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SUMMARY:  21 
The rat thoracic spinal hemisection is a valuable and reproducible model of unilateral spinal 22 
cord injury to investigate the neural mechanisms of locomotor recovery and treatment efficacy. 23 
This article includes a detailed step-by-step guide to perform the hemisection procedure and to 24 
assess locomotor performance in an open-field arena. 25 
 26 
ABSTRACT:  27 
Spinal cord injury (SCI) causes disturbances in motor, sensory, and autonomic function below 28 
the level of the lesion. Experimental animal models are valuable tools to understand the neural 29 
mechanisms involved in locomotor recovery after SCI and to design therapies for clinical 30 
populations. There are several experimental SCI models including contusion, compression, and 31 
transection injuries that are used in a wide variety of species. A hemisection involves the 32 
unilateral transection of the spinal cord and disrupts all ascending and descending tracts on one 33 
side only. Spinal hemisection produces a highly selective and reproducible injury in comparison 34 
to contusion or compression techniques that is useful for investigating neural plasticity in 35 
spared and damaged pathways associated with functional recovery. We present a detailed 36 
step-by-step protocol for performing a thoracic hemisection at the T8 vertebral level in the rat 37 
that results in an initial paralysis of the hindlimb on the side of the lesion with graded 38 
spontaneous recovery of locomotor function over several weeks. We also provide a locomotor 39 
scoring protocol to assess functional recovery in the open-field. The locomotor assessment 40 
provides a linear recovery profile and can be performed both early and repeatedly after injury 41 
in order to accurately screen animals for appropriate time points in which to conduct more 42 
specialized behavioral testing. The hemisection technique presented can be readily adapted to 43 
other transection models and species, and the locomotor assessment can be used in a variety 44 
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of SCI and other injury models to score locomotor function. 45 
 46 
INTRODUCTION:  47 
Spinal cord injury (SCI) is associated with severe disturbances in motor, sensory, and autonomic 48 
function. Experimental animal models of SCI are valuable tools to understand the anatomical 49 
and physiological events involved in SCI pathology, to investigate the neural mechanisms in 50 
repair and recovery, and to screen for efficacy and safety of potential therapeutic interventions. 51 
The rat is the most commonly used species in SCI research1. Rat models are low cost, easy to 52 
reproduce, and a large battery of behavioral tests are available to assess functional outcomes2. 53 
Despite some differences in tract locations, the rat spinal cord shares overall similar 54 
sensorimotor functions with larger mammals, including primates3,4. Rats also share analogous 55 
physiological and behavioral consequences to SCI that relate to humans5. Non-human primate 56 
and large animal models can provide a closer approximation of human SCI6 and are essential to 57 
prove treatment safety and efficacy prior to human experimentation, but are less commonly 58 
used due to ethical and animal welfare considerations, expenses, and regulatory requirements7. 59 
 60 
Rat transection SCI models are performed by the targeted interruption of the spinal cord with a 61 
selective lesion using a dissection knife or iridectomy scissors after a laminectomy. Compared 62 
to a complete transection, partial transection in the rat results in a less severe injury, easier 63 
postoperative animal care, spontaneous locomotor recovery, and more closely models SCI in 64 
humans which is predominately incomplete with partial sparing of tissue connecting the spinal 65 
cord and supraspinal structures8. A unilateral hemisection disrupts all ascending and 66 
descending tracts on one side only, and produces quantifiable and highly reproducible 67 
locomotor deficits, enhancing exploration of the underlying biological mechanisms. The most 68 
prominent functional consequence of the hemisection is an initial limb paralysis on the same 69 
side and below the level of the lesion with graded spontaneous recovery of locomotor function 70 
over several weeks9-12. The hemisection model is particularly useful to investigate neural 71 
plasticity of damaged and residual tracts and circuits associated with functional recovery9,11-18. 72 
Specifically, hemisection performed at the thoracic level, i.e., above the spinal circuits that 73 
control hindlimb locomotion, is particularly useful for investigating changes in locomotor 74 
control. As a non-linear relationship exists between lesion severity and locomotor recovery 75 
after SCI19, appropriate behavioral testing to assess functional outcomes is paramount in 76 
experimental models. 77 
 78 
A comprehensive battery of behavioral tests are available to assess specific aspects of 79 
functional locomotor recovery in the rat2,20. Many locomotor tests do not provide reliable 80 
measures early after SCI as rats are too disabled to support their body weight. A measure of 81 
spontaneous locomotor performance that is sensitive to deficits early after injury, and does not 82 
require preoperative training or specialized equipment, is beneficial in order to monitor 83 
locomotor recovery for appropriate time points in which to supplement specialized behavioral 84 
testing. The Martinez open-field assessment score10, originally developed for evaluating 85 
locomotor performance after cervical SCI in the rat, is a 20-point ordinal score assessing global 86 
locomotor performance during spontaneous overground locomotion in an open-field. Scoring is 87 
conducted separately for each limb using a rubric that evaluates specific parameters of a range 88 



   

of locomotor measures including articular limb movement, weight support, digit position, 89 
stepping abilities, forelimb-hindlimb coordination, and tail position. The assessment score is 90 
derived from the Basso, Beattie and Bresnahan (BBB) open-field rating scale designed to 91 
evaluate locomotor performance after thoracic contusion21. It is adapted to accurately and 92 
reliably evaluate both forelimb and hindlimb locomotor function, allows for independent 93 
assessment of the different scoring parameters that is not amenable with the hierarchical 94 
scoring of the BBB, and provides a linear recovery profile10. Additionally, in comparison to the 95 
BBB, the assessment score is sensitive and reliable in more severe injury models10,11,20,22. The 96 
assessment score has been used to assess locomotor impairment in the rat following 97 
cervical10,12 and thoracic9 SCI alone and in combination with traumatic brain injury23. 98 
 99 
We present here a detailed step-by-step protocol for performing a thoracic hemisection SCI at 100 
the T8 vertebral level in the female Long-Evans rat, and for assessing hindlimb locomotor 101 
recovery in the open-field. 102 
 103 
PROTOCOL:  104 
The experiments described in this article were performed in compliance with the guidelines of 105 
the Canadian Council on Animal Care and were approved by the ethics committee at the 106 
Université de Montréal. 107 
 108 
1. Thoracic hemisection surgery 109 
 110 
1.1. Wear appropriate protective equipment (gloves, mask, and gown) to maintain an aseptic 111 
environment for surgery. Clean the surgical area with alcohol wipes, and place sterile surgical 112 
drapes over the surgical field. Sterilize surgical tools and place on the surgical field. 113 
 114 
1.2. Anesthetize the rat under a mixture of isoflurane gas (3% induction, 0.5−3% maintenance) 115 
and oxygen (1 L/min). Confirm proper surgical anesthetic depth by verifying the absence of 116 
cutaneous and corneal reflex responses. Continuously monitor the rat during the entire 117 
procedure, and adjust the amount of anesthetic delivery as required to maintain surgical 118 
anesthetic depth. 119 
 120 
1.3. Shave the dorsal trunk between the hip and the neck, place the rat on the surgical field, 121 
disinfect the incision site with alcohol wipes and proviodine solution, and maintain core body 122 
temperature at 37 °C using a feedback-controlled heating pad monitored by rectal 123 
thermometer. 124 
 125 
1.4. Place ophthalmic ointment on the eyes to keep them hydrated and reapply throughout 126 
surgery as required. 127 
 128 
1.5. Make a 2.5 cm incision in the skin overlaying the T6−T10 vertebrae with a scalpel. Retract 129 
the skin and superficial fat using blunt dissection scissors.  130 
 131 



   

NOTE: The T6−T10 vertebral segments can be identified either rostrally by gentle palpation of 132 
the dorsal spinal segments from the base of the skull starting from the noticeable protuberance 133 
of the 2nd thoracic vertebra24, or caudally by palpation of the most posterior floating rib which 134 
will induce movement in the 13th thoracic vertebrae. 135 
 136 
1.6. Separate the paravertebral muscles inserting on the dorsal aspect of the T7−T9 vertebrae 137 
using blunt dissection scissors and a self-retaining retractor. Debride and clear any remaining 138 
tissue using fine forceps and cotton tipped applicators to expose the spinous processes and 139 
vertebral laminae.  140 
 141 
NOTE: This, and the following steps are greatly aided by microscopic visualization (~5−15x). 142 
 143 
1.7. Carefully cut the facets (zygapophysial joints) bilaterally on the T7 and T8 vertebrae with 144 
delicate bone trimmers. Cut the dorsal connective tissue between the T8 and T9 vertebral 145 
laminae superficially with a scalpel (1 mm depth) being careful not to injure the underlaying 146 
cord.  147 
 148 
1.8. Remove the spinous process of the T8 vertebra with bone trimmers. With curved 149 
hemostatic forceps carefully clamped on the T7 spinous process, rotate the caudal end of the 150 
T8 laminae slightly rostrally (~20°), insert the bone trimmers under the T8 lamina, and make a 151 
midline cut extending along the lamina. Continue the laminectomy by repeating the cuts on the 152 
left and right side of the vertebral lamina medial to the transverse processes to expose the 153 
spinal cord. 154 
 155 
NOTE: Be careful to remove all bone fragments created from the laminectomy. 156 
 157 
1.9. Drip lidocaine (2%, 0.1 mL) in the exposed spinal canal and remove the dura overlaying the 158 
T8 spinal segment using fine forceps and iridectomy scissors. Repeat lidocaine administration to 159 
the exposed cord and identify the midline of the cord by visualization of a centre line created 160 
between the spinous processes extending between exposed T7−T9 vertebra.  161 
 162 
NOTE: Along with the spinous processes on T7 and T9, the exposed dorsal root ganglia on T8 163 
can also be used to aid identification of midline and a 30 G needle can be placed in the midline 164 
of the cord to aid with the subsequent hemisection. 165 
 166 
1.10. Hemisect the spinal cord from midline towards the one side with a dissecting knife. Be 167 
careful not to cut through the anterior spinal artery on the ventral side (do not apply firm 168 
pressure to the vertebral body). Using iridectomy scissors, carefully cut through any remaining 169 
tissue on the lesioned side of the spinal cord to ensure the ventrolateral quadrant is 170 
appropriately transected. 171 
 172 
1.11. Place sterile saline-soaked hemostatic sponge (~6 x 2 mm) in the exposed cavity above 173 
the spinal cord and suture the muscle layers (4-0 polyglactin 910). Next, suture the skin around 174 
the incision site. 175 



   

 176 
1.12. Provide adequate analgesic (buprenorphine 0.05 mg/kg subcutaneous [s.c.]), antibiotic 177 
(enrofloxacin, 10 mg/kg s.c.), and replenish lost fluids with 5 cc lactated ringer’s solution 178 
(intraperitoneal [i.p.]) immediately after surgery. 179 
 180 
1.13. Remove the rat from anesthesia. Place the rat in a warm environment under a heating 181 
pad or lamp (~ 33 °C) until the animal is fully awake. 182 
 183 
1.14. Provide supplemental analgesia daily over the first 3 post-surgical days and continually 184 
monitor for signs of pain, weight loss, improper micturition, infection, problems with wound 185 
healing, or autophagia.  186 
 187 
2. Open-field testing procedure and locomotor performance scoring 188 
 189 
2.1. Handle rats daily for 1 week and habituate them to the arena for two 5-min sessions prior 190 
to testing to acclimatize to being picked up, gently from the mid-trunk, while in the open-field 191 
and to ensure measurement reliability during testing.  192 
 193 
2.2. Place a camera at ground level facing the circular plexiglass open-field arena to record 194 
testing sessions for offline analysis (30−60 frames/s minimum).  195 
 196 
2.3. Begin video recording and place the rat in the center of the arena under dim light 197 
conditions to encourage locomotor activity. 198 
 199 
2.4. Continue the testing session for 4 min to ensure an adequate amount of locomotor bouts 200 
for analysis. Pick up and replace rats in the center of the arena when they remain stationary for 201 
longer than 20 s to promote locomotion. 202 
 203 
2.5. Score locomotor performance of the recorded testing session by completing the rubric 204 
provided in Table 1 according to the parameters in the following subsections.  205 
 206 
NOTE: It is helpful to score each parameter separately by repeated viewing of the recorded 207 
testing session using software that allows for variable playback speed and frame-by-frame 208 
analysis (e.g., VLC media player). 209 
 210 
2.5.1. For articular limb movements, score hindlimb joint movements during spontaneous 211 
locomotion separately for the ankle, knee, and hip as either normal (more than half of the 212 
range of motion, awarded score = 2), slight (less than half of the range of motion, awarded 213 
score = 1), or absent (awarded score = 0). 214 
 215 
2.5.2. For weight support, evaluate the ability of hindlimb extensor muscles to contract and 216 
support loaded body weight when the limb is on the ground separately for when the rat is 217 
stationary as well as during active locomotion. Award a score of 1 when weight support is 218 
present and a score of 0 when weight support is absent.  219 



   

 220 
NOTE: Stationary weight support is deemed a perquisite for active weight support. 221 
 222 
2.5.3. For digit position, evaluate the position of the hindlimb digits while the rat is stationary 223 
and during locomotion. Award a score of 2 when hindlimb digits are extended, spaced apart 224 
from one another, and tonic during locomotion in more than 50% of the testing period 225 
(considered normal). Award a score of 1 when digits remain predominantly flexed and a score 226 
of 0 when digits remain predominantly atonic. 227 
 228 
2.5.4. For stepping, complete this parameter only if the rat can support its body weight during 229 
stepping. Evaluate stepping by rating the orientation of hindlimb paw placement at the time of 230 
initial contact and at lift off from the ground in addition to the fluidity of the swing phase during 231 
stepping.  232 
 233 
NOTE: There are 3 scores for this parameter described in the following subsections separately 234 
evaluating: 1) the axial orientation of paw placement at limb contact (dorsal/plantar 235 
placement), 2) the longitudinal orientation of paw placement at initial contact and during lift 236 
(parallel to the body axis or rotated internally/externally), and 3) the quality of limb movement 237 
during swing (regular or irregular). 238 
 239 
2.5.4.1. For the paw placement at limb contact, score the axial orientation of the paw 240 
placement at limb contact as 0 when dorsal placements occur in more than 50% of steps. 241 
 242 
NOTE: Plantar placement is deemed a perquisite for scoring the orientation of paw at contact 243 
and lift (step 2.5.4.2), swing movement (step 2.5.4.3) and forelimb-hindlimb coordination (step 244 
2.5.5). 245 
 246 
2.5.4.2. For the paw orientation at limb contact and lift, award a score of 2 when the 247 
longitudinal paw and body axes are parallel and a score of 1 when the limb is rotated externally 248 
or internally, separately for both limb contact and lift. 249 
 250 
2.5.4.3. For the swing movement, award a score of 2 when hindlimb joints move in a 251 
harmonious and regular way during swing and a score of 1 when jerky or spasmodic 252 
movements of the joints occur during swing. 253 
 254 
2.5.5. For forelimb-hindlimb coordination, complete this parameter only if 4 consecutive steps 255 
occur during testing and if the limbs can actively support body weight. Award a score of 3 when 256 
coordination is consistent (>90% of steps), 2 when frequent (50−90% of steps), 1 when 257 
occasional (<50% of steps), or 0 when absent (0% of steps). 258 
 259 
NOTE: Forelimb-hindlimb coordination is defined as a regular alternation in stepping between 260 
the hindlimb being scored and the forelimb on the same side of the body. 261 
 262 



   

2.5.6. For tail position, evaluate the tail position during locomotion as either up (off the ground, 263 
awarded score = 1) or down (touching the ground, awarded score = 0).  264 
 265 
NOTE: An elevated tail position during locomotion is an indicator of trunk stability in the rat. 266 
After hemisection, the tail is normally held close to or touching the ground as trunk stability is 267 
impaired. 268 
 269 
2.5.7. Add the individual scores from each parameter to provide a total for each hindlimb of a 270 
maximum of 20 points. 271 
 272 
NOTE: A score of 20 indicates normal locomotor performance. Scores <20 represent increasing 273 
amounts of locomotor impairment and a score of 0 indicates limb paralysis. 274 
 275 
REPRESENTATIVE RESULTS:  276 
Reproducible lesions with a high degree of consistency can be generated with the hemisection 277 
technique. To assess and compare lesions sizes between experimental groups, the maximal 278 
area of the lesion as a percentage of the total cross-section of the spinal cord can be readily 279 
calculated with histological staining of spinal cord sections. Figure 1 shows a representative 280 
lesion of the left hemicord and an overlay of the proportion of maximal lesion area shared 281 
between rats with a mean lesion size of 47.3% ± 4.0% of the cross-sectional cord area (n = 6). 282 
 283 

[Place Figure 1 here] 284 
 285 
The primary consequence of the hemisection is an initial paralysis of the hindlimb on the side of 286 
the lesion during the first two to three postoperative days. Locomotor performance of the 287 
more affected hindlimb improves rapidly in the rat after hemisection over the first few weeks 288 
after injury. Small deficits in the opposite hindlimb are commonly observed initially after the 289 
hemisection that can reflect compensation for the more affected limb, or deficits resulting from 290 
a lack of postural stability, weight support, and consistent stepping. A large and persisting 291 
deficit in the opposite hindlimb would indicate a bilateral lesion extending into the opposing 292 
hemicord.  293 
 294 
A sample scoring sheet for the performance of the rat shown in the associated video to this 295 
protocol, tested one week after a left side hemisection, is provided in Table 1. 296 
 297 

[Place Table 1 here] 298 
 299 

The time course of representative changes in locomotor performance in the intact state and 300 
over the first five weeks after a left side hemisection in separate groups of rats (n = 6 per group) 301 
is depicted in Figure 2.  302 
 303 

[Place Figure 2 here] 304 
 305 

FIGURE AND TABLE LEGENDS:  306 



   

 307 
Figure 1: Representative spinal lesions. (A) Microphotograph of a coronal spinal section at the 308 
lesion epicenter from a hemisected rat stained with cresyl violet (cell bodies, purple) and luxol 309 
fast blue (myelin, blue) indicating damage to the grey and white matter concentrated in the left 310 
hemicord. D, dorsal; V, ventral; L, left; R, right. Scale bar: 1 mm. (B) Schematic overlay of the 311 
shared proportion of maximal lesion area in a group of rats (n = 6). The location of the crossed 312 
corticospinal tract in the dorsal funiculus on the right side is shaded in black. 313 
 314 
Figure 2: Representative time course of changes in hindlimb locomotor performance in the 315 
open-field in the intact state and for five weeks after a left side thoracic hemisection. 316 
Performance of the left hindlimb (A) is significantly impaired from intact values during the first 317 
three weeks after hemisection, and of the right hindlimb (B) during the first week after 318 
hemisection. Data are plotted as group mean ± standard deviation (SD; n = 6 per group). 319 
Statistical analyses were performed with Kruskal-Wallis non-parametric tests supplemented 320 
with Dunn’s multiple comparison tests to assess group differences between time points. *p < 321 
0.05, ***p < 0.001. 322 
 323 
Table 1: Sample scoring sheet. Open-field hindlimb locomotor assessment rubric with scores 324 
from performance of the rat in the associated video sample obtained one week following a left 325 
side hemisection. For each parameter, the scoring template is indicated in parentheses. I, 326 
internal; E, external; P, parallel; FL-HL, forelimb-hindlimb.  327 
 328 
DISCUSSION:  329 
A major strength of the hemisection technique is the selectivity and reproducibility of the lesion 330 
which leads to reduced variability in histological and behavioral phenotypes between animals25. 331 
In order to ensure a unilateral lesion at the appropriate spinal level, accurate identification of 332 
both the proper vertebral segment and spinal cord midline is critical. As there can be a 333 
tendency for the spinal cord to rotate in the direction of the cut during the hemisection 334 
procedure, it can be beneficial to stabilize the cord delicately with fine forceps placed on either 335 
side during the procedure. Placing the rat in a stereotaxic frame with the tail gently taped under 336 
light tension can help with stability and proper vertebral alignment during the procedure. A 337 
spinal clamp attached to the stereotaxic frame and a spinous process can also be used to 338 
enhance stability of the vertebral column, but we find that its presence can restrict access to 339 
the cord with surgical tools and requires awkward approach angles during the surgery. It is also 340 
essential to remove any bone fragments left in the spinal canal from the laminectomy as they 341 
can cause unwanted compression injury to the cord and promote secondary damage.  342 
 343 
Rats should be constantly observed during the surgery to monitor necessary vital signs such as 344 
core temperature and breathing, as hypothermia is a leading cause of mortality both during 345 
anesthesia administration and initially after surgery. Regulation of core body temperature with 346 
a rectal probe and feedback-controlled heating pad can greatly avoid temperature 347 
complications. A pulse oximeter can also be used to monitor blood oxygenation and heart rate 348 
to regulate anesthetic depth. We find that fluid replenishment immediately after surgery with 349 
lactate ringer’s solution warmed to body temperature results in a more rapid recovery time for 350 



   

the rat to awaken after surgery, regain autonomic control of body temperature, and be able to 351 
drink and eat. 352 
 353 
Post-surgical monitoring of the rat is essential after the hemisection surgery, especially for signs 354 
of improper micturition, pain, infection, weight loss, problems with wound healing, or 355 
autophagia. Consultation with veterinary staff for evaluation and treatment is crucial in 356 
situations of post-surgical complications. In particular, acute spinal shock or unintended 357 
bilateral lesions may interfere with micturition that can lead to potentially fatal infections. 358 
Carefully monitor the bladder of the rat after surgery and manually void three times per day if 359 
full by gentle pressure from the ventral side of the bladder descending caudally. We use female 360 
Long-Evans rats as they have a significantly shorter and straighter urethra than males that leads 361 
to a more rapid onset of an automatic urinary bladder, easier micturition, and lower rates of 362 
urinary tract infections2. Weights should also be monitored and a loss >20% from baseline 363 
warrants investigation into food and water intake. The teeth should be checked for 364 
malocclusion, the abdomen for ileus, and rats given appropriate supplementary fluids and 365 
nutrition such as hydrogel or a liquid diet. A cyst may rarely form under the incision site that 366 
can be drained safely with a syringe without complication in consultation with veterinary staff.  367 
 368 
The Martinez open-field locomotor assessment procedure provides a simple technique that 369 
does not require any specialized equipment, preoperative training, or food deprivation of the 370 
animal to perform. The assessment can be performed as early as the animal recovers from 371 
anesthesia and can be used to screen animals for appropriate recovery indices (e.g., recovery of 372 
body weight support) when more rigorous and specific locomotor testing can be supplemented 373 
such as automated gait assessment of overground locomotion26-28, kinematic analyses during 374 
treadmill locomotion29-32, grid walking33, and ladder rung walking9,34. Importantly, while the 375 
BBB scale has been shown to not be linear with locomotor recovery as scores tend to cluster 376 
around certain values19, the Martinez open-field locomotor assessment provides a linear 377 
scoring profile during the recovery process10. To ensure reliable behavioral data, it is important 378 
to minimize the number of confounders during testing and analysis. To help reduce variability 379 
during testing, sessions should occur at the same time of day, in the same room, and by the 380 
same experimenter. The open-field assessment can be reliably performed over repeated 381 
sessions9-12,23, but rats may become habituated to the environment over time and reduce their 382 
activity during testing resulting in an inadequate amount of locomotor bouts for analysis. To 383 
overcome immobility during testing, rats that remain stationary for longer than 20 seconds are 384 
picked up and replaced in the center of the arena to promote locomotion. Additionally, 385 
including a conspecific in the arena during testing that is marked for identification can help 386 
promote locomotor activity in the test rat. To ensure reliability in locomotor scoring two raters, 387 
preferably blinded, should conduct the analyses as previously described10. 388 
 389 
In conclusion, we describe methods for conducting a thoracic spinal cord hemisection in the rat 390 
and assessing spontaneous hindlimb locomotor performance in an open-field arena. Although a 391 
procedure for conducting lateral hemisections was described, the technique can be readily 392 
adapted to perform either dorsal hemisections35, staggered alternating hemisections36,37, or full 393 
transections38 depending on the desired lesion location and amount of spared descending 394 



   

supraspinal innervation. Importantly, the technique can also be used in larger animal models, 395 
including cats39-41 and non-human primates6,42 with comparable deficits observed between 396 
small and large animals, making it useful for investigating both the neurobiological mechanisms 397 
of recovery and for preclinical therapeutic testing. 398 
 399 
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Rat: Video sample Day post-op: 7 Date: SCORE: Left Hindlimb: 4 /20

Right Hindlimb: 16 /20

Stationary (1) Active (1)

Hip Knee Ankle Hip Knee Ankle

Absent (0)

Slight (1) 1 1 1

Normal (2) 2 2 2

Dorsal (0)

I (1) E (1) P (2) I (1) E (1) P (2) Regular (2) Irregular (1)

Left Hindlimb 0 0
Right Hindlimb 2 2 1 2

Absent (0) Up (1)

Occasional (1)

Frequent (2) Down (0)

Consistent (3)

Articular movements of the hindlimbs Weight support

Left Hindlimb Right Hindlimb

Left Hindlimb 1

Right Hindlimb 1 1

Digit position

Flexed (0) Atonic (1) Extended (2)

Paw placement at initial contact
Paw orientation during lift off

Stepping

1

Tail position

Swing Movement
Plantar

FL-HL coordination 

(left side)

FL-HL coordination 

(right side)

0
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Name of Material/ Equipment Company

Baytril CDMV

Blunt dissection scissors World Precision Instruments

Buprenorphine hydrochoride CDMV

Camera lens Pentax

CMOS video camera Basler

Compressed oxygen gas Praxair

Cotton tipped applicators CDMV

Delicate bone trimmers Fine Science Tools

Dissecting knife Fine Science Tools

Dumont fine forceps (#5) Fine Science Tools

Ethicon Vicryl 4/0 Violet Braided FS-2  suture (J392H) CDMV

Feedback-controlled heating pad Harvard Apparatus

Female Long-Evans rats Charles River Laboratories

Gelfoam CDMV

Curved hemostat forceps Fine Science Tools

Hot bead sterilizer Fine Science Tools

Hydrogel 70-01-5022

Isofluorane CDMV

Lactated Ringer's solution CDMV

Lidocaine (2%) CDMV

Needle 30 ga CDMV

Open-field area Custom

Opthalmic ointment CDMV

Personal computer 

Physiological saline CDMV

Proviodine CDMV

Rodent Liquid Diet Bioserv

Scalpal blade #11 CDMV

Self-retaining retractor World Precision Instruments

Vannas iridectomy spring scissors Fine Science Tools

Veterinary Anesthesia Machine and isofluarane vaporizer Dispomed

VLC media player VideoLAN
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Catalog Number Comments/Description

11242

503669

C31204TH 12.5-75mm, f1.8, 2/3" format, C-mount

acA2000-165uc 2/3" format, 2048 x 1088 pixels, up to 165 fps, C-mount, USB3

108703

16109-14

10055-12

11254-20

111689

55-7020

Strain code: 006 225-250g

102348

13003-10

18000-45

Clear H20

118740

116373

123684

4799

Circular Plexiglas arena 96 cm diameter, 40 cm wall height

110704

With USB3 connectivity to record video with the listed camera

1399

4568

F1268

6671

14240

15002-08

975-0510-000

videolan.org/vlc
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Vineeta Bajaj, PhD Review Editor 
Ronald Myers PhD, Science Editor 
JoVE 
 

Montréal, April 1st, 2019 

 
Subject: Resubmission for JoVE59738 
 
Dear Drs. Bajaj and Myers, 

We would like to thank the reviewers for their helpful suggestions regarding our manuscript and 
the editors for your interest regarding the manuscript for publication in JoVE. We were 
encouraged by reviewer responses indicating that the manuscript is of interest to the readership 
of the journal. We have incorporated reviewer suggestions in a revised manuscript and would 
like to present a point-by-point reply to the editorial and reviewer comments below. Editorial and 
reviewer comments are indicated in blue while author responses and indicated in black. Revised 
text is indicated in red in this letter and by track changes in the revised manuscript.  

Please note that all references from deleted text in this revision have been removed and that line 
numbers reflect those showing “All markup” with track changes in Microsoft Word in the 
revised manuscript. We have also included a clean version of the revised manuscript with all 
changes incorporated for clarity. 

 
Editorial comments: 
 
Changes to be made by the Author(s): 
 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in 
the submitted revision may be present in the published version. 
 
We have proofread the manuscript. 
 
2. Please mention how proper anesthetization is confirmed. 
 
We have added mention of how proper anesthetization is confirmed in the revised manuscript. 
Lines 123-127 now read: 
 
“1.2 Anesthetize the rat under a mixture of isoflurane gas (3% induction, 0.5-3% maintenance) 
and oxygen (1 L/min). Confirm proper surgical anesthetic depth by verifying the absence of 
cutaneous and corneal reflex responses. Continuously monitor the rat during the entire 
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procedure, and adjust the amount of anesthetic delivery as required to maintain surgical 
anesthetic depth.” 
 
3. Please ensure that all text in the protocol section is written in the imperative tense as if telling 
someone how to do the technique (e.g., “Do this,” “Ensure that,” etc.). The actions should be 
described in the imperative tense in complete sentences wherever possible. Avoid usage of 
phrases such as “could be,” “should be,” and “would be” throughout the Protocol. Any text that 
cannot be written in the imperative tense may be added as a “Note.” However, notes should be 
concise and used sparingly. Please include all safety procedures and use of hoods, etc. 
 
We have revised the manuscript to have all sections of the protocol written in the imperative 
tense. The subsections of section 2.5 (2.5.1-2.5.7) provide a thorough description of how to score 
each parameter of the locomotor assessment rubric. In order to provide a comprehensive 
description to readers, we initially had a portion of these sections in the declarative tense. In this 
revision, we have edited those subsections for the imperative tense and have used notes where 
additional declarative sentences are important for comprehension and the ability to properly 
replicate the techniques described. 
 
4. Please do not abbreviate journal titles. 
 
We have included full journal titles in the reference section in the revised manuscript. 
 
Reviewers' comments: 
 
Please note that novelty is not a requirement for publication and reviewer comments questioning 
the novelty of the article can be disregarded. 
 
We acknowledge that novelty is not a requirement for publication and that all reviewers do 
mention the utility and value of this paper, despite novelty, in demonstrating to readers how to 
carry out the techniques described that have not previously been a focus of a JoVE article. 
 
Please note that the reviewers raised some significant concerns regarding your method and your 
manuscript. Please revise the manuscript to thoroughly address these concerns. Additionally, 
please describe the changes that have been made or provide explanations if the comment is not 
addressed in a rebuttal letter. We may send the revised manuscript and the rebuttal letter back to 
peer review. 
 
We have revised the manuscript in order to address reviewer concerns and describe changes in 
the manuscript that have been made in response to reviewer comments as well as document cases 
in this letter, including a rationale, for where we elected not to address changes in the revised 
manuscript. 
 
 
  



Reviewer #1:  
 
Manuscript Summary: 
 
This paper is a follow-up to a recent study published in the Journal of Neuroscience. As 
mentioned in the abstract and introduction, there are different spinal cord injury (SCI) models, 
including contusion, compression and transection. Among these different models, transection is 
highly reproducible and allows for assessment of therapies and treatments aimed at promoting 
functional recovery of spared ascending and descending pathways. The paper describes in details 
the protocol to perform a thoracic hemisection. It also details a new motor scale to assess gross 
motor recovery after SCI. In summary, the protocol is well described and could be useful for 
trainees in the SCI field. 
 
We thank the reviewer for their comments and have incorporated all of them in our revised 
manuscript.  
 
Major Concerns: 
 
Introduction 
Line 60: the statement about the mouse should be removed or rephrased, as it suggests in the 
current form that there is axonal regeneration in the mouse following SCI in contrast to the rat. 
 
We have removed this statement in the revised manuscript for clarity. Our intention was to 
highlight the cyst formation that occurs in rat models rather than imply axonal regeneration in 
the mouse. 
 
There are economical and ethical reasons that could be highlighted to explain the popularity of 
the rat as an animal model of SCI. 
 
We agree and have indicated this in the manuscript on lines 61-64: 
 
“Non-human primate and large animal models can provide a closer approximation of human 
SCI6 and are essential to prove treatment safety and efficacy prior to human experimentation, but 
are less commonly used due to ethical and animal welfare considerations, expenses, and 
regulatory requirements7.” 

Moreover, it would be important to highlight the advantage of the new motor scale presented 
with respect to the problems of sensitivity and reproducibility previously reported for the BBB 
scale with severe injury. 

We agree and have expanded on this point in the revised manuscript. Lines 97-103 have been 
revised to read:  
 
“The assessment score is derived from the Basso, Beattie and Bresnahan (BBB) open-field rating 
scale designed to evaluate locomotor performance after thoracic contusion21. It is adapted to 
accurately and reliably evaluate both forelimb and hindlimb locomotor function, allows for 



independent assessment of the different scoring parameters that is not amenable with the 
hierarchical scoring of the BBB, and provides a linear recovery profile10. Additionally, in 
comparison to the BBB, the assessment score is sensitive and reliable in more severe injury 
models10,11,20,22.” 
 
Minor Concerns: 

Protocol 
Line 166: I guess the authors mean the spinous process of vertebrae 8 and not the DRG to 
identify the midline. 

In this note for the protocol, we intended to mean the location of DRG on either side can be used 
in conjunction with the spinous processes of adjacent vertebrae to help identify the midline. We 
have revised this to now read (Revised manuscript line 172):  

“Note: Along with the spinous processes on T7 and T9, the exposed dorsal root ganglia on T8 
can also be used to aid identification of midline and a 30 gauge needle can be placed in the 
midline of the cord to aid with the subsequent hemisection.” 
 
Line 197: The following statement is unclear: 30-60 frames/sec minimum with a shutter speed at 
least double the frame rate. Can the authors simply state that a frame rate of 30-60 frames/s 
minimum should be used to monitor movements? 
 
We have edited this sentence to simply state that a frame rate of 30-60 frames/s minimum should 
be used as suggested by the reviewer. Lines 203-204 in the revised document now read: 
 
“2.2 Place a camera at ground level facing the circular Plexiglas open-field arena to record 
testing sessions for offline analysis (30-60 frames/s).” 
 
Line 246: It is likely plantar paw placement and not dorsal. 
 
We have corrected this statement in the revised manuscript. Lines 274-275 in the revised 
manuscript now read: 
 
“Note: Plantar placement is deemed a perquisite for scoring the orientation of paw at contact and 
lift (2.2.4.2), swing movement (2.5.4.3) and forelimb-hindlimb coordination (2.5.5).” 
 
Table 
Page 19: Typo: Precision not "Presision" in Table 1. 
 
We have corrected this typo in the updated materials list excel attachment. 
 
 
  



Reviewer #2:  
 
Manuscript Summary: 
The authors have reported an approach to performing hemi-section SCI rats and assessing it 
using their existing locomotor scale. While the technique mentioned is not novel the study does 
add value to existing literature. 
 
We thank the reviewer for their comments and have incorporated most suggestions in the revised 
manuscript. 
 
Major Concerns: 
 
There are several major concerns. Most importantly, the authors have overlooked existing 
locomotor scales available and already used in studies (interventional and behavioral) to assess 
hemi-section injuries. Authors should address the following to make the presented work concise 
and all inclusive. 
 
We appreciate that alternative interventional and behavioural assessments are available for 
hemisection injury models. In this manuscript we focus on a thoracic hemisection injury and 
ordinal hindlimb locomotor assessment in the open-field in the rat. To keep the manuscript 
concise, we have not included a comparative discussion on other locomotor assessment 
techniques. We do state that a comprehensive behavioural test battery is available to assess 
locomotor function in spinal cord injury models in the introduction (lines 85-86). Additionally, 
in the discussion we refer to more rigorous and specific locomotor testing that can be performed 
either once an appropriate recovery time point has been reached or in conjunction with the 
locomotor assessment. Moreover, we also refer to another established protocol for hindlimb 
locomotor assessment in the open-field in the rat (the BBB scale) and compare that scale with the 
one presently described to make the presented work concise and inclusive. 
 
1)Introduction: Para 2: Non reproducible contusion SCI claim is invalid 
 
We appreciate this comment and have removed the sentence from the revised manuscript. We 
had not intended to indicate that contusion models were non reproducible, but rather that they 
can result in increased variability in lesion size and functional outcomes in comparison to 
transection models. We have removed the sentence to avoid any potential confusion on the 
matter. 
 
2)Section 1.13: Does animal need bladder expressions? 
 
In the vast majority of cases animals do not require bladder expressions. In rare cases during 
acute spinal shock or unintended bilateral lesions, manual bladder expression may be required. 
We include mention of this in the discussion on lines 409-415: 
 
“In particular, acute spinal shock or unintended bilateral lesions may interfere with micturition 
that can lead to potentially fatal infections. Carefully monitor the bladder of the rat after surgery 
and manually void three times per day if full by gentle pressure from the ventral side of the 



bladder descending caudally. We use female Long-Evans rats as they have a significantly shorter 
and straighter urethra than males that leads to a more rapid onset of an automatic urinary bladder, 
easier micturition, and lower rates of urinary tract infections2.” 
 
3) Section 2.1: Claim that no re-trains does not hold true then? 
 
We are unsure whether the reviewer was referring to either pre-training or repeated testing in the 
task and provide responses for both cases: 
 
The handling and acclimatization steps described in section 2.1 are for familiarizing rats to being 
handled by experimenters and to acclimatize them to the testing environment rather than 
reflecting pre-training in the task prior to testing. These steps could be avoided, but they are 
standard procedures in all behavioral testing to help reduce measurement reliability. 
 
In terms of repeated testing viability, we show here that repeated testing is readily amenable at 
weekly intervals over the first 5 weeks after hemisection. Other studies have demonstrated that 
this can be extended for at least 6 (reference #23 in revised manuscript) and 8 weeks (references 
#10-12). We therefore strongly contend that repeated testing viability with this task does indeed 
hold true. 
 
4) Section 2.4: Animals picked from tail or mid-trunk? 
 
Animals are picked up gently from the mid-trunk. We have revised the manuscript to mention 
this. Lines 199-201 now read: 
 
“2.1 Handle rats daily for 1 week and habituate them to the arena for 2 5-min sessions prior to 
testing to acclimatize to being picked up, gently from the mid-trunk, while in the open-field and 
to ensure measurement reliability during testing.” 
 
5) Section 2.5: How many raters? 
 
Two raters, agreeing on a score, are optimal for the assessment. We have updated the manuscript 
to reflect this point. Lines 439-441 in the revised manuscript now read: 
 
“To ensure reliability in locomotor scoring two raters, preferably blinded, should conduct the 
analyses as previously described10.” 

 
5) Discussion first sentence needs referencing 
 
We have added a reference to this sentence in the revised manuscript (reference #25). 
 
6) Line 356: Does animals chew their feet? 
 
We do not observe autophagia of the foot at the time points observed in this manuscript. In very 
rare cases, at long post-injury time points, autophagia of the foot has been observed and we have 



included mention of this in the paragraph on post-surgical monitoring and complications in the 
protocol and discussion of the reviewed manuscript. 
 
Lines 193-195 now read: “Provide supplemental analgesia daily over the first 3 post-surgical 
days and continually monitor for signs of pain, weight loss, improper micturition, infection, 
problems with wound healing, or autophagia.”  
 
Lines 406-409 now read: “Post-surgical monitoring of the rat is essential after the hemisection 
surgery, especially for signs of improper micturition, pain, infection, weight loss, problems with 
wound healing, or autophagia. Consultation with veterinary staff for evaluation and treatment is 
crucial in situations of post-surgical complications.” 
 
7)Line 360: Does that mean the the surgical post care will be different if males were used? 
 
While the principles of surgical post care will be the same between females and males, manual 
bladder expression in males can potentially require a more involved process that can be 
addressed in consultation with veterinary staff. In lines 412-415 of the manuscript we mention 
the benefits of using female rats on this point:  
 
“We use female Long-Evans rats as they have a significantly shorter and straighter urethra than 
males that leads to a more rapid onset of an automatic urinary bladder, easier micturition, and 
lower rates of urinary tract infections2.” 
 
General comment: Lacks information on how the rater was trained and how repeatable the 
scoring is among various raters. 
 
We appreciate this comment and refer the reviewer to reference #10 in which detailed 
information on how raters are trained and inter-rater variability measures are provided. We have 
revised the manuscript to indicate this on lines 439-441: 
 
“To ensure reliability in locomotor scoring two raters, preferably blinded, should conduct the 
analyses as previously described 10.” 

 
Overall: The lesion in Figure 1 seems to have extended on contralateral side as well... 

We included the photomicrograph (panel A) and overlay of the lesion extent (panel B) in Figure 
1 to show a representative result of the hemisection procedure in a group of 6 rats in order to 
demonstrate the expected variability that can be obtained with this technique (in this sample, 
reflecting 47.3 ± 4.0 % of the cross-sectional spinal cord area). The lesion from the rat in (A) is 
also depicted as the dark blue area in (B) and does slightly extend to portions of the dorsal and 
ventral white matter on the right side (please note that spinal grey matter is also coloured in 
purple in the figure and is not resultant from the lesion). We show this in order to provide a 
representative sample that can be expected instead of an idealized result that would not be 



achieved in 100% of cases. In the revised manuscript we have amended the figure legend to 
reflect that the damage is concentrated to the left hemicord.  

The legend for Figure 1 now reads: 

“Figure 1. Representative spinal lesions. (A) Microphotograph of a coronal spinal section at the 
lesion epicenter from a hemisected rat stained with cresyl violet (cell bodies, purple) and luxol 
fast blue (myelin, blue) indicating damage to the grey and white matter concentrated in the left 
hemicord. D, Dorsal; V, Ventral; L, Left; R, Right. Scale bar: 1 mm. (B) Schematic overlay of 
the shared proportion of maximal lesion area in a group of rats (n = 6). The location of the 
crossed corticospinal tract in the dorsal funiculus on the right side is shaded in black.” 

No figures for Forelimbs are provided 

The thoracic hemisection model described in this manuscript does not cause functional deficits in 
the forelimbs. Forelimb motor performance assessed either using the open-field scoring system 
described in this manuscript, or during ladder crossing, is not affected in this hemisection model 
as we have previously shown (reference #9). As such, we elected to only provide a figure of a 
representative recovery profile for the hindlimbs. 

The scoring does not seem to track recovery the way it was claimed. 

We are uncertain as to what the reviewer is asking. In our representative data in Figure 2 we 
show sample recovery time points in the intact state and for the first 5 weeks after thoracic 
hemisection at weekly intervals to provide an overview of the recovery process using the lesion 
model and scoring scale described in the manuscript. In order to track recovery more closely, 
additional testing time points with shorter testing intervals could be performed as a plateau in 
recovery occurs for the affected hindlimb approximately 3 weeks after injury as indicated in 
Figure 2. 
 
Minor Concerns: 
 
Referencing overall 
 
We are not sure what this comment is specifically referring to. If it is with respect to using 
abbreviated journal titles, as indicated by the Editors, we have used full journal names in the 
revised manuscript. Additionally, we have added extra citations in the revised manuscript.      
             
Not discussing other similar locomotor scales 
 
We do agree with the reviewer that while there are other locomotor scales available to assess 
forelimb and hindlimb motor function using both qualitative and quantitative techniques, in a 
variety of species and spinal injury models, we respectfully focus our discussion in the 



manuscript to ordinal locomotor scales that visually evaluate hindlimb locomotor performance in 
the rat following a thoracic hemisection. In our manuscript we do discuss the BBB scale which is 
commonly used to assess hindlimb locomotor performance in an open-field arena in the rat after 
thoracic spinal injury. Additionally, an extensive discussion comparing our scale with the BBB 
can be found in the original paper (reference #10). 

Reviewer #3: 
 
The manuscript describes procedures related to the hemisection of the spinal cord in rat, the 
technique used in numerous laboratories and the open-field locomotor assessment, so the novelty 
presented in this paper is relatively low. Basing on my personal experience with this technique I 
believe that the article potentially is useful for researchers interested in this type of experiments. 

We thank the reviewer for their comments and have incorporated most suggestions in the revised 
manuscript. 
 
Authors should also refer to a problem of age of operated animals and describe in more details 
techniques of the locomotion and muscle activity analyses.  

We are unsure as what “a problem of age of operated animals” in this comment refers to as all 
experiments described are conducted in young adult rats. There are certainly different surgical, 
post-operative care, and behavioural assessment considerations required for neonatal or very 
young rats. In addition, any surgical intervention can lead to more complications, reduced 
functional recovery, and special consideration in very old rats. However, the techniques 
described in this manuscript apply to all adult rats commonly used in research. 

With respect to the comment on “locomotion and muscle activity analyses”, this manuscript does 
not speak to those techniques and instead refers to locomotor assessment scored with a rating 
scale based on visual assessment of video-recorded testing in an open-field arena. We do agree 
that such other techniques can provide valuable insight on functional locomotor recovery in 
spinal cord injury models, and mention in the discussion starting from line 423 in the revised 
manuscript that the assessment scale described presently has a great potential to be used in order 
to screen animals for appropriate recovery indices in order to complement with more rigorous 
and specific locomotion testing techniques at appropriate time points. To expand on this point, 
we have incorporated suggestions below on additional complementary techniques, described in 
our next commentary that can be performed in the revised manuscript. 

Potentially, some sample papers (not cited) focused on these topics will be interested for authors 
of the manuscript: 
Automated Gait Analysis Detects Improvements after Intracellular Peptide Administration in a 
Rat Hemisection Model of Spinal Cord Injury. Ham TR, Farrag M, Soltisz AM, Lakes EH, Allen 
KD, Leipzig ND. 
A novel multidimensional analysis of rodent gait reveals the compensation strategies employed 



during spontaneous recovery from spinal cord and traumatic brain injury. Neckel ND, Dai HN, 
Burns MP. 
Effect of acute lateral hemisection of the spinal cord on spinal neurons of postural networks. 
Zelenin PV, Lyalka VF, Orlovsky GN, Deliagina TG. 
Interlimb Coordination during Tied-Belt and Transverse Split-Belt Locomotion before and after 
an Incomplete Spinal Cord Injury. Thibaudier Y, Hurteau MF, Dambreville C, Chraibi A, Goetz 
L, Frigon A. 
Time-related changes of motor unit properties in the rat medial gastrocnemius muscle after the 
spinal cord injury. II. Effects of a spinal cord hemisection. Celichowski J, Kryściak K, Krutki P, 
Majczyński H, Górska T, Sławińska U. 
Mechanism of Restoration of Forelimb Motor Function after Cervical Spinal Cord Hemisection 
in Rats: Electrophysiological Verification. Takeuchi T, Takahashi M, Satomi K, Ohne H, 
Hasegawa A, Sato S, Ichimura S 
Forelimb muscle plasticity following unilateral cervical spinal cord injury. Gonzalez-Rothi EJ, 
Armstrong GT, Cerreta AJ, Fitzpatrick GM, Reier PJ, Lane MA, Judge AR, Fuller DD. 

We thank the reviewer for providing additional topics of interest on specialized techniques 
involving gait assessment, physiological recordings of spinal neurons and muscle fibers, and 
assessment of muscle atrophy in hemisection and other spinal cord injury models. In the revised 
manuscript we have included a selection of these papers focusing on the behavioural assessment 
of locomotion in our discussion of other locomotor testing methodologies that can be used to 
complement the assessment scale described in the manuscript (references #1,2,4 from above). 

Lines 423-427 of the revised manuscript now read: 

“The assessment can be performed as early as the animal recovers from anesthesia and can be 
used to screen animals for appropriate recovery indices (e.g., recovery of body weight support) 
when more rigorous and specific locomotor testing can be supplemented such as automated gait 
assessment of overground locomotion26-28, kinematic analyses during treadmill locomotion29-32, 
grid walking33, and ladder rung walking9,34. 

Yours sincerely, 

Marina Martinez, Ph.D. 
Professeure sous octroi adjointe 
Université de Montréal, Département de Neurosciences 
Hôpital du Sacré-Coeur de Montréal, Montréal, QC, Canada  
Groupe de recherche sur le système nerveux central (GRSNC) 
2960, Chemin de la Tour 
Montréal, Québec, H3T 1J4 
Tel: 514-343-7046  
marina.martinez@umontreal.ca 


