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c. If axon bed is accidentally pulled-up then cut this away too (unless
minor, judgment call)
3. Use 45°-angle forceps to remove explant and discard in PBS
20 samples require about 1h to process
5. After cutting, take images of axon bed approximately 1.5-3mm away from
where explant was located:
a. Take at least 10 images of well separated axons at 20X
maghnification
b. Record the time for each sample (use “DRG Imaging Form”)
6. Image axon bed at 24, 48 and 72h after cutting, as indicated above

E

Time = 0h 48 h

EGFP

Nmnatl

Nmnat2.2 (inactive)

FIGURE 5.1 Slow Wallerian Degeneration Requires Nmnat Activity. Nmnatl overexpression but
not Nmnat2.2, which is a catalytically inactive splice variant of Nmnat2, slows the rate of axon

degeneration following transection. Axons cut 6 days after lentivirus infection.
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Nmnat2 C164S/C165S Nmnat2 EGEP

Nmnat3

FIGURE 5.2 Nmnat2 and Nmnat3 Overexpression Slows the Rate of Axon Degeneration. Nmnat2,
Nmnat2 C164S/C165S and Nmnat3 overexpression slows the rate of Wallerian degeneration in DRG
explants following transection. Axons were cut 6 days after lentivirus infection. Note the “knotted”
appearance of axons in cultures infected with Nmnat2. Although less pronounced than in cortical
neurons, Nmnat2 overexpression is also toxic to DRG explants. Time after transection is indicated.



81

REFERENCES

Abuin, A., Hansen, G.M., and Zambrowicz, B. (2007). Gene trap mutagenesis.

Handb Exp Pharmacol, 129-147.

Babetto, E., Beirowski, B., Janeckova, L., Brown, R., Gilley, J., Thomson, D.,
Ribchester, R.R., and Coleman, M.P. (2010). Targeting NMNAT1 to
axons and synapses transforms its neuroprotective potency in vivo. J

Neurosci 30, 13291-13304.

Beirowski, B., Adalbert, R., Wagner, D., Grumme, D.S., Addicks, K., Ribchester,
R.R., and Coleman, M.P. (2005). The progressive nature of Wallerian
degeneration in wild-type and slow Wallerian degeneration (WIdS)

nerves. BMC Neurosci 6, 6.

Beirowski, B., Babetto, E., Gilley, J., Mazzola, F., Conforti, L., Janeckova, L.,
Magni, G., Ribchester, R.R., and Coleman, M.P. (2009). Non-nuclear
WId(S) determines its neuroprotective efficacy for axons and synapses in

vivo. J Neurosci 29, 653-668.



82

Belenky, P., Bogan, K.L., and Brenner, C. (2007). NAD+ metabolism in health

and disease. Trends Biochem Sci 32, 12-19.

Berger, F., Lau, C., Dahlmann, M., and Ziegler, M. (2005). Subcellular
compartmentation and differential catalytic properties of the three human
nicotinamide mononucleotide adenylyltransferase isoforms. J Biol Chem

280, 36334-36341.

Berger, N.A. (1985). Poly(ADP-ribose) in the cellular response to DNA damage.

Radiat Res 101, 4-15.

Bieganowski, P., and Brenner, C. (2004). Discoveries of nicotinamide riboside as
a nutrient and conserved NRK genes establish a Preiss-Handler

independent route to NAD+ in fungi and humans. Cell 117, 495-502.

Billington, R.A., Travelli, C., Ercolano, E., Galli, U., Roman, C.B., Grolla, A.A.,
Canonico, P.L., Condorelli, F., and Genazzani, A.A. (2008).
Characterization of NAD uptake in mammalian cells. J Biol Chem 283,

6367-6374.



83

Bogan, K.L., and Brenner, C. (2008). Nicotinic acid, nicotinamide, and
nicotinamide riboside: a molecular evaluation of NAD+ precursor

vitamins in human nutrition. Annu Rev Nutr 28, 115-130.

Bonner, W.M., and Laskey, R.A. (1974). A film detection method for tritium-
labelled proteins and nucleic acids in polyacrylamide gels. Eur J Biochem

46, 83-88.

Bordier, C. (1981). Phase separation of integral membrane proteins in Triton X-

114 solution. J Biol Chem 256, 1604-1607.

Brown, M.C., Lunn, E.R., and Perry, V.H. (1992). Consequences of slow
Wallerian degeneration for regenerating motor and sensory axons. J

Neurobiol 23, 521-536.

Brusca, J.S., and Radolf, J.D. (1994). Isolation of integral membrane proteins by

phase partitioning with Triton X-114. Methods Enzymol 228, 182-193.

Butz, S., Fernandez-Chacon, R., Schmitz, F., Jahn, R., and Sudhof, T.C. (1999).
The subcellular localizations of atypical synaptotagmins 11l and VI.
Synaptotagmin 111 is enriched in synapses and synaptic plasma membranes

but not in synaptic vesicles. J Biol Chem 274, 18290-18296.



84

Ceni, C., Pochon, N., Villaz, M., Muller-Steffner, H., Schuber, F., Baratier, J., De
Waard, M., Ronjat, M., and Moutin, M.J. (2006). The CD38-independent
ADP-ribosyl cyclase from mouse brain synaptosomes: a comparative

study of neonate and adult brain. Biochem J 395, 417-426.

Choudhary, C., Kumar, C., Gnad, F., Nielsen, M.L., Rehman, M., Walther, T.C.,
Olsen, J.V., and Mann, M. (2009). Lysine acetylation targets protein
complexes and co-regulates major cellular functions. Science 325, 834-

840.

Coleman, M.P., Conforti, L., Buckmaster, E.A., Tarlton, A., Ewing, R.M., Brown,
M.C., Lyon, M.F., and Perry, V.H. (1998). An 85-kb tandem triplication in
the slow Wallerian degeneration (WId(s)) mouse. Proceedings Of The
National Academy Of Sciences Of The United States Of America 95,

9985-9990.

Conforti, L., Tarlton, A., Mack, T.G.A., Mi, W.Q., Buckmaster, E.A., Wagner,
D., Perry, V.H., and Coleman, M.P. (2000). A Ufd2/D4Colele chimeric
protein and overexpression of Rbp7 in the slow Wallerian degeneration
(WId(S)) mouse. Proceedings Of The National Academy Of Sciences Of

The United States Of America 97, 11377-11382.



85

Conforti, L., Wilbrey, A., Morreale, G., Janeckova, L., Beirowski, B., Adalbert,
R., Mazzola, F., Di Stefano, M., Hartley, R., Babetto, E., et al. (2009).
WId S protein requires Nmnat activity and a short N-terminal sequence to

protect axons in mice. J Cell Biol 184, 491-500.

Cragg, B.G. (1970). What is the signal for chromatolysis? Brain Research 23, 1-

21.

Dahmen, W., Webb, B., and Preiss, J. (1967). The deamido-diphosphopyridine
nucleotide and diphosphopyridine nucleotide pyrophosphorylases of

Escherichia coli and yeast. Arch Biochem Biophys 120, 440-450.

de Hoop, M.J., Huber, L.A., Stenmark, H., Williamson, E., Zerial, M., Parton,
R.G., and Dotti, C.G. (1994). The involvement of the small GTP-binding

protein Rab5a in neuronal endocytosis. Neuron 13, 11-22.

Dolle, C., Niere, M., Lohndal, E., and Ziegler, M. (2010). Visualization of
subcellular NAD pools and intra-organellar protein localization by poly-

ADP-ribose formation. Cell Mol Life Sci 67, 433-443.

Duden, R. (2003). ER-to-Golgi transport: COP | and COP Il function (Review).

Mol Membr Biol 20, 197-207.



86

Duden, R., Griffiths, G., Frank, R., Argos, P., and Kreis, T.E. (1991). Beta-COP,
a 110 kd protein associated with non-clathrin-coated vesicles and the

Golgi complex, shows homology to beta-adaptin. Cell 64, 649-665.

El-Husseini Ael, D., Craven, S.E., Brock, S.C., and Bredt, D.S. (2001). Polarized
targeting of peripheral membrane proteins in neurons. J Biol Chem 276,

44984-44992.

Encinas, M., Iglesias, M., Liu, Y., Wang, H., Muhaisen, A., Cena, V., Gallego, C.,
and Comella, J.X. (2000). Sequential treatment of SH-SY5Y cells with
retinoic acid and brain-derived neurotrophic factor gives rise to fully
differentiated, neurotrophic factor-dependent, human neuron-like cells. J

Neurochem 75, 991-1003.

Feng, G., Mellor, R.H., Bernstein, M., Keller-Peck, C., Nguyen, Q.T., Wallace,
M., Nerbonne, J.M., Lichtman, JW., and Sanes, J.R. (2000). Imaging
neuronal subsets in transgenic mice expressing multiple spectral variants

of GFP. Neuron 28, 41-51.

Feng, Y., Press, B., and Wandinger-Ness, A. (1995). Rab 7: an important

regulator of late endocytic membrane traffic. J Cell Biol 131, 1435-1452,



87

Feng, Y., Yan, T., Zheng, J., Ge, X., Mu, Y., Zhang, Y., Wu, D., Du, J.L., and
Zhai, Q. (2010). Overexpression of WId(S) or Nmnat2 in mauthner cells
by single-cell electroporation delays axon degeneration in live zebrafish. J

Neurosci Res 88, 3319-3327.

Finkel, T., Deng, C.X., and Mostoslavsky, R. (2009). Recent progress in the

biology and physiology of sirtuins. Nature 460, 587-591.

Finn, J.T., Weil, M., Archer, F., Siman, R., Srinivasan, A., and Raff, M.C. (2000).
Evidence that wallerian degeneration and localized axon degeneration
induced by local neurotrophin deprivation do not involve caspases. Journal

Of Neuroscience 20, 1333-1341.

Fischer von Mollard, G., Stahl, B., Walch-Solimena, C., Takei, K., Daniels, L.,
Khoklatchev, A., De Camilli, P., Sudhof, T.C., and Jahn, R. (1994).
Localization of Rab5 to synaptic vesicles identifies endosomal
intermediate in synaptic vesicle recycling pathway. Eur J Cell Biol 65,

319-326.

Gilley, J., and Coleman, M.P. (2010). Endogenous Nmnat2 is an essential survival

factor for maintenance of healthy axons. PLoS Biol 8, e1000300.



88

Giuditta, A., Tai Chun, J., Eyman, M., Cefaliello, C., Bruno, A.P., and Crispino,
M. (2008). Local Gene Expression in Axons and Nerve Endings: The

Glia-Neuron Unit. Physiol Rev 88, 515-555.

Graeff, R., Liu, Q., Kriksunov, I.A., Kotaka, M., Oppenheimer, N., Hao, Q., and
Lee, H.C. (2009). Mechanism of cyclizing NAD to cyclic ADP-ribose by

ADP-ribosyl cyclase and CD38. J Biol Chem 284, 27629-27636.

Griffin, J.W., George, E.B., Hsieh, S.T., and Glass, J.D. (1995). Axonal
Degeneration and Disorders of the Axonal Cytoskeleton. In The Axon:
Structure, Function and Pathophysiology, S.G. Waxman, J.D. Kocsis, and

P.K. Stys, eds. (New York, Oxford University Press), pp. 375-390.

Griffiths, G., Pepperkok, R., Locker, J.K., and Kreis, T.E. (1995).
Immunocytochemical localization of beta-COP to the ER-Golgi boundary

and the TGN. J Cell Sci 108 ( Pt 8), 2839-2856.

Guo, H., and Xiong, J. (2006). A specific and versatile genome walking

technique. Gene 381, 18-23.

Haferkamp, 1., Schmitz-Esser, S., Linka, N., Urbany, C., Collingro, A., Wagner,

M., Horn, M., and Neuhaus, H.E. (2004). A candidate NAD+ transporter



89

in an intracellular bacterial symbiont related to Chlamydiae. Nature 432,

622-625.

Hamill, R.C. (1912). Examination of the Central Nervous System in Seven Cases

of Pellagra. The Journal of Infectious Diseases 10, 190-191.

Hegyi, J., Schwartz, R.A., and Hegyi, V. (2004). Pellagra: dermatitis, dementia,

and diarrhea. Int J Dermatol 43, 1-5.

Hildmann, C., Riester, D., and Schwienhorst, A. (2007). Histone deacetylases--an
important class of cellular regulators with a variety of functions. Appl

Microbiol Biotechnol 75, 487-497.

Hirschey, M.D., Shimazu, T., Goetzman, E., Jing, E., Schwer, B., Lombard, D.B.,
Grueter, C.A., Harris, C., Biddinger, S., llkayeva, O.R., et al. (2010).
SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme

deacetylation. Nature 464, 121-125.

Hogeboom, G.H., and Schneider, W.C. (1952). Cytochemical studies. VI. The
synthesis of diphosphopyridine nucleotide by liver cell nuclei. J Biol

Chem 197, 611-620.



90

Horton, A.C., Racz, B., Monson, E.E., Lin, A.L., Weinberg, R.J., and Ehlers,
M.D. (2005). Polarized secretory trafficking directs cargo for asymmetric

dendrite growth and morphogenesis. Neuron 48, 757-771.

Hottiger, M.O., Hassa, P.O., Luscher, B., Schuler, H., and Koch-Nolte, F. (2010).
Toward a unified nomenclature for mammalian ADP-ribosyltransferases.

Trends Biochem Sci 35, 208-219.

Houtkooper, R.H., Canto, C., Wanders, R.J., and Auwerx, J. (2010). The secret
life of NAD+: an old metabolite controlling new metabolic signaling

pathways. Endocr Rev 31, 194-223.

Huang, K., and El-Husseini, A. (2005). Modulation of neuronal protein trafficking

and function by palmitoylation. Curr Opin Neurobiol 15, 527-535.

Ikegami, K., and Koike, T. (2003). Non-apoptotic neurite degeneration in
apoptotic neuronal death: Pivotal role of mitochondrial function in

neurites. Neuroscience 122, 617-626.

Imai, S., Armstrong, C.M., Kaeberlein, M., and Guarente, L. (2000).
Transcriptional silencing and longevity protein Sir2 is an NAD-dependent

histone deacetylase. Nature 403, 795-800.



91

Ishii, N., and Nishihara, Y. (1981). Pellagra among chronic alcoholics: clinical
and pathological study of 20 necropsy cases. J Neurol Neurosurg

Psychiatry 44, 209-215.

Jin, D., Liu, H.-X., Hirai, H., Torashima, T., Nagai, T., Lopatina, O., Shnayder,
N.A., Yamada, K., Noda, M., Seike, T., et al. (2007). CD38 is critical for

social behaviour by regulating oxytocin secretion. Nature 446, 41-45.

Jones, D.H., and Matus, A.l. (1974). Isolation of synaptic plasma membrane from
brain by combined flotation-sedimentation density gradient centrifugation.

Biochim Biophys Acta 356, 276-287.

Kaganovich, D., Kopito, R., and Frydman, J. (2008). Misfolded proteins partition
between two distinct quality control compartments. Nature 454, 1088-

1095.

Kaneko, C., Hatakeyama, S., Matsumoto, M., Yada, M., Nakayama, K., and
Nakayama, K.I. (2003). Characterization of the mouse gene for the U-box-

type ubiquitin ligase UFD2a. 300, 297.

Kang, R., Wan, J., Arstikaitis, P., Takahashi, H., Huang, K., Bailey, A.O.,

Thompson, J.X., Roth, A.F., Drisdel, R.C., Mastro, R., et al. (2008).



92

Neural palmitoyl-proteomics reveals dynamic synaptic palmitoylation.

Nature 456, 904-909.

Kinsella, B.T., and Maltese, W.A. (1991). rab GTP-binding proteins implicated in
vesicular transport are isoprenylated in vitro at cysteines within a novel

carboxyl-terminal motif. J Biol Chem 266, 8540-8544.

Kinsella, B.T., and Maltese, W.A. (1992). rab GTP-binding proteins with three
different carboxyl-terminal cysteine motifs are modified in vivo by 20-

carbon isoprenoids. J Biol Chem 267, 3940-3945.

Knaus, P., Betz, H., and Rehm, H. (1986). Expression of synaptophysin during

postnatal development of the mouse brain. J Neurochem 47, 1302-1304.

Koch-Nolte, F., Haag, F., Guse, A.H., Lund, F., and Ziegler, M. (2009). Emerging

roles of NAD+ and its metabolites in cell signaling. Sci Signal 2, mr1.

Kraus, W.L. (2008). Transcriptional control by PARP-1: chromatin modulation,
enhancer-binding, coregulation, and insulation. Curr Opin Cell Biol 20,

294-302.



93

Krishnakumar, R., and Kraus, W.L. (2010). The PARP side of the nucleus:
molecular actions, physiological outcomes, and clinical targets. Mol Cell

39, 8-24.

Kurnasov, O.V., Polanuyer, B.M., Ananta, S., Sloutsky, R., Tam, A., Gerdes,
S.Y., and Osterman, A.L. (2002). Ribosylnicotinamide Kinase Domain of
NadR Protein: Identification and Implications in NAD Biosynthesis. J

Bacteriol 184, 6906-6917.

Lansbury, P.T., and Lashuel, H.A. (2006). A century-old debate on protein

aggregation and neurodegeneration enters the clinic. Nature 443, 774-779.

Lasek, R.J., Garner, J.A., and Brady, S.T. (1984). Axonal transport of the

cytoplasmic matrix. J Cell Biol 99, 212s-221s.

Lau, C., Dolle, C., Gossmann, T.I., Agledal, L., Niere, M., and Ziegler, M.
(2010). Isoform-specific targeting and interaction domains in human
nicotinamide mononucleotide adenylyltransferases. J Biol Chem 285,

18868-18876.

Lau, C., Niere, M., and Ziegler, M. (2009). The NMN/NaMN adenylyltransferase

(NMNAT) protein family. Front Biosci 14, 410-431.



94

Lin, S.J., Ford, E., Haigis, M., Liszt, G., and Guarente, L. (2004). Calorie
restriction extends yeast life span by lowering the level of NADH. Genes

& Development 18, 12-16.

Lowe, G., and Tansley, G. (1983). The stereochemical course of nucleotidyl
transfer catalysed by NAD pyrophosphorylase. Eur J Biochem 132, 117-

120.

Lubinska, L. (1982). Patterns of Wallerian degeneration of myelinated fibres in
short and long peripheral stumps and in isolated segments of rat phrenic
nerve. Interpretation of the role of axoplasmic flow of the trophic factor.

Brain Research 233, 227-240.

Lunn, E.R., Perry, V.H., Brown, M.C., Rosen, H., and Gordon, S. (1989).
Absence of Wallerian Degeneration does not Hinder Regeneration in

Peripheral Nerve. Eur J Neurosci 1, 27-33.

Lyon, M.F., Ogunkolade, B.W., Brown, M.C., Atherton, D.J., and Perry, V.H.
(1993). A Gene Affecting Wallerian Nerve Degeneration Maps Distally
On Mouse Chromosome-4. Proceedings Of The National Academy Of

Sciences Of The United States Of America 90, 9717-9720.



95

Mack, T.G., Reiner, M., Beirowski, B., Mi, W., Emanuelli, M., Wagner, D.,
Thomson, D., Gillingwater, T., Court, F., Conforti, L., et al. (2001).
Wallerian degeneration of injured axons and synapses is delayed by a

Ube4b/Nmnat chimeric gene. Nat Neurosci 4, 1199-1206.

Magni, G., Amici, A., Emanuelli, M., Orsomando, G., Raffaelli, N., and Ruggieri,
S. (2004). Enzymology of NAD+ homeostasis in man. Cell Mol Life Sci

61, 19-34.

Magni, G., Amici, A., Emanuelli, M., Raffaelli, N., and Ruggieri, S. (1999).
Enzymology of NAD+ synthesis. Adv Enzymol Relat Areas Mol Biol 73,

135-182, xi.

Magni, G., Orsomando, G., Raffelli, N., and Ruggieri, S. (2008). Enzymology of
mammalian NAD metabolism in health and disease. Front Biosci 13,

6135-6154.

Maximov, A., Shin, O.H., Liu, X., and Sudhof, T.C. (2007). Synaptotagmin-12, a
synaptic  vesicle phosphoprotein  that modulates  spontaneous

neurotransmitter release. J Cell Biol 176, 113-124.



96

Mayer, P.R., Huang, N., Dewey, C.M., Dries, D.R., Zhang, H., and Yu, G. (2010).
Expression, localization and biochemical characterization of NMN

adenylyltransferase 2. J Biol Chem.

Mu, F.T., Callaghan, J.M., Steele-Mortimer, O., Stenmark, H., Parton, R.G.,
Campbell, P.L., McCluskey, J., Yeo, J.P., Tock, E.P., and Toh, B.H.
(1995). EEAL1, an early endosome-associated protein. EEA1 is a conserved
alpha-helical peripheral membrane protein flanked by cysteine "fingers"
and contains a calmodulin-binding 1Q motif. J Biol Chem 270, 13503-

13511.

Nakahata, Y., Sahar, S., Astarita, G., Kaluzova, M., and Sassone-Corsi, P. (2009).
Circadian control of the NAD+ salvage pathway by CLOCK-SIRT1.

Science 324, 654-657.

Nakamura, N., Rabouille, C., Watson, R., Nilsson, T., Hui, N., Slusarewicz, P.,
Kreis, T.E., and Warren, G. (1995). Characterization of a cis-Golgi matrix

protein, GM130. J Cell Biol 131, 1715-1726.

Noritake, J., Fukata, Y., lwanaga, T., Hosomi, N., Tsutsumi, R., Matsuda, N.,

Tani, H., lwanari, H., Mochizuki, Y., Kodama, T., et al. (2009). Mobile



97

DHHC palmitoylating enzyme mediates activity-sensitive synaptic

targeting of PSD-95. The Journal of Cell Biology 186, 147-160.

Ohno, Y., Kihara, A., Sano, T., and lIgarashi, Y. (2006). Intracellular localization
and tissue-specific distribution of human and yeast DHHC cysteine-rich
domain-containing proteins. Biochimica et Biophysica Acta (BBA) -

Molecular and Cell Biology of Lipids 1761, 474-483.

Oprins, A., Duden, R., Kreis, T.E., Geuze, H.J., and Slot, J.W. (1993). Beta-COP
localizes mainly to the cis-Golgi side in exocrine pancreas. J Cell Biol

121, 49-59.

Perin, M.S., Fried, V.A., Mignery, G.A., Jahn, R., and Sudhof, T.C. (1990).
Phospholipid binding by a synaptic vesicle protein homologous to the

regulatory region of protein kinase C. Nature 345, 260-263.

Perry, V.H., Lunn, E.R., Brown, M.C., Cahusac, S., and Gordon, S. (1990).
Evidence that the Rate of Wallerian Degeneration is Controlled by a

Single Autosomal Dominant Gene. Eur J Neurosci 2, 408-413.

Ponnambalam, S., Girotti, M., Yaspo, M.L., Owen, C.E., Perry, A.C., Suganuma,

T., Nilsson, T., Fried, M., Banting, G., and Warren, G. (1996). Primate



98

homologues of rat TGN38: primary structure, expression and functional

implications. J Cell Sci 109 ( Pt 3), 675-685.

Preiss, J., and Handler, P. (1958). Biosynthesis of diphosphopyridine nucleotide.

I1. Enzymatic aspects. J Biol Chem 233, 493-500.

Press, C., and Milbrandt, J. (2008). Nmnat delays axonal degeneration caused by

mitochondrial and oxidative stress. J Neurosci 28, 4861-4871.

Raff, M.C., Whitmore, A.V., and Finn, J.T. (2002). Axonal self-destruction and

neurodegeneration. Science 296, 868-871.

Raffaelli, N., Sorci, L., Amici, A., Emanuelli, M., Mazzola, F., and Magni, G.
(2002). Identification of a novel human nicotinamide mononucleotide

adenylyltransferase. Biochem Biophys Res Commun 297, 835-840.

Ramsey, K.M., Yoshino, J., Brace, C.S., Abrassart, D., Kobayashi, Y., Marcheva,
B., Hong, H.K,, Chong, J.L., Buhr, E.D., Lee, C., et al. (2009). Circadian
clock feedback cycle through NAMPT-mediated NAD+ biosynthesis.

Science 324, 651-654.



99

Resh, M.D. (2006). Trafficking and signaling by fatty-acylated and prenylated

proteins. Nat Chem Biol 2, 584-590.

Revollo, J.R., Grimm, A.A., and Imai, S. (2004). The NAD biosynthesis pathway
mediated Dby nicotinamide phosphoribosyltransferase regulates Sir2

activity in mammalian cells. J Biol Chem 279, 50754-50763.

Rocks, O., Gerauer, M., Vartak, N., Koch, S., Huang, Z.P., Pechlivanis, M.,
Kuhlmann, J., Brunsveld, L., Chandra, A., Ellinger, B., et al. (2010). The
palmitoylation machinery is a spatially organizing system for peripheral

membrane proteins. Cell 141, 458-471.

Rodgers, J.T., Lerin, C., Haas, W., Gygi, S.P., Spiegelman, B.M., and Puigserver,
P. (2005). Nutrient control of glucose homeostasis through a complex of

PGC-1lalpha and SIRT1. Nature 434, 113-118.

Salmon, P., and Trono, D. (2006). Production and titration of lentiviral vectors.

Curr Protoc Neurosci Chapter 4, Unit 4 21.

Sannerud, R., Marie, M., Nizak, C., Dale, H.A., Pernet-Gallay, K., Perez, F.,

Goud, B., and Saraste, J. (2006). Rab1 defines a novel pathway connecting



100

the pre-Golgi intermediate compartment with the cell periphery. Mol Biol

Cell 17, 1514-1526.

Saridakis, V., Christendat, D., Kimber, M.S., Dharamsi, A., Edwards, A.M., and
Pai, E.F. (2001). Insights into ligand binding and catalysis of a central step
in NAD+ synthesis: structures of Methanobacterium thermoautotrophicum

NMN adenylyltransferase complexes. J Biol Chem 276, 7225-7232.

Sasaki, Y., Araki, T., and Milbrandt, J. (2006). Stimulation of nicotinamide
adenine dinucleotide biosynthetic pathways delays axonal degeneration

after axotomy. J Neurosci 26, 8484-8491.

Sasaki, Y., and Milbrandt, J. (2010). Axonal degeneration is blocked by
nicotinamide mononucleotide adenylyltransferase (NMNAT) protein

transduction into transected axons. J Biol Chem.

Sastry, L., Johnson, T., Hobson, M.J., Smucker, B., and Cornetta, K. (2002).
Titering lentiviral vectors: comparison of DNA, RNA and marker

expression methods. Gene Ther 9, 1155-1162.

Sauve, A.A. (2010). Sirtuin chemical mechanisms. Biochim Biophys Acta 1804,

1591-16083.



101

Sauve, A.A., Moir, R.D., Schramm, V.L., and Willis, I.M. (2005). Chemical
activation of Sir2-dependent silencing by relief of nicotinamide inhibition.

Mol Cell 17, 595-601.

Schoch, S., Deak, F., Konigstorfer, A., Mozhayeva, M., Sara, Y., Sudhof, T.C,,
and Kavalali, E.T. (2001). SNARE function analyzed in

synaptobrevin/VAMP knockout mice. Science 294, 1117-1122.

Schuber, F., and Lund, F.E. (2004). Structure and enzymology of ADP-ribosyl
cyclases: conserved enzymes that produce multiple calcium mobilizing

metabolites. Curr Mol Med 4, 249-261.

Schweiger, M., Hennig, K., Lerner, F., Niere, M., Hirsch-Kauffmann, M., Specht,
T., Weise, C., Oei, S.L., and Ziegler, M. (2001). Characterization of
recombinant human nicotinamide mononucleotide adenylyl transferase
(NMNAT), a nuclear enzyme essential for NAD synthesis. FEBS Lett

492, 95-100.

Schwer, B., and Verdin, E. (2008). Conserved metabolic regulatory functions of

sirtuins. Cell Metab 7, 104-112.



102

Shatton, J.B., Williams, A., and Weinhouse, S. (1983). Subcellular distribution of
inorganic pyrophosphatase activity in various normal and neoplastic cell

types. Cancer Res 43, 3742-3747.

Shaw, G., and Weber, K. (1982). Differential expression of neurofilament triplet

proteins in brain development. Nature 298, 277-279.

Sheffield, P., Garrard, S., and Derewenda, Z. (1999). Overcoming expression and
purification problems of RhoGDI using a family of “parallel” expression

vectors. Protein Expr Purif 15, 34-39.

Shibata, K., Hayakawa, T., and Iwai, K. (1986). Tissue Distribution of the
Enzymes Concerned with the Biosynthesis of NAD in Rats(Biological

Chemistry). Agricultural and biological chemistry 50, 3037-3041.

Smith, B.C., Hallows, W.C., and Denu, J.M. (2008). Mechanisms and molecular

probes of sirtuins. Chem Biol 15, 1002-1013.

Soler-Llavina, G.J., and Sabatini, B.L. (2006). Synapse-specific plasticity and
compartmentalized signaling in cerebellar stellate cells. Nat Neurosci 9,

798-806.



103

Sood, R., Bonner, T.1., Makalowska, 1., Stephan, D.A., Robbins, C.M., Connors,
T.D., Morgenbesser, S.D., Su, K., Faruque, M.U., Pinkett, H., et al.
(2001). Cloning and characterization of 13 novel transcripts and the
human RGS8 gene from the 1925 region encompassing the hereditary

prostate cancer (HPC1) locus. Genomics 73, 211-222.

Sorci, L., Cimadamore, F., Scotti, S., Petrelli, R., Cappellacci, L., Franchetti, P.,
Orsomando, G., and Magni, G. (2007). Initial-rate kinetics of human
NMN-adenylyltransferases: substrate and metal ion specificity, inhibition
by products and multisubstrate analogues, and isozyme contributions to

NAD+ biosynthesis. Biochemistry 46, 4912-4922.

Spies, T.D., Bean, W.B., and Ashe, W.F. (1939). RECENT ADVANCES IN THE
TREATMENT OF PELLAGRA AND ASSOCIATED DEFICIENCIES*.

Annals of Internal Medicine 12, 1830-1844.

Stenmark, H. (2009). Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol

Cell Biol 10, 513-525.



104

Takamori, S., Holt, M., Stenius, K., Lemke, E.A., Gronborg, M., Riedel, D.,
Urlaub, H., Schenck, S., Brugger, B., Ringler, P., et al. (2006). Molecular

anatomy of a trafficking organelle. Cell 127, 831-846.

Vargas, M.E., and Barres, B.A. (2007). Why is Wallerian degeneration in the

CNS so slow? Annu Rev Neurosci 30, 153-179.

Vavouri, T., Semple, J.1., Garcia-Verdugo, R., and Lehner, B. (2009). Intrinsic
protein disorder and interaction promiscuity are widely associated with

dosage sensitivity. Cell 138, 198-208.

Voss, A.K., Thomas, T., and Gruss, P. (1998a). Compensation for a gene trap
mutation in the murine microtubule-associated protein 4 locus by
alternative polyadenylation and alternative splicing. Dev Dyn 212, 258-

266.

Voss, A.K., Thomas, T., and Gruss, P. (1998b). Efficiency assessment of the gene

trap approach. Dev Dyn 212, 171-180.

Waller, A. (1850). Experiments on the Section of the Glossopharyngeal and

Hypoglossal Nerves of the Frog, and Observations of the Alterations



105

Produced Thereby in the Structure of Their Primitive Fibres. Philosophical

Transactions of the Royal Society of London 140, 423-429.

Wang, Q., Song, C., and Li, C.C. (2004). Molecular perspectives on p97-VCP:
progress in understanding its structure and diverse biological functions. J

Struct Biol 146, 44-57.

Whitmore, A.V., Lindsten, T., Raff, M.C., and Thompson, C.B. (2003). The
proapoptotic proteins Bax and Bak are not involved in Wallerian

degeneration. Cell Death And Differentiation 10, 260-261.

Whittaker, V.P. (1993). Thirty years of synaptosome research. J Neurocytol 22,

735-742.

Whittaker, V.P., Michaelson, I.A., and Kirkland, R.J. (1964). The separation of
synaptic vesicles from nerve-ending particles (‘synaptosomes'). Biochem J

90, 293-303.

Yalowitz, J.A., Xiao, S., Biju, M.P., Antony, A.C., Cummings, O.W., Deeg,
M.A., and Jayaram, H.N. (2004). Characterization of human brain
nicotinamide 5'-mononucleotide adenylyltransferase-2 and expression in

human pancreas. Biochem J 377, 317-326.



106

Yamada, K., Hara, N., Shibata, T., Osago, H., and Tsuchiya, M. (2006). The
simultaneous measurement of nicotinamide adenine dinucleotide and
related compounds by liquid chromatography/electrospray ionization

tandem mass spectrometry. Anal Biochem 352, 282-285.

Yan, T., Feng, Y., Zheng, J., Ge, X., Zhang, Y., Wu, D., Zhao, J., and Zhai, Q.
(2009). Nmnat2 delays axon degeneration in superior cervical ganglia

dependent on its NAD synthesis activity. Neurochem Int.

Yang, H., Yang, T., Baur, J.A., Perez, E., Matsui, T., Carmona, J.J., Lamming,
D.W., Souza-Pinto, N.C., Bohr, V.A., Rosenzweig, A., et al. (2007).
Nutrient-sensitive mitochondrial NAD+ levels dictate cell survival. Cell

130, 1095-1107.

Yu, J., and Auwerx, J. (2009). The role of sirtuins in the control of metabolic

homeostasis. Ann N 'Y Acad Sci 1173 Suppl 1, E10-109.

Yu, S.W., Wang, H., Poitras, M.F., Coombs, C., Bowers, W.J., Federoff, H.J.,
Poirier, G.G., Dawson, T.M., and Dawson, V.L. (2002). Mediation of
poly(ADP-ribose) polymerase-1-dependent cell death by apoptosis-

inducing factor. Science 297, 259-263.



107

Zhai, R.G., Cao, Y., Hiesinger, P.R., Zhou, Y., Mehta, S.Q., Schulze, K.L.,
Verstreken, P., and Bellen, H.J. (2006). Drosophila NMNAT maintains

neural integrity independent of its NAD synthesis activity. PLoS Biol 4,

e416.

Zhang, T., Berrocal, J.G., Frizzell, K.M., Gamble, M.J., DuMond, M.E.,
Krishnakumar, R., Yang, T., Sauve, A.A., and Kraus, W.L. (2009).
Enzymes in the NAD+ salvage pathway regulate SIRT1 activity at target

gene promoters. J Biol Chem 284, 20408-20417.

Zhang, X., Kurnasov, O.V., Karthikeyan, S., Grishin, N.V., Osterman, A.L., and
Zhang, H. (2003). Structural characterization of a human cytosolic
NMN/NaMN adenylyltransferase and implication in human NAD

biosynthesis. J Biol Chem 278, 13503-13511.

Zhong, L., D'Urso, A., Toiber, D., Sebastian, C., Henry, R.E., Vadysirisack, D.D.,
Guimaraes, A., Marinelli, B., Wikstrom, J.D., Nir, T., et al. (2010). The

histone deacetylase Sirt6 regulates glucose homeostasis via Hiflalpha.

Cell 140, 280-293.



	TITLE PAGE

	TABLE OF CONTENTS
	CHAPTER ONE:  INTRODUCTION 
	NAD Biosynthesis Pathways Converge on NMN Adenylyltransferase
	NAD Is a Cofactor and Consumable Substrate
	Are Sirtuins Regulated by Physiological Fluctuations of Intracellular NAD Concentration?
	Nmnat Overexpression Slows the Rate of Axon Degeneration (Wallerian Degeneration)
	Specialization of NMN adenylyltransferases in Vertebrates
	Summary 

	CHAPTER TWO:   CELLULAR AND BIOCHEMCIAL CHARACTERIZATION OF NMNAT2
	Abstract 
	Introduction 
	Methodology 
	Antibodies 
	Mammalian expression vectors, and site-directed mutatagenesis
	Lentivirus production and Nmnat2 knockdown
	Cell culture and imaging 
	Analysis of Nmnat2 expression in cells and tissue
	Palmitoylation Assay 
	Purification of Nmnat2 and Nmnat2 C164S/C165S and activity assay
	Extraction of post-nuclear membrane (PNM) fractions
	Fractionation of mouse brain synaptosomes

	Results 
	Expression Profile of Nmnat2 Protein 
	Nmnat2 Is a Palmitoylated Peripheral Membrane Protein
	Sufficiency of Nmnat2 Low Homology Domain(LHD) for Golgi Localization
	Overexpression of Nmnat2 Is Toxic to Primary Neurons
	Nmnat2 Localizes to Synaptic Terminals (i.e. Synaptosomes)
	Nmnat2 Localizes to Rab7-Containing Late Endosomes and Trans-Golgi Network in HeLa Cells

	Discussion 
	Attributions and Publications 

	CHAPTER THREE:   PRODUCTION AND ANALYSIS OF NMNAT2 GENE TRAP MICE
	Abstract 
	Introduction 
	Methodology 
	Generation of Nmnat2 Gene Trap Mice 
	Genotyping (RRF238 colony) 
	Quantitative RT-PCR 
	Endpoint RT-PCR 
	Quantitative PCR for Genotyping (YHC280)

	Results 
	Discussion 
	Attributions and Publications 

	CHAPTER FOUR:   CONCLUSIONS AND RECOMMENDATIONS
	Introduction 
	Neuronal Localization of Nmnat2 
	Role of Nmnat2 in Wallerian Degeneration
	Possible Regulatory Function of Nmnat2 
	Nmnat2-Dependent Neuronal Cell Death 
	Summary and Future Directions 

	CHAPTER FIVE:  SUPPLEMENTAL DATA 
	Nmnat Overexpression Slows Wallerian Deg
	Axon Degeneration Assay; Dorsal Root Ganglia (DRG) Explants
	Axon Degeneration Assay; Axon Cutting 



	LIST OF DEFINITIONS
	REFERENCES



