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SHORT ABSTRACT   39 

Here we describe surgical procedures to produce a reliable spinal cord lateral hemisection (HX) 40 

at the 9th thoracic level in adult rats and neurobehavioral assessments designed for detecting 41 

asymmetric deficits after such a unilateral injury. 42 

 43 

LONG ABSTRACT: 44 

Manuscript Click here to access/download;Manuscript;57126_R3.docx

https://www.editorialmanager.com/jove/download.aspx?id=957636&guid=4375d17b-dda2-42fd-b4f3-fcf3ba8ad665&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=957636&guid=4375d17b-dda2-42fd-b4f3-fcf3ba8ad665&scheme=1


Incomplete spinal cord injury (SCI) often leads to impairments of sensorimotor functions and is 45 

clinically the most frequent type of SCI. Human Brown-Séquard syndrome is a common type of 46 

incomplete SCI caused by a lesion to one half of the spinal cord which results in paralysis and loss 47 

of proprioception on the same (or ipsilesional) side as the injury, and loss of pain and 48 

temperature sensation on the opposite (or contralesional) side. Adequate methodologies for 49 

producing a spinal cord lateral hemisection (HX) and assessing neurological impairments are 50 

essential to establish a reliable animal model of Brown-Séquard syndrome. Although lateral 51 

hemisection model plays a pivotal role in basic and translational research, standardized protocols 52 

for creating such a hemisection and assessing unilateralized function are lacking. The goal of this 53 

study is to describe step-by-step procedures to produce a rat spinal lateral HX at the 9th thoracic 54 

(T9) vertebral level. We, then, describe a combined behavior scale for HX (CBS-HX) that provides 55 

a simple and sensitive assessment of asymmetric neurological performance for unilateral SCI. The 56 

CBS-HX, ranging from 0 to 18, is composed of 4 individual assessments which include unilateral 57 

hindlimb stepping (UHS), coupling, contact placing, and grid walking. For CBS-HX, the ipsilateral 58 

and contralateral hindlimbs are assessed separately. We found that, after a T9 HX, the ipsilateral 59 

hindlimb showed impaired behavior function whereas the contralateral hindlimb showed 60 

substantial recovery. The CBS-HX effectively discriminated behavioral functions between 61 

ipsilateral and contralateral hindlimbs and detected temporal progression of recovery of the 62 

ipsilateral hindlimb. The CBS-HX components can be analyzed separately or in combination with 63 

other measures when needed. Although we only provided visual descriptions of the surgical 64 

procedures and behavioral assessments of a thoracic HX, the principle may be applied to other 65 

incomplete SCIs and at other levels of the injury. 66 

 67 

INTRODUCTION: 68 

The incomplete spinal cord injuries (SCI) often lead to severe and persistent impairments of 69 

sensorimotor functions and are clinically the most frequent type of SCI1. The Brown-Séquard 70 

syndrome in humans is caused by a lesion to half of the spinal cord which results in paralysis and 71 

loss of proprioception on the same (or ipsilesional) side as the injury, and loss of pain and 72 

temperature sensation on the opposite (or contralesional) side2-4. Spinal lateral hemisection 73 

animal models are used broadly to mimic human Brown-Séquard syndrome and they have been 74 

reported in rats5-9, opossums10, and monkeys7,11-13 by various laboratories at various spinal levels. 75 

However, detailed visualized procedures for producing a standard lateral hemisection have not 76 

been described. Providing step-by-step procedures for a lateral hemisection should optimize the 77 

model and facilitate the comparison or replication of experimental results in basic and 78 

translational research.  79 

 80 

A unilateral SCI produces asymmetrical and disproportional behavior deficits that are difficult to 81 

measure using conventional assessments for symmetric injuries. An adequate methodology for 82 

assessing neurologic impairments for a unilateral SCI is an essential component of developing a 83 

unilateral SCI model. Despite the pivotal role of a unilateral spinal injury, standardized protocols 84 

for evaluating sensorimotor deficits in animals with such an injury are lacking. The Basso-Beattie-85 

Bresnahan (BBB) locomotor rating scale has been the most frequently used measurement of 86 

function after SCI for adult rats 14 which yields a semiquantitative description of locomotion as a 87 

whole. However, it does not measure each hindlimb independently.  88 



 89 

In this study, we report step-by-step procedures to produce a rodent spinal HX at the 9th thoracic 90 

(T9) vertebral level. We also introduce a combined behavior scale for hemisection (CBS-HX) that 91 

includes unilateral hindlimb stepping (UHS), coupling, placing contact, and grid walking 92 

assessments for evaluating neurological impairments and recovery after a unilateral SCI. We 93 

hope this model will be a useful model for examining injury mechanisms and therapeutic 94 

efficacies for unilateral SCIs.  95 

 96 

PROTOCOL: 97 

All surgical and animal handling procedures were performed as approved under the Guide for 98 

the Care and Use of Laboratory Animals (National Research Council) and the Guidelines of the 99 

Indiana University School of Medicine Institutional Animal Care and Use Committee. 100 

 101 

1. General Consideration 102 

 103 

1.1. Use adult female Sprague-Dawley (SD) rats (weighing 200 g, n=12) for this study. Habituate 104 

animals to all testing environments and collect baseline data for all behavior tests one week prior 105 

to the surgical procedure.  106 

 107 

1.2. Perform the behavioral assessments by two observers who are blinded to the experimental 108 

groups.  109 

 110 

2. Animal Preparation  111 

 112 

2.1. Clean the surgical table with 70% ethanol. Place a pre-warmed heating pad on the surgical 113 

table. Cover the surgical area with a sterile surgical drape. Place the sterile gauze, cotton swabs, 114 

and autoclaved surgical tools on the surface of the surgical drape.  115 

 116 

2.2. Turn on a microbead sterilizer for the intersurgery sterilization of surgical tools.  117 

 118 

NOTE: An example of the tools used in this experiment is shown in Figure 1. 119 

 120 

2.3. Anesthetize the rat with an intraperitoneal (i.p.) injection of ketamine (87.7 mg/kg) and 121 

xylazine (12.3 mg/kg). Ensure that the proper plane of anesthesia is reached by no response to 122 

the toe pinch stimulus. Apply vet ointment to the eyes of the animal to prevent corneal drying 123 

during surgery. 124 

 125 

2.4. Remove the hair overlying the thoracic vertebrae by shaving (Figure 2A). Remove the shaved 126 

fur with a vacuum equipped with a HEPA filter.  127 

 128 

2.5. Clean the surgical area with three alternating scrubs of iodine-based scrub and ethanol. 129 

 130 

2.6. Cover the animal with a sterile drape with a fenestration over the proposed incision site 131 

(Figure 2B). 132 



 133 

3. Spinal Hemisection 134 

 135 

3.1. Touch the 13th rib which is the lowest rib in the rat and a floating rib that does not connect 136 

to the sternum. Follow the 13th rib dorsally to identify its connection with the T13 vertebra and 137 

then count up to identify the T10 vertebra.  138 

 139 

3.2. Use a scalpel blade (#15, Figure 1) to perform a 3 - 4 cm midline skin incision on the back 140 

overlying the 8-11th vertebral spinous processes. 141 

 142 

3.3. Under a surgical microscope, bluntly dissect and separate the paraspinal muscles laterally 143 

from the spinous processes towards the facets of the T9 and T10 vertebrae on both sides using 144 

the same scalpel blade.  145 

 146 

NOTE: This approach will nicely tease the tissue apart without causing hemorrhage. 147 

  148 

3.4. Use a retractor to retract muscles from the surgical area (Figure 2B) and to expose the T8-11 149 

vertebral laminae and spinous processes (Figure 2C).  150 

 151 

NOTE: There is a large gap between the T8 and T9 spinous processes, which are landmarks for 152 

identifying T9 (Figure 2C, dorsal view). From the lateral view, the spinous process of the T9 153 

vertebra points caudally, the T10 spinous process points dorsally, and the T11 spinous process 154 

points rostrally; so, the 3 spinous processes form a pyramid and the T10 spinous process forms 155 

the peak (Figure 2D, lateral view). 156 

 157 

3.5. Perform a dorsal laminectomy on the T9 vertebra using a rongeur. Snip away the T9 spinous 158 

process and remove a small portion of the lamina left to the midline (Figure 3A, dashed line), and 159 

the entire right portion of the lamina as laterally as possible (Figure 3A, dashed line). For 160 

laminectomy, insert the rongeur gently under the lamina and snip a small piece of bone at a time 161 

until a desired region of laminectomy is completed (Figure 3B and Figure 3C).  162 

 163 

3.6. Under a surgical microscope, identify the dorsal midline of the spinal cord (Figure 3C). Insert 164 

a needle (30 G) vertically through the midline into the spinal cord with the beveled side facing 165 

the right side (Figure 4A).  166 

 167 

NOTE: The needle should penetrate the entire spinal cord to reach the ventral wall of the 168 

vertebral canal.  169 

 170 

3.7. Stop any bleeding with a small piece of sterile gelfoam.  171 

 172 

3.8. Insert one tip of an iridectomy/microsurgical scissors through the midline needle track, and 173 

the other tip along the lateral surface of the right hemi-cord, and then make a complete cut on 174 

the right hemi-cord with the scissors (Figure 4B).  175 

 176 



NOTE: Use a sharp micro-scissors for the spinal cord cut to minimize compression lesion to the 177 

spinal cord during the cutting. 178 

 179 

3.9. Use the lateral edge of the same needle as a knife to cut through the lesion gap to confirm a 180 

complete right hemisection. Verify the completeness of the right hemisection by visualizing the 181 

bottom of the vertebral canal with the surgical microscope (Figure 4C, cross-sectional view; 182 

Figure 4D, lateral view; Figure 4E, dorsal view).  183 

 184 

3.10. Place a small piece of gelatin sponge over the lesion site (Figure 4F). Use cement mixture 185 

and build a narrow bridge over the sponge and the spinous processes of T8 and T10 (Figure 4G, 186 

H).  187 

 188 

NOTE: The purpose of using a cement bridge is two-fold: 1) it separates the scar developed at the 189 

injury site from the rest of the tissue, and 2) it makes easier to dissect out the spinal cord segment 190 

after animal sacrifice.  191 

 192 

3.11. Suture the muscle and skin layers separately with 4-0 silk thread.  193 

 194 

3.12. Inject 0.9% sterile saline subcutaneously to maintain hydration. Inject an analgesic agent 195 

Buprenorphine (0.05-2.0mg/kg S) 8-12 h/day subcutaneously for 2 days. Press urinary bladder 2-196 

3 times daily for the first week and 1-2 times in the following weeks till spontaneous bladder 197 

voiding returns. 198 

 199 

4. Postoperative Animal Care 200 

 201 

4.1. Return the animal to its single-housed home cage. Provide moist rodent chow or gel on the 202 

bottom of the cage to aid in animal’s ability to eat/hydrate. Place a heating pad below the cage 203 

during post-surgery recovery. Make sure that the heating pad only covers half of the cage bottom 204 

to avoid overheating.  205 

 206 

4.2. Inject 0.9% sterile saline subcutaneously to maintain hydration. Inject an analgesic agent 207 

Buprenorphine (0.05-2.0mg/kg S) 8-12 h/day subcutaneously for 2 days. Press urinary bladder 2-208 

3 times daily for the first week and 1-2 times in the following weeks till spontaneous bladder 209 

voiding returns.  210 

 211 

5. Assess the Unilateral Hemisection Stepping (UHS) 212 

 213 

NOTE:  The unilateral hemisection stepping (UHS) test is a direct measure of the ability of SCI 214 

animals to utilize their ipsilesional hindlimb in the open field. As mentioned in 1.1, the animals 215 

were acclimated to an open field environment (diameter 42 inches)15 twice a day for 7 days. Two 216 

observers blinded to the animal groups perform the test. UHS score at both baseline (7 days prior 217 

to the T9 HX) and time points after injury will be collected. The steps for assessment are described 218 

as followed. 219 

 220 



5.1. Place the animal into an open field environment and examine the animal’s locomotion for 4 221 

min. 222 

 223 

NOTE: During testing, encouragement may be given to the animal to move actively. 224 

 225 

5.2. With the form provided in Table 1, assign a value of 1 for Yes and 0 for No for each behavior 226 

category and then sum the total value to give a final UHS score of 0 to 8.  227 

 228 

NOTE: According to Table 1 0: no observable movement of the hindlimb; 1 – 4: isolated 229 

movements of 3 hindlimb joints (hip, knee, and ankle); 5:  sweeping with no weight support; 6: 230 

placing with no weight support; 7: placing with weight support; and 8: stepping with weight 231 

support.   232 

 233 

5.3. Collect UHS scores at both baseline (7 days prior to the T9 HX) and time points after injury.   234 

 235 

NOTE: The scores will be assessed at various time points after the T9 HX.  236 

 237 

6. Coupling 238 

 239 

6.1. Analyze the CPL (gait coupling) with a video recording an animal walking on a narrow runway 240 

device or a simple open-field. 241 

 242 

6.2. In the coupling section of Table 1, assign a score of 0 for “No”, 1 for “Irregular/clumsy”, and 243 

2 for “Normal” for each CPL category. 244 

 245 

NOTE: The coupling (CPL) test is to evaluate the coordination of alternating movements of limbs, 246 

including homologous CPL (front-front/rear-rear limbs, Figure 5A), diagonal CPL (front left-rear 247 

right or front right-rear left limbs, Figure 5B), and homolateral CPL (front-rear limbs on the same 248 

side, Figure 5C). Following a T9 HX, the deficits of the hindlimb on the ipsilesional side become 249 

visible resulting in the alternation of the homologous CPL (Figure 5D), diagonal CPL (Figure 5E), 250 

and homolateral CPL (Figure 5F).   251 

 252 

7. Contact Placing  253 

 254 

NOTE: The hindlimb contact placing test is used to evaluate the motor integration of hindlimb 255 

responses to proprioceptive stimuli 16. Proprioception is considered to be intact if the animal 256 

steps up with its hindlimb onto the surface after the hindlimb is pulled down below the surface.  257 

 258 

7.1. Hold the animal in a vertical position so that both hindlimbs are available for the placing 259 

response.  260 

 261 

7.2. Brush the dorsal surface of a hindlimb forward lightly towards the edge of a surface (e.g., 262 

animal working bench). 263 

 264 



7.3. Observe the foot placement onto the surface and assign a hindlimb contact placing score. 265 

0: no placing; 1: placing. 266 

 267 

NOTE: The dorsal surface receives stimulation and the foot will subsequently extend and place 268 

the foot on the surface if the reflex is intact. The assessment form is also in Table 1. 269 

 270 

8. Grid Walking  271 

 272 

NOTE: The grid walking test assesses spontaneous motor deficits and limb movements involved 273 

in precise stepping, coordination, and accurate paw placement.  274 

 275 

8.1. Place a rat on an elevated plastic-coated wire mesh grid (36 × 38 cm with 3 cm2 openings) 276 

and allow it to walk freely across the platform for 30 steps.  277 

 278 

8.2. Count the total number of footsteps and the number of foot missteps for each limb. Video 279 

recordings are made to confirm the counting. A misstep occurs (a) when the paw completely 280 

misses a rung, (b) the limb falls between the rungs, or (c) the paw is correctly placed on the rung 281 

but slips off during weight bearing.   282 

 283 

NOTE: Two blinded observers assess paw placement of forelimbs and hindlimbs as animals walk.  284 

 285 

8.3. Assign the grid walking scores for each hindlimb as follows – 0: missteps greater than 15; 1: 286 

missteps less than or equal to 15; 2: missteps less than or equal to 10; and 3: missteps less than 287 

or equal to 5.  288 

 289 

NOTE: The scoring assessment is based on Table 1. The cutoffs scores are used as measures of 290 

severity of motor deficits. 291 

 292 

9. Perfusion and Tissue Processing 293 

 294 

9.1. After appropriate anesthesia similar in step 2.3, perfuse the animals carefully following the 295 

transcardial perfusion protocol 17.  296 

 297 

9.2. Dissect and collect the spinal cord samples and post-fix them in 4% PFA overnight.  298 

 299 

9.3. The samples can then be transferred to 30% sucrose solution. 300 

 301 

9.4. Cut the spinal cord in cross sections and stain the selected sections with an axon marker SMI-302 

31 and astrocytic marker glial fibrillary acidic protein (GFAP) according to standard procedures18. 303 

 304 

REPRESENTATIVE RESULTS: 305 

The surgical procedures described above allow the production of a consistent and reproducible 306 

lateral HX at T9. After perfusion and skin removal, the surgical site at T9 could be readily identified 307 

by a residual suture (Figure 6A). Further dissection allows the exposure of the cement bridge 308 



(Figure 6B), and gelatin sponge (Figure 6C) in layers. The spinal cord is then exposed to the 309 

opened vertebral canal and a lateral hemisection on the right side is confirmed (Figure 4D). The 310 

level of the injury can be further confirmed by its association with the exposed vertebral bodies 311 

and ribs (Figure 6D). Immunofluorescence staining of a cross-section at the injury epicenter 312 

shows a complete loss of right hemicord and the preservation of the left hemicord contralateral 313 

to the injury. The section stained with an axon marker SMI-31 and astrocytic marker glial fibrillary 314 

acidic protein (GFAP) (Figure 6E). 315 

 316 

Neurobehaviorally, the CBS-HX system is capable of detecting asymmetric deficits over time 317 

following a T9 HX. After HX, the ipsilateral hindlimb lost its ability to step whereas the 318 

contralateral hindlimb retained the ability to walk. For each behavior measure, we performed 3 319 

trials and used the mean of the 3 trials for quantification and analysis. We used pre-surgery 320 

measure as a baseline which we consider as the most accurate control as compared with using 321 

other rats. Scores of the 4 individual measures, i.e. UHS, CPL, contact placing, and grid walking 322 

can be analyzed separately (Figure 7A-D) or they can be combined into a composite CBS-HX 323 

(Figure 7E). Two-way ANOVA analyses showed significant differences in UHS (F = 23.199, p < 324 

0.001), coupling (F = 8.376, p < 0.01), contact placing (F = 17.672, p < 0.001), grid walking (F = 325 

19.261, p < 0.001), CBS-HX (F = 20.897, p < 0.001) between the ipsilateral and contralateral sides. 326 

Figure 7A shows the results of UHS after a T9 HX.  In the first 3 days postinjury, rats lost the ability 327 

to step and received a score of 0-2 for the ipsilesional hindlimb. Step-like movements began to 328 

appear on the ipsilesional side at 7-10 days after injury with most steps being dorsal steps. By 28 329 

days after the T9 HX, the rats could take plantar steps with virtually normal coordination with an 330 

assigned UHS score of 8. As a comparison, the contralesional hindlimb was less interrupted and 331 

the UHS score dropped within the first 5 days after the T9 HX and returned to the baseline level 332 

after day 10 post-injury. For the total CPL (including homolateral, homologous and diagonal 333 

coupling) test, both stability and adaptability of coordination after T9 HX were markedly reduced 334 

(Figure 7B). At 1-5 days after injury, the HX animals showed no sign of CPL. Over time, CPL of the 335 

ipsilateral hindlimb emerged, often clumsy, unsteady, and inappropriately varying in their speed, 336 

force, and direction. The contact placing (Figure 7C) and grid walking (Figure 7D) of the ipsilateral 337 

hindlimb were also affected by the T9 HX particularly within the first 5 days after the injury, and 338 

usually recovered when the animal began to take plantar steps. The composite CBS-HX system 339 

includes the UHS, CPL, contact placing, and grid walking tests for a maximum possible score of 18 340 

(Figure 7E). The motor function of the ipsilateral hindlimbs demonstrated a decrease in CBS-HX 341 

scores after the T9 lateral HX, which is consistent with the deficits seen in the human Brown-342 

Séquard syndrome. The motor function of the ipsilateral hindlimbs demonstrated a decrease in 343 

CBS-HX scores from 1 day to 4 weeks after the T9 lateral HX as compared to the contralateral 344 

hindlimbs (Figure 7E).  345 

 346 

Thus, the composite CBS-HX system combining the UHS, CPL, contact placing, and grid walking 347 

can be used to evaluate the behavioral function of rats after the lateral injury of the thoracic 348 

spinal cord for a maximum possible score of 18. 349 

 350 

FIGURE LEGENDS: 351 

Figure 1. Surgical tools used for producing a T9 right-sided hemisection. 352 



 353 

Figure 2. Surgical exposure. A) Shave the hair on the back overlying the surgical region. B) Retract 354 

muscles from the surgical area using a retractor. C) Expose the T8-11 vertebral laminae and define 355 

individual spinous processes (arrows). Note that there is a large gap between the T8 and T9 356 

spinous processes, which is a landmark for identifying T9. D) The schematic drawing shows the 357 

lateral view of the spinous processes. The T9-11 spinous processes form a pyramid with the T10 358 

spinous process being the peak. Again, a large gap between the T8 and T9 spinous processes is 359 

clearly seen as a landmark for identifying T9 where a laminectomy is performed.  360 

 361 

Figure 3. Laminectomy and exposure of the right hemicord. A) The schematic drawing shows 362 

the cross section of the spinal cord within the T9 vertebra. The dashed line indicates the extent 363 

of laminectomy on each side. B) The schematic drawing shows the removal of a small portion of 364 

the lamina on the left side and the entire vertebral arch on the right side. An arrow indicates the 365 

dorsal midline of the cord. C) Dorsal view of the exposed spinal cord. Note that the dorsal vein 366 

was located in the middle of the spinal cord dividing the left and right hemicords. The right 367 

hemicord was completely exposed.  368 

 369 

Figure 4. Lateral hemisection. A-D) Schematic drawings show the midline needle insertion into 370 

the spinal cord (A), the T9 hemisection (B), the covering of gelatin sponge and cement (C), and 371 

the lateral view of a T9 lateral hemisection (D). Dashed lines in C outline the removed T9 vertebral 372 

lamina and the right hemicord. E) Dorsal view of a right spinal cord hemisection. F) Placement of 373 

a small piece of gelatin sponge over the hemisection site. G-H) A Simplex-P cement bridge built 374 

over the sponge and the spinous processes of T8 and T10.  375 

 376 

Figure 5. Schematic drawing of the coupling (CPL) test. The CPL test is to evaluate the 377 

coordination of alternating movements of limbs, including A) homologous CPL (front-front/rear-378 

rear limbs), B) diagonal CPL (front left-rear right/front right-rear left limbs), and C) homolateral 379 

CPL (front-rear limbs on the same side). After T9 HX (red box, D-F), the hindlimb deficit became 380 

visible on the ipsilesional side and animals show lack of coordination in homolog (D), diagonal 381 

(E), and homolateral (F) CPL. 382 

 383 

Figure 6. Tissue dissection and histology. After perfusion, tissues were dissected out to expose 384 

the spinal cord. Cross sections were processed for double immunofluorescent staining of glial 385 

fibrillary acidic protein (GFAP, a marker for astrocytes) and SMI31 (a marker for axons). A) 386 

Exposure of the suture as a landmark for the injury site (yellow arrow). B) Exposure of the dental 387 

cement (yellow arrow). C) Exposure of the gelatin sponge (yellow arrow). D) Identify the spinal 388 

hemisection on the right side (yellow arrow). E) A spinal cord cross section at the injury epicenter 389 

immunostained with GFAP (green) and SMI 31 (red). It shows that the right spinal hemicord was 390 

completely cut and the left hemicord was well preserved.   391 

 392 

Figure 7. Results of neurobehavioral scores.  Graphs show scores of the 5 measures: A, the 393 

unilateral hemisection score (UHS); B, coupling (CPL); C, contact placing; D, grid walking, and E, 394 

combined behavior score (CBS) on ipsilateral and contralateral hindlimbs after a T9 HX. Data 395 

represent mean ± s.e.m. *: p < 0.05, **: p < 0.01, ***: p < 0.001 between ipsilateral and 396 



contralateral hindlimbs (Two-way ANOVA, Tukey's multiple comparisons test, n = 12 397 

rats/groups).  398 

 399 

Table 1:  The combined behavior scores for hemisection (CBS-HX) 400 

 401 

DISCUSSION: 402 

In this study, we report step-by-step procedures for producing a simple, consistent, and 403 

reproducible T9 spinal HX in adult rats that mimics the Brown-Séquard Syndrome in humans. We 404 

further introduce a combined behavior score system for hemisection (CBS-HX) which is sensitive 405 

to evaluate asymmetrical neurological impairment and progression of recovery, measured by a 406 

combination of unilateral hindlimb stepping (UHS), coupling (CPL), placing contact, and grid 407 

walking. Although we demonstrate the injury at the T9 level, this procedure can be applied to 408 

other regions of the spinal cord including the cervical and lumbar cords in a simple and 409 

undemanding way. We hope this model, along with unilateralized behavioral assessments, will 410 

be useful for examining injury mechanisms and therapeutic efficacies for such types of SCI.   411 

 412 

Since the lateral HX model only lesions the ipsilateral half of the cord, the contralateral side of 413 

the cord is largely preserved and can be used as an internal control. Many descending and 414 

ascending pathways are unilaterally projected and a lateral hemisection in many circumstances 415 

produces damage to an axonal tract at one side and preserves the same tract on the opposite 416 

side, allowing comparison of reorganization and functional consequences of these tracts in the 417 

same animal. In addition, producing a more localized lesion may allow the targeting of specific 418 

pathways. For example, a ventral and ventrolateral lesion may affect reticulospinal and 419 

vestibulospinal pathways. A dorsal or dorsolateral lesion may affect the corticospinal and 420 

rubrospinal pathways. The hemisection or partial injury model can also be used to study the 421 

anatomy and function of other pathways, such as the propriospinal, noradrenergic or 422 

serotonergic pathways. Thus, the hemisection model can be uniquely employed to study 423 

compensation by sensory afferents, by descending pathways, and by intrinsic spinal circuitry. This 424 

model is also suitable for investigating mechanisms of locomotor recovery after HX.  425 

 426 

The lateral HX leads to obvious behavioral impairments, which are assessable under motor tasks 427 

(e.g., Treadscan or Treadmill) paradigm for the automated gait analysis 19. Also, the conductivity 428 

of the axonal tracts on the contralateral side to the lesion could be measured using 429 

electrophysiological recordings, and this evaluation provides the possibility to establish a 430 

functional reorganization following various treatments. Moreover, unilateral injections of the 431 

anatomical tracers into neurons of a particular pathway permit visualization of anterogradely 432 

labeled midline crossing fibers and their connection with retrogradely labeled neurons20-25. 433 

 434 

Although a typical spinal HX surgery takes less than 20 minutes to finish, it requires some practice 435 

to achieve a precise and consistent HX. First, it is important that the spinal HX level be consistent 436 

from animal to animal. Therefore, it is critical that the appropriate vertebral segment for 437 

laminectomy is identified. Second, make sure that the HX is complete. To make a complete HX, 438 

one can use a 30-gauge needle inserted vertically through the midline to guide the cutting using 439 

microscissors. The needle insertion also avoids damage to the posterior spinal vessels or cord 440 



over lesioning. The second function of the 30-gauge needle is that it can serve as a knife to trace 441 

the cut to make sure that there is no ambiguity of the lesion. Third, placing gelatin onto the lesion 442 

site can minimize the cerebrospinal fluid leakage, and placing the cement on top of the gelatin 443 

and bridging the vertebral lamina can strengthen the stability of spinal vertebrae at the lesion 444 

site and facilitate wound healing. To avoid the signal interference with the application of 445 

electrophysiological recordings, muscles, fascia, and skin should be sutured in layers with 4-0 silk 446 

thread. Finally, every effort should be made to minimize the damage to the contralateral spinal 447 

cord. Histological verification should be established to confirm a complete lateral hemisection on 448 

one side and preservation of the other half of the cord on the other side (as shown in Figure 6E). 449 

 450 

To improve locomotion after SCI, previous studies have utilized a wide range of strategies 451 

including cell transplantation, axon regeneration 8,18,26,27, and activity-based rehabilitation 28-30. 452 

Meanwhile, several behavioral tests have been established for functional assessment and to 453 

screen for the best treatments following SCI. The BBB locomotor rating scale was designed for 454 

locomotor assessment of spinal symmetric injuries such as a midline contusion or transection 455 

injuries that affect bilateral hindlimbs 14,31. Certain parameters of BBB, such as coordination and 456 

toe clearance, are recorded by observing both hindlimbs. If one hindlimb is intact and the other 457 

shows deficits as seen in asymmetric injuries, then the intact hindlimb will confound the score of 458 

the affected hindlimb.  Since the BBB scoring does not accommodate one hindlimb score from 459 

the other after the unilateral injury, it is not ideal for assessing unilateral spinal cord injuries. 460 

However, if joint movement and weight support on each side are assessed separately and are 461 

not calculated as part of the BBB, then the intact hindlimb (similar to a sham control) will not 462 

confound the score of the affected hindlimb.  Moreover, the intact side will not bias the overall 463 

score of the animal, because the intact hindlimb does not have dramatic deficits in joint 464 

movement, weight support, or stepping.  465 

 466 

The combined behavior score for hemisection is designed to be a sensitive and easily performed 467 

evaluation of behavioral recovery in the rat model of lateral hemisection. It can be used to assess 468 

behaviors of both early and late phases of recovery. The early phase is within 7-10 days 469 

postinjury. In the first 3-5 days post-HX, the ipsilateral hindlimb activity increased steadily and 470 

should be assessed more frequently to record spontaneous or treatment-mediated hindlimb 471 

movement recoveries. By 5-7 days post-HX, rats began to make sweeping hindlimb movements 472 

without weight support. By 7-10 days, rats typically began to stand and step. During this phase, 473 

attention to the stepping pattern should be paid. At the late phase (14-28 days), the ipsilateral 474 

hindlimb activity was stable and close to normal.  475 

 476 

Close attention should also be paid to coupling (CPL) capacity. The CPL test (gait coupling) can be 477 

performed either with a video (e.g., Treadscan/Catwalk) or a filming video during an open-field 478 

test. The second option provides flexibility if the researchers do not have access to the gait 479 

analysis system. For both video recording sessions, a minimum of two consecutive touchdowns 480 

for each foot is required for this test. For the analysis, there are three coupling parameters: 481 

homologous, homolateral and diagonal coupling (step 6.2). Each coupling involves a reference 482 

foot and the given foot. Take homologous coupling (front left-front right, or hind left-hind right) 483 

for example, it is the first touchdown time of the given foot divided by one whole stride time of 484 



the reference foot. Since the left and right foot should be out of phase, the perfect coupling 485 

should be 0.5. This is the same case in homolateral coupling (left front-left hind, or right front-486 

right hind). However, for diagonal coupling (left front-right hind, or right front-left hind), the 487 

perfect coupling should be 0 or 1 since the two feet should be in phase. In step 6.4, we assign a 488 

score for each CPL from 0 to 2. In details, a score 0 shall represent the given foot is unable to 489 

move to finish a touchdown, hence no CPL; a score 1 represents any irregular or clumsy CPL since 490 

the given foot finishes a touchdown but not in the perfect coupling; a score 2 means a perfect 491 

coupling of 0.5. The three coupling parameter concepts are well described in the previous 492 

publications32,33. CPL can be combined with the assessments of contact placing and grid walking. 493 

Individual components of the combined behavior scoring system will be more or less effective in 494 

different rat models of SCI. For CPL, the deficits became obviously visible in the rate of alternation 495 

and the completeness of the sequence. Proprioceptive hindlimb placing deficits could be 496 

clearly revealed after unilateral HX. In our study, all rats showed ipsilesional hindlimb placing 497 

deficits while the contralateral hindlimb placing showed no deficits. The grid walking test should 498 

be considered when contact placing, which involves the corticospinal tract, begins to recover. To 499 

rule out any possible fatigue issues, the sequence of behavioral tests could be randomized at 500 

each test.  501 

 502 

In conclusion, we report step-by-step procedures to create a reproducible in vivo rat model of 503 

the T9 spinal HX that mimics the Brown-Séquard Syndrome in humans. The combined behavior 504 

scoring system for hemisection offers a more discriminative measure of individual hindlimb 505 

behavioral outcomes for evaluating injury mechanisms and treatments after a unilateral 506 

SCI. Although we only provide a visual description of the surgical procedures and behavioral 507 

assessments of a thoracic HX, methods described here may be applied to other incomplete SCIs 508 

at different injury levels. 509 
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Subscore Name/Range Description

Unilateral hindlimb stepping No

(UHS) Yes

(0-7) No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

No

Yes

Coupling No

(0-6) Irregular/clumsy

Normal

No

Irregular/clumsy

Normal

No

Irregular/clumsy

Normal

Contact placing No

(0-2) Incomplete/delayed

Normal

Grid walking >15

(0-3) ≤15

≤10

≤5

Total CBS-HX 

(0-18)
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Placing (no weight support)

Stepping

Homolateral

Homologous

Score

Observable slight hindlimb movement

Movement of Ankle

Movement of Knee

Movement of Hip

Sweeping (no weight support)

Miss steps

Diagonal
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Table 2. Materials/Equipment

Name of Material/ Equipment Company
Catalog 

number
Comments/Description

Baby-Mixter Hemostat FST 13013-14 Can be any brand of choice

Elevated plastic coated wire mesh grid Any 36×38 cm with 3 cm2 openings

Gel foam Moore Medical 2928 Can be any brand of choice.

Grip cement kit, powder and solvent Dentsply 675570 Can be any brand of choice.

Microbead Sterilizer FST NA Can be any brand of choice

Pearson Rongeur FST 16015-17 Can be any brand of choice.

Retractors Jinxie surgical tools 6810 Can be any brand of choice

Scalpel Handle FST 10003-12 Can be any brand of choice

Simplex-P cement Stryker Can be any brand of choice.

TreadScan automatic gait analysis CleverSys Inc NA Can be any brand of choice
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1 above or if no box has been checked in Item 1 above.  In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JoVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video.  To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE. 

6. Grant of Rights in Video – Open Access.  This Section 6
applies only if the “Open Access” box has been checked in
Item 1 above.  In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JoVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
Works based on all or any portion of the Video and exercise all
of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
the above.  The foregoing rights may be exercised in all media
and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees.  If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such

statute.  In such case, all provisions contained herein that are 
not in conflict with such statute shall remain in full force and 
effect, and all provisions contained herein that do so conflict 
shall be deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 

8. Likeness, Privacy, Personality.  The Author hereby grants
JoVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein.  The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE.  The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE.  If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees.  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder.  This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement.  A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

CORRESPONDING AUTHOR: 

Name: 

Department: 

Institution: 

Article Title: 

Signature:    Date: 

Please submit a signed and dated copy of this license by one of the following three methods: 
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051 
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Response to Editorial Comments 

 

Manuscript #: JoVE57126R2 

Title: Spinal Cord Lateral Hemisection and Asymmetric Behavioral Assessments in Adult Rats 

 

1. The editor has formatted the manuscript as per journal's style. Please retain the same. 

Response: Yes, we retain the same format of the manuscript. 

 

2. Please address specific comments marked in the manuscript. 

Response: Yes, we addressed specific comments marked in the manuscript (in blue).  

 

3. For the step 6,7,8 in the protocol, we need a representative result to support the protocol 

being described. This is an important consideration. Table 1 is just a way to assess the behavior. 

Since these steps are highlighted, they will be a part of the video the representative result 

becomes more important. 

Response: Yes, we did new experiments and now provided a representative result for each step 

(summarized in new Fig. 7).  

 

4. Please upload the footage as well which you would like to be incorporated into the video. 

Response: We have not decided whether we should include any footage in this submission. 

 

5. Please upload Table 1 as Table and not as a Materials table in your editorial manager account.  

 

Response: Yes, we will.  

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
Editor Comments (JoVE R2 57126).docx

https://www.editorialmanager.com/jove/download.aspx?id=951541&guid=1fee7e84-1bda-4ac9-8616-ba3db026e650&scheme=1
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