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Abstract 55 

Spinal cord injury (SCI) disrupts critical, physiological systems, including the 56 

cardiovascular and immune system. Plasticity of spinal circuits below the injury results 57 

in abnormal, heightened sympathetic responses, such as extreme, sudden hypertension 58 

that hallmarks life-threatening autonomic dysreflexia. Moreover, such sympathetic 59 

hyperreflexia detrimentally impacts other effector organs, including the spleen, resulting 60 

in spinal cord injury-induced immunodeficiency. Consequently, infection is a leading 61 

cause of mortality after SCI. Unfortunately, there are no current treatments that 62 

prophylactically limit sympathetic hyperreflexia to prevent subsequent effector organ 63 

dysfunction. The cytokine soluble tumor necrosis factor α (sTNFα) is upregulated in the 64 

CNS within minutes after SCI and remains elevated. Here, we report that commencing 65 

intrathecal administration of XPro1595, an inhibitor of sTNFα, at a clinically-feasible, 66 

post-injury timepoint (i.e., 3 days after complete SCI) sufficiently diminishes maladaptive 67 

plasticity within the spinal sympathetic reflex circuit. This results in less severe 68 

autonomic dysreflexia, a real-time gauge of sympathetic hyperreflexia, for months post-69 

injury. Remarkably, delayed delivery of the sTNFα inhibitor prevents sympathetic 70 

hyperreflexia-associated splenic atrophy and loss of leukocytes to dramatically improve 71 

the endogenous ability of chronic SCI rats to fight off pneumonia, a common cause of 72 

hospitalization after injury. The improved immune function with XPro1595 correlates 73 

with less noradrenergic fiber sprouting and normalized norepinephrine levels in the 74 

spleen, indicating that heightened, central sTNFα signaling drives peripheral, 75 

norepinephrine-mediated organ dysfunction, a novel mechanism of action. Thus, our 76 

preclinical study supports intrathecally targeting sTNFα as a viable strategy to broadly 77 
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attenuate sympathetic dysregulation, thereby improving cardiovascular regulation and 78 

immunity long after SCI. 79 

 80 

Significance Statement 81 

Spinal cord injury (SCI) significantly disrupts immunity, thus increasing susceptibility to 82 

infection, a leading cause of morbidity in those living with SCI. Here, we report that 83 

commencing intrathecal administration of an inhibitor of the proinflammatory cytokine 84 

soluble tumor necrosis factor α days after an injury sufficiently diminishes autonomic 85 

dysreflexia, a real time gauge of sympathetic hyperreflexia, to prevent associated 86 

splenic atrophy. This dramatically improves the endogenous ability of chronically-injured 87 

rats to fight off pneumonia, a common cause of hospitalization. This preclinical study 88 

could have a significant impact for broadly improving quality-of-life of SCI individuals. 89 

  90 
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Introduction 91 

 The incidence of infection and cardiovascular disease is higher in the spinal cord 92 

injury (SCI) population, particularly those with severe, high-level SCI, than in the able-93 

bodied population (Garshick et al., 2005; Krassioukov and Claydon, 2006; Failli et al., 94 

2012; Brommer et al., 2016). One major reason thought to underlie these potentially 95 

fatal issues is dysregulation of the sympathetic nervous system after SCI that results in 96 

pathological changes of multiple organ systems, including the spleen and vasculature 97 

(Alan et al., 2010; Zhang et al., 2013; Sauerbeck et al., 2015; Brommer et al., 2016; 98 

Pruss et al., 2017; Mironets et al., 2018). After SCI, plasticity within the spinal cord 99 

results in increased excitability of the spinal sympathetic reflex (SSR) circuit that 100 

produces excessive sympathetic output. We and others have shown that this 101 

sympathetic hyperreflexia, which is often triggered by below-level sensory stimuli (e.g., 102 

bladder and bowel distension), contributes to autonomic dysreflexia (AD), a life-103 

threatening cardiovascular disorder marked by episodes of extreme hypertension in 104 

response to sensory stimuli below the injury (Curt et al., 1997; West et al., 2015; Partida 105 

et al., 2016; Mironets et al., 2018), and splenic atrophy and dysimmunity, i.e., SCI-106 

induced immunodeficiency syndrome (Zhang et al., 2013; Ueno et al., 2016; Pruss et 107 

al., 2017; Mironets et al., 2018). Unfortunately, there are no preventative treatments 108 

currently available. 109 

 The SSR circuit is comprised of neurons that relay sensory information to 110 

sympathetic preganglionic neurons (SPNs), the output neurons of the sympathetic 111 

nervous system that reside in thoracolumbar cord and project out of the spinal cord. In 112 

an intact CNS, SPN activity is coordinated by input from neurons within the brain and 113 
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the spinal cord. If the level of SCI is high, the vast majority of the sympathetic nervous 114 

system is void of descending control and is regulated primarily by intraspinal input 115 

below the lesion. Additionally, injury induces maladaptive plasticity within the SSR 116 

circuit itself; increased arborization of mechanosensitive afferents and second order 117 

propriospinal interneurons may be responsible for recruitment of excitatory interneurons 118 

into the SSR circuit (Krenz and Weaver, 1998; Krenz et al., 1999; Weaver et al., 2001; 119 

Krassioukov et al., 2002; Weaver et al., 2002; Hou et al., 2008; Ueno et al., 2016). 120 

While there is increasing understanding of what changes occur in the SSR circuit after 121 

SCI (Cameron et al., 2006; Rabchevsky et al., 2011), the mechanisms by which injury 122 

induces these changes remains unclear. 123 

 Cytokine signaling has been postulated to contribute to excitability of circuits. In 124 

addition to orchestrating immune function, cytokines play important roles in modulating 125 

synaptic function during development (Wheeler et al., 2014) and disease (Cerri et al., 126 

2017). Is it possible that upregulated cytokine signaling, which is seen after SCI (Lee et 127 

al., 2000; Donnelly and Popovich, 2008), mediates plasticity of the SSR circuit to result 128 

in sympathetic hyperreflexia? Indeed, we demonstrated that persistent, proinflammatory 129 

soluble(s) TNFα/TNFR1 signaling below a high-level complete SCI is a critical mediator 130 

of SSR circuit plasticity (Mironets et al., 2018). However, sTNFα is upregulated within 131 

minutes after SCI (Wang et al., 1996; Bethea et al., 1999), so it can impact SSR circuit 132 

almost immediately. Here, we assessed if commencing administration of XPro1595, a 133 

biologic that inhibits sTNFα binding to TNFR1 (Steed et al., 2003) at a realistic, 134 

clinically-feasible time frame, i.e., 3 days after SCI, prophylactically attenuates SCI-135 
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induced sympathetic hyperreflexia and ensuing immunodeficiency to improve the 136 

endogenous ability of chronic SCI rodents to fend off bacterial pneumonia. 137 

 138 

 139 

Methods and Materials 140 

 141 

Animal Use  142 

 Adult, female Wistar rats (~225-250g; Charles River) were used for all 143 

experiments. Animals were given unlimited access to food and water and used in 144 

accordance with Drexel University Institutional Animal Care and Use Committee and 145 

National Institutes of Health guidelines for experimentation with laboratory animals. 146 

Animals acclimated for a least 1 week after arrival before any procedure was done and 147 

before being randomly assigned to treatment groups. All surgical procedures were 148 

performed under aseptic conditions using sterilized instruments. During surgery, 149 

animals were given 3 mL Lactated Ringer’s, ampicillin (200mg/kg), and slow-release 150 

buprenorphine (ZooPharm; 0.05mg/kg) or meloxicam (Putney; 1mg/kg) for analgesia. 151 

After surgery, animals were placed in a post-operative cage on a heating pad and 152 

monitored until they became alert and responsive. All animals with spinal transections 153 

had their bladders manually expressed at least twice a day for the duration of the study.  154 

 155 

Radiotelemeter implantation to monitor hemodynamics 156 

 As we did previously(Hou et al., 2013; Mironets et al., 2018), radiotelemeter 157 

pressure transducers (model HD-S11; Data Sciences International, Inc.) were surgically 158 
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transplanted into the descending aorta via the femoral artery in order to detect 159 

cardiovascular parameters of naïve animals at least 1 week prior to spinal transection 160 

(Tx) to give the animals ample recovery time after the implantation surgery(Rabchevsky 161 

et al., 2012). Blood pressure was monitored to ensure patency of the probes and to 162 

obtain pre-injury baseline data. 163 

 164 

Thoracic spinal transection and osmotic minipump implantation 165 

 One week following telemeter implantation, animals were deeply anesthetized 166 

using isoflurane, and the spinal cord at thoracic level 3 (T3) was exposed by dorsal 167 

laminectomy of the T2 vertebral processes [overlying T3 spinal cord level; (Wu et al., 168 

2015; Xu et al., 2015)]. After a small incision was made in the dura overlying T3 using a 169 

microknife, a ~2 mm long segment of the spinal cord was removed by vacuum 170 

aspiration using a pulled glass micropipette. Lesion completeness was verified visually.  171 

 Three days after Tx, a small incision was made in the dura above T8 spinal cord. 172 

As we did before (Mironets et al., 2018), an intrathecal catheter (ReCathCo) attached to 173 

an osmotic minipump (Alzet, no. 2002) containing saline or XPro1595 (10mg/mL; 174 

provided by Inmune Bio, Inc.) was carefully threaded subdurally until the end lay just 175 

caudal to the Tx site to continuously deliver saline or 60μg per day of XPro1595. This 176 

daily dose successfully inhibits intraspinal plasticity below a complete SCI (Mironets et 177 

al., 2018). Because the pumps have 28-day delivery durations, the osmotic minipumps 178 

were replaced 4 weeks after implantation.  179 

 180 

Blood pressure recordings to assess naturally-occurring autonomic dysreflexia  181 



 

 8 

 Rodents (N=18-24/group) were individually placed in cages and positioned on 182 

telemetry receivers (RC-1; Data Sciences International, Inc.). Baseline recordings of all 183 

animals after telemeter implantation but prior to SCI were obtained to ensure that HR 184 

and MAP values were within a normal range, confirming that the catheters were not 185 

occluded. At every other week from 2 to 8 weeks post-SCI, MAP and HR were 186 

monitored continuously while animals moved freely in their cages for 24 hours (MAP 187 

and HR values sampled every 2 seconds; Dataquest A.R.T. acquisition software, Data 188 

Sciences International, Inc.). As we did previously(Mironets et al., 2018), to identify 189 

naturally-occurring AD events, these data from individual animals at each time point 190 

were analyzed in MATLAB. Rolling MAP and HR baselines were established by 191 

continuously averaging a 6-minute period. AD events were defined as when MAP was 192 

at least 20mmHg greater than baseline for at least 30 seconds and was accompanied 193 

by bradycardia of at least 20 beats per minute (bpm). All “detected” events were visually 194 

verified by a blinded observer according to the criterion described above. All false-195 

positive events were disregarded. Any events that occurred within 2 minutes of each 196 

other were considered to be 1 event. Any detected events within 15 minutes of manual 197 

bladder expression were not included in additional comparative analyses. Once an 198 

event was verified, the average MAP during the event, the change in MAP from 199 

baseline, the HR during the event, and the duration of the bout was calculated. 200 

 201 

Colorectal distension to induce autonomic dysreflexia 202 

 At 2, 4, 6 and 8 weeks post-transection, BP and HR were monitored before, 203 

during, and after colorectal distension (CRD) in unanesthetized rats, a well-established 204 



 

 9 

technique that reliably induces an AD episode(Mayorov et al., 2001; Cameron et al., 205 

2006). As we did previously(Hou et al., 2013; Mironets et al., 2018), a silicone balloon-206 

tipped catheter (2-way pediatric foley cathether, 10 French, 3cc, Coloplast) was inserted 207 

2cm inside the rectums of all T3Tx rats treated with saline or XPro1595 and secured to 208 

the tails with tape. Animals were acclimated to the catheter for at least 30 minutes. AD 209 

was induced by inflating a balloon catheter with 2.0 mL of air for 1 minute.  Two or three 210 

trials were conducted per animal per time point, with an inter-trial interval of at least 20 211 

minutes. The difference between the baseline MAP and the CRD-induced MAP and the 212 

time it took for BP to return to baseline values was calculated for each trial and 213 

averaged per animal per time point.  214 

 215 

Streptococcus pneumoniae infection post-SCI 216 

 Streptococcus pneumoniae (S. pneumoniae) is a strain of bacteria that 217 

successfully infects Wistar rats(Feldman et al., 1991; Brandt et al., 2008). Serotype 3 S. 218 

pneumoniae [(Klein) Chester (ATCC 6303)] was grown in BHI medium to an optical 219 

density (OD470) of 0.4 to 0.6 and diluted to the appropriate concentration in sterile 220 

phosphate-buffered saline (PBS). The bacteria suspension was plated on blood agar 221 

plates to confirm quantity and viability of the bacteria. The exact concentration of the 222 

bacteria suspension was used to normalize the bacterial loads in the lungs. For 223 

infection, uninjured rats or T3Tx-Saline or -XPro1595 rats 8 weeks post-injury (N=5-224 

7/group) were anaesthetized with isoflurane and then suspended at a 60° angle by the 225 

two front upper teeth by a wire attached to a plexiglass support. A 16G peripheral 226 

venous catheter (Braun) was used as a tubus and a 0.5 mm optical fibre (Biotex, Inc) 227 
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attached to a cold light source was used for illumination(MacDonald et al., 2009). The 228 

tongue was pulled out with a small spatula and the rat was carefully intubated. S. 229 

pneumoniae (5000 colony forming units [cfu] in 100 μL) was then administered into the 230 

lung. The size of the inoculum was confirmed by quantitative cultures. Following 231 

intubation, animals were placed in heated cages for 10 days. Body temperature, weight, 232 

and respiratory rate were recorded daily (at 24h intervals post-infection) to track 233 

sickness behavior. Animals that lost >15% body weight were euthanized.  234 

 Ten days following infection, animals were sacrificed. Lungs were extracted and 235 

homogenized in 1 mL sterile PBS and plated on blood agar plates (Hardy Diagnostics) 236 

in serial dilutions of 1:10, 1:100, and 1:1000. Cfu were counted after 48 h incubation 237 

and the total number of cfu per lung was calculated. To quantify cfu, images of blood 238 

agar plates were thresholded. The image was then converted to a binary image in order 239 

to count individual particles (ImageJ).  240 

   241 

FluoroGold and pseudo-rabies virus injections 242 

 One week prior to sacrifice, T3Tx rodents (N=4-5/group) were injected 0.4 mL 243 

intraperitoneally of 0.5% FluoroGold (diluted in 0.9% sterile saline) to label SPNs 244 

(Derbenev et al., 2010). In order to label sympathetically-associated neurons, 245 

attenuated pseudorabies virus-Bartha encoding for a GFP-reporter (PRV-152; NIH-246 

supported Center for Neuroanatomy with Neurotrophic Viruses) was injected bilaterally 247 

into the kidneys 4 days prior to sacrifice, similar to what was done in (Duale et al., 248 

2009). Bilateral incisions were made and kidneys were exposed. With the aid of a 249 

dissecting stereomicroscope, 3 μL of PRV-152 (108 plaque-forming units/mL) was 250 
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slowly injected into 3 sites along the longitudinal midline of the convex surface of the 251 

kidney of each kidney of T3Tx rats using a 30G Hamilton syringe with a pulled glass 252 

micropipette with a beveled tip. Animals were euthanized and perfused 96h later. 253 

 254 

Intermittent colorectal distension to activate the SSR circuit and induce cFos 255 

expression 256 

 To activate the SSR circuit (as indicated by histological assessment of cFos 257 

induction; see histology description below), some T3Tx-Saline or T3Tx-XPro1595 258 

animals (N=4/group) were given intermittent CRD over an extended period of time at 8 259 

wpi(Landrum et al., 2002; Hou et al., 2008; Ueno et al., 2016). Briefly, a ballon catheter 260 

inserted into the rectum was inflated with 2.0mL of air for 30 seconds and then deflated 261 

for 60 seconds. This 90-second cycle was repeated 30 times for a total of 45 minutes. 262 

1.5 hours after the last round of CRD, animals were euthanized and perfused with ice-263 

cold 0.9% saline followed by 4% paraformaldehyde in PBS.   264 

 265 

Flow cytometry 266 

 Flow cytometry analysis was performed as we did previously(Mironets et al., 267 

2018). Rats (N=5-7/group) were sacrificed 8 weeks after SCI, spleens were extracted, 268 

dissociated through a 40 μm cell strainer and collected in 10 ml MACS buffer (PBS, 269 

0.5% BSA, 2 mM EDTA). Splenocytes were harvested by centrifugation (300 g, 5 min), 270 

washed once with 10 ml MACS buffer and incubated in 3 ml ACK Lysing Buffer (Thermo 271 

Fisher Scientific) for 5 min to deplete red blood cells. After washing with 10 ml MACS 272 

buffer, splenocytes were then stained for different immune cell markers using 273 
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fluorescence-labeled antibodies (Miltenyi Biotec). For staining of cytoplasmic proteins, 274 

the FoxP3 Staining Buffer Set was used according to manufacturer’s instructions 275 

(Miltenyi Biotec; #130-093-142). Data were acquired using a FACS Canto (BD 276 

Bioscience, San Jose, CA) and analyzed with FlowJo (TreeStar, Ashland, OR).  277 

 278 

ELISA 279 

 Naïve, T3Tx-Saline, or T3Tx-XPro1595 rats at 8 weeks post-SCI (N=3-7/group) 280 

were euthanized and fresh lumbar spinal cord or spleen tissue was immediately 281 

extracted and flash-frozen in liquid nitrogen and stored at -80°C until further processing. 282 

As previously described(Bethea et al., 1999; Bracchi-Ricard et al., 2013), samples were 283 

homogenized in RIPA buffer (0.01M sodium phosphate pH 7.2, 0.15M NaCl, 1% NP40, 284 

1% sodium deoxycholate, 0.1% SDS, 2mM EDTA) supplemented with Roche complete 285 

protease inhibitor cocktail, mixed end-over-end at 4°C for 30 minutes, and centrifuged at 286 

14,000 rpm for 10 minutes at 4°C. The supernatants were transferred to fresh tubes and 287 

stored at -80°C. Protein quantification of each sample was performed using DC Protein 288 

Assay (Bio-Rad). TNF  (Abcam), corticosterone (ENZO) and NE (MyBioSource) ELISA 289 

kits and were used to measure expression levels of sTNF , corticosterone and NE per 290 

the manufacturer’s instructions. Samples were measured at an absorbance of (450) nm 291 

cuvettes were washed five times with washing buffer (PBS, pH 7.4, containing 0.1% 292 

(v/v) Tween 20) after each step. As a reference for quantification, a standard curve was 293 

established by a serial dilution. 294 

 295 

Histology 296 
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 Naïve animals and T3Tx-Saline and -XPro1595 animals 8 weeks post-SCI (N=4-297 

5/group) were euthanized and perfused with 0.9% saline followed by 4% 298 

paraformaldehyde. The spinal cords and spleens were dissected out, post-fixed 299 

overnight at 4°C, and cryoprotected in sucrose before cutting 30 m transverse sections 300 

of lumbar spinal cord and spleen or 30 m longitudinal sections of T8-T13 cord on a 301 

cryostat. Sections were blocked in 5% normal goat serum, 10% BSA, 0.1% Triton X-100 302 

in PBS for 1 hour.  303 

 After blocking, sections were incubated with appropriate primary antibodies 304 

overnight at 4°C. Longitudinal lower thoracic sections (T8-T13) were incubated anti-c-305 

Fos (Santa Cruz) to visualize neurons activated by CRD and anti-GFP (Millipore) to 306 

visualize neurons trans-synaptically traced via PRV-152. SPNs were labeled via 307 

intraperitoneal FluoroGold (FG) injections and were visible microscopically under UV 308 

excitation without any staining. Transverse lower lumbar sections (L6) were incubated 309 

with anti-GFP, anti-c-Fos, anti-CGRP (Peninsula Laboratories International) to visualize 310 

nociceptive primary afferents axons. Transverse spleen sections were incubated with 311 

anti-CD45 (Novus) and anti-tyrosine hydroxylase (TH; EMD Millipore) to visualize 312 

splenocytes and noradrenergic fibers, respectively. Sections were washed in PBS, 313 

incubated with appropriate AlexaFluor-conjugated secondary antibodies (Invitrogen) for 314 

2 hours at room temperature, washed in PBS, mounted onto slides, and coverslipped 315 

with FluorSave (EMD Chemical). Sections were stained at the same time. For each of 316 

the antibodies listed above, images of 4 equivalent sections per animal were captured 317 

on Olympus BX51 and Leica DM5500B epifluorescent microscopes and a Leica TCS 318 
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SP2 confocal microscope equipped with a Leica DMRE microscope using the same 319 

exposure time per antibody.  320 

 All image analyses were conducted using ImageJ. In thoracic sections containing 321 

FG+, GFP+, and cFos+ near the IML and central canal or lumbar sections containing 322 

GFP+/cFos+ near the dorsal horn and/or around the central canal, an intensity threshold 323 

was applied to each image. The same threshold values were used for each antibody. 324 

We assessed the extent of immunoreactivity for cFos by counting the number of cFos+ 325 

nuclei in identically sized regions of dorsal horn and around the central canal (in lumbar 326 

sections) or in intermediate grey adjacent to the IML. To assess the extent of GFP and 327 

FG immunoreactivity, all GFP+ and FG+ cells within a circumscribed area in thoracic 328 

cord through the section plane were counted.   329 

 To quantify CGRP immunoreactivity, thresholded pixel areas were determined in 330 

equally sized regions encompassing laminae I-IV or lamina VII/X (i.e., dorsal grey 331 

commissure around the central canal). 332 

 To quantify white pulp area, white pulp regions were outlined and assessed for 333 

area (μm2). To quantify TH+ axonal arbors in splenic white pulp regions, thresholded 334 

pixel areas were determined in selected white pulp regions. TH+ splenocytes were 335 

excluded.  336 

 337 

Experimental design and statistical analyses 338 

 Animals were randomly assigned to treatment groups. Sample sizes were 339 

determined based upon our previous published studies using similar techniques 340 

(summarized in Table 1). All analyses were performed blinded to treatment group. To 341 
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determine differences between two groups, a student’s t-test was performed. A two-way 342 

ANOVA and post-hoc Fisher’s LSD tests were performed to ascertain differences 343 

between groups over time, i.e. hemodynamic recording analyses. A one-way ANOVA 344 

and post-hoc Fisher’s LSD tests were performed to assess for differences between 345 

three or more groups in which time was not a consideration, i.e., histological and 346 

biochemical analyses. A p-value <0.05 was considered significant. All statistical tests 347 

were performed using GraphPad Prism 7. 348 

 349 
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 350 

Results 351 

 352 

TNF  is chronically upregulated below a T3Tx 353 

 We assessed whether TNFα levels was persistently upregulated in lumbar cord, 354 

where we and others have observed enhanced plasticity of SSR circuits associated with 355 

AD and immunosuppression following a T3Tx(Krenz et al., 1999; Cameron et al., 2006; 356 

Hou et al., 2009; Kroner et al., 2014; Mironets et al., 2018). Using ELISA, we found that 357 

there was some TNFα in naive lumbar tissue (533.1±104.8 pg/mg tissue) but that 358 

expression was significantly higher in lumbar tissue 8 weeks after T3Tx (1682.0±108.7 359 

pg/mg tissue; t(8)=6.284, p=0.0002).  360 

 361 

Delayed sTNF  inhibition decreases plasticity of CGRP+ primary afferents after 362 

chronic SCI 363 

 After SCI, the SSR circuit becomes more sensitive to and is activated by noxious 364 

sensory stimuli below the injury. One of the maladaptive changes thought to underlie 365 

this is increased density of calcitonin-gene related peptide (CGRP)+, nociceptive 366 

primary afferents in deeper layers of spinal cord(Marsh et al., 2002; Cameron et al., 367 

2006) where they synapse on interneurons that then relay nociceptive information to the 368 

SPNs in the IML(Joshi et al., 1995; Hou et al., 2008). Indeed, the degree of CGRP+ 369 

expression positively correlates with the magnitude of AD episodes; inhibiting injury-370 

induced plasticity of CGRP+ fibers attenuates AD(Krenz et al., 1999; Weaver et al., 371 

2001; Marsh et al., 2002; Cameron et al., 2006). We sought to determine if inhibiting 372 
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sTNFα diminishes plasticity of these sensory fibers known to activate the SSR circuit. 373 

To do this, we initiated intrathecal administration of the sTNFα dominant-negative 374 

biologic XPro1595 at a clinically-feasible, post-SCI timepoint (i.e., 3 days after complete 375 

T3Tx). 376 

 We examined CGRP+ immunoreactivity in lower lumbar spinal cord from naïve or 377 

T3Tx-Saline and T3Tx-XPro1595 animals 8 weeks post-SCI. We focused on this region 378 

because primary afferents carrying sensory information from the colon, whose activation 379 

is a common prompt for sympathetic events in the human SCI population and in rodent 380 

SCI models [e.g., with colorectal distension (CRD)], enter the spinal cord at these 381 

levels(Landrum et al., 2002). CGRP+ afferents normally project to superficial Rexed 382 

Laminae (I-II) of dorsal horn and, to a lesser degree, to deeper dorsal horn laminae 383 

(Fig. 1a) and Laminae VII/X around the central canal (Fig. 1e). All groups (naïve, T3Tx-384 

Saline, T3Tx-XPro1595) had a similar extent of CGRP+ immunoreactivity in the dorsal 385 

horn (Fig. 1a-d; p=0.5528). However, T3Tx-Saline animals had more CGRP 386 

immunoreactivity around the central canal compared to both naïve and T3Tx-XPro1595 387 

animals (Fig. 1e-h; F(2, 23)=4.376, p=0.0245, post hoc vs. naïve p=0.0322, vs. T3Tx-388 

XPro1595 p=0.0128). Furthermore, T3Tx-XPro1595 animals had similar levels to naïve 389 

animals (Fig. 1e,g,h;  p=0.8200). These data indicate that injury-induced sTNFα 390 

signaling may increase sensitivity of the SSR circuit by triggering CGRP+ plasticity onto 391 

interneurons around the central canal and that delivering XPro1595 3 days after SCI is 392 

sufficient to prevent this increase in CGRP+ labeling density.  393 

 394 
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Delayed sTNF  inhibition reduces the recruitment and activation of interneurons 395 

in the spinal sympathetic reflex circuit  396 

 After SCI, the SSR circuit becomes more sensitive to sensory stimuli below the 397 

injury. One change that has been implicated in hyperexcitability of the SSR circuit is the 398 

recruitment and activation of interneurons into the circuit(Krassioukov et al., 2002; 399 

Landrum et al., 2002; Hou et al., 2008; Ueno et al., 2016). We sought to determine if 400 

inhibiting sTNFα starting 3 days after SCI decreases injury-induced, increased 401 

activation of interneurons in the SSR circuit. We injected PRV-152 into the kidneys of 402 

T3Tx-Saline and T3Tx-XPro1595 animals at 8 weeks post-SCI to transsynaptically trace 403 

sympathetically-associated neurons. We also injected FluoroGold (FG) intraperitoneally, 404 

an established means to label SPNs(Hou et al., 2008). To further identify neurons that 405 

are within the SSR circuit, the same animals were subjected to CRD 4 days after PRV 406 

injection, just prior to sacrifice. CRD is an established means to activate the SSR circuit 407 

and induce cFos, a marker of neuronal activation (Landrum et al., 2002; Hou et al., 408 

2008), in sympathetically-correlated neurons. Thus, we were able to identify SPNs 409 

(FG+) or interneurons (FG-) that are associated with sympathetic function (PRV+) that 410 

were activated by the visceral sensory stimulus (cFos+).  411 

 Lumbar interneurons in Laminae VII/X that receive afferent input relay that 412 

sensory information rostrally towards the SPNs in the IML(Clarke et al., 1998; 413 

Matsushita, 1998; Tang et al., 2004; Hofstetter et al., 2005; Cameron et al., 2006). We 414 

found significantly more PRV+ neurons in lumbar spinal cord in T3Tx-Saline animals 415 

than in T3Tx-XPro1595 ones (Fig. 2a,d,g; t(22)=2.989, p=0.0068), indicating that 416 

XPro1595 diminishes the recruitment of interneurons into the SSR circuit at this level. 417 
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There were also more interneurons that responded to CRD in the saline-treated animals 418 

(Fig. 2b,e,h; t(22)=4.546, p=0.0002). Moreover, in XPro1595-treated animals, there were 419 

fewer lumbar sympathetically-associated interneurons (i.e., PRV+/cFos+) that were 420 

activated by CRD (Fig. 2c,f,I; t(22)=2.197, p=0.0389).  421 

 In thoracic spinal cord, there were more sympathetically-associated interneurons 422 

in close proximity to SPNs within the IML that were activated by CRD (i.e., 423 

PRV+/cFos+/FG-) in T3Tx-Saline animals than in T3Tx-XPro1595 ones (Fig. 2j-r; 424 

t(27)=2.096, p=0.0456). Though the number of activated SPNs was similar between 425 

groups (Fig. 2s; p=0.4891), the total number of activated interneurons in the SSR circuit 426 

as well as the ratio activated interneurons to SPNs was higher in the T3Tx-Saline 427 

animals (Fig. 2r,t; t(27)=2.067, p=0.0485).  428 

 Altogether, these data indicate that inhibiting sTNFα with XPro1595 decreases 429 

the recruitment and excitability of lumbar and thoracic interneurons in the SSR circuit 430 

after SCI.  431 

 432 

Initiating intrathecal administration of XPro1595 3 days after SCI diminishes the 433 

severity of sympathetic hyperreflexia 434 

 While the data above suggest blocking sTNFα after T3Tx attenuates anatomical 435 

plasticity of the SSR circuit, does this have functional implications? To determine this, 436 

we took advantage of the fact that activation of the SSR circuit in T3Tx animals 437 

manifests almost immediately as an AD episode. Thus, we can use hemodynamic 438 

measures to not only assess sympathetically-mediated AD but to also serve as a 439 

virtually instantaneous readout of SSR circuit activity.  440 
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 We implanted a radiotelemetry pressure transducer into the descending aortas of 441 

adult rats prior to T3Tx and intrathecal treatment with saline or XPro1595, allowing for 442 

longitudinal monitoring of mean arterial pressure (MAP) and heart rate (HR) in the same 443 

animals at multiple timepoints. Hemodynamics were assessed prior to injury and at bi-444 

weekly timepoints up to 8 weeks following SCI. SCI resulted in a decrease in baseline 445 

MAP at 8 weeks for both T3Tx-Saline and T3Tx-XPro1595 animals (Fig. 3a; F(4, 446 

116)=12.91, p<0.0001; post hoc, vs. 8 weeks T3Tx-Saline p<0.0001; vs. 8 weeks T3Tx-447 

XPro1595 p=0.0271), similar to what we saw previously (Mironets et al., 2018). There 448 

were no differences in MAP between experimental groups at any timepoint. SCI also 449 

resulted in increased HR at 8 weeks for both groups compared to pre-injury baseline 450 

(Fig. 3b; F(4, 116)=6.355, p=0.0001; post hoc, vs. 8 weeks T3Tx-Saline p=0.0145; vs. 8 451 

weeks T3Tx-XPro1595 p=0.0003).  452 

 We also examined hemodynamic parameters before, during and after subjecting 453 

the T3Tx-Saline and -XPro1595 animals to CRD, a well-established experimental 454 

technique used to activate the SSR circuit and trigger AD virtually instantaneously 455 

(Krassioukov and Weaver, 1995; Krenz et al., 1999; Cameron et al., 2006; Hou et al., 456 

2013). CRD quickly elicited AD events in both T3Tx-Saline and T3Tx-XPro1595 animals 457 

(Fig. 3c-d). In T3Tx-Saline animals, there was a significant increase in the magnitude of 458 

CRD-induced hypertension between 2 and 8 weeks (Fig. 3e; F(3, 102)=5.976, p=0.0009; 459 

post hoc, 2 weeks T3Tx-Saline vs. 8 weeks T3Tx-Saline p=0.0099). The magnitude of 460 

CRD-induced MAP spikes in T3Tx-XPro1595 animals also progressively increased over 461 

the course of weeks 2 through 8 (Fig. 3e; F(3, 102)=5.976, p=0.0009; post hoc, 2 weeks 462 

T3-XPro1595 vs. 8 weeks T3Tx-XPro1595 p=0.0040). However, the MAP spikes in the 463 
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XPro1595-treated animals were significantly smaller compared to those in the T3Tx-464 

Saline rats at all post-SCI time points (Fig. 3e; F(1, 102)=35.89, p<0.0001; post hoc, at 2 465 

weeks p=0.0025, at 4 weeks p<0.0001, at 6 weeks p=0.0145, at 8 weeks p=0.0221). 466 

XPro1595 treatment also markedly reduced the time to return to baseline MAP after the 467 

CRD was relieved at all time points (Fig. 3f; F(1,118)=40.57, p<0.0001, post hoc, at 2 468 

weeks p=0.0052, at 4 weeks p=0.0004, at 6 weeks p=0.0195 at 8 weeks p=0.0001). We 469 

also found that T3Tx-XPro1595 animals had significant less reflexive bradycardia during 470 

the hypertensive AD than T3Tx-Saline animals at 4- and 6-weeks following injury (Fig. 471 

3g; F(1,102)=13.83, p=0.0003, post hoc at 4 weeks p=0.0303, at 6 weeks p=0.0006).  472 

 People (and rodents) with high-level injuries often experience numerous AD 473 

events per day due to common complications associated with SCI [e.g., pressure sores, 474 

full bladders, constipation; (Rabchevsky et al., 2012; Zhang et al., 2013; West et al., 475 

2015)].  To further assess the degree to which XPro1595 diminishes AD, we determined 476 

the number of daily “naturally-occurring”, non-experimentally induced AD bouts. At each 477 

biweekly timepoint, we recorded animals’ MAP and HR over a continuous 24-hour 478 

period while they moved freely in their cages. AD events were detected using an 479 

established algorithm (Mironets et al., 2018) that sifts through the 24-hour recordings for 480 

paroxysmal hypertension and reflexive bradycardia (Fig. 3h-k). Both T3Tx-Saline and 481 

T3Tx-XPro1595 animals had similar numbers of events at 2 weeks (Fig. 3j; p = 0.1468). 482 

AD in the T3Tx-Saline animals intensified over time – the number of detected events 483 

increased between 2 and 8 weeks post-SCI (Fig. 3j; F(1, 156)=20.37, p<0.0001, post hoc, 484 

p=0.0089), corroborating the progressive intensification of AD over time described 485 

previously (Krassioukov and Weaver, 1995; Zhang et al., 2013; West et al., 2015). In 486 
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contrast, there was no change in the frequency of AD events in T3Tx-XPro1595 animals 487 

over time. Additionally, T3Tx-XPro1595 animals had significantly fewer naturally-488 

occurring events at 4, 6, and 8 weeks post-SCI (Fig. 3j; F(1, 156)=20.37, p<0.0001, post 489 

hoc, at 4 weeks p=0.0366, post hoc, at 6 weeks p=0.0107, post hoc, at 8 weeks 490 

p=0.0046). We also found that T3Tx-Saline animals had significantly greater peak MAP 491 

per AD event at each timepoint (Fig. 3k; F(1, 481)=52.01, p<0.0001, post hoc, at 2 weeks 492 

p=0.0229, at 4 weeks p=0.0162, at 6 weeks p<0.0001, at 8 weeks p=0.0165). 493 

Collectively, these data indicate that inhibiting spinal sTNFα starting 3 days after injury 494 

below SCI attenuates the severity and progressive exacerbation of AD. 495 

 496 

Delayed spinal sTNFα inhibition improves splenic leukocyte profile after complete 497 

high thoracic SCI 498 

 People with SCI often have compromised immune systems and are at higher risk 499 

for infection (Failli et al., 2012). Moreover, those with high-level injuries who experience 500 

AD, indicative of heightened SSR circuit activation and sympathetic hyperreflexia, are at 501 

even higher risk of infection (Zhang et al., 2013; Brommer et al., 2016). This is likely a 502 

consequence of increased sympathetic activity in immune-related effector organs, such 503 

as the spleen. Indeed, recurrent activation of the SSR circuit after high-level SCI results 504 

in splenic atrophy and diminished B cell numbers (Zhang et al., 2013). Because 505 

XPro1595 treatment attenuates AD development, suggestive of diminished activation of 506 

the SSR circuit, we wanted to determine whether XPro1595 treatment also attenuates 507 

peripheral immune dysfunction resultant from sympathetic hyperreflexia (Zhang et al., 508 

2013; Ueno et al., 2016).  509 
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 We first evaluated leukocyte and lymphocyte levels within the spleen, a major 510 

secondary lymphoid organ involved in regulating the immune system that receives 511 

sympathetic input. Spleens from uninjured animals, T3Tx-Saline and -XPro1595 512 

animals 8 weeks post-SCI were harvested and splenocytes were counted and 513 

characterized via flow cytometry.  514 

 As reported previously, chronic T3Tx results in dramatic splenic atrophy. We 515 

observed that T3Tx-Saline animals had smaller spleens (Fig. 4a,b; F(2, 14)=6.306, 516 

p=0.0112, post hoc, vs. naïve p=0.0137) and fewer total splenocyte numbers than naïve 517 

animals (Fig. 4c; F(2, 14)=5.239, p=0.0199, post hoc, vs. naïve p=0.0201). Treatment 518 

with XPro1595 prevented the SCI-induced splenic atrophy; T3Tx-XPro1595 animals had 519 

spleen weights that were higher than T3Tx-Saline animals and were similar to naïve 520 

animals (Fig. 4a,b; F(2, 14)=6.306, p=0.0112, post hoc, vs. T3Tx-Saline p=0.0059). T3Tx-521 

XPro1595 animals also had normal (i.e., similar to naïve) numbers of splenocytes that 522 

were higher than T3Tx-Saline (Fig. 4c; F(2, 14)=5.239, p=0.0199, post hoc, vs. T3Tx-523 

Saline p=0.0111).  524 

 We also found striking differences in the profile of the splenocytes, as determined 525 

by flow cytometry (the gating strategy is depicted in Fig. 4d). T3Tx-XPro1595 animals 526 

had more CD68+ monocytes compared to uninjured animals (Fig. 4e; F(2, 14)=2.468, 527 

p=0.1208, post hoc, vs. naïve p=0.0492). Corresponding to the splenocyte count 528 

numbers in Fig. 4c, T3Tx-Saline animals had fewer CD45R+ B cells (Fig. 4f; F(2, 529 

14)=4.045, p=0.0411, post hoc, vs. naïve p=0.0405, vs. T3Tx-XPro1595 p=0.0211), 530 

CD3+ T cells (Fig. 4g; F(2, 14)=7.5, p=0.0061, post hoc, vs. naïve p=0.0077, vs. T3Tx-531 

XPro1595 p=0.0034), CD8+ T cells (Fig. 4h; F(2, 14)=10.55, p=0.0016, post hoc, vs. naïve 532 
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p=0.0381, vs. T3Tx-XPro1595 p=0.0004), and CD4+ T cells (Fig. 4i; F(2, 14)=6.083, 533 

p=0.0065, post hoc, vs. naïve p=0.0015, vs. T3Tx-XPro1595 p=0.0388) than either 534 

naïve or T3Tx-XPro1595 animals. Notably, numbers of CD45R+ B cells, CD3+ T cells, 535 

CD8+ T cells, and CD4+ T cells in T3Tx-XPro1595 spleens were similar to those seen in 536 

naïve animals. Lastly, we found that T3Tx-XPro1595 animals had more CD4+/FoxP3+ 537 

TREG cells than either naïve or T3Tx-Saline animals (Fig. 4j; F(2, 14)=6.312, p=0.0111, 538 

post hoc, vs. naïve p=0.0434, vs. T3Tx-Saline p=0.0036).  539 

 Collectively, these data indicate that SCI detrimentally alters the profile of 540 

splenocytes in a way suggestive of a compromised immune system. Moreover, 541 

inhibiting sTNFα centrally with XPro1595 attenuates these changes, implying improved 542 

immune function.  543 

 544 

Intrathecal administration of XPro1595 does not affect splenic corticosterone 545 

levels but does diminish the surge in NE expression and sprouting of adrenergic 546 

fibers within the spleen after SCI  547 

 Increased glucocorticoid and noradrenergic signaling within the spleen have 548 

been implicated in the decrease in splenocyte number after high-level SCI (Lucin et al., 549 

2009; Zhang et al., 2013), such as what we saw in our studies here (Fig. 4). Does 550 

intrathecal administration of XPro1595 diminish levels of corticosterone (CORT) or 551 

norepinephrine (NE) in the spleen? We found that both T3Tx-Saline and -XPro1595 552 

treated animals 8 weeks after SCI had splenic CORT levels that strongly trended higher 553 

than that in spleens from uninjured animals. There was no difference in CORT levels 554 

between the T3Tx groups (Fig. 5a; naïve vs. T3Tx-Saline p=0.0607, naïve vs. T3Tx-555 



 

 25 

XPro1595 p=0.0656). However, we did see a treatment effect in splenic NE levels. 556 

Spleens from T3Tx-Saline animals had higher levels of NE than spleens from either 557 

uninjured or T3Tx-XPro1595 animals (Fig. 5b; F(2,11)=10.17,  p=0.0032, post hoc, vs. 558 

naïve p=0.0014, vs. T3Tx-XPro1595 p=0.0062). T3Tx-XPro1595 animals had similar 559 

NE levels to naïve animals. We also found that the extent of TH+, sympathetic 560 

postganglionic fibers innervating the spleen correlated with NE levels. T3Tx-Saline 561 

animals had more TH+ fibers in lymphocyte-rich, CD45+ white pulp regions than naïve or 562 

T3Tx-XPro1595 animals (Fig. 5c-m; F(2,39)=5.897,  p=0.0058, post hoc, vs. naïve 563 

p=0.0024; vs. T3Tx-XPro1595 p=0.013). Furthermore, the CD45+ regions were smaller 564 

in the T3Tx-Saline animals (Fig. 5l; F(2,39)=6.314,  p=0.0042, post hoc, vs. naïve 565 

p=0.0011; vs. T3Tx-XPro1595 p=0.0337), corroborating the loss of lymphocytes 566 

observed in our flow analyses (Fig. 4). T3Tx-XPro1595 and uninjured animals had 567 

similar TH+ immunoreactivity in similarly-sized CD45+ white pulp regions (Fig. 5c-m), 568 

again correlating with our flow and NE ELISA data. These data suggest that intrathecal 569 

XPro1595 prevents splenic atrophy after SCI via a CORT-independent, NE-dependent 570 

mechanism.  571 

 572 

Delayed intrathecal XPro1595 treatment improves immunity against bacterial 573 

pneumonia after chronic SCI 574 

 We wanted to more directly assess if T3Tx-XPro1595 animals had improved 575 

immunity against infection. As respiratory infections (e.g., pneumonia) are prevalent in 576 

the SCI population, we were specifically interested in how animals with T3Tx respond to 577 

infection with the bacteria Streptococcus pneumoniae (S. pneumoniae). T3Tx-Saline 578 
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and -XPro1595 animals were infected with S. pneumoniae intratracheally at 8 weeks 579 

post-SCI. Age-matched, uninjured animals were infected similarly. No animals were 580 

administered antibiotics and all animals were monitored daily for 10 days post-infection. 581 

 Though no uninjured animals died after S. pneumoniae infection (Fig. 6a), they 582 

all became ill. They lost a significant amount of weight (Fig. 6b), had high body 583 

temperatures (Fig. 6c), and exhibited tachypnea (Fig. 6d). All uninjured, infected 584 

animals recovered by 8 days, as indicated by a return of body weight, body 585 

temperature, and respiratory rate to baseline levels (Fig. 6b-d; Table 2). On the 586 

contrary, 3 out of 8 T3Tx-Saline animals (37.5%) died within 5 days after infection (Fig. 587 

6a). The T3Tx-Saline animals that survived the entire 10-day assessment period had 588 

persistent weight loss (Fig. 6b). Additionally, these animals had higher body 589 

temperatures (Fig. 6c) and respiratory rates early on (Fig. 6d), indicating that they were 590 

sicker than the uninjured animals (Table 2). Remarkably, intrathecal administration of 591 

XPro1595 improved immunity against S. pneumoniae infection. While infected, 592 

uninjured and infected, T3Tx-XPro1595 animals had similar elevations in body 593 

temperature (Fig. 6c), T3Tx-XPro1595 animals did lose more weight (Fig. 6b) and 594 

displayed increased respiratory rate (Fig. 6d), indicating that T3Tx-XPro1595 animals 595 

got sicker. However, unlike T3Tx-Saline animals, all infected, T3Tx-XPro1595 animals 596 

survived (Fig. 6a) and returned to baseline parameters by 10 days post-infection (Fig. 597 

6b,c,d).  598 

 To determine how well the immune system was able to clear the bacteria, lungs 599 

were harvested from all surviving animals 10 days post-infection, homogenized, and 600 

cultured on blood agar plates for 48h. Lungs from uninjured, uninfected animals were 601 
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also harvested for comparison. There were some colonies in the cultures using lungs 602 

from infected, uninjured animals (Fig. 6f,i), indicating there was some bacteria present 603 

in these animals’ lungs at the time of harvest. There were many more colonies in the 604 

cultures from T3Tx-Saline animals, indicating that there was still a significant bacterial 605 

presence in their lungs (Fig. 6g,I; F(3, 20)=7.366, p=0.0016, post hoc, vs. naïve 606 

p=0.0004, vs. uninjured-infected p=0.0007). Cultures from T3Tx-XPro1595 animals had 607 

fewer colonies than those from T3Tx-Saline animals and were similar to both uninjured 608 

groups, regardless of whether they were infected (Fig. 6h,I; F(3, 20)=7.366, p=0.0016, 609 

post hoc, vs. naïve p=0.2374, vs. uninjured-infected p=0.3266, vs T3Tx-Saline, 610 

p=0.0044). These data indicate that inhibiting sTNFα centrally post-SCI dramatically 611 

attenuates SCI-induced immunosuppression and improves immunity in chronic SCI 612 

animals. 613 

 614 

 615 

Discussion 616 

 617 

 Regulation of sympathetic activity is critical for maintaining normal function of 618 

organs that receive sympathetic input. Thus, it is not surprising that organ dysfunction 619 

commonly occurs after SCI (Alan et al., 2010; Zhang et al., 2013; Sauerbeck et al., 620 

2015; Kigerl et al., 2016; Ueno et al., 2016; Pruss et al., 2017). These detrimental 621 

secondary, systemic consequences of SCI are even more severe with high-level injuries 622 

(Alan et al., 2010; Zhang et al., 2013; Sauerbeck et al., 2015; Ueno et al., 2016; Pruss 623 

et al., 2017), suggesting that loss of descending modulation of spinal sympathetic 624 
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output plays a major role. Furthermore, considerable evidence suggests that SCI 625 

induces intraspinal plasticity that renders SSR circuitry more excitable. This results in 626 

sympathetic hyperreflexia that manifests as AD and drives immunodeficiency (Weaver 627 

et al., 2001; Pruss et al., 2017). The mechanisms by which SSR circuits become 628 

hyperexcitable following injury remain elusive. Additionally, the degree to which 629 

plasticity of SSR circuits causes secondary consequences of SCI (e.g., AD and 630 

dysimmunity) is also poorly understood. We surmised that persistent neuroimmune 631 

signaling below an injury influences activity of the SSR circuit to profoundly impact the 632 

organs innervated by the sympathetic nervous system. Here, we set out to determine 633 

whether administering XPro1595 to inhibit sTNFα beginning at a clinically-feasible, post-634 

SCI timepoint (3 days) could sufficiently blunt plasticity of the SSR circuit to 635 

therapeutically hamper AD development and improve immunity months after SCI. 636 

Furthermore, we also wanted to assess whether intrathecal XPro1595 treatment 637 

improved chronic SCI animals’ immunity sufficiently enough to fend off a clinically-638 

relevant S. pneumoniae infection challenge. 639 

 We found that delayed sTNFα inhibition decreased the severity of AD when 640 

compared to the saline-treated controls (Fig. 3), similar to what we saw when XPro1595 641 

was administered just after SCI (Mironets et al., 2018), indicating that sTNFα-mediated 642 

SSR circuitry plasticity occurs or becomes functional at some point after 3 days. This 643 

bolsters the notion of XPro1595 as a prophylactic treatment for this life-threatening 644 

syndrome, a gauge of sympathetic hyperreflexia. However, unlike what we saw 645 

previously, we also observed that CRD-induced AD intensified between 2 and 8 weeks 646 

(West et al., 2016) post-T3Tx, even with XPro1595 treatment, albeit to a far lesser 647 
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degree that saline-treated animals (Fig. 3c). This suggests that factors other than 648 

sTNFα signaling play a role in AD development. Future work will identify mechanisms 649 

independent of sTNFα that potentiate AD.  650 

 Importantly, we observed that delayed pharmacological inhibition of spinal sTNFα 651 

signaling dramatically attenuated SCI-induced immune suppression (Fig. 4,6). T3Tx-652 

Saline animals became noticeably sicker after S. pneumoniae infection than uninjured 653 

or T3Tx-XPro1595 animals – some even succumbed to the infection. These data 654 

corroborate the concept that high-level SCI results in a dysregulated sympathetic 655 

system that leads to immunodeficiency. Notably, while all T3Tx-XPro1595 animals got 656 

sick, they were more capable of clearing the bacteria from their lungs and all recovered 657 

substantially better than T3Tx-Saline animals. The improved immunity seen in the 658 

XPro1595 animals directly correlated with the prevention of SCI-induced splenic 659 

atrophy. Moreover, the leukocyte profile in uninjured and T3Tx-Saline and -XPro1595 660 

animals 8 weeks post-SCI (i.e., time of S. pneumoniae application) accurately predicted 661 

immunity against infection. XPro1595 animals had more normal levels (i.e., similar to 662 

those in naïve, uninjured animals) of total splenocytes, B cells, and T cells. 663 

Fascinatingly, XPro1595-treated animals had higher numbers of TReg cells, important 664 

regulators of immune function particularly in disease contexts (Sakaguchi et al., 2010; 665 

Mohr et al., 2019), than both uninjured and T3Tx-Saline animals. This is somewhat 666 

surprising, as increases in TReg cells are commonly associated with inhibiting 667 

lymphocyte function (Sabbagh et al., 2018). However, despite elevations in TReg cells, 668 

XPro1595 animals had relatively normal levels of lymphocytes that may ultimately 669 

improve immunity against infection. This apparent discrepancy is likely due to 670 



 

 30 

contextual differences. Many studies investigating the regulatory roles of TReg cells are 671 

in the context of autoimmune pathologies (Chen et al., 2005; Yang et al., 2018a; Mohr 672 

et al., 2019). In a SCI setting that typically causes an overall loss of lymphocytes, TReg 673 

cells may function differently to increase/protect this important population. We can 674 

address the role of increased TReg cell number in the improved immunity we observed 675 

by selectively deleting FoxP3 cells after SCI and assessing whether XPro1595 676 

treatment still diminishes dysimmunity. Moreover, as those living with SCI are also 677 

prone to viral infections (Soden et al., 2000; Bracchi-Ricard et al., 2016), we can also 678 

determine if XPro1595 improves antiviral immunity after SCI to more broadly gauge how 679 

well XPro1595 attenuates SCI-induced immunodeficiency. 680 

 Dysimmunity after SCI is strongly associated with a nonspecific loss of splenic 681 

leukocytes that is thought to be driven, in part, by aberrant levels of circulating stress 682 

hormones (Lucin et al., 2009; Zhang et al., 2013; Pruss et al., 2017). Indeed, we 683 

observed increased levels of splenic CORT following injury (Fig. 5a). However, despite 684 

elevated CORT levels in both T3Tx-XPro1595 and -Saline animals, T3Tx-XPro1595 685 

animals had normal splenocyte numbers and white pulp size (Fig. 4c; Fig. 5c,i,l). One 686 

possibility may be that increased noradrenergic signaling after SCI, suggested by 687 

increased TH+ axon density in splenic white pulp and elevated levels of NE in the 688 

spleen (Fig. 5), may play a more direct role in leukocyte toxicity. The sympathetic 689 

nervous system is critically important for regulating immune function, but not much is 690 

known as to how these mechanisms may change following injury to the CNS. Perhaps 691 

with SCI, paroxysmal spikes in NE may have toxic effects on leukocytes that then 692 

contribute, independently or in combination with circulating stress hormones, to 693 
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exacerbate immunosuppression (Zhang et al., 2013). The observed increase in TH+ 694 

axons after injury also indicate that plasticity of adrenergic, sympathetic postganglionic 695 

neurons also play a role in heightened sympathetic reflexes after injury. Future studies 696 

will investigate whether this is an indirect effect of sTNF -mediated changes to SSR 697 

circuitry.  698 

 The mitigated AD and immune dysfunction observed in the T3Tx-XPro1595 699 

correlated well with histological evidence that XPro1595 diminished plasticity implicated 700 

in increasing excitability of the SSR circuit. Normally, CGRP+ nociceptors predominantly 701 

synapse on neurons in superficial dorsal horn laminae that then project up the 702 

spinothalamic tract to relay nociceptive information to the brain (Bokiniec et al., 2018). 703 

We know from current and previous experiments that sTNF  drives plasticity of 704 

nociceptors (Wheeler et al., 2014; Mironets et al., 2018). Indeed, we saw more CGRP+ 705 

afferent fibers near the central canal caudal to the SCI in lumbar cord (Fig. 1). 706 

Moreover, there is a direct correlation between CRD-induced hypertension and CGRP+ 707 

immunoreactivity around the central canal [F(1,5)=7.946, p=0.0372, R2=0.6138]. 708 

Interneurons around the central canal in lumbosacral spinal cord relay sensory 709 

information rostrally, including to the SPNs(Hofstetter et al., 2005; Hou et al., 2008). 710 

Inhibiting sTNFα signaling decreased the number of neurons in this region that were 711 

recruited into the SSR circuit and that responded to CRD, an established trigger of the 712 

SSR circuit (Fig. 2a-i). This suggests that injury-induced sTNF  causes plasticity of 713 

CGRP+ afferents onto nearby interneurons, resulting in the recruitment of these 714 

rostrally-projecting, lumbar interneurons into the circuit. Additionally, injury results in 715 

more interneurons in thoracic cord near SPNs being activated by a below-level sensory 716 
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stimuli to drive SPN activity and sympathetic output (Krassioukov et al., 2002; Ueno et 717 

al., 2016) (Fig. 2j-t). We found that T3Tx-XPro1595 treated animals had fewer 718 

sympathetically-associated interneurons activated by CRD in close proximity to SPNs. 719 

These data demonstrate that injury-induced sTNFα mediates the recruitment of 720 

interneurons into the SSR circuit as well as their increased excitability. 721 

 sTNFα may promote neuron recruitment into the circuit by enhancing synaptic 722 

strength onto these neurons. Interestingly, sTNFα signaling has been associated with 723 

increasing trafficking of calcium-permeable glutamatergic receptors and decreasing 724 

levels of inhibitory GABAergic receptors at the cell membrane (Beattie et al., 2002; 725 

Stellwagen et al., 2005; Stuck et al., 2012; Patel et al., 2017). Future experiments will 726 

examine the direct influence of sTNFα on phenotypically distinct neurons within the SSR 727 

circuit in more depth.  728 

 Another possibility is that plasticity of SSR circuits is an indirect consequence of 729 

glial mechanisms that alter synaptic connectivity (Korn et al., 2005; Domercq et al., 730 

2006; Tilleux and Hermans, 2008; Gruber-Schoffnegger et al., 2013; Liu et al., 2017). 731 

Glia have been implicated in TNFR1-mediated effects on synaptic activity (Beattie et al., 732 

2002; Stellwagen et al., 2005; Stuck et al., 2012; Patel et al., 2017). Further 733 

experiments will dissect out the role of reactive microglia or astrocytes in SSR circuit 734 

plasticity after injury. 735 

  Unlike current FDA approved TNF-inhibitors, XPro1595 specifically targets the 736 

soluble form of TNFα, leaving transmembrane TNFα signaling – which is thought to 737 

mediate repair and immune modulation (Madsen et al., 2016; Atretkhany et al., 2018; 738 

Pegoretti et al., 2018; Yang et al., 2018b) – intact. In fact, XPro1595 is already currently 739 
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in clinical trials as a treatment for Alzheimer’s Disease (ClinicalTrials.gov), possibly 740 

shortening the time for XPro1595 to be used as a treatment for SCI. Additionally, as 741 

other medications, e.g., baclofen and morphine, are delivered intrathecally in humans 742 

(Kofler et al., 2009; Narain et al., 2015), intrathecal delivery of XPro1595, as we did 743 

here, is feasible. We intrathecally delivered XPro1595 to best contain its actions within 744 

the CNS, as systemic use of TNF-inhibitors is commonly associated with increased 745 

infection (Raychaudhuri et al., 2009). While it is possible that some XPro1595 may have 746 

escaped the CNS into the periphery via a permeabilized blood-spinal cord barrier(Noble 747 

and Wrathall, 1989; Popovich et al., 1996) or lymphatic drainage (Aspelund et al., 2015; 748 

Louveau et al., 2015), it is unlikely that this occurred to a significant extent given that we 749 

saw improved immunity in XPro1595-treated animals. 750 

 One limitation of this study is that we do not yet fully know the effective time 751 

window for XPro1595. While we know that delaying initiation of XPro1595 treatment for 752 

3 days is still effective, would XPro1595 need to be administered indefinitely or can 753 

treatment be discontinued while benefits persist? Additional studies are needed to 754 

determine optimal timing and dosing.  755 

 This study demonstrates that XPro1595 therapeutically diminishes SSR circuit 756 

plasticity to attenuate sympathetic hyperreflexia and mitigate secondary consequences 757 

of SCI-induced sympathetic dysregulation, such as immunodeficiency. To our 758 

knowledge, this would be the first prophylactic therapy that broadly improves 759 

sympathetic regulation after SCI, despite being delivered centrally days after injury, to 760 

attenuate life-threatening effector organ dysfunction. 761 

 762 
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Figure Legends 765 

 766 

Figure 1: Delayed inhibition of sTNFα after T3Tx diminishes CGRP+ afferent 767 

plasticity near the central canal in lower lumbar cord. Representative images of 768 

transverse sections of L6 lumbar cord from T3Tx-Saline animals and T3Tx-XPro1595 769 

animals 8 weeks post-injury and naive, uninjured animals immunostained for CGRP. (a-770 

d) T3Tx-Saline (b) and T3Tx-XPro1595 animals (c) had similar levels of CGRP+ 771 

expression in dorsal horn as naïve, uninjured animals (a,d). (e-h) There was increased 772 

CGRP+ immunoreactivity in T3Tx-Saline animals (f) in Laminae VII/X around the central 773 

canal compared to both naïve animals (e) and T3Tx-XPro1595 animals (g,h. T3Tx-774 

XPro1595 animals had normal levels of CGRP expression near the central canal.  N = 775 

3/4 per group. Mean ± SEM. *p < 0.05. cc: central canal. Scale bar: 50μm. 776 

 777 

Figure 2. Delayed inhibition of spinal sTNFα decreases the recruitment and 778 

colorectal distension-elicited activation of interneurons in the SSR circuit. PRV 779 

(green) was used to identify neurons within the SSR circuit and FG (blue) was used to 780 

label SPNs. Repeated, intermittent CRD was given to T3Tx-Saline or -XPro1595 781 

animals 8 weeks post-SCI to activate neurons within the SSR circuit, visualized with 782 

immunostaining for cFos (red), just prior to sacrifice. (a-i) Representative images of 783 

transverse, L6 spinal cord sections are shown. There were more total cFos+ neurons 784 

and PRV+ neurons in lumbar spinal cords of T3Tx-Saline animals than in T3Tx-785 

XPro1595 (a,b,d,e,g,h. There were also fewer sympathetically-associated neurons 786 

activated by CRD (i.e., cFos+/PRV+) in T3Tx-Saline animals than T3Tx-XPro1595 787 
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animals (c,f,i). (j-t) Representative images of the IML in longitudinal, T8-T13 spinal cord 788 

sections are shown. While there was no difference in the number of SPNs within the 789 

SSR circuit that were activated by CRD (i.e., PRV+/cFos+/FG+; see m”) between the two 790 

groups (j-q,s), there were more sympathetically-associated interneurons that were 791 

activated by CRD (i.e., PRV+/cFos+/FG- cells; see m’) in T3Tx-Saline animals (j-m) than 792 

in T3Tx-XPro1595 animals (n-r). As a result, the ratio of CRD-responsive interneurons 793 

to SPNs within the SSR circuit in T3Tx-XPro1595 animals was less than in saline-794 

treated animals (t). N=4/group. Mean ± SEM. *p < 0.05. Scale bars: 100μm. 795 

 796 

Figure 3. XPro1595 treatment initiated 3 days post-injury is sufficient to attenuate 797 

autonomic dysreflexia, a gauge of sympathetic hyperreflexia. (a,b) Baseline mean 798 

arterial pressure (MAP) and heart rate (HR) were assessed pre-injury and at bi-weekly 799 

timepoints after T3Tx. In both groups, the injury itself resulted in a persistent decrease 800 

in MAP. There was no difference in MAP between T3Tx animals treated with saline or 801 

XPro1595 (a). Injury also resulted in higher HR in both groups. At 2 and 8 weeks post-802 

T3Tx, XPro1595 animals had faster HR than saline treated animals (b).  (c-g) AD 803 

events were experimentally-induced via 1 minute of colorectal distension (CRD). 804 

Representative beat-to-beat arterial traces from (c) T3Tx-Saline animals and (d) T3Tx-805 

XPro1595 treated animals 8 weeks after injury are shown. The white line indicates 806 

MAP. While both groups exhibit a sharp increase in MAP in response to CRD, T3Tx-807 

Saline animals had far greater responses than T3Tx-XPro1595 animals at every 808 

timepoint (e) that took longer to return to baseline MAP after CRD ended (f). In both 809 

T3Tx-Saline and -XPro1595 animals, the CRD-induced MAP increased over time, 810 
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suggesting that AD progressively worsens (e). T3Tx-XPro1595 animals also exhibit less 811 

reflexive bradycardia than T3Tx-saline animals at 4 6-weeks post-injury (f). (h-k) 812 

Continuous 24hr hemodynamic recordings were conducted to assess naturally-813 

occurring AD events. Representative MAP traces from T3Tx-Saline (h) or T3Tx-814 

XPro1595 (i) animals over 24hr at 8 weeks post-SCI are shown. Naturally-occurring AD 815 

episodes are indicated by red asterisks. XPro1595-treated animals exhibit fewer daily 816 

naturally-occurring AD events compared to saline controls at 4, 6, and 8 weeks post-817 

SCI (j). The number of events increased over time in T3Tx-Saline animals but not 818 

XPro1595-treated animals between 2- and 8-weeks (j). The peak MAP per event was 819 

lower in T3Tx-XPro1595 animals compared to saline-treated controls (k). N=18-820 

24/group. Mean ± SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. 821 

 822 

Figure 4. XPro1595-treated animals exhibit more normal splenic leukocyte 823 

profiles. Spleens of T3Tx-Saline and -XPro1595 animals were harvested 8 weeks post-824 

SCI and compared to those of naïve, uninjured animals. (a,b) Spleens from T3Tx-Saline 825 

underwent dramatic atrophy and were smaller than spleens from naïve and T3Tx-826 

XPro1595 animals. In contrast, spleens from T3Tx-XPro1595 animals had similar 827 

weights to those in naïve animals. (c-j) Lymphocyte cell numbers were determined via 828 

flow cytometry. The gating strategy is shown in (d). There was an overall decrease in 829 

splenocyte number in T3Tx-Saline animals only (c), corresponding with the splenic 830 

atrophy in these animals. T3Tx-XPro1595 animals had more total monocyte-derived 831 

CD68+ macrophages than naïve animals while T3Tx-Saline animals had similar 832 

numbers of CD68+ macrophages (e). T3Tx-Saline animals also had fewer total CD45R+ 833 
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B cells, CD3+ T cells, CD8+ T cells, and CD4+ T cells than naïve and XPro1595-treated 834 

animals (f-i). The number of CD4+/FoxP3+ regulatory T cells in T3Tx-Saline animals was 835 

similar to that in naïve animals while T3Tx-XPro1595 animals had more TRegs than both 836 

naïve and saline-treated animals (j). N=5-6/group. Mean ± SEM. *p<0.05; **p<0.01; 837 

***p<0.001. 838 

 839 

Figure 5. Intrathecal administration of XPro1595 does not affect splenic 840 

corticosterone levels but does diminish the surge in NE expression and sprouting 841 

of adrenergic fibers within the spleen after SCI.  (a,b) Spleens were harvested 8 842 

weeks after SCI and assessed for corticosterone (CORT) or norepinephrine (NE) levels 843 

via ELISA. Spleens from naïve animals had a basal level of CORT and NE. Both T3Tx-844 

Saline animals and T3Tx-XPro1595 exhibited a strong trend toward increased splenic 845 

CORT. T3Tx-Saline animals had greater levels of splenic NE than naïve or T3Tx-846 

XPro1595 animals. (c-m) Transverse sections of spleens from naïve, uninjured animals 847 

or T3Tx-Saline or -XPro1595 animals 8 weeks after SCI were immunostained for CD45 848 

(green) to label leukocytes in white pulp regions and TH (red) to identify adrenergic 849 

fibers. Spleens from naive animals had large CD45+ islands (c) innervated by TH+ 850 

axons (d,e). T3Tx-Saline animals had smaller CD45+ white pulp regions than naïve 851 

animals (f), that were innervated by more TH+ fibers (g,l,m). CD45+ white pulp in T3Tx-852 

XPro1595 spleens were similar in size to naïve animals and were larger than those in 853 

saline-treated animals (i,l). Moreover, TH+ immunostaining in white pulp in T3Tx-854 

XPro1595 animals was similar to naive animals and was less than that in T3Tx-Saline 855 

animals (j,m). N=4-5/group. Mean ± SEM. *p<0.05; **p<0.01. Scale bar: 50μm 856 
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Figure 6. Delayed intrathecal XPro1595 treatment after T3Tx improves 859 

antibacterial immunity in chronic SCI animals. At 8 weeks post-SCI, T3Tx-Saline 860 

and T3Tx-XPro1595 animals were intracheally administered S. pneumoniae and 861 

sickness behavior was tracked for 10 days. Uninjured animals were similarly infected for 862 

comparison. (a) After infection, 37.5% (3/8) of T3Tx-Saline animals died. No uninjured 863 

(0/6) or T3Tx-XPro1595 (0/7) animals died after infection – these latter groups had a 864 

100% survival rate. (b-d) Uninjured, infected animals exhibited decreased body weight, 865 

increased body temperature, and increased respiratory rate, indicative of sickness. 866 

T3Tx-Saline animals exhibited an even greater degree of weight loss, fever, and 867 

tachypnea than uninjured and T3Tx-XPro1595 animals. T3Tx-Saline animals were 868 

unable to recover to normal bodyweight (b) but recovered back to normal body 869 

temperature (c) and respiratory rate (d). T3Tx-XPro1595 animals also exhibited 870 

sickness behavior but they recovered to normal bodyweight (b) and did not have as high 871 

a peak body temperature (c) or respiratory rate (d). (e-i) Lungs were harvested 10 days 872 

after infection and homogenates were plated onto blood agar plates. Lungs from naïve 873 

(i.e., uninfected, uninjured) animals were also harvested and cultured as an additional 874 

control. Colony forming units (CFU) were counted 48h later. There were some CFU in 875 

lung cultures from infected, uninjured animals, suggesting that S. pneumoniae was not 876 

completely cleared from the lungs (f,i). Cultures from T3Tx-Saline animals’ lungs (g) had 877 

more CFUs than those from uninjured-infected animals (f), indicating that T3Tx reduces 878 

bacterial clearance, indicative of diminished immune function. Cultures from XPro1595-879 

treated animals (h) had fewer CFUs than saline-treated animals and were similar to 880 

uninjured-infected animals (i). N=5-7/group. Mean ± SEM. **p<0.01; ***p<0.001. 881 
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Table 1: Summary of animal numbers for each 
experimental outcome measure 

Experimental Outcome 
Measure 

# animals 
per group 

ELISA 3-7 

CGRP+ histology 3-4 

Assessment of recruitment and 
activation of neurons in the SSR circuit 4 

Assessment of autonomic dysreflexia 18-24 

Spleen and splenocyte analysis 5-6 

Spleen histology  4-5 

S. pneumoniae infection challenge 5-7 
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Table 2: Comparison of outcomes over 10 days following S. pneumoniae infection   

Experimental Groups Body Weight Temperature Respiratory Rate 

Uninjured-infected       
over time (compared to 
pre-infection baseline) 

* p=0.0147 at Day 1         
* p=0.0116 at Day 2         

NS at Days 3-10 

* p<0.05 at Days 1 ,4-5     
** p<0.01 at Days 2,7       
NS at Days 3, 8-10 

* p<0.05 at Days 1,5         
** p<0.01 at Days 2-3        
NS at Days 4, 6-10 

T3Tx-Saline + infection 
over time (compared to 
pre-infection baseline) 

* p<0.05 at Days 2-10 

**p=0.0078 at Day 1       
*** p=0.0007 at Day 2      
* p=0.0169 at Day 7        
NS at Days 3-6, 8-10 

** p<0.01 at Days 1-2        
*** p<0.001 at Days 3-4       

* p<0.05 at Days 5-9         
NS at Day 10 

T3Tx-XPro1595 + infection 
over time (compared to 
pre-infection baseline) 

* p<0.05 at Day 1-9         
NS at Day 10 

* p<0.05 at Days 1,7       
** p=0.0031 at Day 2       
NS at Days 3-6, 8-10 

** p<0.01 at Days 1,4,6       
*** p<0.001 at Days 2-3       

* p=0.0101 at Day 5          
NS at Days 7-10 

T3Tx-Saline + infection vs. 
Uninjured-infected 

NS at Days 0-3            
* p = 0.0117 at Day 4        

**** p <0.0001 at Days 5-10 

* p=0.0384 at Day 2        
NS at Days 1, 3-10 

*** p=0.0001 at Day 1        
**** p<0.0001 at Days 2-4     

** p=0.0015 at Day 5         
NS at Days 6, 8-10          
* p=0.0454 at Day 7 

T3Tx-XPro1595 + infection 
vs. Uninjured-infected 

NS at Days 0-3            
** p=0.0016 at Day 4        

**** p<0.0001 at Days 5-6    
*** p=0.0003 at Day 7       
* p<0.05 at Days 8-9        

NS at Day 10 

NS at Days 1-10 

* p=0.0367 at Day 1          
**** p<0.0001 at Day 2       
** p<0.01 at Days 3-4        

NS at Days 5-10 

T3Tx-Saline + infection vs. 
T3Tx-XPro1595 + infection 

NS at Day 0-8             
* p=0.0293 at Day 9         

** p=0.0067 at Day 10 
NS at Days 1-10 NS at Days 1, 3-10          

** p=0.0085 at Day 2 

 




