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Pain (nociceptive) input soon after spinal cord injury (SCI) expands the area of tissue loss (secondary injury) and impairs long-term recovery. Evidence suggests that nociceptive stimulation has this effect because it promotes acute hemorrhage. Disrupting communication with the brain blocks this effect. The current study examined whether rostral systems exacerbate tissue loss because pain input drives an increase in systolic blood pressure (BP) and flow that fuels blood infiltration. Rats received a moderate contusion injury to the lower thoracic (T12) spinal cord. Communication with rostral processes was disrupted by cutting the spinal cord 18 h later at T2. Noxious electrical stimulation (shock) applied to the tail (Experiment 1), or application of the irritant capsaicin to one hind paw (Experiment 2), increased hemorrhage at the site of injury. Shock, but not capsaicin, increased systolic BP and tail blood flow in sham-operated rats. Cutting communication with the brain blocked the shock-induced increase in systolic BP and tail blood flow. Experiment 3 examined the effect of artificially driving a rise in BP with norepinephrine (NE) in animals that received shock. Spinal transection attenuated hemorrhage in vehicle-treated rats. Treatment with NE drove a robust increase in BP and tail blood flow but did not increase the extent of hemorrhage. The results suggest pain input after SCI can engage rostral processes that fuel hemorrhage and drive sustained cardiovascular output. An increase in BP was not, however, necessary or sufficient to drive hemorrhage, implicating other brain-dependent processes.
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INTRODUCTION

After initial insult to the spinal cord (primary injury), the area of cell death expands, potentially doubling the area of injury (secondary injury). The extent of primary injury varies with the severity of impact to the spinal cord and is irreversible. Secondary injury however, depends on the neurobiological processes that unfold over hours to days following the primary injury (McVeigh, 1923; Ducker et al., 1971; Beattie et al., 2002; Hausmann, 2003). Microglial activation, inflammation, vascular destruction, and necrotic cell death have been shown to contribute to the deleterious consequences of secondary injury (Mautes et al., 2000; Alizadeh et al., 2019). Expansion of secondary injury has been linked to symptoms of allodynia, hyperalgesia, and poor functional recovery (Hook et al., 2017; Turtle et al., 2017). Indeed, current research suggests that these dynamic processes can not only be alleviated but prevented (Simard et al., 2010; Lee et al., 2014, 2015, 2018). By targeting the mechanisms that underlie secondary injury, we can potentially suppress the expansion of cell death and improve functional outcomes.

Through the use of a clinically relevant animal (rat) model, we have explored the effects of pain (nociceptive) input on secondary injury using electrical stimulation applied to the tail at an intensity that engages C-fibers (Crown et al., 2002; Ferguson et al., 2006; Baumbauer et al., 2008) or applying the irritant capsaicin to the hind paw (Turtle et al., 2018). We have shown that nociceptive input soon after a contusion injury (24–96 h) expands the area of secondary injury and impairs long-term recovery (Grau et al., 2004; Turtle et al., 2017, 2018). Recent work has linked the latter effects to nociceptive-induced hemorrhage at the injury site (Turtle et al., 2019). Following noxious stimulation, histopathological analyses revealed evidence of capillary fragmentation, the upregulation of the Sur1-Trpm4 channel complex known to be involved in the development of hemorrhage and enlarged areas of tissue loss (Turtle et al., 2019). The acute failure of the microvasculature suggests the involvement of the auto-destructive process known as progressive hemorrhagic necrosis (PHN) that results in the expansion of the hemorrhagic lesion (Simard et al., 2013). This effect has been linked to the breakdown of the BSCB, which allows blood to infiltrate and cause further damage to the neural tissue (Lee et al., 2014, 2015).

Other studies have related tissue loss after injury to a rise in blood pressure (BP; Guha et al., 1989; Nielson et al., 2015). Noxious electrical stimulation has been shown to induce an elevation in BP (Snow et al., 1978; Lindan et al., 1980; Karlsson, 1999; Canon et al., 2015) which could increase blood-brain barrier permeability (Heistad and Marcus, 1979; Ito et al., 1980; Hardebo and Beley, 1984). The hemodynamic response to noxious stimulation could be mediated by direct projections from the mid-thoracic (T1–T6) spinal cord through sympathetic fibers (Krassioukov et al., 2003; Rabchevsky, 2006). Indeed, when communication with the brain is cut by means of rostral (e.g., T2) transection, noxious stimulation can lead to an unregulated spike in BP and heart rate (HR), a process that is symptomatic of autonomic dysreflexia (AD; Marsh and Weaver, 2004; Eldahan and Rabchevsky, 2018). Alternatively, brain-dependent processes could drive a destructive rise in BP. Spinal cord injury also leads to dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis, leading to increased release of stress hormones and other systemic effects that could affect tissue survival at the site of SCI (Lucin et al., 2007, 2009).

In a prior article, we examined whether systems rostral to T2 impact pain-induced hemorrhage after SCI by surgically cutting (transecting) communication with the brain at T2 18 h after animals received a lower thoracic (T12) contusion injury (Reynolds et al., 2019). Based on prior work (Crown and Grau, 2005), we hypothesized that brain systems exert a homeostatic effect that would counter pain-induced overexcitation and cell death at the site of injury. Contrary to our expectations, a T2 transection blocked shock-induced activation of pro-inflammatory cytokines[tumor necrosis factor, interleukin 1ß (IL-1ß), IL-18] and signals related to cell death (caspase 1; Reynolds et al., 2019). A T2 transection also blocked shock-induced hemorrhage. The present paper extends this work by showing that a T2 transection blocks capsaicin-induced hemorrhage (Experiment 2).

The fact a rostral spinal cord transection blocks nociception induced hemorrhage implicates afferent sensory fibers, that engages a brain-dependent process that fuels the break-down of the blood spinal cord barrier and the subsequent infiltration of blood at the site of injury. We hypothesized that this destructive effect may be linked to a systemic rise in systolic blood pressure and/or flow, engaged by rostral processes in response to pain and/or stress. If this is true, a spinal transection should block both increased cardiovascular output and hemorrhage (Experiments 1 and 2). Conversely, artificially driving a rise in BP, by pretreating animals with the adrenergic agonist norepinephrine (NE), should substitute for the brain-dependent effect, driving hemorrhage in transected rats exposed to shock (Experiment 3). Alternatively, nociceptive input may impact cardiovascular function through sympathetic fibers caudal to T2. In this case, noxious stimulation would be expected to drive a rise in blood pressure in transected rats and imply that the brain produces hemorrhage by engaging other processes.



MATERIALS AND METHODS


Subjects

Adult male Sprague-Dawley rats (N = 108), purchased from Envigo (Houston, Texas) were used. They weighed 375 g ± 3.09 (mean ± SE) and were acclimated to their holding environment for at least 7 days prior to experimentation. Prior to surgery, rats were dual housed, with food and water ad libitum and maintained on a 12-h light/dark cycle with all behavioral testing performed during the light cycle. All experiments were carried out in accordance with NIH standard for the care and use of laboratory animals (NIH publications No. 80-23) and were approved by the University Laboratory Animal Care Committee at Texas A&M University. Every effort was made to limit the number of animals and minimize unnecessary suffering.



Spinal Contusion

Rats were anesthetized with a 5% isoflurane and maintained at 2–3% isoflurane during surgery. After they were shaved and the surgical site cleaned with iodine and alcohol, a single longitudinal incision was made, extending approximately 3 cm over to the injury site. Two longitudinal incisions were made on either side of the vertebral column cut to the depth of the rib cage. One cm lateral incisions were made immediately below the T10 vertebra and above the T13 vertebra. After clearing the tissue, a laminectomy was performed at the T10-T11 vertebral level. The New York University (NYU) Multicenter Animal Spinal Cord Injury Study (MASCIS) device was used to perform the contusion injury (Gruner, 1992). Clamps were used to secure the spinal cord, and the 10-g impactor was centered on the lesion site. The drop height was set at 12.5 mm. After impact, the wound was closed with Michel clips. To prevent urinary tract infection and compensate for fluid loss, animals received 100,000 units/kg of penicillin and 3 ml of saline intraperitoneal (i.p.) after surgery.

Animals were given 18 h to recover in a temperature-controlled room (25°C). Food and water were available ad libitum. The rats’ bladders were expressed twice daily and immediately after all BP time points. After experimentation was complete, all animals were euthanized with a lethal dose of pentobarbital [100 mg/kg; i.p.].



Spinal Transection

The animals underwent a spinal transection 18 h after the contusion injury. Anesthesia was induced with 5% isoflurane gas and maintained at 2–3% isoflurane throughout the procedure. Their heads were then secured in a stereotaxic apparatus. The skin over the upper thoracic region was shaved and disinfected with iodine and alcohol. A longitudinal incision was made over the second thoracic vertebrae (T2) and the tissue just rostral to T2 was cleared away. At this point, the sham rats had their wound closed with Michel clips. The remaining rats had their spinal cord transected with a cautery device and the wound was closed using Michel clips. All animals then received 3 ml of saline (i.p.). The transections were visually confirmed post-mortem at the time of sacrifice.



Uncontrollable Electrical Stimulation

Rats were loosely restrained in an opaque Plexiglass tube and placed in an acoustic isolation chamber. An electrode, fashioned from a modified fuse clip, was coated with electrode paste and taped to the tail. Animals received six minutes of electrical stimulation applied through the electrode to the tail (180 stimuli; 100 ms; 0.2–3.8 s ISI) at an intensity known to engage C-fibers (1.5 mA; Thompson et al., 1990; Hathway et al., 2009). Rats in the unshock group received the same treatment without the electrical stimulation.



Peripheral Capsaicin Injection

Rats were loosely restrained in an opaque plexiglass tube and 3 percent capsaicin dissolved in vehicle solution [Tween-20 (5%), EtOH (5%), and saline (90%)] was injected (50 μl) intradermally into the dorsal surface of the hind paw with a 27-gauge needle. Controls were injected with an equal volume of vehicle solution. Animals were randomly injected on the left or right paw. Animals were left in the plexiglass tubes for 6 min to equate the treatment time across experiments.



Non-invasive Blood Pressure Measurement

Testing was performed in a warm room (27°C) with dim lighting. Rats were placed in a clear acrylic tube with a black adjustable nose cone atop a warming platform (Kent Scientific). The rats were acclimated to the BP apparatus for 5 min. Then, an occlusion cuff and Volume Pressure Recording (VPR) cuff were secured at the base of the tail. After five additional minutes of acclimation to the apparatus and cuffs, the subjects underwent 15 cycles of BP measurement (Kent Scientific). Blood pressure was obtained using the CODA High Throughput Noninvasive Blood Pressure system and data acquisition software. The program was set to automatically inflate and deflate the cuffs for 15 s with 5 s between each cycle. The maximum occlusion pressure was set at 250 mmHg with a deflation time of 20 s and a minimum volume of 15 μl. Tail temperature was monitored with an infrared thermometer aimed at the base of the tail. Care was taken to maintain the rats at a constant temperature (approximately 33°C) during testing with a warming blanket placed over the tail, when necessary, to increase temperature. To cool the rats, a dampened paper towel was placed over the tube. Blood pressure was assessed in the minutes before treatment and 0, 1, 2, and 3 h after. This non-invasive BP method has been validated for accuracy of measurement in rodents (Feng et al., 2008).

Six measures of cardiovascular function were obtained: systolic BP, diastolic BP, mean arterial BP, heart rate, tail blood flow, and tail blood volume. Preliminary analyses of the baseline values, and the change observed after treatment, showed that the three measures of BP were highly correlated (all r’s > 0.905, p < 0.0001). Due to this redundancy, only one measure (systolic BP) is presented. Likewise, tail blood flow and volume were highly correlated (r’s > 0.954, p < 0.0001). For this reason, and because tail blood flow has proven to be more reliably related to our experimental effects, we present blood flow. Finally, because a pain-induced rise in heart rate was not strongly correlated with the changes observed in systolic BP and blood flow (all r’s < 0.404), it too is presented.



Norepinephrine Injection

After shock treatment, animals were transferred to BP tubes and given a 2 ml subcutaneous injection of norepinephrine (0.1 mg/kg) or vehicle (saline) to the trunk. The first assessment of BP was conducted immediately after administration of drug. The dosage used was based on pilot work demonstrating it produces an increase in systolic BP comparable to that induced by noxious electrical stimulation (Johnston et al., 2021).



Behavioral Testing

Baseline locomotor performance was scored 18 h after SCI, and before the transection surgery, using the Basso, Beattie, and Bresnahan (BBB) scale (Basso et al., 1995). In all cases, there were no group differences prior to spinal transection (all Fs <2.73, p > 0.05). BBB was not assessed after spinal transection due to the complete nature of the injury.



Tissue Collection and Protein Extraction

Rats were sacrificed with a lethal injection of pentobarbital (100 mg/kg; i.p.). One cm of spinal tissue centered over the injury site was collected. The collected tissue was then flash frozen in liquid nitrogen and stored in −80°C. The protein was isolated from the collected spinal tissue using Trizol RNA extraction followed by a protein extraction procedure using the Qiagen kit.



Spectrophotometry

Approximately 1.5 μl of protein extract was placed on the spectrophotometer (NanoDrop, Thermo Scientific), and aa full spectral analysis was done [from 200 to 800 nanometers (nm)]. Absorbance values at 420 nm, run in triplicate, were used as a measure for hemoglobin content (Turtle et al., 2019).

Hemoglobin content at the site of injury was also assessed with Drabkin’s assay, which is based on cyanomethemoglobin colorimetry (Sadie, 1920; van kampen and Zijlstra, 1961; Choudhri et al., 1997). Twenty microliter of sample protein was processed in 80 μl of a Drabkin’s-Tween20 solution (2% Tween20). The samples were then sonicated for 30 s on ice and incubated for 30 min. After centrifugation (10,000 g at 15°C for 25 min), 1.5 μl of the sample was placed on the spectrophotometer and measured at 540 nm for blood content.



Western Blot

The concentration of the extracted protein was measured using the Bradford assay. The samples were diluted to a final concentration of 3 μg/μl in 4× Lamelli buffer. Western blotting was performed using a 26-well 12% Tris-HCL Criterion precast gels (BioRad, Hercules, CA) according to manufacturer’s instructions. The diluted samples were heated to 95°C for 10 min and centrifuged for a quick spin cycle (3–5 s). Then, equal amounts of the protein (30 μg) were loaded into each well. After the addition of SDS-PAGE running buffer, electrophoresis was performed at 180 V for approximately one hour. Proteins were then transferred onto a polyvinylidene difluoride (PVDF; Millipore, Bedford, MA) membrane for one hour in an ice bucket at 100 V in cold transfer buffer. The membrane was then blocked in 5% blotting-grade milk (BioRad, Hercules, CA) for one hour prior to overnight incubation in primary antibodies hemoglobin α [1:1,000; Abcam (Cambridge, MA) ab92492; RRID: AB10561594], Lamin B1 (1:1,000; Abcam ab16048; RRID: AB443298), and Beta Tubulin [1:5,000; Upstate (Lake Placid, NY) RRID: AB309885 at 4°C. After three washes in Tris-buffered saline and Tween-20 (TBST) at 10 min each, the blots were incubated for one hour in HRP-conjugated goat anti-rabbit secondary antibodies [1:5,000; Thermo Scientific (Rockford, IL); RRID: AB228341 or HRP-conjugated goat anti-mouse [1:5,000; Pierce Biotech (Rockford, IL); RRID: AB258492] at room temperature. Finally, the blots were washed for another 3 × 10 min series in TBST and developed using electrochemiluminescence (ECL; Pierce, Rockford, IL). The blots were imaged with Fluorchem HD2 (ProteinSimple, Santa Clara, CA) and were analyzed by calculating the ratios of the integrated densitometry of each protein of interest to the loading control (lamin B1 or beta tubulin), then normalizing this ratio to a control group (run on the same blot) that did not receive nociceptive treatment (in the first two experiments) or drug (in experiment 3).



Experimental Designs


Experiment 1

Thirty-two rats received a moderate T12 contusion injury and eighteen hours later, half of the subjects were randomly assigned to undergo a T2 transection surgery. Twenty-four hours after the original contusion injury, half of the animals in each group received six minutes of intermittent shock to the tail or an equal period of restraint (Figure 1A). Cardiovascular function was assessed immediately before spinal transection and at hourly intervals for 3 h after shock treatment. Finally, rats were sacrificed for tissue collection. The full design involved a full 2 (Sham vs. Transection) × 2 (Shock vs. Unshock) factorial (n = 8).
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FIGURE 1. Noxious electrical stimulation increased BP and hemorrhage after a lower thoracic contusion injury and this effect was blocked by a spinal transection. (A) Experimental design and timeline for experiment 1. (B) Sham-operated rats that received electrical stimulation (Shk) exhibited higher systolic blood pressure over the next 3 h (T0–T3). Transection surgery blocked this effect. (C) Rats treated with electrical stimulation exhibited higher heart rate over the 3 h. (D) Both transected groups and the sham-operated rats that received shock displayed a significant increase in tail blood flow. Sham-operated unshocked animals remained unchanged. (E) Quantification of peak absorbance at 420 nm (the wavelength associated with hemoglobin). Sham shocked rats showed a higher peak absorbance than unshocked rats. Transection surgery blocked this effect. (F) Quantification of hemoglobin content based on formation of cyanomethemoglobin (Drabkin’s assay). Tissue from sham shocked rats contained a higher concentration of hemoglobin relative to animals that had undergone a spinal transection. (G) Immunoblot quantification for hemoglobin showed that tissue samples from sham-operated rats that received shock had higher levels of hemoglobin relative to both the sham-operated unshocked group and both groups that received a transection. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, n = 8). An asterisk placed over a group indicates that the group differs from all the others. Error bars represent the standard error of the mean (SEM).





Experiment 2

Thirty-two rats received a contusion injury and 18 h later half the subjects (randomly assigned) had the spinal cord transected at T2. The remaining contused rats underwent a sham surgery. Six hours later, half of the animals in each condition were treated with capsaicin while the remaining rats received vehicle. BP and tail blood flow were assessed as described above. Three hours after capsaicin treatment, the animals were sacrificed and tissue was collected (Figure 2A). The experiment involved a 2 (Sham vs. Transection) × 2 (Capsaicin vs. Vehicle) factorial design (n = 8).
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FIGURE 2. Application of the irritant capsaicin to a hind paw increased hemorrhage after a lower thoracic contusion injury and this effect was blocked by a spinal transection. (A) Experimental design and timeline for experiment 2. (B) Application of capsaicin (Cap) to one hind paw did not induce a change in systolic blood pressure. (C) Capsaicin-treated rats exhibited a higher heart rate throughout the 3 h. (D) Only transected rats exhibited a significant rise in tail blood flow after capsaicin treatment. (E) Sham-operated rats that were treated with capsaicin exhibited greater absorbance at 420 nm for hemoglobin. Transection surgery blocked this effect. (F) Drabkin’s assay and western blot (G) showed similar results. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, n = 8). An asterisk placed over a group indicates that the group differs from all the others. Error bars represent the standard error of the mean (SEM).





Experiment 3

Thirty-two rats received a contusion injury and were randomly assigned to receive either a rostral transection surgery or sham surgery 18 h later. Six hours later, BP was assessed and all the rats in each condition received shock. Next, half of the rats in each condition were injected with NE. The remaining animals were given its vehicle. Cardiovascular function and hemorrhage were assessed as described above (Figure 3A). The experiment involved a 2 (Sham vs. Transection) × 2 (NE vs. Vehicle) factorial design (n = 8).
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FIGURE 3. Norepinephrine increased blood pressure in transected but not sham-operated rats. This significant rise did not induce hemorrhage at the injury site. (A) Experimental design and timeline for experiment 3. (B) Sham-operated shocked rats exhibited a rise in systolic blood pressure relative to vehicle-treated shocked animals that were transected. Transected rats that were given NE exhibited the greatest increase in BP. (C) Sham-operated rats exhibited greater heart rate throughout testing. Transected rats that received vehicle exhibited the lowest heart rate throughout the 3 h. (D) Spinally transected animals exhibited higher levels of tail blood flow, relative to sham-operated rats. NE increased tail blood flow in transected, but not sham-operated, rats. (E) Spectrophotometry results at 420 nm for hemoglobin revealed that sham-operated shocked rats exhibited greater absorbance, relative to the transected animals. NE had no effect. (F) Drabkin’s assay and western blot (G) showed a similar pattern. Only sham-operated rats showed an increase in hemoglobin content and expression at the injury site. Asterisks indicate statistical significance (*p < 0.05, **p < 0.01, ***p < 0.001, n = 8). An asterisk placed over a group indicates that the group differs from all the others. Error bars represent the standard error of the mean (SEM).




Statistics

All data were analyzed using analysis of variance (ANOVA) or analysis of covariance (ANCOVA). Differences between group means were assessed using Duncan’s New Multiple Range post hoc tests when necessary. To control for variability in labeling across blots, this factor was entered in our analyses for western blotting.






RESULTS


Experiment 1: Spinal Transection Blocked the Shock-Induced Increase in Systolic Blood Pressure and Hemorrhage

Past work has shown that a rise in BP can increase tissue loss and impair long-term recovery after SCI (Guha et al., 1989; Nielson et al., 2015). Noxious stimulation leads to a rise in BP that could fuel hemorrhage (Snow et al., 1978; Canon et al., 2015). We hypothesized that cutting communication with the brain blocks the nociception-induced rise in systolic BP, protecting against the consequences of prolonged elevated BP. Alternatively, work on AD suggests that nociceptive input can induce a rise in BP, through the disruption of descending modulating pathways and the resulting unregulated control of sympathetic reflexes. To study this phenomenon, researchers typically cut communication with the brain by means of a high thoracic (T1–T6) transection, an experimental treatment that can enhance the effect of noxious stimulation on cardiovascular function (Laird et al., 2006; Rabchevsky et al., 2012; West et al., 2015, 2016). If this process contributes to the nociception-induced rise in BP in our paradigm, cutting the spinal cord should promote rather than block the effect.

Prior to transection surgery (Baseline), systolic BP ranged from 104.78 ± 9.68 to 107.52 ± 7.21 (mean ± SE) across groups. These differences were not statistically significant, all Fs <1.0, p > 0.05. Analysis of systolic BP across the three hours showed that contused rats that were not transected (Sham) exhibited higher systolic BP after shock (Shk) treatment (Figure 1B). This phenomenon was blocked by a rostral transection. An analysis of covariance (ANCOVA), with baseline systolic BP serving as the covariate, confirmed that the effect of shock treatment depended upon whether animals had received a spinal transection, F(1, 27) = 6.66, p = 0.0156 (η2 = 0.148). Post hoc comparisons of the group means showed that the sham-operated group that received shock (Sham Shk) differed from the other three (p < 0.05). No other group comparisons were significant (p > 0.05).

Baseline heart rate ranged from 233 ± 24.9 to 282 ± 20.4 (mean ± SE) across groups. These differences were not statistically significant, all Fs <1.0, p > 0.05. The sham-operated shocked rats (Sham Shk) exhibited greater heart rate throughout the 3 h (Figure 1C). An ANCOVA with baseline heart rate serving as a covariate revealed a main effect of transection, F(1, 27) = 6.336, p = 0.0181 (η2 > 0.177). Post hoc comparisons revealed a significant difference between the sham-operated shocked rats and the transected unshocked rats. There was also a main effect of time and an interaction between time and baseline heart rate, Fs >2.79, p < 0.0458. No other comparisons were significant (p > 0.05).

Before spinal transection (Baseline), tail flow ranged from 3.64 ± 1.04–4.98 ± 4.58 (mean ± SE) and did not differ between groups, all Fs <1.0, p > 0.05. Analysis of flow over the 3 h of testing showed that the sham-operated shocked rats (Sham Shk) and the transected rats (Trans Unshk and Trans Shk) exhibited an increase in tail blood flow after treatment (Figure 1D). An ANCOVA, with baseline flow serving as the covariate, revealed a between subjects main effect of transection surgery, and an interaction between shock treatment and transection, both Fs >9.142, p < 0.0054 (η2 > 0.153). Post hoc comparisons of the group means revealed a significant difference between the sham-operated unshocked group (Sham Unshk) from the other three, and a difference between the sham-operated shocked group (Sham Shk) and transected unshocked group (Trans Unshk; p < 0.05). There was also a within subjects main effect of time, F(3, 81) = 5.639, p = 0.0015, and a trend for significance between time and group (p = 0.0604). No other comparisons were significant (p > 0.05).

Blood content from tissue at the site of injury was first assessed by measuring absorbance at 420 nm (the absorbance peak for hemoglobin; Sadie, 1920; van kampen and Zijlstra, 1961; Choudhri et al., 1997; Turtle et al., 2019). Contused rats that were not transected exhibited greater absorbance relative to the sham unshocked group and both transected groups. Shock treatment had no effect on absorbance in transected rats. An ANOVA showed that the main effects of transection and shock treatment were statistically significant both Fs > 5.060, p < 0.0325 (η2 > 0.094). The interaction between these variables approached significance, F(1, 28) = 3.77, p = 0.0623. Post hoc comparisons confirmed that the non-transected (Sham) group that received shock differed from the other three groups (p < 0.05; Figure 1E).

A similar pattern was obtained with the Drabkin’s assay, with transected animals exhibiting lower hemoglobin content at the site of injury, F(1, 28) = 9.046, p = 0.0055 (η2 > 0.067). Post hoc comparisons found that the two non-transected groups differed from the transected groups (p < 0.05; Figure 1F).

Alpha hemoglobin was also assessed using western blotting. Again, contused rats that were not transected (Sham) and received shock exhibited a higher concentration of hemoglobin relative to both the unshocked groups and transected rats that received shock (Figure 1G). An ANCOVA, with blot serving as a covariate, confirmed that shock and transection had a significant effect, both Fs > 7.64, p < 0.01 (η2 > 0.082). Post hoc comparisons showed that the non-transected group given shock differed from the other three groups (p < 0.05). There were no other significant group comparisons (p > 0.05).



Experiment 2: Spinal Transection Blocked Capsaicin-Induced Hemorrhage

Experiment 1 showed that nociceptive input caudal to a contusion injury produces an increase in BP and hemorrhage. Both effects were blocked by a rostral transection. To evaluate the generality of these findings, we tested another clinically relevant pain model, the irritant capsaicin. This irritant was chosen due to its common use in the pain literature (Simone et al., 1989; Lamotte et al., 1991; Hook et al., 2008; Huang et al., 2016) and its specific engagement of nociceptive fibers that express the TRPV1 receptor. In previous work, we have shown that capsaicin treatment induces enhanced mechanical reactivity (EMR) and engages cellular indices of nociceptive sensitization (Grau et al., 2012; Turtle et al., 2018). The present experiment examines whether capsaicin induces an increase in BP and hemorrhage, and whether these effects are blocked by spinal transection.

Prior to transection surgery (Baseline), systolic BP ranged from 99.27 ± 7.09 to 101.88 ± 10.31 (mean ± SE) across groups. These differences were not statistically significant, all Fs <1.0, p > 0.05. Contused animals that were treated with capsaicin showed no change in BP independent of whether or not they received a spinal cord transection (Figure 2B). An ANCOVA confirmed that neither capsaicin nor spinal transection had a significant effect, all Fs <1.0, p > 0.05.

Baseline heart rate ranged from 213 ± 17.8 to 243 ± 26.8 (mean ± SE) across groups. These differences were not statistically significant, all Fs <2.3, p > 0.05. Rats that were treated with capsaicin displayed a greater heart rate throughout the 3 h (Figure 2C). An ANCOVA with baseline heart rate serving as the covariate revealed a main effect of capsaicin treatment, F(1, 27) = 18.312, p = 0.0002 (η2 > 0.377). Post hoc comparisons of the group means showed that the two capsaicin-treated groups differed from those that received vehicle (p < 0.05). No other comparisons were significant (p > 0.05).

Before transection, tail blood flow ranged from 2.68 ± 0.417 to 4.54 ± 2.17 (mean ± SE) and did not differ between groups, all Fs <1.0, p > 0.05. Analysis of tail blood flow over time showed that the transected rats had significantly higher flow than sham-operated rats (Figure 2D). An ANCOVA, with baseline flow serving as the covariate, revealed a main effect of transection surgery, F(1, 27) = 120.922, p = 0.0001 (η2 > 0.796). Post hoc comparisons of the group means confirmed that the two transected groups differed from the non-transected (sham) animals (p < 0.05). No other comparisons were significant (p > 0.05).

Contused rats that had not undergone a spinal cord transection (Sham) exhibited greater absorbance at the wavelength associated with hemoglobin and this effect was blocked by spinal cord transection (Figure 2E). An ANOVA confirmed that the main effects of capsaicin and transection treatment, as well as their interaction, were statistically significant, all Fs > 5.401, p < 0.0276; all η2 > 0.113). Post hoc comparisons confirmed that the sham group that received capsaicin differed from the other three groups (p > 0.05).

A similar pattern of results was obtained with the Drabkin’s assay. Again, capsaicin increased hemoglobin concentration at the site of injury in contused rats that were not transected (Sham) but not in contused and transected rats (Figure 2F). An ANOVA confirmed that the main effects of capsaicin and transection treatment, as well as their interaction, were statistically significant, all Fs = 5.75, p < 0.05 (all η2 > 0.096). Post hoc comparisons showed that the sham-operated group that was treated with capsaicin differed from the other three (p < 0.05).

Western blotting confirmed that contused rats that received capsaicin had higher concentrations of hemoglobin at the site of injury relative to both the vehicle controls and transected rats that received capsaicin (Figure 2G). Because there was greater variability in behavioral performance after injury in this experiment, we analyzed the data using an analysis of covariance with baseline BBB score entered as a covariate. An ANCOVA revealed that there was a main effect of capsaicin, F(1, 27) = 6.473, p = 0.017 (η2 > 0.160). Post hoc comparisons showed that the non-transected (Sham) group that received capsaicin differed from the other three groups (p < 0.05). No other group comparison was significant (p > 0.05).



Experiment 3: Pharmacologically Increasing Blood Pressure in Transected Animals Does Not Lead to Hemorrhage

We found that noxious electrical stimulation and the irritant capsaicin increase hemorrhage at the site of injury, but only the former effect was accompanied by a rise in systolic BP. The fact that a rostral transection blocked both shock-induced hypertension and hemorrhage suggests the effects may be related. However, treatment with capsaicin had no discernable effect on systolic BP, but nevertheless increased hemorrhage at the site of injury. To further examine the relationship between BP and hemorrhage, we applied shock to rats that received a contusion injury and a rostral transection, and then pharmacologically induced a rise in BP with a systemic injection of norepinephrine (NE).

Prior to spinal transection (Baseline), systolic BP ranged from 95.95 ± 5.87 to 103.19 ± 7.83 (mean ± SE) across groups. These group differences were not statistically significant, all Fs <1.0, p > 0.05. Shock induced an increase in BP in vehicle-treated rats that were not transected (Sham Veh) relative to vehicle-treated animals that were transected (Trans Veh) prior to shock treatment (Figure 3B). NE did not affect the shock-induced rise BP in the sham-operated group (Sham NE), but it did produce a robust effect in transected animals (Trans NE). An ANCOVA, with baseline BP serving as the covariate, confirmed that the main effect of NE treatment and its interaction with transection surgery were statistically significant, both Fs > 14.828, p < 0.0007 (η2 > 0.253). Post hoc comparisons of the group means confirmed that the transected animals that received norepinephrine differed from the other three groups (p < 0.05). Additionally, the transected animals that received vehicle had a significantly lower BP throughout the monitoring period than the other three groups (p < 0.05). No other group comparisons were significant (p > 0.05). Lastly, there was also a three way interaction between time, transection, and NE, F(3, 81) = 2.952, p = 0.0375. No other group comparisons were significant (p > 0.05).

Baseline heart rate ranged from 215 ± 19.00 to 262 ± 27.9 (mean ± SE) across groups. These differences were not statistically significant, all Fs <1.2, p > 0.05. Vehicle-treated transected rats (Trans Veh) displayed lower heart rate throughout testing (Figure 3C). An ANCOVA with baseline heart rate serving as a covariate revealed a main effect of transection, F(1, 27) = 5.370, p = 0.0283 (η2 = 0.141). Post hoc comparisons of the group means yielded a significant difference between the transected vehicle group from both sham-operated groups (p < 0.05). No other comparisons were significant (p > 0.05).

Before transection, tail blood flow ranged from 2.61 ± 1.04 to 3.26 ± 1.27 (mean ± SE) and did not differ between groups, all Fs <1.0, p > 0.05. After shock treatment, sham-operated rats exhibited a rise in flow over time and this effect was not increased by NE (Figure 3D). A greater rise in tail blood flow was observed in vehicle-treated transected rats (Trans Veh) and this effect was amplified by NE (Trans NE). An ANCOVA, with baseline flow serving as the covariate, revealed a main effect of transection surgery and NE treatment, and an interaction between transection and NE treatment, all Fs > 4.655, p < 0.04 (all η2 > 0.043). Post hoc comparisons of the group means showed that the transected group given NE (Trans NE) differed from the other three. In addition, the vehicle-treated transected group (Trans Veh) differed from both of the sham-operated groups. No other group comparisons were significant (p > 0.05). There was also a within subjects effect of time and an interaction between time and transection treatment, both Fs = 2.839, p < 0.043.

Contused rats that were not transected (Sham) and received shock showed higher peak absorbance at the wavelength associated with hemoglobin. Pretreatment with NE had no effect (Figure 3E). An ANOVA confirmed that the main effect of transection was statistically significant, F(1, 28) = 11.268, p < 0.0023 (η2 = 0.272). No other term approached significance, both Fs <2.0, p > 0.05.

A similar pattern was observed with the Drabkin’s assay. Sham-operated rats showed a higher peak absorbance than transected rats, and NE had no effect (Figure 3F). An ANOVA revealed a significant main effect of transection surgery, F(1, 28) = 4.248, p = 0.0487 (η2 = 0.128). No other term approached significance, both Fs <2.0, p > 0.05.

Western blot confirmed the spectrophotometry analyses, demonstrating that shocked contused rats that had not received a transection (Sham) had higher concentrations of hemoglobin at the site of injury relative to the transected groups (Figure 3G). An ANOVA yielded a main effect of transection, F(1, 28) = 37.357, p < 0.001 (η2 = 0.538). Neither NE treatment, nor its interaction with transection, was statistically significant, both Fs <2.27, p > 0.05. Post hoc comparisons of group means confirmed that Transected groups differed from Sham groups (p < 0.05).




DISCUSSION

Prior work has shown that engaging pain fibers after spinal cord injury increases the area of hemorrhage at the site of injury and impairs long-term recovery (Grau et al., 2004; Turtle et al., 2019). Using noxious electrical stimulation, we have shown that disrupting communication with the brain by means of a rostral (T2) transection blocks this effect (Reynolds et al., 2019). Because electrical stimulation engages a broad range of afferent fibers, it was not clear from our earlier studies whether this brain-dependent effect involved pain fibers. The present study addressed this issue using the irritant capsaicin, which selectively engages nociceptive fibers that express the TRPV1 receptor. Capsaicin applied to one hind paw a day after injury increased hemorrhage, and this effect too was eliminated by a rostral transection (Experiment 2). This suggests that engaging this class of pain fibers is sufficient to induce hemorrhage after SCI.

The fact that engaging nociceptive fibers drives hemorrhage after SCI, and that this effect depends upon brain processes, suggests that processes that foster hemorrhage may be engaged by perceived pain. We have explored this possibility by testing whether pretreatment with an analgesic (morphine) blocks nociception-induced hemorrhage (Hook et al., 2007; Turtle et al., 2017). Animals received an i.p. injection of morphine at a dose (20 mg/kg) that blocked behavioral reactivity to noxious stimulation. Attenuating pain reactivity with an opiate analgesic had no effect on nociception-induced hemorrhage (Turtle et al., 2017). Likewise morphine did not block the adverse effect noxious electrical stimulation has on long-term recovery (Hook et al., 2007). These observations imply that the adverse effect of engaging nociceptive pathways is not mediated by the elicited emotional (affective) response and call into question the clinical use of opiate analgesics during the acute stage of injury. The observations suggest that an alternative state, potentially related to a sensory aspect of noxious stimulation, plays a critical role. The present study explored whether this state involved a brain-dependent surge in blood pressure and/or blood flow.

Our initial hypothesis was that afferent nociceptive stimulation may engage local processes at the site of injury that weakens the blood spinal cord barrier. An accompanying brain-dependent rise in systemic blood pressure could then fuel the infiltration of blood at the site of injury. For this purpose, we focused on systolic blood pressure, which indicates the pressure exerted against the arterial walls. Heart rate and tail blood flow were also assessed. The latter is of interest because past work suggests it can have a dual effect after injury: if the BSCB is intact, an increase in blood flow can lessen cell death by maintaining tissue perfusion (Hamamoto et al., 2007; Yuan et al., 2019); if the BSCB is compromised, and flow is excessive, it may foster blood infiltration (Strain et al., 2021).

We found that exposure to noxious intermittent electrical stimulation, but not capsaicin, produced a rise in systolic blood pressure and tail blood flow (Experiments 1 and 2). These effects were eliminated by a transection at T2. These observations have two important implications. First, there was a clear dissociation between the induction of hemorrhage and increased cardiovascular function; both noxious electrical stimulation and capsaicin drove hemorrhage, but only shock led to increased systolic BP and tail blood flow. This suggests that nociceptive input can drive hemorrhage and tissue loss independent of these processes. This conclusion is supported by a mediation analysis, which showed that pain input can drive hemorrhage in multiple ways, including a path that is independent of a rise in systolic BP or blood flow (Strain et al., 2021). Second, the nociception-induced rise in systolic BP and tail blood flow is brain-dependent and not due to lower level (T2–T6) efferent projections from the spinal cord. Interestingly, we did observe some evidence of direct efferent drive in Experiment 2, where we found capsaicin induced a rise in heart rate in both sham-operated and transected rats. Prior analyses, however, have shown that systolic BP and blood flow, not heart rate, predict the extent of nociception-induced hemorrhage after SCI (Strain et al., 2021).

Interestingly, after spinal transection, animals exhibited an increase in tail blood flow. This is consistent with other work demonstrating a disruption in autonomic regulation after a high thoracic transection (Laird et al., 2006; West et al., 2015). This may reflect, in part, a loss of tonic sympathetic activation of cutaneous arterioles involved in thermoregulation, which could increase blood flow to the tail. In addition, electrical stimulation to the tail may induce a stronger rise in blood flow, relative to capsaicin applied to a hind paw, because it has a local effect, inducing a form of neurogenic inflammation that enhances blood flow to the tail.

Elsewhere, we performed a mediational analysis that suggests an increase in general blood flow can fuel hemorrhage after SCI (Strain et al., 2021). If tail blood flow mirrors both general blood flow and spinal cord blood flow, the heightened tail flow observed after spinal transection should have been associated with amplified hemorrhage. The fact that this was not observed suggests that nociception-induced flow must interact with other processes to drive hemorrhage. Further, this second process cannot reflect a local consequence of nociceptive input, because a transection-induced rise in tail blood flow did not increase hemorrhage in animals that received noxious stimulation. The pattern of results observed here mirror those obtained when animals were pretreated with the alpha-1 adrenergic receptor inverse agonist prazosin, which blocked the pain-induced rise in systolic BP, but augmented blood flow (Strain et al., 2021). That treatment too blocked nociception-induced hemorrhage after SCI.

If brain-dependent processes drive hemorrhage after SCI because pain elicits a surge in systolic BP or general blood flow, driving this response with NE should foster hemorrhage in transected animals given shock. As observed in Experiment 1, exposure to noxious electrical stimulation increased systolic BP and hemorrhage in vehicle treated, non-transected, rats and these effects were blocked by a spinal transection. In non-transected animals, treatment with NE did not augment the shock-induced rise in systolic BP, tail blood flow, or hemorrhage (Experiment 3). These data suggests that the noxious electrical stimulation provided a form of stress that may have impacted cardiovascular function through the release of NE, resulting in a ceiling effect. In contrast, transected rats treated with NE exhibited a robust increase in systolic BP and tail blood flow, but no additional hemorrhage. The implication is that a systemic rise in systolic BP and blood flow does not substitute for the brain-dependent process(es) that drive hemorrhage after SCI; at a minimum, other processes play an essential role. Further, because all of the animals in this experiment received noxious stimulation, we can reject a simple hypothesis: that a local nociception-induced modification (e.g., the weakening of the BSCB) sets the stage for hemorrhage, which is then driven by a rise in systemic systolic BP or blood flow. Further work is needed to discover whether the missing component involves descending fibers or an additional systemic process (e.g., activation of the immune system).

We have also explored whether driving a rise in systolic BP and blood flow with NE affects the area of hemorrhage or behavioral function in non-transected contused rats (Strain et al., 2021). Interestingly, treatment with NE a day after injury adversely affected long-term recovery and increased tissue loss. The drug did not, however, induce a significant increase in the area of hemorrhage. These observations are consistent with the broader literature demonstrating that hypertension after neural injury or stroke can increase tissue loss and undermine recovery (Rawe et al., 1978; Guha et al., 1989; Jha et al., 2019). Further, it is clear that pharmacologically inducing a rise in BP soon after injury can promote hemorrhage (Soubeyrand et al., 2014; Cheung et al., 2020; Williams et al., 2020). The overall pattern of results underlines the importance of monitoring cardiovascular function after neural injury to avoid both hypo- and hypertension.

The hypothesis that motivated the present article was that brain-dependent processes drive a systemic increase in systolic blood pressure/blood flow that fuels hemorrhage at the site of injury. To explore this possibility, we employed a non-invasive procedure to assess the systemic hemodynamic response, employing a tail cuff system that emulates the assessment of blood pressure in humans with a sphygmomanometer. Importantly, the results obtained with the tail cuff system demonstrate a high correlation with the results collected using a telemetric device or catheterization (Fraser et al., 2001; Ibrahim et al., 2006; Kubota et al., 2006; Rigsby et al., 2007; Brailoiu et al., 2014; Holditch et al., 2015). While these alternative measures have advantages, it is clear that the tail-cuff system used here, and in prior work (Strain et al., 2021), can reliably resolve hemodynamic effects of nociceptive stimulation. Further, statistical modeling has shown that our measures of systolic blood pressure and tail blood flow have a significant relation to the extent of hemorrhage and acute drop in locomotor function (Strain et al., 2021). While these observations suggest that we have a good index of the systemic response to nociceptive stimulation, we must acknowledge that SCI brings a local increase in intraspinal pressure that decreases perfusion pressure, reducing local blood flow and tissue perfusion. Recent evidence suggests that this local rise in intraspinal pressure can fuel hemorrhage after injury, which can be attenuated by increasing perfusion pressure (Williams et al., 2020).

A limitation of the current article stems from our inability to directly measure spinal cord blood flow. Using the tail cuff system, we found interesting correlations between tail blood flow and spinal hemorrhage, suggesting a potential parallel in blood flow between the two tissues. Under normal conditions, parallels between changes in tail blood flow (which is regulated by sympathetic activity and inflammation, including neurogenic inflammation) and spinal cord blood flow (which is autoregulated) would not be expected and might even have an inverse relationship. However, the possibility that, after SCI, increased tail blood flow parallels increased spinal cord blood flow, which then fuels spinal hemorrhage after noxious stimulation, is consistent with two observations. First, SCI can impair autoregulation in spinal vasculature (Ohashi et al., 1996). Second, spinal contusion at T10-T11 may decrease excitation of preganglionic neurons that drive sympathetic activity in the tail. These changes might allow noxious stimulation of the tail or a hind paw to produce vasodilation and increased blood flow both in the stimulated peripheral tissue (classic neurogenic inflammation) and possibly across many segments of the spinal cord. Further work will need to directly investigate whether and how noxious stimulation after SCI enhances spinal cord blood flow.

It is possible that a spinal cord transection has a beneficial effect, in part, because it provides a kind of durotomy that relieves the local intraspinal pressure and thereby enhances blood flow to the injured tissue (Streijger et al., 2021). While this is an important consideration, the beneficial effect of a durotomy presumably declines with distance from the injury and, for this reason, it is not clear whether a remote cut (approximately 4 cm rostral to the site of injury) would have a significant effect at the site of injury. Further work will be needed to explore this possibility.

Importantly, our conclusion that rostral processes play a role is based on converging operations. First, a pharmacological transection, induced by slowing infusing the anesthetic lidocaine at T2, blocks nociception-induced hemorrhage (Davis et al., 2020). Importantly, lidocaine treatment also attenuated the adverse effect noxious stimulation has on long-term recovery. The observations are clinically important because they show that a pharmacological blockade can have a protective effect; the findings are methodologically important because they show a similar pattern of results is obtained in the absence of a second surgery (required to perform a rostral transection). Other recent studies have shown that placing animals in a state akin to a medically-induced coma blocks both nociception-induced hemorrhage and the rise in systolic blood pressure and tail blood flow (Davis et al., 2017). Taken together, the results suggest blocking the activation of a brain-dependent process by incoming nociceptive signals has a protective effect that reduces the extent of hemorrhage/secondary injury.

It is clear from these findings that nociceptive fibers activated by tail shock can engage brain processes that fuel hemorrhage at the site of injury. Paradoxically, this implies that a less severe injury (that spares ascending fibers) may lead to additional tissue loss at the site of injury (due to the destructive effect of brain-dependent processes). Supporting this, we have shown that the adverse effect of pain input after SCI varies inversely with injury severity, being greater after a light to moderate (6.25–12.5 mm weight drop) injury (Reynolds et al., 2019). Taken together, our results show that spared ascending fibers can engage rostral processes that can fuel tissue loss after SCI. What remains unclear is how these processes drive hemorrhage. Does this reflect a systemic process, the effect of descending fibers, or an interaction between the two?

In summary, the results provide further evidence that nociceptive stimulation after SCI can fuel hemorrhage and that this effect depends upon processes rostral to T2. Nociceptive stimulation can also engage a brain-dependent rise in systolic BP and tail blood flow, with the magnitude of this effect depending upon stimulus type. Aversive intermittent electrical stimulation engaged a robust cardiovascular response that remained elevated for 3 h. In contrast, selectively activating nociceptive fibers that the express TRPV1 receptor with capsaicin had a negligible effect on systolic BP and tail blood flow yet drove robust hemorrhage. Importantly, driving a rise in systolic BP or tail blood flow with NE was not associated with an increase in the extent of hemorrhage after SCI, suggesting that other processes play a critical role. Further work is needed to identify these mechanisms.
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