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ABSTRACT OF THE THESIS 

 

Intrathecal Botulinum Neurotoxin B: Effect on Spinal Primary Afferent Neurotransmitter 

Release, Inflammatory Nociception and Neuropathic Pain in the Mouse 

 

 

by 

 

Polly Pu Huang 

Master of Science in Biology 

University of California, San Diego, 2010 

Professor Tony Yaksh, Chair 
Professor Darwin Berg, Co-Chair 

 

 

Botulinum neurotoxin B (BoNT-B) mediates proteolytic cleavage of VAMP I/II 

(synaptobrevins I/II) in the family of soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor (SNARE) proteins. Such cleavage of SNARE proteins inhibits vesicle-membrane 
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fusion at the synaptic terminal and inhibits neurotransmitter release. The aim of this study is to 

investigate the effects of intrathecal (IT) delivery of BoNT-B on neurotransmitter release from 

spinal primary afferent C-fibers and the effects on nociception in mouse. In the formalin mouse 

model, intraplantar (IPLT) formalin induces substance-P (SP) release from primary afferent C-

fibers. SP binding to neurokinin-1 receptors (NK1-R) on dorsal horn neurons resulting in receptor 

internalization can be visualized using immunohistochemistry and confocal microscopy. Mice 

that received IT BoNT-B prior to IPLT formalin showed reduction in NK1-R internalization and 

spinal C-Fos protein activation. In contrast, intrathecal co-injection of BoNT-B and anti-BoNTB 

antibody showed prevention of these effects on neurotransmitter release. Intrathecal BoNT-B 

pretreatment also attenuated phase 2, and not phase 1, of formalin flinching behavior. To 

investigate effects of IT BoNT-B on neuropathic pain, mice received spinal nerve ligation (SNL) of 

the left L5 spinal nerve. SNL induced tactile allodynia 14 days post ligation upon stimulation 

using von Frey filaments. Mice that received IT BoNT-B showed increased paw withdrawal 

threshold, compared to vehicle animals, for the next 15 days. The data suggest that IT BoNT-B 

blocks neurotransmitter release from spinal primary afferent C-fibers in a facilitated state, 

attenuates formalin-induced nociceptive response, and attenuates spinal nerve injury- induced 

neuropathic pain, in the absence of motor impairment.  



 
 

1 
 

I. INTRODUCTION 

 

 Botulinum neurotoxins (BoNTs) are metalloproteases produced by Clostridium 

botulinum. They mediate proteolytic cleavage of subunits in the family of soluble N-

methylaleimide-sensitive attachment protein receptor (SNARE) proteins in the synaptic 

terminal. There are seven BoNT serotypes (A-G). Each neurotoxin serotype specifically and non-

competitively cleaves one site of a member of the SNARE protein complex. Botulinum 

neurotoxin serotype A (BoNT-A) cleaves SNAP-25. Botulinum neurotoxin serotype C (BoNT-C) 

cleaves syntaxin. Botulinum neurotoxin serotypes B, F, and G cleave VAMP/synaptobrevin 

protein (Schiavo et al, 1994). Such enzymatic cleavage results in inhibition of vesicle-membrane 

fusion and prevents the release of neurotransmitters. BoNT blockade of acetylcholine from 

motor neurons at the neuromuscular junction results in flaccid muscle paralysis. The muscle-

relaxing effect of botulinum neurotoxin serotype A (BoNT-A) has common applications in 

cosmetic procedures and as a symptomatic treatment for chronic muscle spasm syndromes, 

such as torticollis. Botulinum neurotoxin serotype B (BoNT-B) is the only FDA approved 

botulinum neurotoxin for treatment of cervical dystonia. While previous studies have shown 

effects of BoNTs on acetylcholine release from motor neurons and effects on muscle, effects on 

release of other neurotransmitters from other types of neurons are less defined. While 

intramuscular effects and peripheral effects of BoNTs have been well-studied, this series of 

studies is focused on the spinal action of botulinum neurotoxin serotype B (BoNT-B).  

 

SNARE proteins mediate neurotransmitter release 

 During neurotransmitter release, influx of calcium activates synapsin protein tethered at 

neurotransmitter vesicles, resulting in mobilization of vesicles. At the synaptic membrane, 
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formation of SNARE protein complex mediates vesicle-membrane fusion and neurotransmitter 

release via exocytosis.  SNARE protein complex consists of syntaxin, synaptobrevin, and SNAP-

25. Syntaxin is tethered at the plasma membrane by its C-terminus. Synaptobrevin isoforms I 

and II, or vesicle-associated membrane protein (VAMP I/II), are tethered at the vesicle 

membrane and are cleavage target of BoNT-B. SNAP-25 is anchored at the plasma membrane. 

Fusion of syntaxin, synaptobrevin, and SNAP-25, resulting in formation of a four-α-helix bundle 

is critical for vesicle fusion with the plasma membrane and release of neurotransmitters (Sutton 

et al, 1998).  Enzymatic cleavage of SNARE proteins by BoNTs renders SNARE proteins unable to 

fold and form helical bundles.  

 

BoNT translocation and action  

 Botulinum neurotoxin structure consists of light chain (LC) and heavy chain (HC). Light 

chain is the protease domain which enzymatically cleaves target SNARE protein. Heavy chain 

receptor domain mediates binding to membrane receptor and heavy chain translocation domain 

mediates translocation of toxin protein across the plasma membrane into neurons. Ganglioside 

GT1b, which resides on plasma membrane, has been shown to be a complementary receptor 

component for BoNT binding during translocation (Kozaki et al, 1998). During translocation, the 

heavy chain serves a conduit for light chain domain as the toxin protein is internalized into the 

cytoplasm, where it enzymatically cleaves its target protein (Koriazova et al, 2002; Montal, 

2008). In addition to ganglioside binding, BoNT-B translocates via binding to synaptotagmin I 

and II, which are transiently expressed on the plasma membrane during vesicle recycling (Dong 

et al, 2003). However, studies to investigate translocation of BoNT-B and BoNT-F in hippocampal 

neurons show toxin entry independent of vesicle recycling and synaptotagmin expression 
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(Verderio et al, 1999; Grumelli et al, 2005). This property of BoNTs entry into neurons suggests 

that translocation and toxin internalization depends on combination of binding proteins and 

gangliosides that mediate toxin translocation in different types of neurons (Montecucco et al. 

2004; Grumelli et al, 2005).  

 BoNT-B specifically cleaves VAMP I/II at amino acid residues Gln/76-Phe/77 (Schiavo et 

al, 1992). Cleavage is believed to be dependent not only on the target cleavage site, but also 

recognition of three-dimensional structure. Thus, amino acid residues flanking the cleavage site 

also plays a critical role in toxin recognition and proteolytic cleavage (Foran et al, 1994).  

 Based on the mechanism of binding and translocation of BoNTs, drug action and toxicity 

critically depends on active heavy chain domains of the toxin protein, as well as its target 

binding sites. Toxin activity after translocation into the cytoplasm depends on enzymatic activity 

of long chain protease and recognition of cleavage site. These mechanisms of BoNT-B action 

contribute to the specificity of BoNT-B proteolytic cleavage of VAMP I/II and effects on central 

and peripheral neurons.  

 

Effects of BoNTs on neurotransmitter release 

 Previous studies have extensively shown effects of BoNTs on acetylcholine release from 

motor neurons and effects on muscle contractility. It is important, however, to note that SNARE 

proteins play a ubiquitous role in vesicle-membrane coupling process during neurotransmitter 

release in both peripheral and central nervous systems. Despite this general mechanism of 

neurotransmitter release, relatively little work has focused on the effects of BoNTs on 

neurotransmitter release in systems other than the neuromuscular junction. The issue of 

interest is the potential effects of BoNTs on neurotransmitter release in the central nervous 
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system. Several studies have demonstrated that treatment of neuronal systems and cell cultures 

that BoNT-A inhibits release of acetylcholine, substance P (Welch et al, 2000), glutamate 

(McMahon et al, 1992), and calcitonin gene-related peptide (Morris et al, 2001; Durham et al, 

2003). The majority of this work has focused on ex vivo systems and the effects on behavior 

have been described in a limited fashion. The effects upon peptide release from dorsal root 

ganglion cells raises the interesting likelihood that BoNT effects are manifested on the release of 

excitatory neurotransmitters in the spinal dorsal horn from high threshold unmyelinated 

primary afferent neurons. As such, it suggests the speculative hypothesis that spinal action of 

BoNTs might produce effects on pain behavior. However, given the potent and ubiquitous 

effects on neurotransmitter release, spinal effects may reflect a general impairment of all spinal 

motor and sensory functions. In addition, while these effects of BoNT-A on neurotransmitter 

release have been extensively described, the effects of BoNT-B (Myobloc®) is not well-described 

in the literature. This thesis presents an investigation of BoNT-B on substance-P release by 

analysis of SP-specific neurokinin-1 receptor internalization. 

 

Effects of BoNTs on pain 

SNARE protein cleavage resulting in blockade of neurotransmitter release also has 

applications in blockade of sensory input. Discussion of potential role of BoNTs in pain requires a 

brief review of major classes of pain mechanisms mediated by primary afferents and spinal cord, 

which are initiated by tissue and nerve injury.  

In the case of tissue injury, peptidergic sensory afferent fibers are activated and release 

excitatory neurotransmitters. Primary afferents terminate in the spinal dorsal horn. Such release 

activates local second order dorsal horn interneurons and neurons which project to higher 
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center. This pathway leads to supraspinally organized behavioral response to the nociceptive 

stimulus (e.g. escape and withdrawal response). In addition, persistent activation of sensory 

afferents induced by tissue injury and nerve injury lead to initiation of a facilitated state of 

sensory processing in the dorsal horn. Such spinal systems underlie the phenomena of 

hyperalgesia, in which normally innocuous stimuli leads to aversive sensations and typical 

behavioral response to pain (Yaksh et al, 1999).  

One example of such a preclinical model to induce excitatory neurotransmitter release 

from primary afferents and initiate a state of facilitated spinal processing is the formalin-pain 

model. Intraplantar delivery of irritant chemical formalin activates primary afferent C-fibers 

through activation of TRPA1 channel on the afferent terminal (McNamara, 2007), resulting in an 

initial pronounced activation followed by persistent ongoing low level of discharge from primary 

afferent C-fibers. Persistent C-fiber activation by formalin, over the ensuing 60 minutes, results 

in biphasic activation of dorsal horn wide dynamic range (WDR) neurons (Dickenson and 

Sullivan, 1987) and biphasic flinching of the injected hind paw (Yaksh et al, 2001). Biphasic WDR 

neuron activation mirrors flinching behavior temporally and in amplitude (Puig and Sorkin, 

1996). It is widely believed that phase I flinching response reflects the potent early activation of 

small afferents: Aδ and C-fibers. Phase 2 flinching response involves persistent small afferent 

input and onset of a facilitated state in the spinal dorsal horn. This persistent activation of 

chemically responsive C-fibers by formalin leads to long-term potentiation of excitability of 

second order neurons (Yaksh et al, 2001). Blockade of neurotransmitter release from primary 

afferents results in reduced activation and facilitation of dorsal horn interneuron, which 

consequently reduces central pain processing. It is important to note that phase 1 and phase 2 

of formalin response reflects distinct dorsal horn processes. Thus, the spinal delivery of agents 
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such as opiates will reduce phase 1 and phase 2. In contrast, other agents, such as gabapentin, 

NK1-R antagonists, cyclooxygenase inhibitors and NMDA receptor antagonists diminish phase 2 

with no effect on phase 1.  

Peripheral nerve injury results in symptoms of neuropathic pain in humans and in 

rodents. Such nerve injury frequently leads to hypersensitivity to normally innocuous stimulus 

or hyperalgesia. Typically, this hypersensitivity is manifested in an exaggerated response to light 

tough, referred to as tactile allodynia. Several factors contribute to neuropathic pain after nerve 

injury. Interactions between injured and intact neurons contribute hyper-excitability of primary 

sensory neurons (Devor and Wall, 1990). Increased neurotransmitter release from primary 

afferent sensory neurons has also been shown in previous studies of nerve injury-induced 

neuropathic pain (Gardell et al, 2003; Coderre et al, 2005). It is important to note that 

neuropathic pain models and tissue injury models vary in their pharmacology, which suggests 

different underlying mechanisms. Blockade of neurokinin-1 receptor (NK1-R), which responds to 

peptidergic neurotransmitter substance-P released from primary afferent C-fibers, blocks 

inflammatory acute nociception. However, such blockade does not affect neuropathic pain 

behavior; blockade of glutamate release from primary afferents attenuates neuropathic pain 

behavior. Intrathecal delivery of opiods and cyclooxygenase inhibitors also have little effect on 

tactile allodynia, whereas agents such as NMDA receptor agonists and gabapentin are effective 

(Sorkin and Yaksh, 2009).  

A few previous studies have examined effects of BoNTs on acute and neuropathic pain 

in vivo. Interpretation of these studies requires consideration of the pain model and route of 

drug delivery. 
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 BoNTs have been described to attenuate formalin-induced licking behavior while 

normal grooming behavior is unaffected (Luvisetto, 2009). Plantar injection of BoNT-A has been 

shown to attenuate carrageenan- and formalin-induced inflammatory pain and capsicin-induced 

hyperalgesia (Cui et al, 2004; Luvisetto et al, 2006; Bach-Rojecky and Lackovic, 2005). 

Intradermal BoNT-A injection attenuates neuropathic behavior induced by infraorbital nerve 

constriction and inhibits neurotransmitter release from trigeminal ganglion neurons in rat 

(Kitamura et al, 2009). Intraplantar injection of BoNT-A in the hind paw before carageenan 

administration in the ipsilateral hind paw reduced hypersensitivity (Favre-Guilmard et al, 2009). 

BoNT-A applied to the peripheral hind paw diminished allodynia otherwise produced by nerve 

ligation (Park et al, 2006). Peripheral and intrathecal injection of BoNT-A also alleviated 

allodynia in a diabetic rat model of neuropathic pain (Bach-Rojecky et al, 2010). Such peripheral 

drug effects are believed to reflect local action of BoNTs on peripheral terminal excitability or 

central transport, where there would be block of central neurotransmitter release from primary 

afferents.  

Based on the review on the role of BoNTs in preclinical models of pain, it is evident that 

topical and intrathecal treatment with BoNTs have an anti-hyperalgesic effect. Limited data on 

peripheral and central delivery of BoNTs also suggest that the effects may occur in the absence 

of toxicity and motor function impairment. An important limitation of the studies published thus 

far is that there has been little effort to correlate central effects with measure of 

neurotransmitter release and anti-nociception. The objective of this study is to investigate the 

effects of spinally delivered botulinum neurotoxin serotype B (BoNT-B) on primary afferent 

release from identified populations of nociceptive afferents and consequent changes in pain 

behavior.   
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Peripheral delivery of BoNTs has applications in cosmetic treatment for facial wrinkles 

and treatment of chronic muscle spasm. Peripheral injection of BoNTs provides local effects of 

BoNTs on nearby synaptic terminals. Intramuscular injection of BoNTs results in localized toxin 

penetration into motor neurons at the neuromuscular junction and prevents acetylcholine 

release from these neurons, resulting in flaccid muscle paralysis. Therefore, peripheral delivery 

of BoNTs has direct effect on peripheral synaptic terminals and on muscle function. Spinal 

delivery of BoNTs, in contrast, has direct effect on synaptic terminals in the central nervous 

system. This permits examination of toxin effects on synaptic terminals located in the CNS, such 

as spinal primary afferent fibers, and examination of drug effects at the spinal level in an intact 

animal. Consistent with the mechanisms of BoNT translocation and internalization into neuron 

cytosol at the synaptic terminal, spinal delivery of BoNTs shows its effect on primary sensory 

afferents which terminate at the spinal cord.  

 Based on review of spinal action of BoNTs, investigation of spinally delivered BoNT-B can 

shed light on an alternative method for pain management. This can also provide insight on 

therapeutic targets for acute nociception and neuropathic pain induced by nerve injury. 

Peripheral delivery of BoNTs as a potential method for clinical pain therapy has been explored in 

previous studies published thus far. For example, relief of chronic muscle spasms after 

intramuscular injection of BoNT-A or BoNT-B is believed to be the result of reduction in muscle 

ischemia. Activation of nociceptors by ischemic muscles is believed to be the cause of painful 

symptoms of chronic muscle spasm (Mense, 2004). However, little work has been done to 

examine spinal delivery of BoNTs for similar clinical purposes.  
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Hypotheses 

 This thesis is focused on effects of spinal botulinum neurotoxin B (BoNT-B) on primary 

afferent neurotransmitter release and pain in the mouse. The following hypotheses are 

specifically addressed: 

 

1. Spinal delivery of BoNT-B produces a persistent block of formalin-evoked 

neurotransmitter substance-P (SP) release from primary afferent sensory neurons. This 

blockade is accompanied by a reduction in activation of non-afferent dorsal horn 

internerons.  

Assessment of neurotransmitter release: Intrathecal (IT) delivery of BoNT-B 

(Myobloc ® Solstice Neurosciences) in the lumbar region provides local delivery of BoNT-

B at the location where primary afferent C-fibers from the hind paws terminate. 

Stimulation of the hind paws, such as chemically with intraplantar (IPLT) formalin in the 

hind paw or a sharp pinch of the paw, induces neurotransmitter release from spinal 

primary afferent C-fibers. Substance P (SP), neurotransmitter peptide released by spinal 

primary afferent C-fibers, specifically binds to neurokinin 1 receptors (NK1-R) in the 

superficial dorsal horn (laminae I and II) causing receptor internalization. Quantification 

NK1-R internalization is an assay for neurotransmitter release from spinal primary C-

fibers (Nazarian et al, 2008). This method allows us to assess neurotransmitter release in 

vivo.  

Assessment of post-synaptic activation: Activation of primary sensory afferents 

leads to release of neurotransmitters which consequently activate second order 

interneurons in the spinal dorsal horn. Second order neurons project to higher centers 
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where sensory input is integrated as the sensation of pain, touch, heat or pressure, and 

produce the behavioral response to the sensory stimulus. C-Fos is an early gene 

expressed upon neuronal activation. C-Fos protein expression in second order neurons 

in superficial dorsal horn at 1-2 hours after application of painful stimulus, such as 

intraplantar formalin, serves as an assay for primary afferent sensory input. Central 

neuronal activation is proportional to primary afferent sensory input. Visualization of C-

Fos protein expression after IPLT formalin serves as an additional assay for spinal BoNT-

B effect on primary afferent neurotransmitter release. We hypothesize that intrathecal 

BoNT-B effect on formalin-induced substance-P release and NK1-R internalization is 

accompanied by reduction in spinal C-Fos protein expression.   

 

2. IT BoNT-B at dose which blocks primary afferent neurotransmitter release also 

attenuates formalin-induced nocifensive behavioral response. 

Tissue injury model of pain behavior: Intraplantar injection of formalin induces 

flinching behavioral response which lasts approximately 40 minutes after IPLT formalin 

injection. Measurements of formalin-induced flinching response using an automated 

motion detection device provide an assessment of BoNT-B effect on nocifensive 

behavior (Dubuisson and Dennis, 1977; Wheeler-Aceto et al, 1990; Yaksh et al, 2001). 

Formalin is a chemical stimulus which persistently activates primary afferent C-fibers, 

which results in 3 phases of sensory neuronal activation – early, middle, and late phase. 

Phasic activation of wide dynamic range (WDR) neurons located in the spinal superficial 

dorsal horn results in biphasic flinching behavior. Initial early phase of C-fiber activation 

leads to long-term potentiation (LTP) of WDR neurons, or the phenomenon termed 
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“wind-up.” Phase II of formalin-evoked flinching response is mediated by early phase of 

C-fiber action and reflects the consequent 2nd phase central facilitation. Therefore, 

formalin-evoked flinching behavior is nocifensive behavior that is mediated by activation 

of primary afferent sensory fibers. BoNT-B blockade of primary afferent 

neurotransmitter release would also affect central facilitation of flinching behavior.  

 

3. IT BoNT-B attenuates neuropathic hyperalgesia induced by peripheral nerve injury.  

Model  of neuropathic hyperalgesia: Peripheral nerve injuries result in 

symptoms of neuropathic pain in humans and in rodents, such as hypersensitivity to 

normally innocuous stimulus or hyperalgesia. Spinal nerve ligation of the L5 spinal nerve 

of the mouse is one of several established rodent models nerve injury-induced 

neuropathic pain, which mimics symptoms seen in humans (Kim and Chung, 1994; 

Bennett and Xie, 1988; Seltzer et al, 1990). Several factors contribute to neuropathic 

pain after nerve injury. Interactions between injured and intact neurons contribute 

hyper-excitability of primary sensory neurons (Devor and Wall, 1990). Increased 

neurotransmitter release from primary afferent sensory neurons has also been shown in 

previous studies of nerve injury-induced neuropathic pain (Gardell et al, 2003; Coderre 

et al, 2005). Consistent with BoNT-B effect on neurotransmitter release, we 

hypothesized that IT delivery of BoNT-B also has inhibitory effect on elevated 

neurotransmitter release induced by nerve injury and that IT BoNT-B consequently 

attenuates neuropathic pain behavior. The mouse spinal nerve ligation model (Kim and 

Chung, 1994) is used in order to assess the effect of IT BoNT-B on spinal nerve injury-

induced neuropathic pain.  
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4. Establish tolerable doses of BoNT-B which block primary afferent neurotransmitter 

release and attenuates acute and neuropathic pain with no effect on motor function. 

Dose tolerability study of BoNT-B: Toxicity after intrathecal injection of BoNT-B 

can be assessed by observation of clinical indications and motor function. Clinical 

indications of toxicity include piloerection, weight decrease, motor impairment, 

abnormal respiration, abnormal grooming behavior, and abnormal exploratory 

behavior. Motor function can be assessed in terms of grip strength, gait, ambulatory 

ability, and motor coordination. Examination of an animal’s ability to remain suspended 

on a wire mesh by gripping with front and hind paws provides dynamic assessment of 

normal motor coordination, gait, grip strength, and exploratory behavior.   

 

5. Spinal BoNT-B effects on primary afferent neurotransmitter release, inflammatory pain 

and neuropathic hyperalgesia are the result of VAMP I/II specific cleavage in the mouse. 

VAMP I/II cleavage by BoNT-B: Active and mobile toxin is required to translocate 

into neuron cytosol and proteolytically cleave target SNARE protein. Incubation of VAMP 

I/II with BoNT-B is expected to result in the cleavage of VAMP I/II protein. This confirms 

enzymatic activity of BoNT-B. Alternatively, antibody binding to BoNT-B protein would 

render the toxin unable to translocate across the terminal membrane. Antibody binding 

also renders the enzymatic domain inactive. We hypothesize that co-injection of BoNT-B 

with anti-BoNT-B antibody reverses its effects on formalin-evoked neurotransmitter 

release. Co-injection of BoNT-B and antibody, therefore, permits assessment of BoNT-B 

activity in vivo.  
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Specificity of BoNT-B to mouse VAMP I/II: BoNT-B proteolytically cleaves VAMP 

I/II at Gln/76-Phe/77 in the mouse and human. BoNT-B resistance in the rat is due to the 

replacement of phenylalanine for valine at amine acid residue 77 of VAMP I protein. In 

order to confirm BoNT-B effects in the mouse is due to VAMP I/II specific cleavage by 

the toxin, resistance to BoNT-B in the rat was explored as a negative control for BoNT-B 

effects on formalin-evoked flinching response.  
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II. METHODS 

 

Animals 

All studies undertaken in this thesis were carried out according to protocols approved by 

the Institutional Animal Care and Use Committee of the University of California, San Diego. Adult 

male C57/Bl6 mice and Sprague Dawley rats (Harlan Sprague Dawley Inc., Indianapolis, IN). Mice 

were housed in vivarium minimum of 2 days before use, maintained on a 12/12 hour day-night 

cycle, and are given food and water ad libitum. 

 

Drug delivery 

Mouse intrathecal injections: Animals were anesthetized using 5% isoflurane before and 

3% isoflurane during the IT injection. A 30G needle was inserted into the intrathecal space at L5-

L6, and a tail flick was observed as indication of correct placement of the injection. Drugs were 

delivered using a Hamilton syringe. Intrathecal injections of NaCl 0.9% or drug were given in 

volumes of 5μL for each dose given, unless otherwise stated.  

Rat intrathecal injections: While anesthetized using 5% isoflurane, rats were prepared 

with lumbar intrathecal (IT) catheters as previously described (Yaksh TL and Rudy TA, 1976; 

Yaksh TL and Stevens CW, 1986). After 5-7 days recovery, rats were entered into the study to 

receive drug in volume of 10μL, unless otherwise stated. Each injection is followed by 10μL of 

saline flush.  

In mouse studies, formalin was injected in the plantar surface of the hind paw using a 

30G needle and Hamilton syringe. For rat studies, intraplantar formalin was delivered to the 

hind paw.  
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Drugs 

Botulinum neurotoxin B (BoNT-B; Myobloc®, Solstice Neurosciences Inc., South San 

Francisco, CA) was provided in solution containing 5000U/mL. BoNT-B was diluted in NaCl 0.9% 

such that the dose to be delivered was present in a volume of 5μL for mouse studies and 10μL 

for rat studies, unless otherwise stated. In both rat and mouse studies, intraplantar formalin 

(5%, 20μL) was given in the left hind paw. For IT injections of BoNT-B titer, BoNT-B was 

incubated with anti-BoNT-B antibody (rabbit polyclonal; Abcam Inc., San Francisco, CA) at 

effective binding concentrations determined in titer assay for 1 hour at 37°C prior to IT injection.  

 

Morbidity and motor function 

 Morbidity: Mice received intrathecal injection of BoNT-B at doses 0.1U-50U. Clinical 

observations were made for indications of toxicity: piloerection, labored breathing, normal 

grooming behavior, normal ambulation, and exploratory behavior. In order to assess weight 

loss, mice that received maximal tolerable dose of BoNT-B were weighed 7 days after intrathecal 

injection.  

Grip strength: Five days after receiving IT NaCl 0.9% or BoNT-B 0.5U, animals were 

placed on top of a wire mesh mounted on a scale. The experimenter lifts the animal from the 

wire mesh by the tail. The grip strength is recorded as the maximal force at the point of release 

from the wire mesh. 

Motor function: Animals were required to remain suspended underneath a wire mesh 

for up to 1 minute. When placed upside down under the wire mesh, animals were required to 

grip onto the wire grid with front and hind paws, and grip strength is required to support their 
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body weight. Normal exploratory movement while suspended underneath the wire mesh was 

also observed, as indication of exploratory behavior and motor coordination.  

 

Formalin-induced flinching 

A metal band was placed on the left hind paw of the mouse and acclimated in the 

behavior testing chamber at least 1 hour prior to formalin injection. Intraplantar (IPLT) injection 

of formalin (5%, 20μL) was administered in the marked hind paw and the animal was 

immediately returned to the detection device. Flinching behavior was collected using an 

automated system for 40 minutes following IPLT formalin injection (Yaksh TL et al, 2001).  

 

Spinal nerve ligation (SNL) 

Same spinal nerve ligation procedure was used for rats and mice. Animals were 

anesthetized using xylazine (10mg/kg) and ketamine (100mg/kg) cocktail and 3% isoflurane 

during ligation surgery. The L6 transverse process is removed to expose the L5 and L6 nerve 

roots. A 6-0 silk suture is tied on the L5 spinal nerve distal to the spinal cord. Animals were given 

1mL lactated Ringer’s solution with Carprofen subcutaneously immediately after surgery.  At 5-7 

days after ligation surgery, increase in tactile hypersensitivity was observed (tactile allodynia).  

 

Tactile Allodynia Assessment 

Animals were allowed to acclimate in clear plastic testing chambers on wire mesh for at 

least 1 hour prior to testing. To assess paw withdrawal threshold (PWT), von Frey filaments 

(Touch Test® Sensory Evaluators) were applied to the left hind paw which is ipsilateral to the site 
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of spinal nerve ligation. Using the up-down method of von Frey filament application (Chaplan et 

al, 1994), six readings were taken for statistical analysis of tactile threshold.  

 

Spinal Cord Harvest 

For NK1-R internalization and spinal C-Fos expression studies, animals were sacrificed at 

10 minutes and 2 hours, respectively, after IPLT formalin using intraperitenial (IP) Euthosol 

(200μL). Animals were intracardially perfused with 0.9% NaCl, and fixed using 4% 

paraformaldehyde. Laminectomy was performed to extract the spinal cord. Harvested spinal 

cords were incubated for 24 hours in 4% paraformaldehyde, followed by 20% sucrose and 30% 

sucrose. For Western blot assays for VAMP I/II cleavage, animals were anesthetized using 5% 

isoflurane and sacrificed by decapitation. Spinal cord was harvested by hydroextrusion. Spinal 

cord was placed in lysis buffer (0.5% Triton X-100, 50mM Tris, 150mM NaCl, and nanopure H2O), 

with protease and phosphatase inhibitors (Sigma Aldrich Co., St. Louis, MO), and homogenized 

by sonication.  

 

Immunohistochemistry 

For NK1-R internalization studies, lumbar tissue samples of L2-L5 incubated in NK1-R 

(Advanced Targeting Systems, San Diego, CA) and NeuN (Chemicon, Billerica, MA) antibodies; 

followed by 2º Antibodies Fluoroscein (FITC)-conjugated AffiniPure F(ab’)2 Fragment Donkey 

Anti-Rabbit IgG and Rhodamine Red™-X-conjugated AffiniPure Donkey Anit-Mouse IgG 

(JacksonImmuno Research Laboratories, West Grove, PA). 

For C-Fos expression studies, lumbar tissue samples of L2-L5 were incubated in anti-C-

Fos (CalBiochem, EMD Chemicals, Gibbstown, NJ) and biotin-conjugated anti-NeuN (Chemicon, 
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Billerica, MA) primary antibodies. Tissue was then incubated in fluorescent conjugated 2º 

antibodies: Streptavidin-Alexa Fluor ® 555 conjugate and Alexa Fluor® 488 goat anti-rabbit IgG 

(Molecular Probes, Invitrogen Inc., Carlsbad, CA). 

For BoNT-B penetration studies, 30μm lumbar tissue sections were incubated in anti-

BoNTB  (Abcam) and anti-NeuN (Chemicon, Billerica, MA) primary antibodies, followed by 

incubation in  goat AlexaFluor® 555 conjugated anti-mouse and goat AlexaFluor ® 488 anti-

rabbit secondary antibodies.  

Dorsal horn regions of antibody-stained spinal cord tissue were scanned using confocal 

microscopy (Leica TCS SP5). Images were viewed on Adobe Photoshop CS2 ®.  

 

Western Blotting 

For synaptobrevin cleavage studies, spinal cord was extracted by hydroextrusion and 

homogenized in lysis buffer (50mM Tris, 15mM NaCl, nanopure H2O) and protease and 

phosphatase inhibitor cocktails (Sigma Aldrich Co., St. Louis, MO). Tissue lysate was centrifuged 

at 14,500rpm at 4°C and supernatant was extracted, followed by incubation with BoNT-B at 37°C 

for 1 hour. Control tissue lysate and incubated tissue lysate was quantitized for protein content 

using BCA® Protein Assay Kit (Thermo Fischer Scientific Inc.), with Albumin Standard (Thermo 

Fischer Scientific Inc.). Protein samples were loaded into SDS-PAGE (NuPAGE ®,Invitrogen™, Life 

Technologies™, Carlsbad, CA) with DTT (Sigma Aldrich®) and LDS loading sample buffer 

(NuPAGE®, Invitrogen™, Life Technologies™, Carlsbad, CA). Molecular weights were compared 

to SeeBlue® Plus 2 Standard (Invitrogen™). SDS-PAGE gel was transferred to nitrocellulose 

membrane, followed by blocking with 5% non-fat milk in TBST (50mM Trizma® Pre-Set Crystals, 

150mM NaCl, 0.1% Tween-20). Blot was probed using rabbit anti-synaptobrevin 1/2/3 polyclonal 
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(Synaptic Systems, Gottengen, Germany; diluents: 5% BSA-TBST, 10% NaN3) and anti-rabbit-HRP 

conjugated secondary antibody (diluents: 5% non-fat milk in TBST).  

For BoNT-B and antibody titer assay, BoNT-B was diluted in 0.9% NaCl and incubated in 

anti-BoNTB antibody (Abcam Inc., San Francisco, CA) in various concentrations. Samples were 

then run on native gel (NativePAGE®, Expedeon Inc., San Diego, CA) with sample loading buffer 

(Expedeon Inc.). Gel was then transferred to nitrocellulose membrane, blocked, and incubated 

in anti-botulinum toxin B antibody (Abcam Inc.), followed by anti-rabbit-HRP conjugated.  

Development of blots was performed using SuperSignal®west Femto Maximum 

Sensitivity Substrate (Thermo Fisher Scientific Inc.). For synaptobrevin cleavage studies, blots 

were reprobed for β-tubulin. Protein band intensity ratio was compared to β-tubulin band 

intensity using Image Quant software.  
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III. RESULTS 
 

Dose tolerability of BoNT-B in the mouse  

Morbidity: High dose BoNT-B given intrathecally has adverse effects, such as motor 

impairment, respiratory difficulty, and death. Typically these effects are severe to the extent 

that euthanasia is required. In order to determine a maximal tolerable dose of intrathecally 

delivered BoNT-B in the mouse, animals received intrathecal (IT) injection of BoNT-B, were 

observed for clinical indications of toxicity and were tested for motor impairment and grip 

strength. At doses 1-50U given intrathecally, onset of motor disability was observed within 24 

hours after the injection. Because of evident motor impairment and clinical indications of 

toxicity, animals underwent sacrifice. The maximal tolerable dose was determined to be 

0.5U/5μL, with survival and normal motor function observed at 7 days after IT injection (table 

1). In addition, weight loss is monitored as one clinical indication for toxicity. Animals that 

received BoNT-B 0.5U/5μL also did not show significant weight loss at 7 days after intrathecal 

injection, as compared to IT saline pre-treated animals (figure 1A).  

Motor function: Mice that received IT BoNT-B 0.5U/5μL showed similar grip strength of 

the hind paw, as compared to IT NaCl animals at 5 days after IT injection (figure 1B). The same 

animals were required to hang underneath a wire mesh for up to 1 minute. Animals that 

received the maximal tolerable dose of BoNT-B showed normal motor coordination, grip 

strength and exploratory behavior on the wire mesh. The time required to remain suspended 

upside down underneath the wire mesh was not different for saline and BoNT-B treated groups. 

IT BoNT-B 0.5U was established as the maximal tolerable dose for experiments from this point 

forward.  
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Presence of cytosolic BoNT-B immunoreactivity after IT delivery 

In the absence of effects on motor function at maximal tolerable dose of IT BoNT-B, 

BoNT-B ability to translocate into neurons was investigated. Mouse lumbar spinal cord tissue 

was harvested and visualized for presence of BoNT-B in the cytosol using immunohistochemistry 

and confocal microscopy. In the absence of IT BoNT-B, background immune-fluorescence for 

BoNT-B is present, but not specific co-localization of BoNT-B and NeuN immunoreactivity (figure 

2A). At 2 hours after IT BoNT-B injection, high background immunofluorescence for BoNT-B was 

observed. However, specific co-localization of BoNT-B and NeuN was not observed at this time 

point (figure 2B). At 2 days after IT BoNT-B, co-localization of neuronal nuclei (NeuN) and BoNT-

B immunoreactivities were observed (figure 2C-E). Appearance of BoNT-B immunoreactivity 

surrounding and co-localization with neuronal nuclei is indicative of internalization of BoNT-B 

into the cytoplasm. 

 

BoNT-B cleavage of spinal VAMP I/II 

In order to determine the cleavage of spinal VAMP I/II by active BoNT-B, spinal cord 

tissue lysate was incubated with BoNT-B. Western blot of control spinal cord tissue lysate shows 

both VAMP I (19kDa) and VAMP II (17kDa) proteins. Tissue lysate incubated with BoNT-B show 

significant decrease in VAMP I/II whole protein (figure 3). VAMP I/II cleavage product of smaller 

molecular weight was not observed, most likely due to rapid enzymatic degradation. 

 

Characterization of NK1-R expression and internalization 

In order to quantify NK1-R internalization, we first standardized characterization of NK1-

R expression and internalization at high magnification (63X). In confocal images of lumbar tissue 
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stained for NeuN and NK1-R immunoreactivity (figure 4A-F), NK1-R expression is characterized 

by appearance of an outline of NK1-R immunoreactivity surrounding NeuN immunoreactivity. 

NK1-R internalization is characterized distortion of the NK1-R outline and appearance of 

endosomes indicative of NK1-R internalization. This indicates migration of NK1-R 

immunoreactivity as receptors undergo internalization. Confocal images of mouse lumbar dorsal 

horns are counted for NK1-R expression and internalization at high magnification based on these 

criteria. 

 We then characterized NK1-R expression in the superficial dorsal horn rostrocaudally 

along the lumbar segment. Confocal images from L1-L5 show statistically similar numbers of 

NeuN(+), NK1-R expressing neurons (approximately 30%)in the superficial dorsal horn (figure 

4G).We next examined lumbar segments L1-L5 for maximal formalin-induced NK1-R 

internalization. Naïve, unstimulated mice showed minimal NK1-R internalization in the left and 

right dorsal horns: approximately 20-30%; this was established as constitutive NK1-R 

internalization in the absence of stimulation. Representative confocal images from animals that 

received IPLT formalin show increasing NK1-R internalization from L1 through L5. NK1-R 

internalization in the ipsilateral dorsal horn was maximal in L4-L5 at 10 minutes after formalin 

injection (figure 4H). In subsequent studies of formalin-evoked NK1-R internalization, 

representative confocal images from L4-L5 were counted for NK1-R expression and NK1-R 

internalization.   

 

Effects of IT BoNT-B on formalin-evoked neurotransmitter release  

In order to investigate the effect of spinal BoNT-B on primary afferent neurotransmitter 

release, the formalin model of facilitated release was employed. As reviewed in the 



25 
 

 

introduction, intraplantar (IPLT) formalin evokes sustained substance P (SP) release from spinal 

primary afferent C-fibers. SP specifically binds to neurokinin-1 receptors (NK1-R) in the 

superficial dorsal horn (laminae I and II), causing receptor internalization. Quantification of NK1-

R internalization in the superficial dorsal horn was used as an assay for neurotransmitter 

release. Animals received IT NaCl or BoNT-B 0.1U-0.5U 2 days prior to IPLT formalin in the left 

hind paw. In animals that received intrathecal (IT) NaCl pretreatment, dorsal horn ipsilateral to 

the site of formalin injection shows marked increase in NK1-R internalization, approximately 

53%, as compared to the contralateral unstimulated dorsal horn, approximately 25% 

internalized (figure 5A). In contrast, animals that received IT BoNT-B 0.5U pretreatment showed 

approximately 25% NK1-R internalization in the ipsilateral dorsal horn; this is a marked 

reduction in NK1-R internalization compared to ipsilateral dorsal horn of vehicle animal (figure 

5B). NK1-R internalization in the contralateral dorsal horns of IT BoNT-B and NaCl pretreated 

animals did not show significant difference after IPLT formalin (figure 5C). In addition, at 5 days 

after IT pretreatment, animals that received IT BoNT-B 0.1U and 0.5U similarly showed 

reduction in IPLT formalin-evoked NK1-R internalization, as compared to vehicle animals (figure 

6A-D). Both 2-day and 5-day pretreatment in mice showed statistically similar reduction in 

percentage of NK1-R internalization after IPLT formalin (figure 5C). Overall, the data suggest that 

IT BoNT-B pretreatment inhibits of IPLT formalin-evoked SP release from primary afferent C-

fibers. Two-day and 5-day IT BoNT-B pretreatment showed comparable reduction in NK1-R 

internalization, which suggests a sustained effect of BoNT-B on primary afferent 

neurotransmitter release.  
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Effects of IT BoNT-B on dorsal horn C-Fos activation 

 Based on IT BoNT-B effects on formalin-evoked neurotransmitter release from primary 

afferent sensory neurons, we next investigated whether IT BoNT-B pre-treatment would result 

in suppression of non-afferent neuron activation after IPLT formalin. C-Fos protein expression, 

which is an immediate early gene expressed upon neuronal activation, is used in our study as a 

marker for central neuronal activation. Confocal images of spinal cord tissue showed C-Fos 

protein activation in the spinal dorsal horn, characterized by co-localization of C-Fos 

immunoreactivity and NeuN immunoreactivity (figure 7A-C). At 2 hours after IPLT injection, 

formalin induced elevated C-Fos protein expression in the ipsilateral dorsal horn in vehicle 

animals that received IT NaCl 2 days prior to formalin (figure 7D).  In contrast, animals that 

received IT BoNT-B 0.1U and 0.5U 2-day pretreatment showed  marked decrease in formalin-

evoked C-Fos expression in the ipsilateral dorsal horn (figure 7E-F), as compared to vehicle 

animals. Confocal images of the unstimulated contralateral dorsal horn did now show statistical 

difference in C-Fos expression between treatment groups (figure 7G). The data suggest that IT 

BoNT-B pre-treatment, which blocked neurotransmitter release from primary afferent C-fibers, 

also reduced activation of superficial dorsal horn interneurons upon stimulation by a painful 

chemical stimulus.  

 

Effects of IT BoNT-B on formalin-induced nocifensive behavior 

 To determine whether the effects of IT BoNT-B on primary afferents fibers at doses 

which block neurotransmitter release and C-Fos activation alters nocifensive behavior, the 

effects of IT BoNT-B on formalin-induced flinching response was examined. Mice received IT 

NaCl or IT BoNT-B 0.1U-0.5U pretreatment 2 days prior to formalin-evoked flinching 
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measurements. IPLT formalin evoked robust biphasic flinching behavior in mice that received IT 

NaCl pretreatment. Mice that received IT BoNT-B 0.5U 2-day pretreatment showed significant 

reduction in phase II, but not phase I, of formalin-evoked flinching response, as compared to 

vehicle animals (figure 8). The data suggest that IT BoNT-B pretreatment reduces chemically 

induced nocifensive behavior in the mouse.  

 

Effects of IT BoNT-B on neuropathic pain 

 Spinal nerve injury induces long-term neuropathic hyperalgesia characterized by long-

term hypersensitization of peripheral sensory neurons. This results in tactile allodynia or 

decreased paw withdrawal threshold (PWT) when stimulated by a normally innocuous stimulus. 

Mice that received spinal nerve ligation (SNL) of the L5 spinal nerve show significant decrease in 

paw withdrawal threshold in response to von Frey filaments, as compared to naïve non-ligated 

animals by 14-15 days after ligation surgery. Immediately following baseline withdrawal 

threshold measurements, single IT NaCl or BoNT-B 0.1U-0.5U was administered and withdrawal 

thresholds were assessed up to 15 days after IT injection. Animals that received SNL and IT NaCl 

maintained paw withdrawal threshold below 1g for the duration of assessment, with little 

change from baseline PWT. In contrast, animals that received IT BoNT-B 0.5U showed increase 

from baseline PWT within 6 hours after IT treatment. These animals also showed statistically 

significant and persistent increase in PWT from baseline for the next 15 days after IT treatment 

(figure 9). The data suggests long-term sustained alleviation of hyperalgesia by IT BoNT-B, as 

well as long-term dose-tolerability of BoNT-B in the mouse.  
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Prevention of BoNT-B and effect on primary afferent neurotransmitter release 

 Blockade of substance P release from primary afferent C-fiber by intrathecal delivery 

BoNT-B should required an enzymatically active and mobile neurotoxin. We hypothesized that 

co-injection of BoNT-B with anti-BoNTB antibody inhibits the effects on neurotransmitter 

release shown in previous experiments. BoNTB-antibody titer assay showed effective binding 

concentrations of BoNTB and antibody, as assessed on NativePAGE.  BoNTB concentration 

equivalent to IT injection of 0.5U/5μL incubated with anti-BoNTB antibody at 1:10 dilution, and 

BoNTB concentration equivalent to IT BoNT-B 1U/5μL incubated with antibody at 1:5 dilution 

(figure 10A) resulted in loss of free toxin. Mice received IT BoNT-B 0.5U and 1U co-injected with 

antibody at respective titer concentrations 2 days prior to IPLT formalin. Lumbar spinal cord 

tissue was then analyzed for NK1-R internalization. No statistical difference was shown in NK1-R 

internalization between mice that received IT NaCl and animals that received IT BoNTB-antibody 

co-injection.  In contrast, mice that received IT BoNT-B 0.5U, without antibody, showed reduced 

NK1-R internalization, as compare to IT NaCl pretreated animals (figure 10B). Thus, incubation 

with anti-BoNT-B antibody most likely renders the neurotoxin immobile and unable to be 

internalized across the synaptic terminal membrane. Antibody binding also most likely inhibited 

BoNT-B enzymatic activity on its target SNARE protein.  

 

Resistance to BoNT-B in the rat 

In order to confirm BoNT-B effects on primary afferent sensory C-fiber neurotransmitter 

release and nociception in the mouse are indeed the result of BoNT-B specific cleavage of VAMP 

I/II, BoNT-B resistance in the rat was used in this study as a negative control for VAMP I/II 

cleavage. In the mouse and human, BoNT-B cleaves VAMP I protein at amino acid residues 
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Gln/76-Phe/77, which results in inhibition of neurotransmitter release. However, rat resistance 

to BoNT-B is most likely due to the replacement of amino acid residue Val for Gln in VAMP I 

protein at the cleavage site. In a separate dose tolerability study, IT BoNT-B 100U did not 

produce motor impairment or toxicity in the rat (data not shown). This dosage is equivalent to 

concentration administered in intramuscular injections in humans. Single IT BoNT-B, NaCl or 

placebo was administered 15 minutes or 3 days prior to IPLT formalin. Animals that received IT 

NaCl or placebo showed typical biphasic flinching behavior measured using an automated 

motion detection device up to 40 minutes. Rats that received IT BoNT-B in doses of 50U-100U 

15-minute and 3-day pretreatments did not show difference in IPLT formalin-evoked flinching 

behavior when compared to rats that received IT placebo or IT NaCl (figure 11A-B). IPLT BoNTB 

pretreatment in the hind paw also did not show effect on IPLT formalin-evoked flinching 

behavior, as compared to vehicle animals (figure 9C). Furthermore, IT BoNT-B did not reduce 

SNL-induced tactile allodynia in the rat (figure 12), as compared to allodynic rats that received IT 

NaCl or IT placebo. The data in the rat suggest that BoNT-B specific and active enzymatic 

cleavage of VAMP I/II is required to produce effects of BoNT-B on neurotransmitter release, 

nociception, and SNL-induced hyperalgesia in the mouse.  
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Table 1. BoNT-B dose tolerability in the mouse.  
Table shows summary of clinical observations following intrathecal injection of BoNT-B. Maximal 
tolerable dose was determined to be BoNT-B 0.5U/ 5μL. * Clinical observation was made at time 
of sacrifice.   
 

 

 

 

 

 

 

 

 

 

 

Figure 1. BoNT-B effect on motor function and toxicity in the mouse 
A) Grip strength of mice that received IT NaCl (vehicle, n=5) or IT BoNTB 0.5U (n=5) 5 days prior 
to measurement on top of a wire mesh mounted on a weigh scale. Grip strength was recorded 
as the maximum force at the point of release from the wire mesh. B) Histogram shows change in 
body weight of mice that received IT NaCl (vehicle, n=4) and IT BoNTB 0.5U (n=6) measured 7 
days after IT injection.  
 

 

BoNT-B Doses Route Survival (days) N Clinical Obs* 

50U/10uL IT 1 3 moribund 

5U/5uL IT 1 2 moribund 

1U/5uL IT 1 2 motor impairment 

0.5U/5uL IT >2 2 normal 

0.1U/5uL IT >2 2 normal 

0.5U/5uL IT >7 4 normal 

0.1U/5uL IT >7 4 normal 
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Figure 2. Cytosolic BoNT-B 
Representative confocal images spinal cord section immune-stained for BoNT-B (green) and 
NeuN (red). A) Spinal cord section of a mouse that received IT NaCl 2 days prior to sacrifice and 
tissue harvest. B) Shows BoNT-B immunoreactivity throughout the spinal cord section from a 
mouse that received IT BoNT-B 0.5U two hours prior to tissue harvest. C-E) Confocal image 
showing BoNT-B in cytoplasm of interneurons in superficial dorsal horn. Tissue harvested 2 days 
after IT BoNT-B 0.5U injection. Image shows specific co-localization (merged, yellow) of NeuN 
(red) and BoNT-B (green) immunoreactivity.  
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Figure 3. BoNT-B cleavage of spinal VAMP I/II 
 Immunoblots show VAMP I/II protein of control lumbar spinal cord tissue lysate and tissue 
lysate incubated with BoNT-B (1:10 concentration). VAMP I and II bands are confirmed by VAMP 
I (19kDa) and VAMP II (17kDa) synthetic peptides. Band intensity for control and BoNTB treated 
tissue VAMP I and II is compared to β-Tubulin.  
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 Figure 4. Characterization of NK1-R expression and internalization in the spinal dorsal horn.  
A-C) Examples of neuron in the dorsal horn showing expression of neurokinin-1 receptors. NK1-
R expression is characterized by co-localization of NeuN and NK1-R immunoreactivity. Merged 
image shows outlined of NK1-R on the membrane. D-F) Neuron showing NK1-R internalization, 
characterized by co-localization of NeuN and NK1-R, as well as distortion of membrane outline 
marked by NK1-R immunoreactivity and formation of endosomes indicative of receptor 
internalization. G) Graph showing number of neurons showing NK1-R expression in spinal dorsal 
horn along the lumbar segment. NK1-R expression is shown to be consistent along the lumbar 
spinal cord. H) Graph shows NK1-R internalization along the lumbar segment at 10 minutes after 
IPLT formalin in the left hind paw (all n=3). (*and ** P<0.05) 
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Figure 5. IT BoNT-B on neurotransmitter release from spinal primary afferent C-fibers.  
A-B) Figure shows representative confocal images of dorsal horns of 2-day IT BoNTB pretreated 
and vehicle animals. Both the ipsilateral and contralateral dorsal horns are counted for NK1-R 
expression (green arrows), and for NK1-R internalization (yellow circles). At 10 mins after IPLT 
formalin IT NaCl pretreated animal shows significant increase in NK1-R internalization in the 
dorsal horn ipsilateral to the site of formalin injection. In contrast, in the IT BoNTB pre-treated 
animal, ipsilateral formalin-induced NK1-R internalization is significantly reduced, as compared 
to the vehicle animal. There was no significant difference in contralateral NK1-R internalization 
between the BoNTB pretreated and vehicle animals. C) Percentage of NK1-R expressing neurons 
in the dorsal horn that show internalization after IPLT formalin. Ipsilateral dorsal horn shows 
marked increase in NK1-R internalization in the vehicle animals (n=5) after IPLT formalin. 
Animals that received IT BoNTB 0.5U pretreatment 2 days (n=5) and 5 days (n=4) prior to 
formalin showed marked reduction in NK1-R internalization after IPLT formalin in the hind paw. 
Both vehicle and BoNTB pre-treated animals showed similar NK1-R internalization in the 
contralateral dorsal horn (* and ** P≤0.05). 
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Figure 6. Long-term effects of IT BoNTB on formalin-evoked NK1-R internalization 
A-C) Figure shows representative confocal images of dorsal horns of IT BoNTB pretreated and 
vehicle animals. Mice received IT injections 5 days prior to IPLT formalin. Both the ipsilateral and 
contralateral dorsal horns are counted for NK1-R expression (green arrows), and for NK1-R 
internalization (yellow circles). At 10 mins after IPLT formalin IT NaCl pretreated animal shows 
significant increase in NK1-R internalization in the dorsal horn ipsilateral to the site of formalin 
injection. In contrast, in the IT BoNTB 0.1U (n=4) and BoNTB 0.5U (n=4) pre-treated animal, 
ipsilateral formalin-induced NK1-R internalization is significantly reduced, as compared to the 
vehicle animals (n=4). There was no significant difference in contralateral NK1-R internalization 
between the BoNTB pretreated and vehicle animals. D) Quantitation of NK1-R internalization in 
IT BoNTB 0.1U – 0.5U pre-treated and vehicle animals after IPLT formalin. Mice received IT 
BoNTB or NaCl 5 days before formalin. (* and ** P≤0.05)  
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Figure 7. IT BoNT-B reduces IPLT formalin-evoked C-Fos activation. 
A-C) Co-localization of NeuN and C-Fos immunoreactivity indicating C-Fos expression at 2 hrs 
after IPLT formalin. D-F) Confocal images representative of C-Fos expression after IPLT formalin. 
In animals that received IT NaCl 2 days prior to formalin, IPLT formalin induced marked increase 
of C-Fos expression in ipsilateral dorsal horn interneurons. In contrast, mice that received IT 2-
day pretreatment of either BoNTB 0.1U (n=4) or 0.5U (n=5) showed significant reduction in C-
Fos protein expression, as compared to IT NaCl pretreated animals (n=5). G) Quantification of C-
Fos protein expression in the superficial dorsal horn at 2 hours after IPLT formalin. (* and 
**P<0.01)  
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Figure 8. Effects of BoNT-B on formalin-evoked flinching behavior in the mouse 
Mice received IT BoNTB 0.1U (n=8) or 0.5U (n=11) and IT NaCl (n=12) 2 days prior to IPLT 
formalin injection. A) Time course of formalin-evoked flinching behavior measured up to 40 
mins after formalin. In IT NaCl pre-treated animal (black), IPLT formalin evoked biphasic flinching 
behavior. In contrast, IT BoNTB 0.5U pretreated animal showed marked decrease in phase II (10-
40mins), but not phase I (0-10mins), flinching behavior. B) Cumulative number of flinches 
compared between phases. IT BoNTB 0.5U pretreated animals showed significant decrease in 
phase II of formalin-induced flinching behavior (*P<0.05). 
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Figure 9. Effects of IT BoNTB on neuropathic hyperalgesia 
SNL-induced tactile allodynia after IT BoNT-B. Paw withdrawal threshold (PWT) was measured 
using von Frey filaments at 14-15 days after SNL surgery and continued up to 15 days after IT 
injection. A) Time course of tactile allodynia up to 15 days after IT treatment, expressed as % 
change from baseline. At 14-15 days after SNL surgery, baseline PWT was measured: naïve 
(n=8), 1.35+0.53; NaCl, 0.69+0.32; BoNTB 0.1U, 0.58+0.32; BoNTB 0.5U, 0.45+0.24. Mice 
received IT NaCl (n=8) or BoNTB 0.1U-0.5U (n=6) immediately after baseline PWT was measured 
at day 14-15 days after SNL (t=0). B) Area under curve of % change from baseline PWT over 15 
days after IT treatment (* and ** P<0.05). 
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Figure 10. Prevention of BoNT-B effects on primary afferent neurotransmitter release 
Effective binding concentrations of BoNT-B and antibody were determined by titer assay on 
NativePAGE. Co-injection of BoNT-B and anti-BoNTB antibody was administered in mice 2 days 
prior to IPLT formalin, and spinal cord tissue was harvested at 10 minutes after formalin for 
analysis of NK1-R internalization. A) Immunoblot of BoNTB-antibody titer assay. BoNT-B was 
incubated with anti-BoNTB antibody (Ab) at dilutions 1:1, 1:5 and 1:10. The effective binding 
concentrations were determined to be BoNTB 0.5U/5μL incubated with anti-BoNTB antibody at 
1:10 dilution, and BoNTB 1U/5μL incubated with antibody at 1:5 dilution. B) Histogram of NK1-R 
internalization in the ipsilateral dorsal horn in animals that received IT BoNTB-antibody titer 
(n=3), BoNTB 0.5U-1U (n=3), and IT NaCl (n=4). *P<0.05. 
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Figure 11. Resistance to BoNT-B in the rat 
Figures A, B and C show time course (left panel) of observed flinching behavior and histogram of 
phasic cumulative flinches (right panel) comparing phase I (0-10 mins), phase II (10-40 mins), 
phase IIA (10-20 mins) and phase IIB (20-40 mins). A) Rats were pretreated with IT BoNT-B (50U, 
10μL; n=7) 15 minutes prior to IPLT formalin in the hind paw, as compared to placebo (n=6) 
pretreated animals. B) Rats received IT BoNTB (50U, 10μL; 100U, 20μL; n=3) 3 days prior to IPLT 
formalin, as compared to placebo (10μL; n=3) and NaCl (10μL; n=3) pretreated animals. C) 
Animals received IPLT BoNT-B (500U, 100μL) in the hind paw 24 minutes (n=4) or 60 hrs (n=4) 
prior to IPLT formalin in the pretreated hind paw, as compared to NaCl (n=4) pretreated 
animals. D) Spinal nerve ligation of the L5 spinal nerve was performed in rats 7-10 days prior to 
IT injection. On day 0, rats received IT BoNT-B (100U,20μL; n=4), saline (n=2), or placebo (n=2). 
Paw withdrawal threshold in response to von Frey filaments was measured up to each day for 3 
days following IT injections. 
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Figure 12. Absence of BoNT-B effect on neuropathic pain in the rat 
 Spinal nerve ligation of the L5 spinal nerve was performed in rats 7-10 days prior to IT injection. 
On day 0, rats received IT BoNT-B (100U,20μL; n=4), saline (n=2), or placebo (n=2). Paw 
withdrawal threshold in response to von Frey filaments was measured up to each day for 3 days 
following IT injections. 
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IV. DISCUSSION 

 

 Botulinum neurotoxins, such as BoNT-A (Botox ®) and BoNT-B (Myobloc®), are used in 

cosmetic and therapeutic applications for their enzymatic cleavage of SNARE proteins which 

results in blockade of neurotransmitter release from motor neurons and consequently flaccid 

muscle paralysis. As reviewed in the introduction, this cleavage prevents formation of SNARE 

protein complex which mediates vesicle-membrane fusion at the synaptic terminal during 

neurotransmitter release. The role of SNARE proteins in mediating depolarization-evoked and 

calcium-mediated vesicular release is believed to be ubiquitous throughout central and 

peripheral nervous systems. It is therefore a reasonable hypothesis that botulinum neurotoxins 

have effects on primary afferent sensory neurons which mediate peripheral sensory input. 

Blockade of neurotransmitter release from primary afferent sensory neurons using botulinum 

neurotoxins may be a potential therapeutic approach to pain management. Although the 

mechanisms and action on muscle function have been extensively investigated in many previous 

studies, there is relatively little investigation on BoNT effects on nociceptive pathways and 

neurotransmitter release in vivo.  

 The first aim of this series of studies was to examine the effects of spinally delivered 

BoNT-B on the release of neurotransmitters from primary afferent nociceptors. Such small 

afferents contain and release a variety of neurotransmitters, including substance P (SP) and 

glutamate. While glutamate is widely distributed in many classes of neurons, SP is present 

mainly in polymodal C-fibers. SP release is considered to be representative of small afferent 

excitation. In addition, SP binds to neurokinin-1 receptors (NK1-R) which are located on spinal 

neurons that project supraspinally. Based on many several lines of evidence, NK1-R-expressing 

neurons play a critical role in spinal nociceptive processing (Todd, 2002). An additional issue 
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related to the use of SP as a marker for small afferent release is that NK1-R displays 

internalization when activated by its ligand. Internalization permits in situ assessment of SP 

release and thus terminal activation (Mantyh, 2002). Systematic analysis of NK1-R 

internalization in the dorsal horn in conjunction of the intrathecal delivery of BoNT-B permits 

direct in vivo assessment of BoNT-B effects on neurotransmitter release from primary afferents.  

 The second principal aim was to determine whether blockade of neurotransmitter 

release by spinally delivered BoNT-B at the spinal level is associated with the behavioral 

response to a noxious stimulus. Small unmyelinated primary afferents, such as C-fibers, are 

activated by nociceptive stimuli and contribute to pain processing. Treatment of blocking 

terminal release from these peptidergic polymodal nociceptors can significantly attenuate pain 

transmission. Previous studies have shown that intrathecal delivery of mu-opioid agonists block 

neurotransmitter release from small primary afferents, which results in attenuation of painful 

sensation (Yaksh et al, 1980; Kondo et al, 2005). Accordingly, we speculated that intrathecal 

delivery of BoNT-B also yields a potent anti-nociceptive effect.  

In pursuit of these over-arching themes, this thesis has shown that intrathecal delivery 

of BoNT-B produces an effective blockade of neurotransmitter release from primary afferent C-

fibers in vivo. At doses that block substance-P release, IT BoNT-B produced a reduction of acute 

inflammatory nociceptive behavior and reduction of spinal nerve injury-induced neuropathic 

pain. While high doses indeed caused paralysis, the effects on SP release and pain behavior 

occurred at doses which were not accompanied by motor impairment. The following section will 

consider issues pertinent to the interpretation of these results.  
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IT BoNT-B effects on motor function 

 High doses of BoNTs indeed cause general muscle paralysis and death by respiratory and 

heart failure.  Maximal tolerable dose, or LD50, for intracerebroventricular delivery of BoNT-A 

and BoNT-B has been previously established to be 3.75-15 pg of toxin per mouse of average 

body weight. Normal grooming behavior and ambulation were observed at these doses 

(Luvisetto et al, 2006). The maximal tolerable intrathecal dose reported in this thesis is 5pg per 

mouse of average body weight. The maximal tolerable dose established in this thesis is within 

range of tolerable toxin concentration previously described for central delivery of BoNT-B. The 

absence of intrathecal BoNT-B effect on motor function at doses that block neurotransmitter 

release could be due to various factors: i) spinal localization of BoNT-B effects,  ii) penetration of 

the toxin into deep laminae, and iii) failure of retrograde transport of toxin to the peripheral 

neuromuscular junction.  

 

Spinal localization of BoNT-B effects 

Drug delivery to the spinal cord was accomplished by percutaneous intrathecal 

puncture. The model is widely used for spinal drug delivery in the mouse (Hylden and Wilcox, 

1980). The certainty of the spinal injection is typically confirmed by the minor twitch of the tail, 

which is observed upon penetration into the intrathecal space. Though this likely reflects 

contact with a nerve root in the cauda equine, this does not have evident effect upon motor 

function in the absence of drug. There are three issues to consider regarding drug disposition 

after spinal delivery: i) the rostrocaudal distribution, ii) penetration into parenchyma, and iii) 

penetration of BoNT-B into the cell.  
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Rostrocaudal distribution of the injectate following intrathecal delivery largely depends 

on volume of the injectate. Five microliters used in this series of studies is the typical volume 

used in the mouse. Intrathecal delivery of a drug is relatively restricted to the location of 

injection. Only 3% of intrathecal injectate is found in the brain 10 minutes after intrathecal 

injection (Hylden and Wilcox, 1980). Therefore, intrathecal delivery of drug is biased toward 

higher concentrations than concentrations in tolerated in the brain. In a separate study, the 

intrathecal injection of a blue dye produced distribution up through the mid-thoracic level, 

which clearly covers spinal segments where primary afferents from the hind paws terminate at 

the spinal cord.  

While the effects of interest in this series of studies reflect the effect of IT BoNT-B on SP 

release, it is important to appreciate that this target is the spinal terminals of SP-containing 

primary afferents. Synaptic terminals of primary afferents in the mouse lie in the superficial 

dorsal horn (laminae I and II), about 25μm from the surface. Motor neurons lie more deeply in 

the ventral horn. Penetration of the parenchyma after IT delivery depends on concentration 

gradient, lipid partition coefficient for small molecules, and molecular weight, with large 

molecules showing a diffusion rate inversely proportional to molecular weight. BoNT-B is a 

150kDa protein. Studies of drug diffusion after intrathecal injection have shown that large 

molecules diffuse poorly into the parenchyma (Nicholson, 1999). Accordingly, superficial 

localization of BoNT-B allows relatively restricted distribution of the toxin to the site of injection, 

which accounts for the potent effect on sensory function and absence of effect on motor 

function.  

Translocation of BoNTs, as reviewed in the introduction, has been well studied (Grumelli 

et al, 2005; Fischer and Montal, 2007; Fischer et al, 2008; Dong et al, 2007; Foran et al, 1994). 
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Binding and translocation of BoNT-B into the cell requires specific recognition of membrane 

ganglioside and synaptotagmin (Kohda et al, 2007), as well as formation of a channel by the 

translocating domain (Montal, 2009). Retrograde axonal transport and transcytosis of BoNT-A 

after intrahippocampal injection has been previously described (Antonucci et al, 2008). In the 

present work, immunohistochemistry and confocal microscopy was used to confirm BoNT-B 

penetration into neurons after IT BoNT-B injection at maximal tolerable dose. At 2 days after IT 

injection, BoNT-B immunoreactivity is clearly distributed in the superficial dorsal horn and is co-

localized with NeuN immunoreacitivity. These observations reflect movement of BoNT-B into 

cell body, but not specifically into the terminal. Such terminal characterization was precluded by 

resolution of the confocal imaging. We believe that movement occurs directly into dorsal horn 

terminals, as it does into the peripheral terminal of the motor end plate where it acts to prevent 

local acetylcholine release. The absence of effect on motor function at low doses of BoNT-B is 

probably due to low penetration into deep laminae and had relatively little effect on motor 

neurons. 

In addition, intrathecal space is protected from the general vasculature. Lymphatic and 

vascular transport of BoNT-A has been shown as the primary mechanism of toxin spread after 

intramuscular injection in cats (Wiegand et al, 1976). Same mechanisms of transport have been 

proposed in a monkey hand model of toxin spread after intramuscular injection (Arezzo et al, 

2002). Compared to peripheral injection of BoNTs, intrathecal injection of BoNTs relatively 

restricts distribution of the toxin outside of the general vasculature and thus minimizes vascular 

transport of the toxin into peripheral terminals.  
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Substance P-containing primary afferents 

 Substance-P-containing primary afferents are small, unmyelinated C-fibers. They are 

activated by high intensity thermal, mechanical, and chemical stimuli, hence the designation as 

polymodal nociceptors. Anatomically, these afferents project largely into the superficial dorsal 

horn (laminae I and II), or marginal layer and substantia gelatinosa. Here, they make synaptic 

contact with NK1-R-expressing neurons, many of which are large neurons (marginal neurons) 

that project supraspinally and are considered to be part of nociceptive pathways.  

 Substance P is contained in large dense core vesicles in the dorsal horn. Extensive in vivo 

and in vitro work has shown that SP is released by depolarization of dorsal horn terminals. This 

release is dependent on activation of voltage-gated calcium channels, which is a mechanism 

that plays a ubiquitous role in neuron action in the peripheral and central nervous systems. 

Intrathecal treatment with blockers of N-type calcium channel has been shown to depress SP 

release (Smith et al, 2002). Additionally, SP-containing afferents also contain and release other 

neurotransmitters, notably the excitatory amino acid glutamate. Terminal depolarization, 

accordingly, leads to release of both neurotransmitters, each resulting in post-synaptic 

depolarization with a distinct temporal signature. Glutamate results in rapid onset and short-

lasting depolarization. SP results in slow, but persistent depolarization. Accordingly, blockade of 

release from these primary afferents is also likely to block release of both neurotransmitters.  

 

Validity of NK1-R internalization as assay for SP release 

 Neurokinin-1 receptor is a G-protein coupled receptor. Like others in this class of 

receptors, when occupied by an agonist, the receptor displaces coupling to β-arrestin and 
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internalizes. This internalization is, therefore, taken as an index of extracellular concentration of 

SP, based on four lines of evidence.  

1. There are three sources of SP in the dorsal horn: primary afferents, bulbospinal 

projections and intrinsic interneurons to a lesser extent. Previous works have described 

depletion of SP in bulbospinal pathway has no effect on NK1-R internalization in the 

superficial dorsal horn. Treatment of the animal with depleting doses of capsaicin 

prevents NK1-R internalization evoked by noxious stimulus (Kondo et al, 2005). 

2. Intrathecal morphine, which reduces extracellular spinal SP through pre-synaptic action, 

reduces the fraction of spinal neurons that show NK1-R internalization after stimulation 

with a noxious stimulus (Yaksh et al, 1980). Conversely, intrathecal capsaicin, which is 

known to evoke SP release through activation of TRPV1 receptors, increases spinal NK1-

R internalization (Jhamandas  et al, 1984).  

3. In vitro studies using spinal cord slices has also demonstrated covariance between local 

SP concentration and increase in spinal NK1-R internalization (Mantyh  et al, 1995).  

4. Finally, this thesis has shown that while NK1-R expression was shown to be consistent 

along L1-L5 lumbar segment, NK1-R internalization in the dorsal horn ipsilateral to the 

site of IPLT formalin injection was shown to be maximal at L4-L5. This is consistent with 

the location of terminals from sensory input originating from the hind paw.  There is no 

statistical difference in NK1-R internalization between contralateral dorsal horn and 

unstimulated animals. These results established the minimal and constitutive magnitude 

of NK1-R internalization. Based on these observations, spinal NK1-R internalization is a 

robust reflection of SP release from spinal primary afferents.   
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Confirmation of enzymatic mechanism of BoNT-B on neurotransmitter release and behavior 

 As reviewed in the introduction, inhibition of neurotransmitter release is believed to be 

the result of enzymatic cleavage of VAMP I/II of SNARE protein complex. This cleavage renders 

synaptic proteins unable to form protein complex which plays a critical role in vesicle-membrane 

fusion during neurotransmitter release. A number of experiments were performed to confirm 

that this is indeed the mechanism underlying effects of IT BoNT-B on neurotransmitter release 

and pain behavior.  

 

1. Western blot of VAMP I/II protein in spinal cord tissue lysate incubated with BoNT-B 

showed decrease in VAMP I/II. This ascertains an enzymatically active neurotoxin.  

2. Co-injection of BoNT-B with anti-BoNTB antibody showed prevention of BoNT-B effects 

on primary afferent SP release. Incubation of antibody renders the neurotoxin-antibody 

complex too large to translocate across the membrane into the cytoplasm of neurons. 

Antibody binding possibly inactivated protease domain of BoNT-B, which rendered the 

toxin enzymatically inactive. Additionally, this prevention of BoNT-B effect suggests 

likely persistency of antibody binding. Results from this study follows several lines of 

evidence on the potent effect of BoNT-neutralizing antibodies which have been 

proposed as potential vaccination (Aoki et al, 2010; Xu  et al, 2009; Zhou et al, 2009). 

3. Finally, rat resistance to BoNT-B was examined as a negative control for BoNT-B effects 

in the mouse. BoNT-B proteolytically cleaves VAMP I and II at amino acid residues 

Gln/76-Phe/77 in mouse and human. In the rat VAMP I protein, Gln/76 is replace by 

valine residue, which prevents BoNT-B cleavage. Indeed, BoNT-B effects on nociceptive 

behavior seen in the mouse was absent in the rat. These results jointly suggest that 
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specific VAMP I/II cleavage is required for effect on formalin-evoked neurotransmitter 

release and nocifensive response.  

 

Specificity of IT BoNT-B effects on spinal SP release 

 The present studies have demonstrated that IT BoNT-B pretreatment reduces SP 

release. Downstream effects include decrease in NK1-R internalization, reduction of formalin-

evoked C-Fos protein expression, decrease in nocifensive behavioral response, and attenuation 

in neuropathic hyperalgesia. These effects are likely due to not reflect unique effect on 

substance P release. As noted in the introduction, nocifensive behavioral response to a noxious 

stimulus is mediated by activation of peptidergic and non-peptidergic primary afferent sensory 

fibers. Post-synaptic excitation, or activation of interneurons that project supraspinally, is 

mediated by glutamate action on AMPA and NMDA receptors. Previous works have shown that 

BoNTs block glutamate release from motor neurons and hippocampal neurons (McMahon et al, 

2007); these effects are also mediated by cleavage of SNARE proteins (Verderio et al, 2007). 

Neuropathic hyperalgesia is mediated by hyper-excitation of sensory neurons and increase of 

neurotransmitter release, such as glutamate release (Coderre et al, 2005). Accordingly, the 

effects of BoNT-B on inflammatory nocifensive behavior and neuropathic pain are not uniquely 

the result of blockade of SP release from primary afferent C-fibers.  

 

Mechanisms of intrathecal BoNT-B effects on nociception 

Intrathecal injection of maximal tolerable dose of BoNT-B reduced phase II, but not 

phase I, of IPLT formalin-induced flinching behavior. Subcutaneous BoNT-A blockade of 

formalin-induced inflammatory pain has been previously described (Cui et al, 2003). 
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Intracerebroventricular BoNT-B has been shown to abolish interphase inhibitory response and 

phase II of formalin-induced pain (Luvisetto et al, 2006). Second phase of formalin-induced pain 

response is mediated by sustained primary afferent activation of dorsal horn neurons (Pitcher 

and Henry, 1996). Formalin induces sustained activation of primary afferent fibers. This 

produces phasic activation that mirrors behavioral response to intraplantar formalin. Robust 

early phase activation of C-fibers leads to long-term potentiation, or second phase facilitation of 

C-fibers. This is a phenomenon termed “wind up”. Sustained activation of wide dynamic range 

(WDR) neurons, which make up the majority of neurons in superficial laminae of the dorsal 

horn, produces second phase of formalin response behavior. Sustained, tonic substance P 

release from primary afferent C-fibers contributes to phase 2 formalin behavioral response 

(Kantner et al, 1986). Blockade of NK1-R receptors (Yamamoto and Yaksh, 1991; Henry et al, 

1999) and NMDA receptors in WDR neurons has also shown to block second phase of formalin 

response (Chaplan et al, 1997; Hanai, 1998). These are consistent with our observation that IT 

BoNT-B blocks second phase of formalin-induced nocifensive response.  

However, the question arises as to why blockade of neurotransmitter release affected 

phase 2, not phase 1, of formalin response. Upon IPLT formalin injection, WDR neurons are 

activated by primary afferent C-fibers, Aβ fibers, and Aδ fibers.  Like C-fibers, Aβ- and Aδ-fibers 

also primary afferents that activate dorsal horn neurons and mediate behavioral response to 

painful stimulus. Unlike C-fibers, Aβ- and Aδ-fibers are non-peptidergic primary afferents and 

are active during phase 1 of formalin response (Puig and Sorkin, 1996). A-type primary afferent 

fibers are myelinated  and fast fibers. C-fibers are unmyelinated and slow fibers. Phase 2 

facilitation is mediated by C-fibers which respond to the chemical stimulus formalin. This leads 

to the interesting observation that IT BoNT-B pretreatment blocks C-fiber phase-2 facilitation 
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upon IPLT formalin in the hind paw in the mouse. Based on the absence of BoNT-B effect on 

phase 1 of formalin response, IT BoNT-B effect on thermal hyperalgesia is worthy of further 

investigation.  

An important additional observation that emphasizes that IT BoNT-B altered dorsal horn 

excitation is presented by the observation that formalin-evoked C-Fos protein activation in 

dorsal horn neurons was almost completely abolished in animals that received IT BoNT-B 

pretreatment at doses which altered formalin response. C-Fos is a protooncogene which 

appears within approximately 1-2 hours following neuronal activation. Extensive work with this 

immediate early gene has shown its utility in demonstrating activation of dorsal horn neurons 

after nociceptive stimulation (Coggeshall, 2005). The observation that IT BoNT-B prevented this 

activation in the absence of effect on general motor function reflects upon the surprisingly 

functional specificity of this toxin treatment.  

Spinal nerve injury induced by ligation of spinal nerve leads to long-term 

hypersensitization such that normally innocuous stimuli, such as light touch, leads to escape 

behavior suggesting a pain state. Mechanisms of this hypersensitivity have many complex 

contributing factors. However, it is important to note that tactile allodynia is mediated by 

interaction of primary afferents after nerve injury to activate a nociceptive pathway (Devor and 

Wall, 1990). Spinal opiates which act on small primary afferents do not strongly attenuate tactile 

allodynia (Yaksh et al 1995). Interestingly, spinal delivery of NK1-R antagonists have been 

reported to attenuate tactile allodynia. This effect may reflect a phenotypic change after nerve 

injury, in which myelinated afferents begin to synthesize and release substance P( Pitcher and 

Henry, 2004). Increase of neurotransmitter release from primary afferents after peripheral 

nerve injury has also been shown in previous studies, and proposed as a contributing factor to 
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development of neuropathic pain (Gardell et al, 2003; Coderre et al, 2005). The present 

observation that IT BoNT-B attenuates tactile allodynia suggests BoNT-B action through 

blockade of glutamate and other neurotransmitter release from primary afferents.  

While the above comments reflect on the spinal action of BoNT-B, there has been an 

enduring clinical interest in the possibility that peripherally delivered BoNTs may also have an 

anti-nociceptive effect. Intramuscular injection of BoNTs has been described to attenuate 

painful sensation (Colhado et al, 2009; Pickett, 2010). Excessive muscular contraction 

compresses small blood vessels, which causes tissue to become ischemic. Muscle tissue 

ischemia results in increased release of bradykinins and excitation of nociceptors (Mense, 2004). 

Intramuscular BoNT blockade of acetylcholine from motor neurons inhibits muscle contraction, 

which attenuates ischemia and painful sensation. The present study follows the same principles 

of BoNT-B inhibition of neurotransmitter release from primary afferent C-fibers. However, 

intrathecal BoNT-B provides direct and local blockade of neurotransmitter release at the spinal 

level, at doses that did not affect motor function. Therefore, BoNT-B blockade of neuropathic 

hyperalgesia and inflammatory nociception is not likely due to inhibition of muscle ischemia.  

An alternate possibility is that peripherally delivered BoNTs may be taken up and into 

neurons and retrogradely transported to central terminals where BoNTs can access the CNS 

(Antonucci et al, 2008). Peripheral and intrathecal delivery of BoNT-A have been shown to block 

allodynia in diabetic model of neuropathy. The block occurred at 5 days after peripheral delivery 

and 2 days after spinal delivery. Not only suggests retrograde transport of BoNT-A from the 

periphery to CNS, but also the difference in time of onset which reflects central transport of 

peripherally delivered BoNT (Bach-Rojecky et al, 2010). Further investigation into this retrograde 

transport mechanism is required.  
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Conclusions and clinical relevance of findings 

This series of studies showed that IT BoNT-B effectively blocked neurotransmitter 

release from primary afferent C-fibers in a facilitated state, reduced inflammatory nociception 

and neuropathic hyperalgesia in the mouse, in the absence of toxicity and effect on normal 

motor function. This blockade is evidently due to BoNT-B enzymatic cleavage of VAMP I/II of the 

SNARE protein complex.   

Data presented in this thesis provide additional insight on BoNT effects on mechanisms 

of spinal nociceptive processing, as well as new directions for future research. NK1-R 

internalization model of assessment of neurotransmitter release has been employed in several 

previous studies in the rat, though characterization in the mouse has thus far remained 

relatively undefined. The detailed characterization of formalin-evoked and substance P-

mediated NK1-R internalization in the spinal dorsal horn provides additional validation for the 

use of receptor internalization as an assay for neurotransmitter release in the mouse. Effective 

prevention of IT BoNT-B effects on neurotransmitter release by incubation with antibody shows 

potency of antibody binding and confirms validity of current proposals to employ neutralizing 

antibodies as vaccination against BoNTs. Furthermore, the long-term effect of IT BoNT-B on 

nerve injury-induced neuropathic pain suggests a persistent effect of BoNT-B on VAMP I/II 

protein. Whether this persistency is due to persistency of BoNT-B action inside neurons, or due 

to turn-over rate of synaptic proteins after cleavage, and other factors contributing to 

persistency of BoNT-B effects deserve further investigation. 

Based on data presented in this series of studies on spinal action of BoNT-B, spinal 

action of other BoNTs, which is relatively undefined in the literature, deserves future 

investigation. A study of retrograde transport mechanisms of spinally delivered versus 
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peripherally delivered BoNTs would reveal additional insight on BoNTs as a potential therapeutic 

agent for pain management.  

Present studies also provide an initial assessment of therapeutic potential for 

intrathecal BoNT-B on inflammatory nociception induced by tissue injury and on management of 

neuropathic pain induced by nerve injury. Importantly, the observed effects of BoNT-B were not 

accompanied by motor function impairment in the mouse. Nevertheless, considerable work 

related to safety and potential side effects of spinally delivered BoNTs are required prior to 

considering this delivery method as a therapeutic alternative.  
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