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Abstract 27 

Botulinum neurotoxin type A (BoNT/A) is an effective treatment for several movement disorders, 28 

including spasticity and dystonia. BoNT/A acts by cleaving synaptosomal-associated protein of 25 29 

kDa (SNAP-25) at the neuromuscular junction, thus blocking synaptic transmission and weakening 30 

overactive muscles. However, not all the therapeutic benefits of the neurotoxin are explained by 31 

peripheral neuroparalysis, suggesting an action of BoNT/A on central circuits. Currently, the specific 32 

targets of BoNT/A central activity remain unclear. Here, we show that catalytically active BoNT/A is 33 

transported to the facial nucleus (FN) after injection into the nasolabial musculature of rats and 34 

mice. BoNT/A-mediated cleavage of SNAP-25 in the FN is prevented by intracerebroventricular 35 

delivery of anti-toxin antibodies, demonstrating that BoNT/A physically leaves the motoneurons to 36 

enter second-order neurons. Analysis of intoxicated terminals within the FN shows that BoNT/A is 37 

transcytosed preferentially into cholinergic synapses. The cholinergic boutons containing cleaved 38 

SNAP-25 are associated with a larger size, suggesting impaired neuroexocytosis. Altogether, the 39 

present findings indicate a previously unrecognized source of reduced motoneuron drive after 40 

BoNT/A via blockade of central, excitatory cholinergic inputs. These data highlight the ability of 41 

BoNT/A to selectively target and modulate specific central circuits, with consequent impact on its 42 

therapeutic effectiveness in movement disorders.  43 

 44 

Keywords: axonal transport, synaptic transmission, clostridial neurotoxins, transcytosis, dystonia, 45 

spasticity, brainstem, motor control 46 
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Significance Statement  48 

Botulinum neurotoxins are among the most potent toxins known. Despite this, their specific and 49 

reversible action, prompted their use in clinical practice, to treat several neuromuscular pathologies 50 

(dystonia, spasticity, muscle spasms) characterized by hyperexcitability of peripheral nerve 51 

terminals or even in non-pathological applications, i.e. cosmetic use. Substantial experimental and 52 

clinical evidence indicates that not all BoNT/A effects can be explained solely by the local action, 53 

i.e. silencing of the neuromuscular junction. In particular, there are cases in which the clinical 54 

benefit exceeds the duration of peripheral neurotransmission blockade. In this study we 55 

demonstrate that BoNT/A is transported to facial motoneurons, released and internalized 56 

preferentially into cholinergic terminals impinging onto the motoneurons. Our data demonstrate a 57 

direct central action of BoNT/A. 58 

 59 

 60 

 61 

 62 
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Introduction  74 

Botulinum type A (BoNT/A) is one of the most potent toxins known (Pirazzini et al., 2017). It blocks 75 

neurotransmission via the specific cleavage of the synaptic protein SNAP-25 (synaptosomal-76 

associated protein of 25 kDa). Intramuscular injection of BoNT/A has been a major advance in the 77 

therapy of focal dystonia and spasticity, due to the reversible inhibition of hyperexcitable nerve 78 

terminals (Simpson et al., 2008). Several reports indicate that clinical benefit does not always 79 

parallel the extent of muscle weakness, e.g. the functional improvement may outstrip peripheral 80 

neuroparalysis, pointing to central effects of the neurotoxin (Trompetto et al., 2006; Mazzocchio and 81 

Caleo, 2015). One possibility is BoNT/A-mediated blockade of intrafusal fibers, with reduced spindle 82 

afferent input to the motoneurons (MNs) (Trompetto et al., 2006). Since BoNT/A is retrogradely 83 

transported (Wiegand and Wellhoner, 1977; Antonucci et al., 2008; Restani et al., 2012a), it may 84 

also affect central circuits directly via axonal trafficking and transfer to upstream neurons 85 

(transcytosis). Indeed, several groups have reported appearance of BoNT/A-cleaved SNAP-25 in 86 

distant areas following local delivery of the neurotoxin (Restani et al., 2012a; Wang et al., 2015; 87 

Bomba-Warczak et al., 2016). However, it remains unclear whether the catalytically active toxin is 88 

transported and transcytosed from MNs to functionally connected synapses in vivo. There is also a 89 

lack of information on the central neurons that are affected following intramuscular BoNT/A. Here 90 

we have exploited an animal model to gain novel insights into the mechanisms and potential 91 

therapeutic relevance of BoNT/A central activity. 92 

 93 

 94 

Materials and Methods 95 

Ethics statement  96 

All procedures were performed in compliance with the EU Council Directive 2010/63/EU on the 97 

protection of animals used for scientific purposes, and approved by the Italian Ministry of Health (for 98 

experiments carried out on C57/Bl6 mice and Long-Evans rats, protocol n. 346/2013-B) and 99 
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Croatian Ministry of Agriculture (for experiments with Wistar rats, protocol n. EP 24-2/2015).  100 

 101 

Experimental Design and Statistical analysis 102 

We injected BoNT/A or onabotulinumtoxin A into the naso-labial musculature (whisker pad) of 103 

rodents to investigate trafficking and effects of the toxins in distant regions, such as the facial 104 

nucleus. 105 

All statistical tests were performed using SigmaPlot 12.0 (Systat Software Inc, USA). For 106 

comparison between three groups, One-Way ANOVA on ranks was used, followed by a 107 

Bonferroni’s test. Mann-Whitney Rank Sum test was used for comparison between two groups. All 108 

the sections collected from animals in each experimental group were pooled together for the 109 

statistical analyses (alpha value 0.05). No samples were excluded from analysis. 110 

 111 

Procedures  112 

A total of 45 C57BL6J mice and 15 rats of both sexes (age range: 3-6 months) were used.  An initial 113 

set of experiments were carried out in rats (Long-Evans and Wistar rats), then we turned to mice as 114 

this is the species that is currently mostly employed to monitor peripheral neuroparalysis and 115 

toxicity of BoNTs (Keller, 2006; Morbiato et al., 2007; Kutschenko et al., 2017). We estimated the 116 

number of animals to be used for the different experiments based on the results of our previous 117 

papers on BoNT/A trafficking in the visual system (Restani et al., 2011, 2012b). All experimental 118 

animals were included in the analysis. The number of animals and the species/strain used for each 119 

experiment is indicated in the Figure legends.  120 

BoNT/A injection into the whisker pad, immunohistochemistry for cleaved SNAP-25 and synaptic 121 

markers were performed as previously reported (Antonucci et al., 2008; Matak et al., 2011; Restani 122 

et al., 2011, 2012a). A laboratory preparation of BoNT/A, lacking accessory proteins (kind gift of C. 123 

Montecucco, University of Padua), was injected in Long-Evans rats and mice (75 and 7.5 pg in a 124 

volume of 500 nl and 100 nl, respectively). This toxin batch displays a LD50 of 0.25 ng/Kg (see 125 
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Pirazzini et al., 2017). Thus, the amount injected in mice (7.5 pg) corresponds to a single LD50. 126 

Signs of botulism were not observed in the injected animals as the delivery is local and restricted in 127 

a tiny volume (as previously reported for digital abduction score assay - DAS - in Pirazzini et al., 128 

2014). We also used a commercial BoNT/A preparation (onabotulinumtoxin A; Botox®, Allergan, 129 

Irvine, CA, USA; 10 U/kg, comparable to the doses recently used in the TOWER study (Wissel et 130 

al., 2017). OnabotulinumtoxinA was delivered in a volume of 20 μl in Wistar rats and 1 μl in mice. 131 

The amount of BOTOX (10 U/kg) used in mice was between 3- and 4-fold lower than the dose used 132 

for laboratory preparation of BoNT/A (considering the weight of our adult C57BL6J mice = 25-30 g). 133 

We exploited an equine neutralizing monovalent antitoxin (Botulinum type A antitoxin from National 134 

Institute for Biological Standards and Control, NIBSC code 14/174, Potters Bar, UK; a kind gift from 135 

Dr. Thea Sesardic) raised against the whole BoNT/A molecule, thus binding both light and heavy 136 

chain. It was delivered by intracerebroventricular injections in mice (2 I.U. in 2 μl sterile saline) or by 137 

percutaneous injection into the cisterna magna in rats (20 I.U. in 20 μl saline). One I.U. of equine 138 

monovalent antitoxin is able to neutralize 10,000 mouse LD 50 units of BoNT/A. The doses of 139 

antitoxin were chosen based on the low penetrability of IgGs into the CNS tissue. Facial nerve 140 

axotomy was performed as previously described (Serpe et al., 1999). 141 

 142 

 Antibodies used for double labelling of synaptic terminals were: goat polyclonal anti-VAChT 143 

(1:1,000, Millipore), mouse monoclonal anti-VGlut-2 (1:250, Millipore), guinea pig anti-VGAT (1:300, 144 

Synaptic Systems). The antibody against cleaved SNAP-25 is a custom-made antibody produced in 145 

the laboratory of Dr. Ornella Rossetto in Padua, and characterized by several previous studies 146 

(Antonucci et al., 2008; Matak et al., 2011; Restani et al., 2011, 2012a, b). 147 

 148 

Sections were scanned with a microscope (Axio Imager.Z2, Zeiss) equipped with Apotome.2 149 

(Zeiss) at resolutions of 1024 x 1024 pixels (63X EC-Plan-Neofluar oil objective, NA 1.4). 150 

Quantification of the number of terminals positive for cleaved SNAP-25- or other presynaptic 151 
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markers was performed as previously described (Ippolito and Eroglu, 2010), using Fiji software 152 

(Schindelin et al., 2012) and Puncta analyzer plugin (Ippolito and Eroglu, 2010; Baroncelli et al., 153 

2016). 154 

 155 

 156 

Results 157 

Evidence for transport of catalytically active BoNT/A in MNs 158 

We used immunostaining to define the time course of SNAP-25 cleavage in the facial nucleus (FN) 159 

of rats and mice following intramuscular injection into the whisker pad (WP) (Antonucci et al., 2008; 160 

Restani et al., 2012a). Labelling for cleaved SNAP-25 (c-SNAP-25) was specifically detected only in 161 

the FN ipsilateral to the injection (Fig. 1A). In rats, immunoreactivity was almost undetectable at 162 

day 1 and substantially increased between days 3 and 15 (Fig. 2, top). In mice, the accumulation of 163 

c-SNAP-25 was faster (possibly related to the shorter length of facial axons), indeed it was already 164 

visible at 1 day, and increased till 15 days (Fig. 2, bottom).  165 

To determine whether the accumulation of c-SNAP-25 was due to local proteolysis within the FN 166 

(rather than to retrograde transport of the cleaved substrate from the WP), we examined the build-167 

up of c-SNAP-25 after interruption of axonal transport by facial nerve axotomy. BoNT/A was 168 

injected into the WP of a group of mice. At 18 h, four animals were sacrificed, while the remaining 169 

underwent either facial nerve axotomy (axotomy) or sham surgery (sham) and their brains were 170 

dissected at day 12 (Fig. 1A). 171 

Representative labelling for c-SNAP-25 in the FN of the three experimental groups is shown in Fig. 172 

1B. The staining appeared mainly in fiber-like structures, processes and synaptic terminals (as 173 

shown by colocalization with the synaptic marker synaptophysin; Fig. 1A, inset). Quantitative 174 

analysis indicate that levels of c-SNAP-25 dramatically increased in the FN despite the axotomy 175 

(One Way ANOVA on Ranks, F(2,59) = 8.86; followed by Bonferroni’s test: 18 h vs. axotomy, p = 176 

0.010; sham vs 18 h, p < 0.001;  Fig. 1C), and were undistinguishable from the sham group at day 177 
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12 (p = 1.000). The build-up of c-SNAP-25 in mice with facial nerve axotomy can only be explained 178 

by the retrograde trafficking of the catalytically active protease during the first 18 h after the 179 

injection.  180 

To confirm that the facial nerve axotomy was complete, we evaluated markers of MNs and gliosis in 181 

the same animals used for c-SNAP-25 quantification. Specifically, we examined expression of 182 

choline acetyltransferase (ChAT, the biosynthetic enzyme for acetylcholine) and ionized calcium-183 

binding adapter molecule 1 (Iba-1), a protein expressed in microglia. As expected, in the ipsilesional 184 

(right) side we detected a profound downregulation of ChAT in MNs projecting to the WP and a 185 

corresponding upregulation of Iba-1, indicative of reactive gliosis (Fig. 3A-B) (Hottinger et al., 2000; 186 

Moran and Graeber, 2004). Within the medial part of the FN, only a small subset of MNs projecting 187 

to the auricular musculature (Ashwell, 1982) were found to retain ChAT expression, while the lateral 188 

MNs showed almost complete loss of ChAT, indicative of successful axotomy (Fig. 3A-B). High 189 

levels of c-SNAP-25 were found specifically in the lateral aspect of the FN, which contains the 190 

axotomized MNs projecting to the nasolabial musculature (Ashwell, 1982) and displaying strong 191 

ChAT downregulation (Fig. 3C). 192 

 193 

Evidence for BoNT/A transcytosis  194 

After retrograde transport, catalytically active BoNT/A may remain confined within the MNs or 195 

undergo transcytosis into upstream neurons, similar to tetanus neurotoxin. We reasoned that if 196 

BoNT/A is released from MNs after retrograde trafficking, it should be neutralized by anti-toxin 197 

antibodies circulating in the extracellular space. Accordingly, we injected BoNT/A into the WP of a 198 

group of mice, and 3-6 hours later we delivered into the cerebral fluid either an antiserum specific 199 

for BoNT/A (antitoxin) or vehicle, via intracerebroventricular injection (ICV-i). Three days after ICV-i, 200 

antitoxin (n = 11) and vehicle animals (n = 13) were perfused and analysed for c-SNAP-25. As a 201 

further control, we injected normal horse serum instead of antitoxin (n = 5) (Fig. 4A). Quantification 202 

revealed that ICV-i of the antitoxin is very potent in reducing the levels of c-SNAP-25 in the FN, 203 
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while administration of horse serum had no effect, ruling out unspecific effects due to antibody 204 

delivery (One Way ANOVA on Ranks, F(2,85) = 11.93; followed by Bonferroni’s test: control vs 205 

antitoxin, p < 0.001; control vs horse serum, p = 1.000; horse serum vs antitoxin, p = 0.001; Fig. 206 

4B, C). These results demonstrate release of active BoNT/A from the transporter MNs within the 207 

FN. 208 

 209 

We performed similar experiments with a therapeutic dose (Wissel et al., 2017) (10U/kg) of a 210 

commercial preparation of BoNT/A (onabotulinumtoxinA, 900-kDa complex) in rats (n = 5). We 211 

injected the toxin unilaterally into the right WP of animals, and after allowing 5 days for transport 212 

and transcytosis to occur in the right FN, we inoculated onabotulinumtoxinA into the left WP of the 213 

same animals. This second injection was followed next day by delivery of antitoxin into the 214 

cerebrospinal fluid via the cisterna magna, and the animals were sacrificed at day 15. We found 215 

that while the right FN displayed typical staining for c-SNAP-25, the cleaved substrate was basically 216 

undetectable in the left FN, consistent with the idea that the antitoxin neutralizes the fraction of toxin 217 

which is released from transporter MNs into the extracellular fluid prior to transcytosis entry into 218 

secondary synapses (Fig. 4D). 219 

 220 

Preferential SNAP-25 cleavage in cholinergic terminals 221 

We next analyzed the types of central nerve terminals containing c-SNAP-25 (i.e. targeted by 222 

BoNT/A) by performing double-label immunohistochemistry for c-SNAP-25 and specific synaptic 223 

markers (vesicular transporters for glutamate – type 2, GABA/glycine and acetylcholine – VGLUT2, 224 

VGAT, VAChT), 15 days after BoNT/A injection into rat WP (Fig. 5A). 225 

We segmented the labeled neuropil pixels into presumptive synaptic sites (Ippolito and Eroglu, 226 

2010; see Materials and Methods) and quantified the numbers of single and double-labeled 227 

terminals. We found that the percentage of boutons double-positive for c-SNAP-25 and VAChT was 228 

significantly higher than for c-SNAP-25 / VGAT or c-SNAP-25 / VGLUT2 (One Way ANOVA on 229 
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Ranks, F(2,344) = 33.58; followed by Bonferroni’s test, p < 0.001; Fig. 5B). This was striking as 230 

cholinergic profiles were relatively rare as compared to GABAergic and glutamatergic terminals 231 

(One Way ANOVA on Ranks, F(2,342) = 484.92; followed by Bonferroni’s test, p < 0.001; Fig. 5C). 232 

Thus, BoNT/A appears to preferentially target cholinergic terminals following retrograde transport 233 

from the rat WP. 234 

 235 

We also examined morphological abnormalities in cholinergic terminals positive for c-SNAP-25. 236 

Previous studies have demonstrated an enlargement of central synapses exposed to BoNT/A, 237 

possibly as a result of vesicle accumulation (Caleo et al., 2012; Restani et al., 2012b). We 238 

compared synaptic terminal size of VAChT boutons positive or negative for c-SNAP-25 within the 239 

same FN sections (Fig. 5D, inset). We found that terminals double-labeled for c-SNAP-25 and 240 

VAChT were correlated with a larger terminal size as compared to cholinergic boutons not 241 

containing c-SNAP-25 (Mann-Whitney Rank Sum test, p < 0.001; Fig. 5D). 242 

 243 

We went on to perform a more comprehensive analysis of the expression of BoNT/A-truncated 244 

SNAP-25 in distinct types of synaptic boutons after BoNT/A delivery to the mouse WP (Fig. 6). In 245 

addition to VAChT-, vGAT- and vGLUT2-positive boutons (Fig. 6A-C), we examined the expression 246 

of cleaved SNAP-25 in serotonergic and glycinergic terminals that are highly expressed in the FN. 247 

Specifically, we used antibodies against the serotonin transporter (SERT) and glycine transporter 2 248 

(GlyT2) to reveal a potential action of BoNT/A on these terminals. We found basically no co-staining 249 

of SERT and GlyT2 with BoNT/A-truncated SNAP-25 (Fig. 6D-E). To shed further light on the 250 

possible intoxication of excitatory glutamatergic terminals, we stained for VGLUT1 (vesicular 251 

glutamate transporter 1). We found very little expression of VGLUT1 (similar to VAChT) in the FN 252 

but virtually no colocalization with cleaved SNAP-25 (Fig. 6F).  253 

 254 
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It was important to check whether a commercial preparation of BoNT/A (onabotulinumtoxinA, 900-255 

kDa complex) displays the same preferential activity at central cholinergic boutons. Thus we 256 

inoculated mice with onabotulinumtoxinA (10 U/kg) into the WP and examined c-SNAP-25-positive 257 

synaptic terminals in the FN at day 12 (Fig. 7A). The results were very similar to those obtained 258 

with the laboratory BoNT/A preparation. Indeed, the VAChT-positive boutons showed the highest 259 

percentage of colocalization with c-SNAP-25, far exceeding that measured for VGAT and VGLUT2 260 

(One Way ANOVA on Ranks, F(2,91) = 113.16; followed by Bonferroni’s test, p < 0.001; Fig. 7B). 261 

This is remarkable as both VGAT- and VGLUT2-positive terminals clearly outnumbered cholinergic 262 

profiles, which were typically very sparse in the neuropil (One Way ANOVA on Ranks, F(2,91) = 263 

94.05; followed by Bonferroni’s test, p < 0.001;  Fig. 7A, C).   264 

 265 

 266 

Discussion 267 

BoNT/A is widely and successfully used to treat several human pathologies characterized by 268 

hyperexcitability of peripheral nerve terminals (Pellett, 2012; Pirazzini et al., 2017). The rationale for 269 

BoNT/A use is that under conditions of increased muscle tone, delivery of the toxin alleviates the 270 

pathological symptoms via blockade of neuromuscular transmission. However, substantial 271 

experimental and clinical evidence indicates that not all BoNT/A effects can be explained solely by 272 

the silencing of the neuromuscular junction (Trompetto et al., 2006; Vinti et al., 2012; Aymard et al., 273 

2013; Marchand-Pauvert et al., 2013). Studies have reported effects at the level of spinal and brain 274 

circuits, which likely contribute to the therapeutic benefits (Vinti et al., 2012; Aymard et al., 2013; 275 

Marchand-Pauvert et al., 2013; Mazzocchio and Caleo, 2015). There is no consensus, however, on 276 

how these central actions arise. 277 

Here we demonstrate in a purely motor system (facial MNs innervating the nasolabial musculature, 278 

which lack direct proprioceptive and sensory innervation as well as recurrent collaterals) that 279 

BoNT/A: i) is retrogradely trafficked to brainstem MNs, retaining its catalytic activity; ii) is released 280 
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within the FN to enter upstream neurons; iii) preferentially targets central cholinergic synapses. 281 

These findings were replicated using both a laboratory and commercial preparation of the toxin, i.e. 282 

in the absence or presence of neurotoxin-associated proteins, and either testing a higher and lower 283 

(therapeutic) toxin dose respectively. 284 

We found robust accumulation of c-SNAP-25 into the mouse FN despite axotomy performed 18 h 285 

after intramuscular injection (Fig. 1). This finding can only be explained by transport of BoNT/A 286 

during the first hours after injection and maintenance of its catalytic activity within the FN. 287 

Furthermore, delivery of antitoxin into the cerebrospinal fluid robustly reduced the levels of BoNT/A-288 

truncated SNAP-25 (Fig. 4), indicating that BoNT/A physically leaves MNs and enters second-order 289 

neurons to cleave SNAP-25 (see sketch in Fig. 8). One might argue that the antitoxin could 290 

penetrate into neurons, and block the activity of protease intracellularly. However, this scenario is 291 

implausible as antitoxin penetration only occurs when the cell membrane is disrupted by pore-292 

forming procedures (Bartels et al., 1994). 293 

To prevent transcytosis, we chose to deliver antibodies against BoNT/A at a time preceding the 294 

appearance of SNAP-25 cleavage (i.e. 3-6 hr in mice, 1 day in rats). We chose to inject a high dose 295 

of antitoxin, since the delivery occurred via injection into the lateral ventricles, which are far from the 296 

target area (the facial nucleus in the brainstem). Thus, it is likely that the amount of antitoxin that 297 

reaches the interstitial space surrounding facial motoneurons is relatively low, because of both 298 

distance and dilution into the cerebral fluids. The fact that antitoxin injection strongly but not 299 

completely prevented SNAP-25 cleavage (Fig. 4B, C) may be explained by the administration of a 300 

single dose of the antibodies, which may be cleared up from the cerebrospinal fluid and the 301 

extracellular space, hence not covering the whole time window during which transcytosis occurs. 302 

Transcytosis was apparent also at low, therapeutic toxin doses as SNAP-25 cleavage in FN 303 

following onabotulinumtoxinA in the WP (10U/kg) was blocked by antitoxin delivery. While we 304 

cannot exclude that at least part of c-SNAP-25 is present in the somato-dendritic compartment of 305 

MNs, the anti-toxin and facial nerve axotomy experiments clearly show transfer of active BoNT/A to 306 
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pre-motoneuronal synapses. Overall, the present data rule out that BoNT/A and its cleaved 307 

substrate remain exclusively restricted to the MNs (Cai et al., 2017). 308 

 309 

We favor the idea that trans-synaptic transfer happens with the whole BoNT/A molecule. Indeed, 310 

data in vitro (Restani et al., 2012a) demonstrate that retrograde trafficking of BoNT/A occurs in 311 

vesicles which escape acidification, and consequently this avoids breaking of di-sulfide bond and 312 

release of the light chain. Moreover, it would be impossible for the sole light chain to enter into the 313 

presynaptic terminal of second-order neurons, because the heavy chain contains the domain 314 

responsible for binding to the presynaptic terminal (Herreros et al., 1997; Pirazzini et al., 2017). 315 

Overall, the available data strongly suggest that the retrogradely transported BoNT/A molecules 316 

escaping acidification are transcytosed as full-length toxins, to allow a second cycle of presynaptic 317 

terminal intoxication. 318 

 319 

Cleavage of SNAP-25 appeared preferentially in cholinergic terminals despite their relative low 320 

density in the FN. The molecular mechanisms underlying this cholinergic selectivity are currently 321 

not known, but could be due to the expression of specific high-affinity receptors on the plasma 322 

membrane of these neurons. Of note, preferential targeting of cholinergic synapses was previously 323 

found after long-distance transport of BoNT/A to the retina (Antonucci et al., 2008; Restani et al., 324 

2012b). Importantly, cholinergic terminals containing c-SNAP-25 display a larger size (Fig. 5D). We 325 

speculate that the enlargement of cleaved SNAP-25-positive cholinergic boutons might be due to a 326 

continuing supply of mature vesicles arriving at synapses and unable to fuse with the plasma 327 

membrane to release their neurotransmitter. Previous studies have shown that the increased 328 

terminal size of BoNT/A-intoxicated synapses correlates with enlarged boutons and vesicle 329 

accumulation seen with electron microscopy (Caleo et al., 2012; Restani et al., 2012b). Moreover, 330 

we previously demonstrated functional synaptic blockade of cholinergic terminals in an ex-vivo 331 

retinal preparation following retrograde BoNT/A trafficking in the visual pathway (Restani et al., 332 
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2012b). 333 

 334 

Cholinergic terminals impinging on MNs are known as C-boutons and mediate excitatory input to 335 

the MNs (Miles et al., 2007; Witts et al., 2014). They have been identified in the trigeminal, facial 336 

and hypoglossal motor nuclei but not onto other classes of brainstem MNs (such as those 337 

innervating ocular muscles; (Witts et al., 2014)). One possibility is that inhibitory synapses represent 338 

an alternative potential target of BoNT/A central action in these motor nuclei. This interpretation is in 339 

keeping with recordings of the activity of abducens MNs following BoNT/A delivery into the lateral 340 

rectus muscle in cats (Moreno-Lopez et al., 1994). The authors found abnormally low MN 341 

discharges together with ultrastructural modifications of afferent synapses (Moreno-López et al., 342 

1997; Pastor et al., 1997). It is worth noting that tetanus neurotoxin, which shares the same axonal 343 

carriers as BoNT/A (Restani et al., 2012a; Wang et al., 2015), is also transcytosed into inhibitory 344 

interneurons.  345 

 346 

The preferential targeting of central cholinergic terminals suggests two sources of reduced MN 347 

output after intramuscular BoNT/A: (i) peripheral neuroparalysis and (ii) reduced MN excitability via 348 

central effect on cholinergic afferents. In particular, the decreased MN excitability through 349 

transcytosis and block of presynaptic excitatory terminals may allow clinical benefits even when the 350 

neuromuscular blockade is over (Valls-Sole et al., 1991; Trompetto et al., 2006; Mazzocchio and 351 

Caleo, 2015). If the same scenario applies to spinal cord, a reduction in the MN firing rate could be 352 

envisaged, with consequent decrease in Renshaw cell inhibition via the MN recurrent collaterals. 353 

Reduced recurrent inhibition after peripheral BoNT/A has indeed been demonstrated in man and 354 

animals (Wiegand and Wellhoner, 1977; Marchand-Pauvert et al., 2013). A reduction in the activity 355 

of the Renshaw cell network may be crucial for normalizing dysfunctions in the pattern of 356 

agonist/antagonist activity in spasticity and dystonia (Aymard et al., 2013; Marchand-Pauvert et al., 357 

2013; Mazzocchio and Caleo, 2015). 358 
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Altogether, these findings highlights cell-specific, direct central actions of BoNT/A which are 359 

important to fully understand its mechanisms of action and therapeutic effectiveness in movement 360 

disorders. Detailed knowledge of BoNT/A effects on brainstem and spinal pathways is mandatory to 361 

devise a mechanism-based use of the neurotoxin which translates into more effective therapies for 362 

patients. 363 

 364 
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Figure Legends 513 

 514 

Figure 1. Enzymatically active BoNT/A is retrogradely transported. (A) Sketch of the 515 

experimental protocol: BoNT/A (7.5 pg) was injected into the WP muscles of mice. At 18 h, four 516 

animals were processed for c-SNAP-25 assessment, while the others underwent either facial nerve 517 

axotomy (axotomy, n = 5) or sham surgery (sham, n = 5). The site of axotomy is indicated by the 518 

blade. Their brains were dissected at day 12. Inset: double labelling for c-SNAP-25 (red) and the 519 

synaptic marker synaptophysin (green). The small puncture on the brain section indicates the side 520 

opposite to toxin injection. Calibration bar = 25 μm. (B) Representative images showing the 521 

characteristic staining for c-SNAP-25 into the FN for each experimental group. Calibration bar = 25 522 

μm. (C) Quantification of c-SNAP-25 immunoreactivity on FN coronal sections (18-21 sections per 523 

group). Statistical analysis reveals that levels of c-SNAP-25 increased in the FN despite axotomy 524 

(One Way Analysis of Variance on Ranks, p < 0.001; post hoc Bonferroni’s test, axotomy vs 18 h, ** 525 

p = 0.01), indicating that catalytically active BoNT/A is retrogradely transported in MNs in vivo. 526 

Intensity of the staining for each experiment was normalized to the labelling levels at 18 h (control). 527 

The horizontal lines in each box denote the 25th, 50th, and 75th percentile values. The error bars 528 

denote the 5th and 95th percentile values. The triangle symbols denote the mean of the column of 529 

data. 530 

 531 

Figure 2. Different kinetics of c-SNAP-25 accumulation in the FN of rats and mice. (top) 532 

Representative images showing staining for c-SNAP-25 in the FN of Long-Evans rats at different 533 

times following BoNT/A injection (75 pg) into the WP (n = 3 rats per time point). (bottom) 534 

Representative images of c-SNAP-25 staining in the FN of mice at different times following BoNT/A 535 

injection (7.5 pg) into the WP (n = 3 mice per time point). Note that c-SNAP-25 is already present at 536 

1 day in mice, but barely detectable in rats. Calibration bar = 25 μm.  537 

 538 
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Figure 3. Controls for successful axotomy of facial MNs projecting to the WP. Low-539 

magnification image (A) and zoom of the two facial nuclei (B) of a brainstem coronal section stained 540 

for Iba-1 (red) and ChAT (green). In the ipsilesional side (right side), note the strong Iba-1 541 

immunoreactivity and downregulation of ChAT expression. Despite the axotomy, c-SNAP-25 is 542 

strongly expressed in the ipsilesional facial nucleus (red staining in C). Calibration bar = 500 μm for 543 

(A), 100 μm for B and C. Experiments were carried out in 4 mice with FN axotomy.  544 

 545 

Figure 4. Evidence for BoNT/A transcytosis. (A) Sketch of the experimental protocol: BoNT/A 546 

(7.5 pg) was injected into the WP muscles of mice. After 3-6 hours, mice received antitoxin, horse 547 

serum (HS), or vehicle solution (control) into the ventricular system. Mice were sacrificed after 3 548 

days and brains dissected for histological analysis. (B) Representative images showing staining for 549 

c-SNAP-25 in the FN of control, HS- and antitoxin-treated animals. Note the clear reduction in c-550 

SNAP-25 immunoreactivity when antitoxin is delivered into cerebral fluid. Calibration bar = 25 μm. 551 

(C) Quantification of c-SNAP-25 immunoreactivity on FN coronal sections (control, n = 13 mice; HS, 552 

n = 5; antitoxin n = 11). Statistical analysis reveals that levels of c-SNAP-25 decreased by almost 553 

half following ICV injection of antitoxin, but not HS (One Way ANOVA on Ranks followed by 554 

Bonferroni’s test, ***, p < 0.001). Data indicate that at least a fraction of c-SNAP-25 in the FN 555 

depends on BoNT/A transcytosis. The horizontal lines in each box denote the 25th, 50th, and 75th 556 

percentile values. The error bars denote the 5th and 95th percentile values. The triangle symbols 557 

denote the mean of the column of data. (D) Representative images showing staining for c-SNAP-25 558 

in the facial nuclei following two separate injections into the WP (10 U/kg) of Wistar rats (n = 5). 559 

OnabotulinumtoxinA was administered into the WP 5 days (right WP) and 1 days (left WP) prior to 560 

intracisternal injection of botulinum type A antitoxin (20 I.U.).  c-SNAP-25 staining (red) is basically 561 

absent in the FN ipsilateral (left FN) to BoNT/A injection administered 1 day prior to antitoxin (i.e. 562 

BoNT/A + antitoxin 1 day later), while is normally present ipsilateral to BoNT/A administered 5 days 563 

prior to antitoxin (right FN, i.e. BoNT/A + antitoxin 5 days later). The FN images are from the two 564 
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sides of the same brainstem section. Green staining, neuronal marker (NeuN). Calibration bar = 565 

100 μm.  566 

 567 

Figure 5. Central cholinergic terminals are preferentially targeted. (A) Representative images 568 

showing double-staining for c-SNAP-25 (in red) and specific synaptic markers (VAChT, VGAT and 569 

VGLUT-2; green) in the FN. BoNT/A injection into the WP of Long-Evans rats 15 days earlier. 570 

Calibration bar = 15 μm. (B) Colocalization analysis in FN coronal sections 15 days following 571 

BoNT/A injection into rat WP (98-131 sections per synaptic marker, 4 rats). Statistical analysis 572 

reveals that the percentage of VAChT-positive boutons containing c-SNAP-25 was significantly 573 

higher than the percentage calculated for VGAT and VGLUT2 (One Way ANOVA  on Ranks; post 574 

hoc Bonferroni’s test, VAChT vs. vGAT e VGLUT2, ***, p < 0.001).  (C) The data show total number 575 

of positive puncta per field for each synaptic marker analysed. Statistical analysis reveals highest 576 

staining for VGLUT2, followed by VGAT and VAChT (One Way ANOVA  on Ranks; post hoc 577 

Bonferroni’s test, VAChT vs. vGAT e VGLUT2, ***, p < 0.001). Each field used for the analysis was 578 

104x104 μm.  (D) Quantification of VAChT terminal size, measured in boutons negative (-) or 579 

positive (+) for c-SNAP-25 (472 and 354 boutons analyzed, respectively; n = 3 Long-Evans rats). 580 

VAChT terminals intoxicated by BoNT/A (c-SNAP-25 (+)) display a larger size with respect to 581 

controls (Mann-Whitney Rank Sum test, ***, p < 0.001). Inset, representative high magnification of 582 

double labelling for VAChT (green) and c-SNAP-25 (red); arrows indicate double-positive boutons, 583 

arrowheads indicate c-SNAP-25(-) terminals. In the box charts in (B-C-D), the horizontal lines 584 

denote the 25th, 50th, and 75th percentile values, the error bars denote the 5th and 95th percentile 585 

values, triangles denote the mean of the column of data.  586 

 587 

Figure 6. Neurochemical specificity of cleaved SNAP-25-positive structures in the mouse FN. 588 

BoNT/A was injected into the mouse WP and brains were taken at 12 days. Immunostaining in FN 589 
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sections for cleaved SNAP-25 (red) and synaptic markers (green: A, VAChT; B, VGAT; C, 590 

VGLUT2; D, SERT; E, GlyT2; F, VGLUT1). Scale bar = 15 μm.  591 

 592 

Figure 7. Preferential activity of onabotulinumtoxinA at central cholinergic synapses. (A) 593 

Representative images of the FN showing double-staining for c-SNAP-25 (in red) and specific 594 

synaptic markers (VAChT, VGAT and VGLUT-2; green) following onabotulinumtoxinA delivery 595 

(10U/kg) in the mouse WP. Calibration bar = 10 μm. (B) Colocalization analysis in FN coronal 596 

sections 12 days following onabotulinumtoxinA injection into mouse WP (32 sections per synaptic 597 

marker, 4 mice). Statistical analysis reveals that the percentage of VAChT-positive boutons 598 

containing c-SNAP-25 was significantly higher than the percentage calculated for VGAT and 599 

VGLUT2 (One Way ANOVA  on Ranks; post hoc Bonferroni’s test, VAChT vs. vGAT e VGLUT2, 600 

***, p < 0.001).  (C) The data show total number of positive puncta per field for each synaptic 601 

marker analysed (n = 4 mice). Statistical analysis reveals highest staining for VGLUT2 and VGAT, 602 

followed by VAChT (One Way ANOVA  on Ranks; post hoc Bonferroni’s test, VAChT vs. vGAT e 603 

VGLUT2, ***, p < 0.001). Each field used for the analysis was 104x104 μm. In the box charts in 604 

(B,C), the horizontal lines denote the 25th, 50th, and 75th percentile values, the error bars denote 605 

the 5th and 95th percentile values, triangles denote the mean of the column of data. 606 

 607 

Figure 8. Schematic illustration of the distant effects of BoNT/A involving transcytosis into 608 

pre-motoneuronal synapses. (A) Sketch of a facial MN projecting to the BoNT/A-injected WP and 609 

of its afferent inputs within the facial nucleus. (B) Under control conditions, the retrogradely 610 

transported BoNT/A undergoes transcytosis from the MN soma (pink)  to the afferent cholinergic 611 

synapses (green) leading to a second cycle of intoxication. (C) Following ICV administration of 612 

antitoxin, the released BoNT/A is sequestered within the interstitial space thus effectively preventing 613 

its transfer to afferent boutons. 614 


















