ABSTRACT
JOSHUA J. SUMISLAWSKI
Botulinum Neurotoxin Serotype A Promotes the Neurite Outgrowth of Embryonic Motor
Neurons via CAMP-Dependent Intracellular Signaling
(Under the Direction of JULIE A. COFFIELD)

Botulinum neurotoxin, the agent that causes the paralytic disease botulism, is the most
poisonous substance known. The ability of botulinum neurotoxin serotype A (BoNT/A) to
produce flaccid paralysis makes it both of public-health concern as a biological weapon and of
medical interest as a versatile therapeutic agent (BOTOX®). Less appreciated is the frequent
observation that poisoned nerve endings respond by initiating and extending neurites. This
phenomenon, termed “sprouting,” has now been proposed as an indication that the binding of
BoNT/A to the neuronal membrane activates intracellular signals that are independent of its
already well-characterized paralytic action. Supporting this novel idea, recent studies have
demonstrated that the ability of the toxin to induce sprouting is concentration-dependent and
counteracted by receptor antagonists. This study addressed the hypothesis that BONT/A
promotes neurite outgrowth through a signaling pathway that depends on the second messenger
cyclic adenosine monophosphate (CAMP). To test this hypothesis, primary cultures of motor
neurons from embryonic mice were exposed to BoNT/A with and without several inhibitors of
CAMP-dependent pathways. In the presence of the inhibitors, the ability of the toxin to induce
sprouting was eliminated. These results suggest that BONT/A promotes neurite outgrowth of
embryonic motor neurons via CAMP-dependent intracellular signaling. Additional studies are

necessary to further our understanding of the neurotrophic action of this potent toxin.

INDEX WORDS: Botulinum neurotoxin, Neurite outgrowth, Embryonic motor neurons,
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CHAPTER 1
INTRODUCTION

Botulinum neurotoxin is the causative agent of botulism

Derived from the Latin word botulus, meaning “sausage,” botulism is a paralytic and
potentially fatal disease that was first associated with the consumption of spoiled sausage in
Europe during the eighteenth century. The offending agent in the sausage was suspected to be
prussic acid, now called hydrocyanic acid, until the German physician and poet Justinus Kerner
systematically studied and described the disease in 1817. Although he was unable to identify its
source, Kerner determined that a biological agent, not inorganic, which develops under anaerobic
conditions in the sausage is responsible for the clinical symptoms of botulism'?. Kerner’s
hypothesis was confirmed when the Belgian microbiologist Emile Pierre van Ermengem isolated
the anaerobic bacterium Clostridium botulinum (Figure 1.1) from a ham implicated in an
outbreak of the disease in 1895°. Recognizing its potential use as a biological weapon, the
United States Army began research on botulism, which resulted in the purification of botulinum

neurotoxin (BoNT) by the end of World War II*.

Figure 1.1: Photomicrograph of C. botulinum’. C. botulinum is a rod-shaped, gram-positive,
anaerobic bacterium that is found ubiquitously in soil and produces botulinum neurotoxin.



Seven immunologically distinct serotypes of BoNT, denoted A-G, have since been
isolated from three species of Clostridium: C. botulinum, C. baratii, and C. butryicum'. When
they are obtained in a purified form, all seven serotypes exist as polypeptides composed of a 50-
kDa light chain linked by a disulfide bond to a 100-kDa heavy chain (Figure 1.2). These toxins
induce the paralytic effects of botulism by potently inhibiting neurotransmission, but only
BoNT/A, B, E, and F cause the disease in humans®. Because it is lethal in very small doses and
could easily be distributed throughout large populations, BoNT is one of the Centers for Disease
Control and Prevention’s six Category A bioterrorism agents. Despite its extreme potency, it is
ironically used as a versatile therapeutic agent (BOTOX®) to treat a variety of neuromuscular

disorders and cosmetic conditions.
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Figure 1.2: Quaternary structure of BONT/A’. (a) The toxin is synthesized as an inactive 150-
kDa single-chain peptide, which is subsequently cleaved into a 50-kDa light chain and a 100-
kDa heavy chain. One of two disulfide bonds links these chains. The catalytic domain (purple)
constitutes the light chain, and the translocation domain (green) and the binding domain (pink)
constitute the heavy chain. (b) Backbone trace.




BoNT produces flaccid paralysis by cleaving SNARE proteins

The most understood action of BoNT is its ability to prevent muscles from contracting
(Figure 1.3). To induce this effect, BONT potently inhibits neurotransmission at the
neuromuscular junction via a four-step mechanism”. The binding of the C-terminal domain of
the heavy chain to the neuronal membrane (step 1) triggers endocytosis of the toxin into clathrin-
coated vesicles (step 2), which are acidified by proton pumps. At the low pH of the vesicular
lumen, the N-terminal domain of the heavy chain integrates into the vesicular membrane, and the
light chain translocates into the cytoplasm (step 3), where it cleaves specific sites on SNARE
proteins (step 4). BoNT/B, D, F, and G target synaptobrevin; A, C, and E target SNAP-25; C
targets syntaxin. As a result of SNARE proteolysis, acetylcholine, the neurotransmitter that
normally stimulates muscles to contract, cannot be released by the motor neuron (Figure 1.4).
Exposure to this toxin can ultimately become fatal in animals and humans when it inhibits
neurotransmission from the phrenic nerve to the thoracic diaphragm, leading to respiratory
failure which results in death. SNARE proteolysis by the light chain is today widely considered

the primary intracellular action of BoNT.

Figure 1.3: Six-week-old infant Wlth botullsm BoNT produces flaccid paralysis, which is
apparent in the loss of muscle tone in this infant with botulism, especially in the head and neck.
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Figure 1.4: Mechanism and target sites of the paralytic action of BONT’. (a) During normal
neurotransmitter release at the neuromuscular junction, SNARE proteins form a complex of
coiled coils that allows the membrane of the synaptic vesicle containing acetylcholine to fuse
with the neuronal membrane. Acetylcholine is then released into the synaptic cleft and binds its
receptor on the muscle cell. (b) After BONT enters the neuron via receptor-mediated endocytosis,
the light chain specifically cleaves the SNARE proteins. BONT/B, D, F, and G target
synaptobrevin; A, C, and E target SNAP-25; C targets syntaxin. Without the SNARE proteins to
mediate acetylcholine release into the synaptic cleft, the muscle cannot contract.



BoNT/A promotes the outgrowth of embryonic motor neurons

In studies of the proteolytic action of BoNT, it was frequently observed that poisoned
nerve endings respond by initiating and extending neurites, a phenomenon that has since been
termed “sprouting” (Figure 1.5). This outgrowth helps neurons to regain their function in
neurotransmission after the toxin cleaves SNARE proteins'’. However, because BoNT-induced
sprouting has widely been assumed to be a nonspecific secondary response to denervation, the
direct molecular mechanisms that mediate this outgrowth at the terminal bouton are still poorly
understood. Furthermore, sprouting has only been reported thus far in neurons poisoned with

BoNT/A, D, and F.

’-

b

Figure 1.5: BoNT/A-induced sprouting. These fluorescent motor neurons were cultured
without (a) and with (b) BONT/A. Compared with the control, the poisoned neuron exhibits
increased and extended neurites.



In the first study to address other possible intracellular actions that might account for
BoNT-induced sprouting'', the effects of BONT/A were examined on embryonic motor neurons
(eMNs) cultured from mouse spinal cords. BoNT/A stimulated neurite outgrowth in a
concentration-dependent manner. This effect was mimicked by the heavy chain, which was
isolated from the holotoxin (Figure 1.2); therefore, sprouting occurs independently of the
proteolytic action, which is mediated solely by the light chain. Further supporting this idea, the
ability of the toxin to induce sprouting was eliminated in the presence of Triticum vulgaris lectin,
an antagonist of the binding of all seven serotypes of BONT. Outgrowth was also stimulated
regardless of SNAP-25 cleavage. These results collectively suggest that BONT/A promotes the
neurite outgrowth of eMNs through a receptor-mediated intracellular signaling pathway that is
independent of SNAP-25 cleavage; however, this pathway has not yet been identified.

CAMP has been shown to regulate neurite outgrowth

Cyclic adenosine monophosphate (CAMP) is a second messenger that is generated from
ATP by adenylyl cyclase and activates protein kinase A (PKA), which phosphorylates a variety
of selected target proteins (Figure 1.6). The cAMP-dependent signaling pathway controls many
cellular processes. In neurons, cAMP appears to regulate neurite outgrowth'?. Several studies
have demonstrated that the activation of this pathway blocks the actions of myelin-associated

13,14,15
% These results are

inhibitors, which prevent adult neurons from regenerating after injury
further supported by another study that concluded that cAMP controls the developmental loss in
the ability of neuronal axons to regenerate'®. Compared with adult neurons, which cannot

regenerate axons, neonatal neurons, which can, had higher cAMP levels. Inhibition of PKA in

neonatal neurons in Vvivo also reduced the ability of axons to regenerate. Furthermore, the direct



injection of cAMP into the cell bodies of dorsal root ganglia stimulated regeneration'”.
Collectively, the results of these studies suggest that cAMP is an important regulator of neurite
outgrowth.
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Figure 1.6: cAMP-dependent intracellular signaling pathway'®. Once an extracellular signal
molecule binds to its transmembrane G-protein-coupled receptor (GPCR), the a subunit of G;
activates adenylyl cyclase, which then converts ATP to cAMP and pyrophosphate. Increased
cAMP concentration in the cytoplasm activates PKA, which phosphorylates and thereby
regulates the activity of other selected target proteins.

This study sought to identify the intracellular signals BONT/A activates to stimulate
neurite outgrowth in eMNs. Because of the importance of cAMP in regeneration, it was
hypothesized that BONT/A promotes neurite outgrowth via cAMP-dependent intracellular
signaling. To test this hypothesis, primary cultures of eMNs were exposed to BONT/A with and
without several inhibitors of adenylyl cyclase and PKA. In the presence of the inhibitors, the

ability of the toxin to induce sprouting was eliminated, suggesting that the previously

unidentified pathway activated by the toxin is cAMP-dependent. In addition, preliminary



experiments were performed to examine whether the other serotypes of BoNT induce sprouting.
The three serotypes tested, BONT/B, C, and E, exhibited significant neurotrophic activity, but in
varying amounts. Additional studies are necessary to complete the characterization of the

neurotrophic action of this potent toxin.



CHAPTER 2
MATERIALS AND METHODS

Mice, toxins, and inhibitors

Timed-pregnant NIH Swiss mice were purchased from Harlan Laboratories (Indianapolis,
Indiana). All procedures involving animals were approved by the Institutional Animal Care and
Use Committee. BoNT/A, B, C, and E were purchased from Metabiologics (Madison,
Wisconsin) and used at 10 M. SQ 22,536, an inhibitor of adenylyl cyclase, and KT 5720, an
inhibitor of PKA, were purchased from Sigma-Aldrich (St. Louis, Missourt).
Cell culture

This procedure was modified from an earlier protocol'®. After embryos were collected
from NIH Swiss mice within the thirteenth and fourteenth days of gestation, the embryonic
spinal cords were isolated and minced. This tissue was dissociated in 0.025% trypsin for 23 min
at 37°C and then removed of the debris by centrifugation through 4% bovine serum albumin
(BSA) for 10 min at 300 g. To enrich the cell culture with motor neurons, this suspension was
loaded onto a gradient of 6.7% Histodenz (Sigma-Aldrich, St. Louis, Missouri), which was then
spun for 10 min at 500 g. The band containing neurons was collected and removed of the
remaining debris by further centrifugation through 4% BSA for 10 min at 300 g. The neurons
were resuspended in an L-15 medium supplemented with 10% glucose, 2 mM L-glutamine, 1%
penicillin-streptomycin, 2 uM progesterone, 5 ug/ml insulin, 100 pg/ml putrescine, 100 pg/ml

conalbumin, 3 pM sodium selenite, 7.5% sodium bicarbonate, and 5% horse serum.



Outgrowth assay

The freshly cultured eMNs were deposited on multiwell plates coated with poly-D-lysine
and laminin (BD Biosciences, Bedford, Massachusetts) at a density of 10> cells/ml and then
incubated at 5% CO, and 37°C. The cells were treated with cAMP-pathway inhibitors and
BoNT 2 and 4 h after plating, respectively, and returned to the incubator for 24 or 48 h after the
addition of the toxin. When treatment was complete, the cells were fixed with 4%
paraformaldehyde at pH 7.4 for 30 min, washed thoroughly with phosphate buffered saline, and
blocked with 5% goat serum for 30 min. After blocking, the eMNs were labeled with a rabbit
polyclonal antibody to protein gene product 9.5 (1:300; AbD Serotec, Raleigh, North Carolina),
which was then detected with a fluorescent antirabbit secondary antibody.
Measurements and statistical analyses

Using pictures taken of the eMNs by a CCD camera connected to an Olympus inverted
microscope, neurite length and the number of primary and secondary branches were measured
for each different treatment. Neurite length was defined as the sum of the lengths of all
processes on one neuron. Primary branches were defined as processes that sprout directly from
the cell body of a neuron; secondary branches were defined as processes that sprout directly from
the primary branches of a neuron. Two-tailed t-tests were used to determine statistical

differences between controls (unmedicated cells) and the other treatments.
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CHAPTER 3
RESULTS

BoNT/A, B, C, and E promote neurite outgrowth

In the initial experiments, the effects of four different serotypes of BONT were examined
on the neurite outgrowth of eMNs. After plating, the cells were allowed to attach to the plates
for 4 h before the addition of the toxin, and at this time, it was visually confirmed that a large
number of cells had successfully attached. Each serotype stimulated outgrowth. Compared with
time-matched, untreated control neurons, neurons treated with either BONT/A or B for 24 or 48 h
exhibited increased neurite length and an increased number of branches (Figure 3.1). Likewise,
similar results were obtained for neurons treated with either BONT/C or E for 24 h (Figure 3.2).
Data is not presented for 48 h for the latter experiment because the cells did not survive. To
compare the effects of all four serotypes, the measurements for the toxin-treated neurons were
calculated as percent increases from the controls (Table 3.1). At 24 h, BoNT/C induced the
largest effect on neurite outgrowth, followed by BoNT/A.
Table 3.1: Neurite outgrowth of motor neurons treated with BoNT/A, B, C and E. Neurite
length, the number of primary branches, and the number of secondary branches were averaged

for thirty nerve cells exposed to one serotype for 24 h. Data are expressed as the percent increase
from the control.

Neurite Primary Secondary
length (%) branching (%) | branching (%)
BoNT/A 59 21 63
BoNT/B 48 19 48
BoNT/C 70 43 60
BoNT/E 48 40 56

11
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Figure 3.1: Neurite outgrowth of motor neurons treated with BoNT/A and B. Neurite length
(a), the number of primary branches (b), and the number of secondary branches (c) were
measured. Data are expressed as the mean plus SEM for thirty nerve cells. Asterisks denote
significant statistical differences from the control (*** p<0.001, ** p<0.01, * p<0.05). One
independent repeat yielded similar results.
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Figure 3.2: Neurite outgrowth of motor neurons treated with BoNT/C and E. Neurite length
(a), the number of primary branches (b), and the number of secondary branches (c) were
measured. Data are expressed as the mean plus SEM for thirty nerve cells. Asterisks denote
significant statistical differences from the control (*** p<0.001, ** p<0.01).
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Inhibition of adenylyl cyclase and PKA eliminates BONT/A-induced neurite outgrowth

To examine the role of cAMP in sprouting, two inhibitors of the cAMP-dependent
pathway were used: SQ 22,536, which inhibits adenylyl cyclase, and KT 5720, which inhibits
PKA. The inhibitors were added 2 h before the addition of the toxin and only after visual
confirmation of cell attachment. One group of eMNs in each experiment was exposed only to
BoNT/A to ensure that a toxin-induced effect was still present, and another group was exposed
only to the inhibitor to ensure that inhibition did not reduce basal neurite outgrowth. Both
inhibitors eliminated the ability of BoNT/A to induce sprouting. In the presence of SQ 22,536,
the neurite length of cells treated with BoNT/A and SQ 22,536 was reduced to the neurite length
of control neurons (Figure 3.3). Similar results were obtained for the number of secondary
branches; however, primary branching was relatively unaffected. In the presence of KT 5720,
there was no statistical difference for neurite length or secondary branching between the controls
and the neurons treated with both the inhibitor and the toxin (Figure 3.4). Primary branching
was again relatively unaffected. In these two experiments, the inhibitors were added at two
different concentrations to determine whether their effects were dose-dependent, but noticeable

differences were not obtained between the two concentrations used for each inhibitor.
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Figure 3.3: Neurite outgrowth of motor neurons treated with BoNT/A and SQ 22,536, an
inhibitor of adenylyl cyclase. Neurite length (a), the number of primary branches (b), and the
number of secondary branches (c¢) were measured. Data are expressed as the mean plus SEM for
thirty nerve cells. Asterisks denote significant statistical differences from the control

(*** p<0.001).
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Figure 3.4: Neurite outgrowth of motor neurons treated with BONT/A and KT 5720, an
inhibitor of PKA. Neurite length (a), the number of primary branches (b), and the number of
secondary branches (c¢) were measured. Data are expressed as the mean plus SEM for thirty
nerve cells. Asterisks denote significant statistical differences from the control (*** p<0.001,
** p<0.01).
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CHAPTER 4
DISCUSSION

BoNT, the most poisonous substance known, has received much attention in recent
decades not only for its potential use as a biological weapon but also for its ability to treat
neuromuscular disorders. Although its paralytic action has been well characterized, its ability to
stimulate neurite outgrowth is not fully understood. A number of studies have focused on this
phenomenon, but until recently no attempts have been made to determine the molecular
mechanisms that are responsible for stimulated outgrowth. One study recently suggested that
this neurotrophic action of BONT/A is an indication of previously unrecognized intracellular
signaling activity''. Although this activity appears to be receptor-mediated, the specific
signaling pathway activated by BoNT/A to induce sprouting remains undetermined.

The purpose of this current study was to identify the signaling pathway the toxin activates
to stimulate neurite outgrowth. Because cAMP has been shown to control regeneration of axons
after injury, it was hypothesized that the binding of BoNT/A to the neuronal membrane triggers a
cAMP-dependent intracellular signaling pathway, resulting in additional sprouting. By
inhibiting adenylyl cyclase and PKA in two separate experiments, BONT/A-induced sprouting
could be eliminated. These results suggest that BONT/A promotes neurite outgrowth of eMNs
via cAMP-dependent intracellular signaling, thus supporting the hypothesis. To confirm this
conclusion, additional studies might attempt to inhibit BONT/A-induced sprouting by increasing

cAMP phosphodiesterase, the enzyme that degrades cAMP. In addition, preliminary
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experiments in this study revealed that BoONT/B, C, and E also induce sprouting; however,
whether these other serotypes utilize cAMP-dependent signaling has not been addressed.
Although it can be concluded that BoNT/A activates a cAMP-dependent signaling
pathway, these results bring up additional questions about the neurotrophic action of this potent
toxin. Of immediate interest is the identification of the downstream effectors of PKA. One
possibility is Erk, a protein kinase at the end of a three-component signaling pathway (Figure
4.1). Initial studies have suggested that Erk is an important kinase for outgrowth. For example,
it has been shown, along with calcium and cAMP, to regulate the ability of axons to regenerate
growth cones'”. Whether Erk plays a similar role in stimulated outgrowth remains
undetermined. Examining the phosphorylation of Erk, as well as Raf and Mek, in BoNT/A-

induced sprouting is the next step in identifying potential downstream effectors.
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Figure 4.1: Erk intracellular signaling pathway'®. Ras activates Raf, a MAP kinase kinase
kinase, at the plasma membrane. Raf then activates Mek, a MAP kinase kinase, which in turn
activates Erk, a MAP kinase. Erk phosphorylates and thereby regulates the activity of other
selected target proteins, usually in the nucleus.
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Because neurodevelopment is highly controlled and the factors mediating growth are
rapidly changing in perinatal mammals, it is also important to study BoNT/A-induced sprouting
at later stages of development. Primary cultures of motor neurons from postnatal mice, for
instance, could be exposed to the toxin to determine whether stimulated outgrowth occurs and, if
s0, how. Since neuronal cAMP levels drop significantly in neonates'®, it would be interesting to
see whether the toxin is capable of raising cAMP to a level where axons can regenerate.

Another area for investigation is the role of the protein receptors for the seven serotypes
of BoNT in stimulating outgrowth. Only the protein receptors for BONT/A, B, E, and G have
been identified, and little research has been done to examine the intracellular-signaling
capabilities of these receptors. Interestingly, BONT/A and E share the same receptor, SV2%.

Whether any similarities exist in their abilities to stimulate outgrowth is yet to be addressed.

19



10.

1.

12.

REFERENCES

Coffield JA. Botulinum neurotoxin: the neuromuscular junction revisited. Crit Rev
Neurobiol. 2003;15(3-4):175-96.

Erbguth FJ. From poison to remedy: the chequered history of botulinum toxin. J Neural
Transm. 2008;115(4):559-65.

van Ermengem E. A new anaerobic bacillus and its relation to botulism. Rev Infect Dis.
1979;1(4):701-19.

Schantz EJ, Johnson EA. Botulinum toxin: the story of its development for the treatment of
human disease. Perspect Biol Med. 1997;40(3):317-27.

Centers for Disease Control and Prevention. Public Health Image Library. ID# 2107.
Sobel J. Botulism. Clin Infect Dis. 2005;41(8):1167-73.

Lacy DB, Stevens RC. Sequence homology and structural analysis of the clostridial
neurotoxins. J Mol Biol. 1999;291(5):1091-104.

Centers for Disease Control and Prevention. Public Health Image Library. ID# 1935.

Arnon SS, Schechter R, Inglesby TV, Henderson DA, Bartlett JG, Ascher MS, Eitzen E, Fine
AD, Hauer J, Layton M, Lillibridge S, Osterholm MT, O'Toole T, Parker G, Perl TM,
Russell PK, Swerdlow DL, Tonat K; Working Group on Civilian Biodefense. Botulinum
toxin as a biological weapon: medical and public health management. JAMA.
2001;285(8):1059-70.

Meunier FA, Schiavo G, Molgé J. Botulinum neurotoxins: from paralysis to recovery of
functional neuromuscular transmission. J Physiol Paris. 2002;96(1-2):105-13.

Coffield JA, Yan X. Neuritogenic actions of botulinum neurotoxin A on cultured motor
neurons. J Pharmacol Exp Ther. In press.

Filbin MT. Recapitulate development to promote axonal regeneration: good or bad approach?
Philos Trans R Soc Lond B Biol Sci. 2006;361(1473):1565-74.

20



13.

14.

15.

16.

17.

18.

19.

20.

Song H, Ming G, He Z, Lehmann M, McKerracher L, Tessier-Lavigne M, Poo M.
Conversion of neuronal growth cone responses from repulsion to attraction by cyclic
nucleotides. Science. 1998;281(5382):1515-8.

Cai D, Shen Y, De Bellard M, Tang S, Filbin MT. Prior exposure to neurotrophins blocks
inhibition of axonal regeneration by MAG and myelin via a cAMP-dependent mechanism.
Neuron. 1999;22(1):89-101.

Chierzi S, Ratto GM, Verma P, Fawcett JW. The ability of axons to regenerate their growth
cones depends on axonal type and age, and is regulated by calcium, cAMP and ERK. Eur J
Neurosci. 2005;21(8):2051-62.

Cai D, Qiu J, Cao Z, McAtee M, Bregman BS, Filbin MT. Neuronal cyclic AMP controls the
developmental loss in ability of axons to regenerate. J Neurosci. 2001;21(13):4731-9.

Qiu J, Cai D, Dai H, McAtee M, Hoffman PN, Bregman BS, Filbin MT. Spinal axon
regeneration induced by elevation of cyclic AMP. Neuron. 2002;34(6):895-903.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, Walter P. Molecular biology of the cell.
5th ed. New York: Garland Science; 2008. 1392 p.

Anderson KN, Potter AC, Piccenna LG, Quah AK, Davies KE, Cheema SS. Isolation and
culture of motor neurons from the newborn mouse spinal cord. Brain Res Brain Res Protoc.
2004;12(3):132-6.

Dong M, Liu H, Tepp WH, Johnson EA, Janz R, Chapman ER. Glycosylated SV2A and

SV2B mediate the entry of botulinum neurotoxin E into neurons. Mol Biol Cell.
2008;19(12):5226-37.

21



	No Numbers.pdf
	Roman Numerals.pdf
	Arabic Numerals.pdf

