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Spinal cord injury (SCI) is a devastating condition that results in severe motor, sensory, and autonomic dysfunction. The L-/T-type calcium channel blocker nimodipine (NMD) exerts a protective effect on neuronal injury; however, the protective effects of long-term administration of NMD in subjects with SCI remain unknown. Thus, the aim of this study was to evaluate the role of long-term treatment with NMD on a clinically relevant SCI model. Female rats with SCI induced by 25 mm contusion were subcutaneously injected with vehicle or 10 mg/kg NMD daily for six consecutive weeks. We monitored the motor score, hind limb grip strength, pain-related behaviors, and bladder function in this study to assess the efficacy of NMD in rats with SCI. Rats treated with NMD showed improvements in locomotion, pain-related behaviors, and spasticity-like symptoms, but not in open-field spontaneous activity, hind limb grip strength or bladder function. SCI lesion areas and perilesional neuronal numbers, gliosis and calcitonin gene-related peptide (CGRP+) fiber sprouting in the lumbar spinal cord and the expression of K+–Cl− cotransporter 2 (KCC2) on lumbar motor neurons were also observed to further explore the possible protective mechanisms of NMD. NMD-treated rats showed greater tissue preservation with reduced lesion areas and increased perilesional neuronal sparing. NMD-treated rats also showed improvements in gliosis, CGRP+ fiber sprouting in the lumbar spinal cord, and KCC2 expression in lumbar motor neurons. Together, these results indicate that long-term treatment with NMD improves functional recovery after SCI, which may provide a potential therapeutic strategy for the treatment of SCI.
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INTRODUCTION
Spinal cord injury (SCI) is a devastating condition that leads to severe problems involving impaired motor, sensory, and autonomic functions (Ahuja et al., 2017). A substantial number of people with SCI (70–80%) develop neuropathic pain or spasticity over time (Finnerup et al., 2014; Andresen et al., 2016). Neuropathic pain and spasticity impair motor recovery, worsen quality of life, and even lead to early mortality (Krause et al., 2009). The current management of SCI includes spinal immobilization, surgical decompression, pharmacological therapies and rehabilitation (Ahuja et al., 2017).
The initial traumatic impact results in a sustained cascade of secondary injury, including apoptosis, ischemia, vasospasm, disruption of ionic homeostasis and inflammation, which propagate the damage and worsen the function (Tator and Fehlings, 1991; Ahuja et al., 2017). Thus, approaches that mitigate secondary injury after SCI may lead to better functional improvement (Silva et al., 2014; Ahuja et al., 2016). Nimodipine (NMD) is an L-/T-type calcium channel blocker and has been approved for the treatment of subarachnoid hemorrhage (SAH) by the U.S. Food and Drug Administration (Macdonald and Schweizer, 2017). The effects of NMD mainly include central nervous system (CNS)-specific vasodilation and blockade of the flux of extracellular calcium through L-/T-type calcium channels (Gurkoff et al., 2013; Carlson et al., 2020). Recent studies have shown that it also prevents the development of spasticity after SCI and reduces CNS inflammatory responses (Schampel et al., 2017; Marcantoni et al., 2020; Zamora et al., 2020). NMD has been tested in preclinical (Tator et al., 2012) and clinical SCI research (Pointillart et al., 2000); however, its efficiency remains elusive. Perhaps one of the reasons may be the short duration of the treatment, the longest of which is 1 week (Pointillart et al., 1993; Ross et al., 1993; Pointillart et al., 2000). In addition, the sample size in the clinical trial might have been too small to detect a significant clinical effect (Pointillart et al., 2000). Based on these observations, long-term administration of NMD after SCI may improve function. Thus, this study aims to evaluate the efficiency of long-term therapy with NMD in a clinically relevant SCI model.
Here, we observed that long-term administration of NMD showed improvements in locomotor function, pain-related behaviors, and spasticity-like symptoms, but not in bladder function after a moderate-to-severe spinal cord contusion injury. Furthermore, the possible mechanisms by which NMD exert its actions were explored by assessing the lesion area, peri-lesional neuronal numbers, gliosis and calcitonin gene-related peptide (CGRP+) fiber sprouting in the lumbar spinal cord and the expression of K+–Cl− co-transporter 2 (KCC2) on lumbar motor neurons.
MATERIALS AND METHODS
Ethics Statement and Animals
All animal experiments were performed in compliance with protocols approved by the Institutional Animal Care and Use Committee at Tongji Hospital, Tongji Medical College of Huazhong University of Science and Technology. We made all efforts to minimize animal suffering and the number of animals used. Adult female Sprague-Dawley rats of specific pathogen-free grade were purchased from Beijing HFK BIOSCIENCE CO. LTD (Beijing, China). All animals were acclimated and trained for the baseline behavioral assessment prior to SCI. Rats were provided ad libitum access to food and water and housed in groups of two rats per cage on 12 h day/night cycles with bedding changed frequently.
Spinal Contusion Injury and Animal Care
Surgeries were conducted on adult female rats (260–300 g) at the age of 9–11 weeks. The procedure was similar to that described previously (Gong et al., 2021). Briefly, rats were anesthetized with isoflurane (induction at 4%, maintenance at 2%) in oxygen. The back fur was shaved, and the bladder was evacuated before surgery. Both eyes were covered with eye ointment to prevent xerophthalmia during anesthesia. Aseptic conditions were used for all surgical procedures. After skin preparation and disinfection, the skin overlying the vertebral column was incised, and the muscles were detached from the vertebra. A laminectomy was then performed at thoracic level 10 (T10) and the caudal portion of T9 to expose the dorsal spinal cord surface. We stabilized the spinal cord in a small animal spinal holder (RWD, Inc., China) by clamping the T8 and T11 vertebrae with stabilizing forceps. Spinal contusion injury was performed with a metal rod (10-g weight) dropped from a height of 25 mm onto the exposed dorsal surface of the spinal cord using a modified NYU impactor (Li et al., 2020). After spinal contusion, the wound was rinsed with normal saline and sutured in layers. Rats were placed on a 37°C heating pad throughout the operation until arousal. After SCI, rats received subcutaneous (sc) analgesic treatment (carprofen, Pfizer Inc., United States, 5 mg/kg) for 3 days. Saline (5 ml, sc) and ampicillin (North China Pharmaceutical Company Ltd., China, 100 mg/kg, sc) were administered daily for 7 days to prevent dehydration and infection, respectively. Bladders were expressed manually three times daily until spontaneous voiding was restored. The body weight (BW) of each rat was measured every 4 days until 6 weeks post-SCI and then weekly until 12 weeks.
Pharmacological Treatment and Animal Groups
NMD (MCE; catalog no. HY-B0265/CS-2253) for subcutaneous injection was used as described in previous studies (10 mg/kg) (Schampel et al., 2017; Marcantoni et al., 2020). NMD was dissolved in the vehicle solution, which consisted of 10% dimethyl sulfoxide (Sigma; catalog no. 472301), 5% ethanol, 40% polyethylene glycol (MCE; catalog no. HY-Y0873), and normal saline. Because NMD is very sensitive to light, all steps, including stock preparation and administration, were performed in the dark. SCI rats were randomly allocated to two groups: a long-term NMD (n = 12) group and a control group (vehicle, n = 12). Starting 1 h after injury, NMD was subcutaneously injected daily for 6 weeks. The vehicle solution without NMD was injected into the control animals using the same protocol. One rat in the control group was excluded because its Basso, Beattie, and Bresnahan (BBB) score was 20 at 1 day after SCI, which placed it at >2 s.d. above the mean. One rat in the NMD group was sacrificed before the endpoint because it presented a greater than 20% decrease in BW on day 14 post-SCI. A summary of the experimental design is shown in Figure 1A.
[image: Figure 1]FIGURE 1 | Summary of the experimental design and functional assessments of NMD and control rats following SCI. (A) Schematic illustrating the chronological order of experiments for SCI, drug administration, and functional assessments. (B) Significant improvements in Basso, Beattie, and Bresnahan (BBB) scores were observed in NMD-treated rats (n = 11 in each group). Generalized estimating equation, p = 0.008 (week 5), 0.013 (week 6), 0.012 (week 7), 0.016 (week 8), 0.004 (week 9), 0.008 (week 10), 0.006 (week 11), and 0.005 (week 12). *p < 0.05, **p < 0.01. (C) Hind limb grip strength test (n = 11 rats in each group). Two-way repeated-measures ANOVA, p > 0.05, F (1, 20) = 0.284. (D–F) Open-field spontaneous activity test (n = 11 rats in each group). Unpaired t-test, p > 0.05.
Functional Assessments
Rats were trained on the behavioral tests before injury. Functional performance was assessed using several measures: 1) Basso, Beattie, and Bresnahan open-field locomotor score for an assessment of hind limb function, 2) grip strength test of hind-limb force, 3) Von Frey test for mechanical allodynia, 4) Hargreaves test for thermal hyperalgesia, 5) open-field spontaneous activity test for mobility, and 6) rate-dependent depression (RDD) of H-reflex for spasticity-like symptoms. Detailed descriptions of these tests are provided below. All outcome measures were assessed by two expert, independent, and blinded observers.
Basso, Beattie, and Bresnahan Locomotor Score
Locomotor function was evaluated using the BBB open-field 21-point locomotion rating scale (Basso et al., 1995). Rats were placed individually in an open field, and hind limb motor function was video-recorded and scored for 4 min. Rats were tested before injury, on day 1 after SCI and weekly thereafter until week 12.
Grip Strength Test
Hind limb grip strength was assessed using a grip strength meter (IITC Life Sciences, Inc., Woodland, CA, United States) as previously described (Kramer et al., 2009; Huang et al., 2013). Rats were acclimated to the hind limb T-bar for three consecutive days prior to data collection. The rat was held upright by the scruff of the neck, and it was lowered over the T-bar with its abdomen facing the T-bar. Once it grasped the bar, it was pulled backward with the tail in a horizontal plane. At the moment of release from the bar, the grip force was recorded from the display (grams). Then, the rat was returned to its cage, and the meter was tared (zero). This procedure was repeated with the next subject in the same cage. The test was repeated five times for each hindpaw. This protocol was repeated for two consecutive days, and the force measurement for each paw was averaged.
Von Frey Test
The mechanical withdrawal threshold was measured with an electronic Von Frey apparatus (Electronic Von Frey Anesthesiometer 2450, IITC Life Sciences, Inc., Woodland, CA, United States) using a previously described procedure (Parada et al., 2003; Gong et al., 2021). The application of the Von Frey test requires weight support, as evidenced by a score of 9 during BBB locomotor scoring (Detloff et al., 2010; Fouad et al., 2020). Two rats in the control group and one in the NMD group did not recover weight support steps at 6 weeks post-SCI, which reduced the number of animals to n = 9 in the control group and n = 10 in the NMD group. Rats were placed in Plexiglas chambers on a wire mesh floor in a quiet room for 45 min of acclimation starting 3 days before testing. On the day of testing, rats were allowed 15 min to acclimate to the environment. A tilted mirror was placed under the mesh floor to provide a clear view of the hindpaw. During this adaptation period, the hindpaws were stimulated at the center several times with a gradual increase in pressure. The test consisted of inducing a hindpaw withdrawal response with a rigid tip (diameter = 1 mm) attached to the recording apparatus. When the hindpaw was withdrawn, the stimulus was automatically discontinued, and the value was recorded and displayed by the device automatically to reflect the pain threshold. The maximum force applied was 80 g. The procedure was repeated five times with a minimum 1 min interval between stimuli. Values from each pair of hindpaws were averaged at each time point.
Hargreaves Test
Thermal hyperalgesia was measured using a plantar heat testing device (IITC Life Sciences, Inc., Woodland, CA, United States) as described previously (Walker et al., 2019). Briefly, rats were placed in Plexiglas chambers on a transparent glass plate for 45 min of acclimation starting 3 days before testing. On the day of testing, rats were allowed 15 min to acclimate to the environment. The hindpaw was stimulated at the center with a light beam (intensity of 30), and the latency of paw withdrawal was recorded in seconds. The cutoff time was set to 20 s to avoid paw injury. The procedure was repeated five times with a minimum 1 min interval for each hindpaw. The hindpaw withdrawal latency was recorded as an average of the 10 trials per animal at each time point.
Open-Field Spontaneous Activity Test
At 12 weeks post-SCI, the open-field spontaneous activity test was performed using previously described procedures (Zuo et al., 2020). Briefly, each rat was placed individually in an open-field box (100 cm × 100 cm × 35 cm) for 5 min. The test parameters, including total distance traveled, rest time, and movement time, were recorded automatically using an ANY-MAZE video tracking system (Stoelting, United States).
Hoffmann Reflex Testing
At 12 weeks post-SCI, the H-reflex was recorded by a Dantec Keypoint EMG Workstation (Natus, United States) as described previously (Boulenguez et al., 2010; Gong et al., 2021). Briefly, the rats were anesthetized with 1.5% isoflurane in oxygen. The cathode was inserted above the ankle joint to stimulate the tibial nerve, and the anode was placed below the ankle approximately 1 cm from the cathode. The recording electrode was inserted into the same side of the interosseous muscles subcutaneously between the fourth and fifth metatarsals, and a reference electrode was inserted subcutaneously in the third digit of the hindpaw. In addition, a ground electrode was attached to the surface of the plantar.
H-waves and M-waves were first recorded at 0.1 Hz with a 0.2 ms pulse duration and a gradual increase in stimulus intensities (0.1 mA increments) to determine the maximal amplitudes of the H-wave (Hmax) and M-wave (Mmax).
The rate-dependent depression (RDD) of the H-reflex was estimated as described previously (Boulenguez et al., 2010; Bilchak et al., 2021). Briefly, the stimulation intensity that evoked the Hmax response was used for a series of 20 consecutive stimulations at 0.1, 0.5, 1, 2, and 5 Hz. Then, the 0.1 Hz series was repeated to verify that the M-wave amplitude was still within 95% of the value of the initial trial. The first three responses in a stimulation series were discarded to obtain reflex stabilization, and the peak-to-peak amplitude of the remaining 17 responses was averaged for each animal and frequency. Change in the M-wave and H-wave at each stimulus frequency were calculated as a percentage of the response measured at 0.1 Hz.
Bladder Function
Following spinal cord injury, deficits in bladder function are manifested by an inability to empty the bladder, which can be quantified by measuring the weight of urine retained in the bladder. Expressed urine was weighed once weekly during routine bladder expression in the morning to assess urine retention (Sharp et al., 2014). In addition, spontaneous voiding ability was monitored daily in the morning when the bladder was at its fullest. If the bladder was not distended and urine was not expelled during manual bladder expression in the morning and this phenomenon occurred for three consecutive days, the animal was considered to have achieved spontaneous voiding ability (Mothe et al., 2020).
Histology and Immunohistochemistry
Tissue Preparation
Rats were deeply anesthetized and transcardially perfused with ice-cold 0.9% saline followed by 4% paraformaldehyde (PFA) at 12 weeks post-SCI after behavioral assessments. Dissected spinal cords were postfixed in 4% PFA overnight and then immersed in a 30% sucrose solution 3–5 days before embedding and freezing in OCT (SAKURA, United States). Horizontal sections (1.5-cm-long) of the spinal cords containing the lesion site and cross sections of the lumbar enlargement (L4–L5) were sectioned on a cryostat (Leica CM1950, Germany). Serial horizontal sections were collected spanning the dorsal to ventral axis for lesion analysis or immunostaining.
Lesion Analysis
For the lesion analysis, 20 µm horizontal sections (120 µm apart) were cut and placed on coated glass slides. Then, sections were stained with hematoxylin and eosin (HE) and imaged with a digital pathology section scanning system (Ocus, Grundium, Finland). The lesion area and the total spinal cord area of the 1.5 cm length section were manually traced using Fiji software (NIH, Bethesda, MD) by an investigator blinded to the group information. Any septae or fibrous bands of tissue within the cavities were counted as part of the lesion. The total lesion volume (lesion volume) and total spinal cord volume (total volume) were calculated using the Cavalieri method (Fan et al., 2013; Mothe et al., 2020). This method is a summation of the measured area of each section multiplied by the intersection distance. The percent lesion area was calculated using the following equation: % Lesion Area = lesion volume/total volume × 100%.
Immunofluorescence Staining
For immunostaining, 40 µm free floating sections were cut and stored in PBS at 4°C. Tissue sections were blocked with 5% normal donkey serum (Jackson ImmunoResearch Labs Cat# 017-000-121, RRID: AB_2337258) in PBS containing 0.3% Triton X-100 for 1 hour and then incubated with primary antibodies diluted in blocking buffer overnight at 4°C, followed by an incubation with secondary antibodies for 1 h at room temperature after three washes for 10 min each. The primary antibodies used were chicken anti-GFAP (1:1000, Abcam Cat# ab4674, RRID: AB_304558), rabbit anti-Iba1 (1:500, FUJIFILM Wako Shibayagi Cat# 019-19741, RRID: AB_839504), guinea pig anti-NeuN (1:1000, Millipore Cat# ABN90, RRID: AB_11205592), rabbit anti-CGRP (1:1000, Peninsula Laboratories Cat# T-4032, RRID: AB_518147), rabbit anti-KCC2 (1:500, Millipore Cat# 07-432, RRID: AB_310611), and goat anti-ChAT (1:100, Millipore Cat# AB144P, RRID: AB_2079751). The following secondary antibodies were diluted 1:1000 before use: Alexa Fluor 488-labeled donkey anti-rabbit antibody (Thermo Fisher Scientific Cat# A-21206, RRID: AB_2535792), Cy3-labeled donkey anti-chicken antibody (Jackson ImmunoResearch Labs Cat# 703-165-155, RRID: AB_2340363), Cy3-labeled donkey anti-goat antibody (Jackson ImmunoResearch Labs Cat# 705-165-003, RRID: AB_2340411), and Alexa Fluor 647-labeled donkey anti-guinea pig antibody (Jackson ImmunoResearch Labs Cat# 706-605-148, RRID:AB_2340476). After staining, the tissue sections were incubated with Hoechst 33258 for 15 min. Then, the sections were washed with PBS for 30 min, mounted on glass microscope slides, dried, and cover-slipped before imaging.
Imaging and Quantification
Immunofluorescence images were captured with identical settings and exposure times using an FV-3000 confocal microscope (Olympus, Japan). Investigators blinded to the group information performed the quantification using Fiji software. For NeuN quantification, the sampled region extended from 4 mm rostral to 4 mm caudal to the lesion epicenter. NeuN+ cells were quantified within the epicenter of the sampled region in two sections (160 µm apart) from each animal to avoid double counting of cells (Mothe et al., 2020). Cross sections (three sections per animal) from the lumbar enlargement were used to quantify GFAP and Iba1 labeling. The percentage of GFAP+ area, the GFAP or Iba1 intensity, and the number of positively labeled Iba1+ cells were measured in a region of interest (ROI: a square area with a side length of 250 μm) located within the dorsal horn (Gwak et al., 2012). The measurement was the average of the left and right dorsal horn per animal. For the calcitonin gene-related peptide (CGRP+) axon analysis, cross sections (three sections per animal) from the lumbar enlargement were immunostained for CGRP. Using the Atlas of the Rat Spinal Cord (Watson et al., 2009), spinal lamina I-II and III-V were outlined on each image using the freehand selection tool in Fiji (Brennan et al., 2021). The area of CGRP+ staining in each ROI was selected using the threshold tool in Fiji and recorded as a percentage of the lamina area. The area of CGRP+ axons in lamina I-II and III-V was reported the average of the left and right dorsal horns. For K+–Cl− cotransporter 2 (KCC2) quantification, thirty-six motor neurons from the lumbar enlargement were averaged in each group (six motor neurons for each animal, n = 6 per group) and were identified with choline acetyltransferase (ChAT+) labeling, a typical large size, and a location within the ventral horn. The fluorescence intensity of KCC2 immunolabeling on the motoneuronal membrane was measured using Fiji software and the average integrated area of the density curve was obtained by drawing three lines across each motoneuron (yielding six data points per cell) (Boulenguez et al., 2010; Liabeuf et al., 2017; Bilchak et al., 2021). Mean pixel intensities for membranes were normalized to intensities in the cytoplasm of each motor neuron to examine the amount of KCC2 expressed in the membrane compared to the cytosol (Boulenguez et al., 2010).
Bladder Tissue Processing and Quantification
Bladder tissue was prepared as described previously (Fandel et al., 2016; Mothe et al., 2020). Prior to perfusion, bladders were removed, and fixed with 4% PFA overnight, and cryoprotected in 30% sucrose at 4°C for 3 days. Then, bladders were weighed and photographed with a ruler. The circumference of each bladder was measured using Fiji software and averaged for each group. For the quantification of the thickness of the detrusor muscle, the bladders were bisected longitudinally from the dome to the neck and embedded in OCT compound. Then, 10-μm-thick frozen sections were cut and stained with HE, and six consecutive bladder sections per rat were analyzed. Images were captured using a BX-51 microscope (Olympus, Japan). For each bladder, the thickness of the detrusor muscle was measured using the Fiji software and averaged for each animal.
Statistical Analysis
All statistical analyses were performed using GraphPad Prism 8.0 software or SPSS Statistics 18. Sample sizes were determined based on previous publications assessing the treatment of SCI using pharmacological approaches (Ryu et al., 2018; Sandner et al., 2018; Mothe et al., 2020; Yamazaki et al., 2020). We first performed the Shapiro-Wilk normality test on each dataset. Nonparametric tests were used for data with a non-normal distribution. Two-tailed unpaired t-tests, generalized estimating equation and two-way repeated-measures ANOVA followed by Fisher’s LSD or Bonferroni’s post hoc comparison were used. Statistical significance was set to p < 0.05. Data are presented as the means ± SEM.
RESULTS
Long-Term Treatment With Nimodipine Improves Motor Function
Previous studies indicate that NMD exerts a protective effect on neuronal injury and prevents the development of spasticity after SCI (Tator et al., 2012; Marcantoni et al., 2020). We used a clinically relevant SCI model and administered vehicle or NMD (10 mg/kg) daily for 6 weeks after SCI to determine whether long-term administration of NMD promotes functional recovery after SCI (Figure 1A). Locomotor function was evaluated before injury, on day 1 after injury and weekly thereafter until week 12 using the BBB locomotor score. Animals that received long-term NMD administration showed a significant increase in the BBB score beginning at 5 weeks after SCI compared to control group. At 12 weeks after SCI, the control rats showed only weight supported steps with no forelimb-hindlimb (FL-HL) coordination (mean score 9.41 ± 0.46), whereas, the NMD-treated rats displayed occasional to consistent weight supported plantar steps (mean score 11.36 ± 0.56). Occasional to frequent FL-HL coordination was also observed in some NMD-treated rats [generalized estimating equation, post hoc by LSD test; Figure 1B]. Long-term administration of calcium channel blockers may lead to muscle weakness (Zamponi et al., 2015); thus, we monitored the hind limb grip strength prior to injury and from week 6 to week 12 post-SCI. The grip strength tests showed no significant difference between controls or NMD-treated animals [two-way repeated-measures ANOVA, F (1, 20) = 0.284, p > 0.05; Figure 1C]. A recent report has shown that mice treated with gabapentin (GBP, a calcium channel blocker) rest in an open field more than controls (Sun et al., 2020). Thus, we recorded spontaneous open-field activity at 12 weeks after SCI. No differences were observed in the movement time [unpaired t-test, t (20) = 0.8325, p > 0.05; Figure 1D], rest time [unpaired t-test, t (20) = 0.8311, p > 0.05; Figure 1E] or total distance traveled between groups [unpaired t-test, t (20) = 1.251, p > 0.05; Figure 1F]. Based on these results, long-term treatment with NMD after SCI improves locomotor function without affecting hind limb grip strength and spontaneous open-field activity, suggesting that NMD is beneficial for motor recovery.
No animals died during this study, suggesting that long-term NMD administration (10 mg/kg) does not lead to early mortality. In addition, both the NMD and control groups gained weight over the course of the experiment [F (1.624, 32.49) = 30.26, p < 0.0001; Supplementary Figure S1], and no differences were observed in weight between groups using two-way repeated-measures ANOVA [F (1, 20) = 0.1761, p > 0.05]. Thus, long-term treatment with NMD does not affect the survival rate and BW.
Long-Term Treatment With Nimodipine Attenuates Pain-Related Behaviors
SCI results in neuropathic pain, which is frequently severe and disabling (Finnerup, 2013; Finnerup et al., 2014). Animals were tested for sensory behaviors before injury, beginning at week 6 after SCI and then every 2 weeks thereafter to evaluate whether long-term treatment with NMD ameliorates pain-related behaviors. Our results revealed that NMD-treated rats had significantly higher withdrawal thresholds beginning at 6 weeks after SCI compared to the control group, and the withdrawal threshold was 45.73 ± 1.38 g at week 12 in the NMD group, which was 1.18 times higher than that in the control group [two-way repeated-measures ANOVA, Bonferroni’s post hoc test, p = 0.0249 (week 6), 0.0282 (week 10), and 0.0117 (week 12); Figure 2A]. In addition, NMD-treated rats showed a significantly longer latency of paw withdrawal compared to control group, and the latency was 7.89 ± 0.46 at week 12 in NMD group, which was 1.27 times longer than control group [two-way repeated-measures ANOVA, Bonferroni’s post hoc test, p = 0.0475 (week 6), 0.0392 (week 8), 0.0412 (week 10), and 0.0337 (week 12); Figure 2B]. Therefore, long-term treatment with NMD after SCI attenuates pain-related behaviors.
[image: Figure 2]FIGURE 2 | Long-term treatment with NMD attenuates pain related behaviors. (A) Graph showing the withdrawal threshold of hind limbs from 6 to 12 weeks (NMD, n = 10; controls, n = 9). Two-way repeated-measures ANOVA, p < 0.05, F (1, 17) = 8.112; post hoc Bonferroni analysis *p < 0.05 at weeks 6, 10, and 12. p = 0.0249 (week 6), 0.0282 (week 10), and 0.0117 (week 12). (B) Graph showing the withdrawal latency of hind limbs from 6 to 12 weeks (NMD, n = 10; controls, n = 9). Two-way repeated-measures ANOVA, p < 0.05, F (1, 17) = 7.109; post hoc Bonferroni analysis *p < 0.05 at weeks 6, 8, 10, and 12. p = 0.0475 (week 6), 0.0392 (week 8), 0.0412 (week 10), and 0.0337 (week 12).
Long-Term Treatment With Nimodipine Alleviates Spasticity-like Symptoms
In both normal humans and rats, the amplitude of the H-reflex is attenuated by repeated activations at frequencies higher than 0.1 Hz (Thompson et al., 1992; Hultborn et al., 1996). Rate-dependent depression (RDD) is reduced in individuals with SCI, and this effect is a reliable indicator of spasticity (Grey et al., 2008; Boulenguez et al., 2010; Gong et al., 2021). We tested the RDD of the H-reflex at 12 weeks after SCI to assess whether long-term treatment with NMD alleviated spasticity-like symptoms. The improvement in RDD observed in NMD-treated animals was characterized by the presence of clear depression when the stimulation frequency increased, while the effect of depression was less obvious on control animals (Figure 3A). As shown in Figure 3B, the M-wave remained unchanged after different stimulation frequencies were applied. Figure 3C shows the average RDD of the H-wave for each group at each frequency as a percentage of the response at 0.1 Hz. A two-way repeated-measures ANOVA revealed statistically significant differences across stimulation frequencies [F (2.279, 45.57) = 161.6, p < 0.001] and across experimental groups [F (1, 20) = 12.04, p < 0.01] with a significant interaction between frequency and groups [F (4, 80) = 3.766, p < 0.01]. Post hoc comparisons suggested that the normalized amplitude of the H-reflex was significantly lower in the NMD group than in the control group at 0.5 Hz (81.4 ± 2.42 vs. 92.01 ± 3.21) (p = 0.0163), 1 Hz (68.9 ± 3.63 vs. 81.85 ± 4.66) (p = 0.0412), 2 Hz (55.12 ± 4.16 vs. 73.26 ± 4.83) (p = 0.0102), and 5 Hz (30.45 ± 2 vs. 46.85 ± 3.78) (p = 0.0016) (two-way repeated-measures ANOVA, Fisher’s post hoc test; Figure 3C). Based on these results, long-term treatment with NMD after SCI alleviates spasticity-like symptoms.
[image: Figure 3]FIGURE 3 | Long-term treatment with NMD alleviates spasticity-like symptoms. (A) Representative traces of M and H waveforms upon stimulation at 0.1, 0.5, 1, 2 or 5 Hz. (B) The RDD of the M wave in each group is shown (n = 11 rats in each group). Two-way repeated-measures ANOVA, p > 0.05, F (1, 20) = 1.513. (C) Graphs present the RDD of the H wave (n = 11 rats in each group). Two-way repeated-measures ANOVA, p < 0.01, F (1, 20) = 12.04; post hoc Fisher’s test, *p < 0.05 at 0.5, 1, and 2 Hz, **p < 0.01 at 5 Hz. p = 0.0163 (0.5 Hz), 0.0412 (1 Hz), 0.0102 (2 Hz), and 0.0016 (5 Hz).
Long-Term Treatment With Nimodipine Enhances Tissue Preservation and Perilesional Neuronal Sparing
Several lines of evidence indicate that NMD exerts a neuroprotective effect on different neurological diseases (Singh et al., 2016; Desai et al., 2020; Marcantoni et al., 2020); thus, we investigated the neuroprotective effect of NMD on SCI. We calculated the percent lesion area and found that the percentage in the NMD group (8.57 ± 0.57%, n = 11) was significantly lower than that in the control group (11.11 ± 0.78%, n = 11) at 12 weeks after SCI [unpaired t-test, t (20) = 2.628, p = 0.0161; Figures 4A,B]. Moreover, a significantly greater number of spared perilesional neurons was detected in rats treated with NMD (2883 ± 165.5, n = 11) than in the controls (2177 ± 165.1, n = 11) [unpaired t-test, t (10) = 3.021, p = 0.0129; Figures 4C–E]. These results suggest that long-term treatment with NMD reduces tissue degeneration.
[image: Figure 4]FIGURE 4 | Long-term administration of NMD reduces the lesion area and promotes sparing of perilesional neurons. (A) Injured spinal cord stained with HE showing the epicenter of the lesion at 12 weeks postinjury. (B) The mean lesion area (%) was quantified by considering the total volume of the spinal cord. NMD-treated rats showed a significantly reduced lesion area relative to controls (n = 11 rats in each group). Unpaired t-test, t (20) = 2.628, p = 0.0161. (C–D) Representative images of horizontal sections of injured spinal cord at 12 weeks post-SCI immunostained with the neuronal marker NeuN. The boxed region in each image is magnified in the corresponding panel c, d to show NeuN + neurons. (E) NMD-treated rats showed significantly higher perilesional neuronal sparing than controls (n = 6 rats in each group). Unpaired t-test, t (10) = 3.021, p = 0.0129.
Long-Term Treatment With Nimodipine Attenuates Gliosis in the Dorsal Horn of the Lumbar Spinal Cord
In rodent thoracic SCI, astrocytes and microglia are activated chronically in areas remote from the injury, e.g., the dorsal horn of the lumbar spinal cord, and are responsible for the development and maintenance of SCI-induced below-level neuropathic pain (Hains and Waxman, 2006; Hulsebosch et al., 2009; Gwak et al., 2012). In addition, NMD reduces CNS inflammatory responses (Schampel et al., 2017; Zamora et al., 2020). Our behavioral data indicated that long-term treatment with NMD ameliorates pain-related behaviors; thus, we investigated whether NMD reduced astrocyte and microglial activation in the dorsal horn of the lumbar spinal cord. Both astrocytes and microglia exhibited somatic hypertrophy and thickened branches in the control group, indicating an activated phenotype; however, this activated phenotype was less prominent in the NMD group. At the same time, we quantified the intensity of GFAP and found that the intensity in the NMD group (134 ± 3.71, n = 6) was significantly lower than that in the control group (157.5 ± 3.92, n = 6) [unpaired t-test, t (10) = 4.346, p = 0.0015; Figures 5A–C]. Moreover, we also quantified the percentage of GFAP+ area and found that the percentage in the NMD group (21.46 ± 0.53%, n = 6) was significantly lower than that in the control group (24.94 ± 0.65%, n = 6) [unpaired t-test, t (10) = 4.147, p = 0.002; Figures 5A–C]. Iba1 staining was performed to detect microglia and showed a significantly lower intensity in the NMD-treated rats (150.3 ± 3.73, n = 6) than in the controls (168 ± 5.64, n = 6) [unpaired t-test, t (10) = 2.612, p = 0.0259; Figures 5D–F]. However, no significant difference in the Iba1+ cell numbers was observed between groups [unpaired t-test, t (10) = 1.809, p = 0.1; Figures 5D–F]. Thus, long-term treatment with NMD after SCI reduces gliosis in the lumbar spinal cord.
[image: Figure 5]FIGURE 5 | Long-term administration of NMD reduces gliosis in the dorsal horn of the lumbar spinal cord. (A–B) Representative images of GFAP immunostaining in the dorsal horn of the lumbar spinal cord in control and NMD-treated rats. The boxed region in each image is magnified in the corresponding panel a, b. NMD treatment attenuated the increases in the area intensity and hypertrophy (insets) compared with controls. (C) The GFAP intensity and the percentage of GFAP + area were significantly smaller in the NMD-treated rats than in the controls (n = 6 rats in each group). Unpaired t-test, GFAP intensity, t (10) = 4.346, p = 0.0015; percentage of GFAP + area, t (10) = 4.147, p = 0.002. Arbitrary unit, a.u. (D–E) Representative images of Iba1 immunostaining in the dorsal horn of the lumbar spinal cord in control and NMD-treated rats. The boxed region in each image is magnified in the corresponding panel d, e. NMD treatment attenuated the increased area intensity and hypertrophy (insets) compared with controls. (F) The Iba1 intensity was significantly reduced in the NMD-treated rats compared with that in the controls (n = 6 rats in each group). Unpaired t-test, t (10) = 2.612, p = 0.0259. No significant difference in the Iba1+ cell numbers was observed between groups.
Long-Term Treatment With Nimodipine Reduces the Calcitonin Gene-Related Peptide Fiber Density in the Lumbar Spinal Cord
Previous studies indicate that sprouting of CGRP+ sensory afferent fibers into deeper dorsal horn laminae below the lesion site is associated with the development of pain behaviors (Krenz and Weaver, 1998; Ondarza et al., 2003). We quantified CGRP+ immunoreactivity profiles in the dorsal horn of the lumbar spinal cord to assess whether NMD reduced the sprouting of CGRP+ fibers after SCI. Our analyses revealed a significant reduction in the proportional area of CGRP+ axons in laminae I–II [39.3 ± 0.83% versus 43.57 ± 0.92%, t (10) = 3.445, p = 0.0063] and laminae III–V [6.23 ± 0.3% versus 7.9 ± 0.46%, t (10) = 3.063, p = 0.012] of the NMD group compared with the control group [unpaired t-test, n = 6 in each group; Figures 6A–C]. These data indicate that NMD administration after SCI reduces CGRP+ axon sprouting in the lumbar spinal cord, which is one of the mechanisms by which NMD therapy attenuates pain-related behaviors.
[image: Figure 6]FIGURE 6 | Long-term administration of NMD reduces CGRP+ fiber sprouting in the lumbar spinal cord. (A–B) Representative images of CGRP immunostaining in the L5 dorsal horn from control or NMD-treated rats. The boxed region in each image is magnified in the corresponding panel a, b showing CGRP+ fibers. (C) Long-term treatment with NMD reduces the proportional area of CGRP+ axons in lamina I–II and lamina III–V (n = 6 rats in each group). Unpaired t-test, lamina I–II, t (10) = 3.445, p = 0.0063; lamina III–V, t (10) = 3.063, p = 0.012.
Membrane Expression of K+–Cl− cotransporter 2 on Lumbar Motor Neurons in NMD-Treated Group is Higher Than in Injured Controls
SCI evokes an increase in intracellular free calcium levels, resulting in calpain activation, which has been suggested to be upstream of the downregulation of KCC2 on motor neurons after SCI (Ray et al., 2003; Plantier et al., 2019). Thus, we reasoned that membrane expression of KCC2 on lumbar motor neurons in NMD-treated group might be higher than in injured controls. We compared the immunofluorescence ratio for membrane and cytosolic expression of KCC2 between the control rats and the NMD-treated rats. Figure 7 shows ChAT and KCC2 immunostaining in lumbar motoneurons at 12 weeks after SCI in control (Figure 7A) or NMD-treated rat (Figure 7B). The membrane-cytosolic KCC2 ratio was significantly larger in the NMD group (5.08 ± 0.18) than in the control group (3.54 ± 0.17) [six motoneurons for each animal, n = 6 per group; unpaired t-test, t (70) = 6.188, p < 0.0001; Figure 7C]. This result suggests that membrane expression of KCC2 on lumbar motor neurons in NMD treated group is higher than in injured controls.
[image: Figure 7]FIGURE 7 | Membrane expression of KCC2 on lumbar motor neurons in NMD-treated group is higher than in injured controls. (A–B) Representative images showing ChAT (red) and KCC2 (green) immunolabeling in lumbar motoneurons of control (A) or NMD-treated rats (B). The boxed region in each image is magnified in the corresponding panel a, b to show KCC2 immunolabeling. (C) Mean pixel intensities of KCC2 motoneuronal membrane immunofluorescence normalized to a determined area of the cytosol. The membrane-cytosol KCC2 ratio was significantly larger in NMD-treated rats than in controls (circles or squares represent individual motoneurons; all groups contained six animals per group, and six motor neurons were analyzed per animal). Unpaired t-test, t (70) = 6.188, p < 0.0001.
Long-Term Treatment With Nimodipine Does Not Mitigate Rat Bladder Dysfunction
Regaining some level of bladder function is one of the highest priorities for the population with SCI (Anderson, 2004); thus, we also assessed whether long-term treatment with NMD affected bladder dysfunction. We examined spontaneous voiding ability by monitoring each rat daily and weekly to determine whether spontaneous voiding ability had recovered. We also collected and weighed the expressed urine once weekly during routine bladder expression in the morning. No significant differences in the weight of residual urine were observed between groups using two-way repeated-measures ANOVA [F (1, 20) = 0.1329, p = 0.7192; Figure 8A]. At 12 weeks post-SCI, 36.36% of the NMD-treated rats showed spontaneous voiding ability compared to 18.18% of the controls (two-tailed Fisher’s exact test, p = 0.6351, Figure 8B). Quantification of the bladder circumference, bladder weight, and thickness of the detrusor muscle showed no significant differences between groups (unpaired t-test, p > 0.05; Figures 8C–G). These data indicate that long-term treatment with NMD after SCI does not mitigate rat bladder dysfunction.
[image: Figure 8]FIGURE 8 | Long-term administration of NMD after SCI does not mitigate rat bladder dysfunction. (A) Plot of the residual urine weight over time (n = 11 rats in each group). No significant differences were observed between groups using two-way repeated-measures ANOVA [F (1, 20) = 0.1329, p > 0.05], but changes over time were significant [F (6.045, 120.9) = 17.12, p < 0.0001]. (B) At 12 w post-SCI, 36.36% of the NMD treated rats showed spontaneous voiding ability compared to 18.18% of the controls (n = 11 rats in each group). Two-tailed Fisher’s exact test, p > 0.05. (C) Representative images of bladders in control rats or NMD-treated rats. (D) Representative images of HE-staining of the bladder wall histology in the two groups. The black lines denote the thickness of the detrusor muscle. (E–G) Quantification of the bladder circumference, bladder weight, and thickness of the detrusor muscle in the two groups. Unpaired t-test, p > 0.05.
DISCUSSION
As shown in the present study, long-term administration of NMD after SCI improved locomotion, pain-related behaviors and spasticity-like symptoms in rats. We further illustrated that this pharmacological treatment resulted in higher tissue preservation, perilesional neuronal sparing, and membrane expression of KCC2 on lumbar motor neurons, and reduced gliosis and CGRP+ fiber sprouting in the lumbar spinal cord. These results suggest that NMD may be a potential therapeutic option for the treatment of SCI.
NMD efficiently passes the blood-brain barrier (Langley and Sorkin, 1989; Tomassoni et al., 2008). Thus, it has been increasingly recognized as a potential therapeutic approach for neurological diseases, including stroke, neurodegenerative diseases, traumatic brain injury, and SCI (Carlson et al., 2020; Desai et al., 2020; Marcantoni et al., 2020). NMD mainly acts on L-/T-type calcium channels (Gurkoff et al., 2013). In the CNS, subtypes of these channels, such as Cav1.2 or Cav1.3, are mainly expressed on neurons, where they shape neuronal firing and activate Ca2+-dependent pathways involved in the control of gene expression (Zamponi et al., 2015). Although the evidence is not strong, a previous study suggested that acute treatment with NMD for 1 week may improve neurological recovery after SCI (Ross et al., 1993). However, the T1 segment was compressed in that study, and the administration of NMD may worsen cardiovascular dysfunction, such as unstable blood pressure and hypotension, that develop after high-level SCI (Phillips and Krassioukov, 2015). Additionally, a study using equivalent doses for humans in baboons has shown that the administration of NMD for 1 week after SCI enhances spinal cord blood flow and limits the size of the spinal cord lesion (Pointillart et al., 1993). Consistent with previous reports, we found a significantly smaller lesion size, greater perilesional neuronal sparing and better locomotor function in rats treated with NMD than in the control rats. Increased tissue sparing is associated with higher locomotor scores (Basso et al., 1996). Thus, the effect of NMD on locomotor scores may be explained by increased tissue sparing. We observed that the effect of NMD on BBB scores was evident during the chronic phase of recovery. In fact, 25 mm contusion injury is a moderate-to-severe SCI model because the rats display flaccid paralysis early after injury and some rats do not regain the ability to take weight supported steps at 6 weeks after SCI (Basso et al., 1996). Although NMD may have some effect, however, the damage is severe early after 25 mm SCI which may outweigh the therapeutic effect of NMD. Unlike another calcium channel blocker GBP (Sun et al., 2020), NMD improves locomotor function without affecting spontaneous open-field activity. We chose to administer NMD for 6 weeks because a previous study suggested that 6 weeks treatment may blunt secondary injury changes (Marcantoni et al., 2020). However, further studies are required to explore the safety and efficacy of longer treatment duration such as 12 weeks treatment. Of note is that the locomotor recovery for control animals in the present study is somewhat worse than that of untreated animals subjected to similar severity of injury (25 mm contusion) in previous study (Basso et al., 1996). Strain and BW differences may account for different outcomes between the current and previous work. Notably, rats recover from SCI in a strain-specific manner (Mills et al., 2001; Kjell and Olson, 2016). In addition, the overall size of the thoracic spinal cord changes with the size of rats and the same contusion on a larger spinal cord produces a milder damage than on a smaller spinal cord (Fouad et al., 2020). In the present study Sprague-Dawley rats weighing 260–300 g were used, whereas in the previous study Long-Evans rats weighing 265–415 g were used. We recorded hind limb grip strength and open-field spontaneous activity after SCI to assess the possible side effect of NMD, but no differences were observed in these measurements between groups. Together, these results indicate that long-term therapy with NMD exerts neuroprotective effects after SCI.
The application of the Von Frey test requires weight support, as evidenced by a score of 9 during BBB locomotor scoring (Detloff et al., 2010; Fouad et al., 2020). This criterion ensures that the behavioral test match but not surpass the functional capacity of the animals being tested (Fouad et al., 2020). In the present study, most SCI-rats in NMD (10/11) and control groups (9/11) recovered to this level (BBB score 9) at week 6 after injury. Therefore, sensory tests began at week 6 after SCI. The effect of NMD on neuropathic pain seems to be explained by multiple factors. First, strong evidence that L-/T-type calcium channels are involved in neuropathic pain has been documented (Favereaux et al., 2011; Garcia-Caballero et al., 2014; Radwani et al., 2016). Thus, the blockade of these calcium channels may exert analgesic effects. Second, several reports have shown that NMD may suppress astrocyte and microglial activation (Schampel et al., 2017; Zamora et al., 2020). Indeed, a previous study suggested that the administration of NMD for 7 days attenuates spinal cord inflammation after SCI (Jia et al., 2015). Based on our data, the intensity of GFAP and Iba1 staining and the percentage of GFAP+ area in the dorsal horn of the lumbar cord were significantly decreased in animals treated with NMD compared to the controls at 12 weeks after SCI. Thus, the regulation of astrocytes or microglial function may also contribute to the restored nociceptive thresholds observed in the NMD group. Third, sprouting of CGRP+ fibers into deeper dorsal horn laminae below the lesion site is associated with the development of pain behaviors (Krenz and Weaver, 1998; Ondarza et al., 2003). We observed that the sprouting of CGRP+ fibers in the lumbar spinal cord was reduced in NMD-treated rats compared with controls. This phenomenon is similar to previous study using GBP to treat maladaptive plasticity after SCI (Brennan et al., 2021), however, the detailed mechanisms that both drugs inhibit CGRP+ sensory fiber growth remain to be investigated. We noted that the Von Frey test was not significant different between the two groups at week 8 but was prior and afterwards. The possible reason is that the variations of the pain-related behaviors at some time point are too large (Kjell et al., 2013; Dugan and Sagen, 2015; Gaudet et al., 2017). Together, these results suggest that long-term treatment with NMD after SCI attenuates pain-related behaviors.
One of the novel findings in this study was that the membrane expression of KCC2 on lumbar motor neurons in NMD treated group is higher than in injured controls. Following SCI, the increased intracellular calcium concentration and excessive calcium influx through L-type calcium channels may promote the activation of calcium-dependent calpains to decrease KCC2 expression on the lumbar motoneuronal membrane (Boulenguez et al., 2010; Plantier et al., 2019). Thus, the administration of NMD may mitigate this phenomenon by blocking calcium channels. Indeed, a significantly higher membrane-cytosol ratio of KCC2 expression on the lumbar motor neurons was observed in the NMD-treated rats than in the controls at 12 weeks after SCI. A reduction in KCC2 expression on the lumbar motor neurons after SCI is associated with spasticity (Boulenguez et al., 2010; Plantier et al., 2019). In our study, NMD-treated rats showed attenuated spasticity-like symptoms, as evidenced by the restored RDD of the H-reflex. Consistent with a previous report (Marcantoni et al., 2020), these data suggest that long-term treatment with NMD after SCI might be a potential therapeutic strategy for the treatment of spasticity.
Long-term administration of NMD did not result in significant difference in survival rate, BW, hind limb grip strength, and the open-field spontaneous activity between the two groups, suggesting that NMD may be used in a long term. However, the safety and the possible side effects of the treatment needs further investigation. In addition, NMD treatment did not mitigate bladder dysfunction after SCI. Perhaps because the calcium channels expressed on bladder muscle are associated with muscle contraction (Zamponi et al., 2015), blockade of these channels may induce partial bladder weakness; however, this hypothesis remains to be thoroughly examined.
Our study has several limitations. First, we only used female rats because manual expression of the bladder is more easily accomplished due to the shorter and wider urethra in females than in male rats. Thus, further exploration is required to determine whether long-term therapy with NMD promotes functional recovery in male rats. In addition, it remains unknown whether estrous cycle adds to variability in pain-related behaviors (Mogil and Chanda, 2005). Therefore, estrous cycle need to be monitored in the future study to ascertain whether the stage of estrus could have any implications in the treatment efficiency or possible variations. Second, as noted above, high-level SCI, especially injuries at or above the T6 spinal segments, may result in neurogenic shock, e.g., hypotension. Therefore, the use of NMD alone to treat high-level SCI seems to be limited. Third, we did not examine the route and the optimal dose of NMD for SCI. However, after considering allometric scaling, the dose of 10 mg/kg BW in rats would be equivalent to 1.6 mg/kg BW in humans (Nair and Jacob, 2016), which is in the normal range of approved doses of NMD for patients with SAH (Steiner et al., 2013). Thus, the dose used in this study seems reasonable. In addition, oral intake of NMD should also be investigated, since NMD administration through this route has been approved.
CONCLUSION
This study suggests that long-term treatment with NMD can promote functional recovery after SCI in rats, presumably due to its actions on tissue preservation, gliosis and CGRP+ fiber sprouting in the lumbar spinal cord, and expression of KCC2 on lumbar motor neurons. Due to the increasing interest in its possible usefulness in neurological diseases (Schampel et al., 2017; Carlson et al., 2020; Desai et al., 2020; Marcantoni et al., 2020), our data indicate that NMD may merit additional study as a possible therapeutic agent for the treatment of SCI.
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