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Abstract  

  



Botulinum toxin type-A (BTX-A) injections have become a common treatment modality for 

patients suffering from muscle spasticity. Despite its benefits, BTX-A treatments have been 

associated with adverse effects on target muscles. Currently, application of BTX-A is largely based 

on clinical experience, and research quantifying muscle structure following BTX-A treatment has 

not been performed systematically. The purpose of this study was to evaluate strength, muscle 

mass, and contractile material six months following a single or repeated (2 and 3) BTX-A injections 

into the quadriceps femoris of New Zealand white rabbits. Twenty three skeletally mature rabbits 

were divided into four groups: experimental group rabbits received 1, 2, or 3 injections at intervals 

of 3 months (1-BTX-A, 2-BTX-A, 3-BTX-A, respectively) while control group rabbits received 

volume-matched saline injections. Knee extensor strength, quadriceps muscle mass, and quadriceps 

contractile material of the experimental group rabbits were expressed as a percentage change 

relative to the control group rabbits. One-way ANOVA was used to determine group differences 

in outcome measures (α=0.05). Muscle strength and contractile material were significantly reduced 

in experimental compared to control group rabbits but did not differ between Experimental groups. 

Muscle mass was the same in experimental BTX-A and control group rabbits. We concluded from 

these results that muscle strength and contractile material does not fully recover within six months 

of BTX-A treatment.  
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1 Introduction  

2 Botulinum toxin type-A (BTX-A) injections have become a common treatment modality for an  

http://ees.elsevier.com/bm/viewRCResults.aspx?pdf=1&docID=17332&rev=1&fileID=860378&msid=%7bDEFF30B3-E656-4189-9212-719E4205CAEA%7d


3 increasing number of neuromuscular disorders with the primary aim to relax spastic muscles, for  

4 example, in patients with cerebral palsy or following a stroke(Bakheit et al., 2001; Koman et al.,  

5 1993; Koman et al., 2001; Molenaers et al., 2006). Once injected into the target muscles, BTX-A  

6 prevents acetylcholine release at the motor nerve endings, thereby producing a dose-dependent 7 

muscle paralysis (Simpson, 2004).  

 8    

9 The positive effects of BTX-A injection in reducing muscle spasticity are well described in the  

10 literature: BTX-A injections have been shown to reduce muscle tone, thereby improving the  

11 range of motion and functionality of joints (Cardoso et al., 2006; Koman et al., 2000; Koman et  

12 al., 2001). As a result, aggressive surgical intervention can often be delayed (Molenaers et al.,  

13 2006). Typically, BTX-A injections are repeated at 3-6 month intervals due to the reversible and  

14 time limited action of BTX-A, thereby prolonging the period of reduced spasticity(Graham et al., 

15 2000; Heinen et al., 2010).  

 16    

17 Despite its beneficial effects, BTX-A treatment has not been approved by the US Food and Drug  

18 Administration (FDA) for cerebral palsy children due to the unknown risks associated with the 19 

use of BTX-A treatments for already weakened patients (Frasson et al., 2012; Albavera20 

Hernandez et al., 2009; Ansved et al., 1997; Eleopra et al., 1996; Garner et al., 1993; Naidu et  

21 al., 2010). Specifically, Schroeder et al reported significant muscle atrophy of healthy human  

22 gastrocnemius lateralis one year following a single, clinically relevant BTX-A injection,  

23 suggesting that BTX-A induced atrophy and muscle weakness may last well beyond the expected  



 

treatment period of BTX-A (Schroeder et al., 2009). Additionally, we demonstrated that an 24 

aggressive BTX-A injection protocol for six months led to substantial muscle weakness, muscle 25 

atrophy, and loss of contractile material in rabbit quadriceps muscles, and that muscles did not 26 

fully recover within a six month period following the last BTX-A injection (Fortuna et al., 2011; 27 

Fortuna et al., 2013a). However, the first study was a pilot experiment involving only two subjects, 28 

while the latter used an aggressive BTX-A treatment protocol not reflecting clinical practice. 29 

Currently, clinical application of BTX-A, and the timing between repeat injections, are based on 30 

clinical experience and anecdotal evidence, and research quantifying muscle strength and 31 

structural damage following a recovery period after BTX-A treatment has not been performed 32 

systematically.  33 

  34 

Therefore, the purpose of the present study was to evaluate strength, muscle mass, contractile 35 

material, and selected mRNA expression profiles six months following a single or repeated (2 and 36 

3) BTX-A injections. The rabbit quadriceps femoris musculature was chosen as an appropriate 37 

pre-clinical model and intervals of 3 months were chosen between repeat injections to approximate 38 

clinically accepted practice.  39 

  40 

Methods  41 

  42 

Experimental design  43 

  44 
Twenty three skeletally mature, one year old, female NZW rabbits were used for this study. All 45 

procedures were approved by the Animal Care Committee of the University of Calgary. Rabbits 46 

were allowed normal activity in a 65 x 45 x 30cm3 cage, and received a standard diet.  47 



 

  48 

Rabbits were divided into four groups:  49 

(1) Control group – saline injection unilaterally (n=5; Control)  50 

(2) Single Botox injection unilaterally (n=6; 1-BTX-A)  51 

(3) Two Botox injections with a 3 month interval between injections (n=6; 2-BTX-A)  52 

(4) Three Botox injections with a 3 month interval between injections (n=6; 3-BTX-A).   53 

  54 

BTX-A injection protocol  55 

  56 

Rabbits were injected with Clostridium botulinum type-A neurotoxin complex (Botox®, Allergan, 57 

Inc., Toronto, Ontario, Canada), which was reconstituted with 0.9% sodium chloride to a 58 

concentration of 20 U/ml. Rabbits received intramuscular BTX-A injections at a total dose of 3.5 59 

U/kg. Injections were randomized to either the right or left quadriceps. The anterior compartment 60 

of the thigh was isolated by manual palpation and the quadriceps was visually divided into superior 61 

and inferior halves. Each half was subdivided into a medial, central and lateral section. One sixth 62 

of the total BTX-A dose was injected into each section to increase its diffusion and to equally 63 

distribute the toxin throughout the different portions of the quadriceps musculature (Longino et 64 

al., 2005a; Longino et al., 2005b).  65 

  66 
Control group 1 received randomized intramuscular saline injections. The total volume of injected 67 

saline was the same as the total volume of BTX-A injected into the experimental group animals. 68 

Group 2 received a single intramuscular BTX-A injection and was evaluated six months post-69 

injection. Groups 3 and 4 received two and three BTX-A injections, respectively, with a three 70 



 

month interval between injections, and rabbits were evaluated six months following the last 71 

injection.   72 

The primary outcome measures were the isometric knee extensor torque (measured via femoral 73 

nerve stimulation and via direct muscle stimulation), the mass of the individual quadriceps 74 

muscles, the percentage of contractile material, and select mRNA expression profiles in the target 75 

muscles.   76 

  77 

Determination of knee extensor strength and muscle mass:  78 

  79 

Isometric knee extensor strength was measured in the BTX-A injected musculature six months 80 

following the last BTX-A injection. Knee extensor strength was assessed by stimulating the 81 

quadriceps via a femoral nerve cuff electrode implanted prior to testing. Following nerve cuff 82 

implantation, rabbits were secured in a stereotactic frame using bone pins at the pelvis and femoral 83 

condyles. Isometric knee extensor forces at 100˚ of knee flexion were measured using a strain-84 

gauged, calibrated bar placed over the distal portion of the rabbit’s tibia (Longino et al., 2005b).  85 

  86 

Stimulation of the knee extensor musculature (Grass S8800 stimulator; Astro-Med Inc.,  87 

Longueil, Quebec, Canada) was performed at a voltage three times higher than the alpha 88 

motoneuron threshold, to ensure activation of all motor units (Herzog and Leonard, 1997). 89 

Stimulation duration was 500ms, pulse duration 0.1ms, and the frequency of stimulation was 90 

100Hz.   91 

  92 



 

Knee extensor strength was also measured by means of direct muscle stimulation of the injected 93 

musculature in the BTX-A experimental group rabbits. Rabbits were positioned as described 94 

above. The quadriceps musculature was identified and self-adhesive superficial electrodes were 95 

placed over the mid-belly region. Maximum forces were obtained by increasing the voltage 96 

(frequency at 100Hz) of stimulation until no further increases in force were detected (Fortuna et 97 

al., 2013a; Fortuna et al., 2013b).   98 

  99 

Following knee extensor strength assessment, animals were sacrificed by an overdose of Euthanyl 100 

(MTC Pharmaceutical; Cambridge, Ontario) into the lateral ear vein. Wet mass for the individual 101 

quadriceps femoris muscles was determined using a commercial scale with a resolution of 0.001g.   102 

  103 

Determination of the percentage of contractile material:  104 

  105 

The percentage of contractile material was determined histologically. The central third of the 106 

quadriceps muscles was embedded in paraffin (automatic paraffin processor, Leica TP 1020) and 107 

cut cross-sectionally with a microtome (Leica RM 2165). For every 100μm, an 8μm section was 108 

collected for staining with haematoxylin-eosin (H&E) (Leica ST5010). Five slides were analyzed 109 

and averaged for each muscle (Fortuna et al., 2011).  110 

  111 

Photographs were taken from each section using an Axionstar plus microscope (CarlZeiss) with a 112 

5X magnification objective. A customized MatLab program (MatLab 7.8, R2010b) was used to 113 

calculate the percentage of contractile material for at least 50% of the total cross-sectional area of 114 

each muscle.   115 



 

  116 

RNA isolation and RT-qPCR analysis of muscle tissue:  117 

Samples of frozen quadriceps femoris tissue were powdered at liquid nitrogen temperatures with 118 

a Braum Mikro-dismembrator (B. Braum Biotech International, Allentown, PA, USA) and total 119 

RNA isolated using the TriSpin method (Reno et al., 1997). Briefly, following powdering, the 120 

samples were treated with Trizol Reagent (Life Technologies, Gaithersburg, MD, USA) and the  121 

RNA-rich layer was further fractionated and then treated with DNAase, as described previously  122 

(Hart and Achari, 2010; Leumamn et al., 2012). Total RNA was quantified using a NanoVue  123 

Spectrophotometer (GE Healthcare, Baie d’Urfe, Quebec).   124 

  125 

Aliquots (1µg) of each sample were then reverse transcribed using an Omniscript RT Kit (Qiagen 126 

Inc., Chatsworth, Calif., USA). All samples in a given set were reverse transcribed at the same 127 

time to avoid potential variation. qPCR was performed as described previously (Hart and Achari, 128 

2010) with an iCycler (BioRad Laboratories Inc, Mississauga, ON) and validated using rabbit-129 

specific primer sets for the molecules listed in Table 1. All assessments were performed in 130 

duplicate or triplicate under optimal conditions that conformed to qPCR criteria.  131 

  132 

Data analysis:  133 

  134 

Knee extensor strength (femoral nerve stimulation) and muscle mass of BTX-A injected groups 135 

were expressed as a percentage of the values obtained from control group rabbits. Knee extensor 136 

strength for direct muscle stimulation of BTX-A injected animals was expressed as the change in 137 

strength relative to the corresponding values obtained from femoral nerve stimulation. The amount 138 



 

of contractile material for each muscle is given as the percentage area of the contractile material 139 

relative to the total cross-sectional area of the analyzed sections.  140 

  141 

A one-way ANOVA was used to asses muscle weakness, atrophy, contractile material, and mRNA 142 

profiles with the main factor groups (Control, 1-BTX-A, 2-BTX-A, and 3-BTX-A). A post-hoc 143 

Tukey test was performed if indicated. A paired t-test was used for comparisons between femoral 144 

nerve vs. direct muscle stimulation on BTX-A experimental group rabbits. The level of 145 

significance was chosen as α=0.05 a priori.   146 

  147 

Results  148 

  149 

Muscle strength:  150 

Muscle strength was significantly (p<0.05) reduced to 45% at six months following a single BTX-151 

A injection compared to control (100% - white bar; Fig. 1). There was no additional loss in muscle 152 

strength for repeat BTX-A injections (2/3-BTX-A group rabbits; p>0.05).   153 

  154 

Muscle mass:  155 

Muscle mass in all experimental BTX-A group animals was unaltered compared to Control group 156 

rabbits at six months following the last injection (p>0.05; Fig. 2).  157 

  158 

Percentage of contractile material:  159 

The percentage of contractile material for Control rabbits was 96.9±2.0% (Fig. 3). Following a 160 

single BTX-A injection, the contractile material was reduced to 59.2±6.0% at six months following 161 



 

the injection. There was no additional loss in contractile material at six months following the last 162 

injection for rabbits receiving 2 injections (62.5±6.1%) or 3 injections (59.9±11.8%).  163 

  164 

Femoral nerve vs. direct muscle stimulation in the 3-BTX-A group rabbits:  165 

Direct muscle stimulation of the injected quadriceps of 3-BTX-A group rabbits produced 15% 166 

greater quadriceps force than femoral nerve stimulation (p<0.05; Fig. 4).  167 

  168 

mRNA expression profiles:  169 

Experimental BTX-A group rabbits (1-BTX-A, 2-BTX-A, and 3-BTX-A) showed significantly 170 

elevated mRNA levels for fibrotic scar tissue and muscle inflammatory markers (Fig. 5). 171 

Specifically, mRNA expression levels for the matrix molecules collagen I and III, the anabolic 172 

growth factors IGF-1 and TGFß, and muscle-specific atrophy marker MuRF1 were significantly 173 

elevated in the BTX-A injected animals compared to values in control group rabbits. There were 174 

no statistically significant differences in mRNA profiles between the three experimental group 175 

rabbits.   176 

  177 
Discussion  178 

  179 

The primary results of this study were that BTX-A injections resulted in strength loss, structural 180 

damage and altered mRNA profiles for a select subset of relevant molecules in the rabbit 181 

quadriceps muscles six months following a clinically relevant treatment protocol. Furthermore, 182 

and somewhat surprisingly, these adverse effects were not exacerbated by multiple injections of  183 

BTX-A.  184 

  185 



 

Muscle strength was significantly decreased despite the six months recovery period following the 186 

last BTX-A injection (Fig. 1). The persistence of muscle weakness and contractile material loss 187 

suggests that BTX-A injections produce effects that last much longer than previously thought. 188 

Currently, a 3-6 months interval between BTX-A injections is recommended (Graham et al., 2000) 189 

to prevent antibody responses against the toxin and to avoid cumulative damage of the target 190 

muscles. In a recent paper, it had been shown that a single BTX-A injection into a healthy human 191 

muscle caused a loss in muscle volume one year following the injection. Furthermore, patients 192 

suffering from anterior knee pain who received BTX-A injections into the vastus lateralis 193 

musculature reported improved function and reduced knee pain up to 2 years following treatment. 194 

Combined with our results, these findings suggest that a clinically relevant BTX-A treatment 195 

protocol may produce effects that are much longer lasting than previously thought (Kanovsky et 196 

al., 2009; Hasting-Ison et al., 2013). Therefore, it might be prudent to carefully evaluate the 197 

frequency of BTX-A injections, especially in patients who already have a weakened musculature, 198 

such as children with cerebral palsy (Damiano et al., 2001; Damiano and Moreau,  199 

2008; Stackhouse et al., 2007; Wiley and Damiano, 1998).    200 

  201 

Muscle strength did not recover to Control values following a six months recovery period from the 202 

last BTX-A injection. This result is likely caused by the reduced amount of contractile material 203 

following the recovery period (Fig. 3), and the remnant blockage of acetylcholine at the 204 

neuromuscular junction, as evidenced by the greater quadriceps femoris forces obtained with direct 205 

muscle stimulation compared to femoral nerve stimulation (Fig. 4). Direct muscle stimulation 206 

increased peak quadriceps forces across all experimental groups by 15%, on average. Combined 207 

with the 34% average loss of contractile material, which would cause at least a 34% in force loss, 208 



 

the average loss of muscle strength of 45% across all experimental group rabbits is well explained 209 

by the remnant BTX-A effect and the loss of contractile material (Fig. 6). From the results of this 210 

study, it is not clear how long it might take for the contractile material, and thereby muscle strength, 211 

to return to Control values. It is perceivable that BTX-A alters muscle repair mechanisms 212 

permanently, thereby reaching a new homeostatic state, as evidenced by the altered mRNA 213 

expression six months following the last injection. Studies using a one or two year recovery period 214 

should be performed to evaluate if muscles ever return to normal control values following BTX-A 215 

treatment.   216 

  217 

Muscle mass was the same across all experimental and control group rabbits. At first glance, this 218 

result may be surprising. However, careful analysis revealed that the loss of contractile material 219 

was offset by a gain in non-contractile material, primarily fat, thereby leaving the overall muscle 220 

mass, but not the muscle composition, approximately constant. This finding might be of clinical 221 

relevance, as muscle volume measured using non-invasive imaging techniques (MRI, ultrasound) 222 

are sometimes used to approximate muscle mass in patient populations to determine progression 223 

of a disease or success of a treatment intervention (Damiano and Moreau, 2008). Structural 224 

integrity and functional properties of muscles, rather than muscle mass or volume, might be more 225 

appropriate outcome measures to determine disease progression or intervention effects.  226 

  227 

Increasing the number of injections did not produce additional loss in muscle strength and 228 

contractile material, as one might have suspected, suggesting that most of the adverse effects of 229 

BTX-A injection into muscles are caused by the first injection, or that the recovery period between 230 

injections, was sufficient for partial recovery, thereby offsetting the potential damage induced by 231 



 

each injection. Antibody responses following first BTX-A exposure may prevent muscles from 232 

additional damage to subsequent exposures to the toxin, and such responses should be measured 233 

in future experiments.   234 

  235 

Our findings agree with those of Barber et al. who found no differences in muscle volume, fascicle 236 

length, and physiological cross-sectional area in patients with spastic cerebral palsy exposed to 237 

single and repeat BTX-A injections (Barber et al., 2013). Children with spastic cerebral palsy 238 

already have a weakened musculature and a loss of muscle mass (Damiano and Moreau, 2008; 239 

Damiano and Moreau, 2008; Moreau et al., 2010; Moreau et al., 2012), therefore submitting them 240 

to BTX-A treatments has to be evaluated carefully using a risk and benefit assessment, and 241 

although relieve from spasticity and increased joint range of motion in the short term, might be 242 

offset by a loss in muscle mass and strength in the long term.  243 

  244 

The temporary blockage effects of BTX-A treatments are intended to reduce muscle spasticity, 245 

thereby offering a “window of opportunity” to re-train target muscles and induce improved motor 246 

control and muscle coordination with minimal adverse effects. Therefore, BTX-A treatments 247 

should be combined with an exercise protocol aimed at taking full advantage of the temporary 248 

relaxation of the spastic musculature. An exercise protocol during BTX-A treatment can help 249 

alleviate muscle atrophy and weakness, which are adverse effects of BTX-A treatments. It has 250 

been shown that direct muscle stimulation in conjunction with BTX-A treatments limits the loss 251 

of contractile material and retains strength and function of muscles by circumventing the loss of 252 

voluntary muscle activation caused by BTX-A induced nerve ablation (Fortuna et al., 2013b; 253 

Williams et al., 2013). Our findings suggest that multiple injections do not produce cumulative 254 



 

adverse effects in muscle structure, composition and function, suggesting that patients can benefit 255 

from multiple injections, thereby prolonging the period of improved joint function and reduced 256 

spasticity which might help delay invasive surgical interventions and might provide increased 257 

independence of patients with cerebral palsy. The fact that a single BTX-A  258 

injection can induce significant muscle atrophy and weakness should not be seen as a positive 259 

outcome. Long term muscle weakness in already weakened cerebral palsy children can further 260 

compromise joint function and quality of life. Hence, long-term follow-up studies should be 261 

encouraged to assess muscle structure and joint function during and after BTX-A treatments in 262 

children with cerebral palsy.  263 

   264 

Following BTX-A injections, there is a persistent mRNA elevation for fibrotic response molecules 265 

(Hart, 2013). While we did not detect overt fibrosis in our study, a persistent low grade fibrotic 266 

response may interfere with normal muscle repair, consistent with the idea of compromised muscle 267 

function. Future investigations should focus on elucidating the mechanisms of repair in muscles 268 

exposed to BTX-A.  269 

  270 

  271 

Conclusions  272 

We conclude from the results of this study that muscle strength and contractile material do not 273 

fully recover from BTX-A exposure within a six months recovery period. Furthermore, increased 274 

frequency of BTX-A exposure was not associated with increased adverse effects in the target 275 

muscles.   276 
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Figure Legends 

Fig 1 Mean muscle strength (±1 SD) normalized to the values of Control group rabbits (100%) six 

months after the last BTX-A injection in rabbits receiving 0 (Control), 1 (1-BTX-A), 2 (2BTX-A), 

and 3 (3-BTX-A) botulinum toxin injections with a 3 months interval between injections. Strength 

in the quadriceps femoris muscles of all experimental group rabbits was reduced compared to 

control group rabbits, but was the same among the 3 experimental groups. * compared to Control 

group (p<0.05).  

Fig 2 Mean muscle mass (±1 SD) normalized to the values of Control group rabbits (100%) six 

months after the last BTX-A injection in rabbits receiving 0 (Control), 1 (1-BTX-A), 2 (2-BTXA), 

and 3 (3-BTX-A) botulinum toxin injection with a 3 months interval between injections. Muscle 

mass in all experimental BTX-A group rabbits was unaltered compared to Control group rabbits 

(p>0.05).   

Fig 3 Exemplar histological cross-sectional images showing the percentage of muscle contractile 

material (H&E – red staining) and non-contractile material (white color – primarily fat and 

connective tissue). The amount of contractile material for Control group rabbits was 96.9±2.0% 

(top left). Following a single BTX-A injection, there was a significant reduction of contractile 

material for 1-BTX-A group rabbits (top right – 59.2±6.0%). There was no additional loss of 

contractile material for rabbits that received two injections (2-BTX-A; bottom left – 62.5±6.1%) 

and three injections (3-BTX-A; bottom right – 59.9±11.8%) group rabbits, respectively.   

Fig 4 Muscle strength obtained with femoral nerve stimulation (white bar) and by direct muscle 

stimulation (shaded bar) for the injected quadriceps femoris muscles of 3-BTX-A group rabbits. 

Strength was normalized relative to Control group values (100%, not shown). Direct muscle 



 

stimulation produced significantly greater muscle forces when compared to femoral nerve 

stimulation (p<0.05). This result suggests that despite a six months recovery period following the 

last BTX-A injection, there is persistent blockage of acetylcholine release at the neuromuscular 

junction. * compared to 3 BTX-A femoral nerve stimulation (p<0.05).  

Fig 5 mRNA expression normalized to the values of Control group rabbits (white bars – 100%). 

Gene expression of Collagen I, Collagen III, IGF-1, TGFß, and MuRF were significantly increased 

compared to Control group rabbits. Similar to the mechanical and histological data, there was no 

difference in mRNA expression between the three experimental groups. * compared to Control 

group (p<0.05).  

Fig 6 Average muscle strength in BTX-A group rabbits averaged across all three experimental 

groups (light gray bar), and estimated loss in strength associated with the reduction in contractile 

material (dark gray bar), and the remnant effects associated with BTX-A blockage (shaded bar).  

Six months following the last BTX-A injection, muscle strength was still significantly reduced to 

55% of the strength in Control rabbits (white bars). The loss in strength associated with the loss in 

contractile material was obtained by assuming a linear relationship between the amount of 

contractile material and strength. This assumption likely underestimates the real loss in strength 

associated with loss of contractile material.  
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