
drinking water (Frederick et al., 2016).
Some disease and aging models can also
respond to NAD" supplementation. Ryu et
al. (2016) reported that mdx mice, a model
for muscular dystrophy, have reduced levels
of NAMPT, as well as reduced NAD" and
ATP levels in skeletal muscle. When the
mdx mice were fed food pellets containing
NR, skeletal muscles had increased levels
of NAD", ATP and NAMPT. The mice also
had improved motor performance and
skeletal muscle morphology. Unfortunately,
neither of these studies investigated how
the motor neurons had been impacted
before and after NAD" supplementation.
However, the improved motor performance
may suggest that motor neurons are
positively impacted as a result of the NR
treatment. Normal age-related changes to
skeletal muscle can also be prevented with
NAD® supplementation. Long-term NMN
administration prevented age-associated
gene expression changes in skeletal muscle
of aged mice and also improved metabolic
profiles for glucose and lipids (Mills et al.,
2016). Agerholm et al. (2018) examined
the effect of NAMPT deletion from intact
muscles in mice using Cre recombinase.
Results from this study showed the changes
in metabolic homeostasis, with reduced
levels of Complex | and Il of the electron
transport chain and elevated glucose uptake.
NMN supplementation was able to improve
mitochondrial function in aged mice (Mills
et al., 2016). Overall, NAMPT dysfunction
in skeletal muscles leads to many changes,
from gross structure and function to
mitochondrial function and metabolic
pathways, however, these problems could
be alleviated with the treatment of NAD"
precursors. However, these studies were
only interested in cell-autonomous effect of
skeletal muscle NAMPT.

Recent studies from our laboratory have
demonstrated the importance of neuronal
NAMPT in NMJ integrity and functions. We
demonstrated that inducible deletion of
NAMPT from projection neurons causes
profound motor deficits, comparable to
those observed in the skeletal muscle
NAMPT knockout mice, though a significant
difference is that deletion of NAMPT from
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projection neurons was eventually fatal but
skeletal muscle deletion has not been shown
to be (Wang et al., 2017). Loss of NAMPT in
projection neurons produces various NMJ
abnormalities including reduced area and
increased fragmentation of NMJs, reduced
innervation, increased denervation, axonal
sprouting and swelling, indicating unhealthy
and degenerating axons. Synaptic function
at NMJ, which can be studied using FM1-
43, a fluorescent styryl dye that can be used
to label synaptic vesicles, imaging (Figure
1C and D), is also severely impacted, with
evoked endocytosis and exocytosis being
significantly impaired after NAMPT deletion
in projection neurons (Lundt et al., 2020).
These nerves also respond poorly to high
frequency stimulation (100 Hz). There is a lot
of evidence indicating that the movement
and/or the number of synaptic vesicles is
reduced following NAMPT deletion. Many
of these deficits can be restored through
the administration of NMN, with motor
tasks and nerve function being improved.
However, NMN administration seems only
to delay the motor deficits but not prevent
them. This differs from the supplemented
skeletal muscle NAMPT knockout mice which
could fully recover their motor impairments.
Complete recovery in projection neuron
NAMPT knockout mice may require more
than treatment with NAD" precursors.
Also, the beneficial effects of NMN in
mouse models is not restricted to motor
neurons, Mills et al. (2016) found that NMN
can improve eye health and some retinal
function.

Deletion of NAMPT in projection neurons
also profoundly produces other non-cell
autonomous effects, specifically on skeletal
muscles (Wang et al., 2017). Following
NAMPT deletion in projection neurons,
mice had significant muscular atrophy, with
significant loss of muscle mass and reduced
muscle fiber size in hindlimb muscles. Fiber
type switching in skeletal muscles was also
observed in these conditional knockout
mice. Deletion of NAMPT in projection
neurons causes considerable impacts to the
motor endplates (Wang et al., 2017; Lundt
et al., 2020). Motor endplates were smaller
and more fragmented in the conditional
knockout mice. Analysis of cross-sections of
skeletal muscles indicated similar reductions
in motor endplate size. NMN treatments
recovered many the changes observed
in the cross-sectional parameters and we
would expect similar impacts to the entire
motor endplate. Mitochondrial morphology
in skeletal muscles was altered, with
mitochondria becoming misshapen and more
elongated. Muscle contraction in skeletal
muscles from our conditional knockout mice
was impacted, with contractile strength
being elevated following loss of NAMPT
(Lundt et al., 2020). This was surprising but
we also observed that when the mice were
given NMN after the deletion, the muscles
were contracting with less strength. Overall,
the impacts of neuronal deletion of Nampt
on skeletal muscles is quite clear. The non-
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Figure 1 | NAD’ salvage pathway and function of NMJs.

(A) Structure of NAD" and its precursors. (B) Salvage pathway of NAD" biosynthesis. (C) Motor endplate
labeled with a-bungarotoxin (a-BTX-555) and FM1-43. (D) Illustration of FM1-43 imaging of NMJs.
Motor axon is stimulated for staining and destaining of FM1-43 to study endocytosis and exocytosis.
MNAM: N1-methylnicotinamide; NAD: nicotinamide adenine dinucleotide; NAM: nicotinamide; NMJ:
neuromuscular junction; NMN: nicotinamide mononucleotide; NR: nicotinamide riboside; PARP:

poly(ADP-ribose) polymerase.

cell autonomous impacts by NAMPT deletion
from projection neurons extend beyond
skeletal muscle, with heart, lung, liver, and
kidneys having reduced mass (Wang et al.,
2017). The molecular mechanism by which
neuronal NAMPT deletion exerts its non-cell
autonomous effect is worth studying further,
but the disruption of innervation may be the
main reason, as shown in our studies.

The non-cell autonomous influence of
NAMPT has also been shown in mice with
NAMPT deleted from Schwann cells, which
insulate peripheral axons and are important
for appropriate nerve function. Sasaki et al.
(2018) reported that mice lacking NAMPT
in Schwann cells had significantly impaired
nerve and NMJ. These mice also developed
hindlimb paralysis and had weight loss after
4 weeks of age, similar to what we observed
in mice with NAMPT deletion in projection
neurons. NAMPT loss in Schwann cells does
not seem to induce the degenerative effects
observed in mice with NAMPT deleted
from skeletal muscles or neurons. These
mice did not seem to have increased axonal
degeneration, but axonal fragmentation was
observed, axonal mitochondrial density was
increased, and fewer myelinated axons were
present, indicating that axons may attempt
to compensate for some metabolic stress.
Notably, deletion of NAMPT in Schwann
cells was fatal, with mice only surviving for
40 days after birth. Our projection neuron
NAMPT knockout mice survived between 3—4
weeks following deletion, so while the loss of
Nampt in Schwann’s cells may not induce the
same extent of neuron damage, the number
of days a mouse survives lacking NAMPT
is similar. Comparable to skeletal muscle
NAMPT knockout mice, administration of an
NAD" precursor seemed to confer complete
recovery.

NAMPT is a critical enzyme for NAD"
biosynthesis in mammalian cells and
is essential for survival. It also plays an

important role in metabolic homeostasis in
cells. Given the strong energetic demands of
both skeletal muscles and neurons, loss of
NAMPT activity in these cell types produces
a broad range of deficits. The NMJs seem
particularly susceptible to the NAMPT loss
either, through cell-autonomous or non-
cell autonomous means. In the absence
of NAMPT, treatments with various NAD"
precursors appear to be more effective to
muscles than neurons but both cell types
respond positively. More investigation is
needed to determine the extent that motor
neurons are impacted following NAMPT
loss in skeletal muscle and how the loss
of NAMPT in motor neurons produces the
non-cell autonomous changes observed,
especially in skeletal muscles.
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