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Injury Does Not Affect Sympathetic Hyperreflexia
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Abstract

After a severe, high-level spinal cord injury (SCI), plasticity to intraspinal circuits below injury results in heightened

spinal sympathetic reflex activity and detrimentally impacts peripheral organ systems. Such sympathetic hyperreflexia is

immediately apparent as an episode of autonomic dysreflexia (AD), a life-threatening condition characterized by sudden

hypertension and reflexive bradycardia following below-level sensory inputs; for example, pressure sores or impacted

fecal matter. Over time, plasticity within the spinal sympathetic reflex (SSR) circuit contributes to the progressive

intensification of AD events, as the frequency and severity of AD events increase greatly beginning *2 weeks post-injury

(wpi). The neuroimmune system has been implicated in driving sympathetic hyperreflexia, as inhibition of the cytokine

soluble tumor necrosis factor-alpha (sTNFa) using the biological mimetic XPro1595 beginning within days post-SCI has

been shown to attenuate the development of AD. Here, we sought to further understand the effective therapeutic time

window of XPro1595 to diminish sympathetic hyperreflexia, as indicated by AD. We delayed the commencement of

continuous intrathecal administration of XPro1595 until 2 weeks after a complete, thoracic level 3 injury in adult rats. We

examined the severity of colorectal distension-induced AD biweekly. We found that initiation of sTNFa inhibition at 2

wpi does not attenuate the severity or intensification of sympathetic hyperreflexia compared with saline-treated controls.

Coupled with previous data from our group, these findings suggest that central sTNFa signaling must be targeted prior to 2

weeks post-SCI in order to decrease sympathetic hyperreflexia.

Keywords: autonomic dysreflexia; neuroimmune plasticity; soluble TNFa; spinal cord injury; sympathetic hyperreflexia;
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Introduction

Cardiovascular disease is one of the leading causes of

morbidity and mortality in individuals with high-level spinal

cord injuries (SCI).1 This is primarily due to the development of

sympathetic hyperreflexia, which results in excess sympathetic

output to effector organs, such as peripheral vasculature, in re-

sponse to below-level noxious sensory stimuli, such as bladder or

bowel distension. Sympathetic hyperreflexia immediately mani-

fests as autonomic dysreflexia (AD), a condition occurring in up to

90% of individuals with SCI above thoracic segment 6 (T6), which

is characterized by life-threatening hypertension and concomitant

bradycardia, ultimately increasing the patients’ risks for myocar-

dial infarction and stroke.2,3 Moreover, even milder symptoms of

AD such as headaches, sweating, and sudden anxiety severely

impair quality of life. Therefore, managing AD is a top priority for

those with SCI.4

One of the major mechanisms that underlie sympathetic hy-

perreflexia development is damage to descending, supraspinal

pathways, which regulate sympathetic pre-ganglionic neurons

(SPNs) found within the intermediolateral cell column (IML)

throughout the thoracolumbar spinal cord (T1-L2 spinal seg-

ments).5 In the intact spinal cord, SPN activity is regulated via the

integration of supraspinal and intraspinal inputs to modulate

sympathetic output to peripheral vasculature. After a high-level

SCI (i.e., at T6 or above), the loss of modulatory, inhibitory su-

praspinal inputs disrupts this spinal sympathetic reflex (SSR)

circuit, resulting in a bias toward excitatory intraspinal input on

SPNs.6 Beginning *2 weeks post-injury (wpi), a secondary phase

develops in which the frequency and severity of AD episodes

intensifies.7–9 The development of this later phase is associated

with maladaptive plasticity caudal to the SCI (i.e., sprouting of

primary afferents and propriospinal axons, changes in intraspinal

interneuron activity, and changes in input to SPNs).8,10–15 As a
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result of this plasticity, a hyper-excitable SSR circuit develops in

which a sensory stimulus below the injury leads to exaggerated

sympathetic output.6

We recently found that the neuroimmune system is a key

mechanism that drives plasticity within the SSR circuit. Specifi-

cally, the cytokine soluble tumor necrosis factor-alpha (sTNFa) has

been shown to increase neuronal excitability, drive plasticity within

the SSR circuit, and contribute to the development of sympathetic

hyperreflexia following high-thoracic SCI.8,9,16–18 sTNFa is upre-

gulated within minutes post-SCI19,20 and persists at heightened

levels for weeks within the SSR circuit, as does its primary receptor

TNFR1 and downstream NF-jB p65 activity.8,9 Interestingly,

pharmacological inhibition of central sTNFa signaling via intra-

thecal administration of the biologic mimetic XPro159521 begin-

ning immediately or 3 days post-complete transection at the T3

spinal segment (T3Tx) has been shown to attenuate maladaptive

plasticity within the SSR circuit and thereby mitigate the severity of

sympathetic hyperreflexia.8,9 Although it is known that blocking

sTNFa/TNFR1 signaling relatively acutely post-SCI attenuates the

development of sympathetic hyperreflexia, the critical period for

injury-induced sTNFa activity on the development of sympathetic

hyperreflexia is currently unknown. Moreover, as the exact

mechanisms by which sympathetic hyperreflexia is initiated and

sustained is a pressing question within the SCI field, we sought to

further explore the temporal role of sTNFa in modulating sympa-

thetic hyperreflexia. Here, we sought to determine if administering

the dominant-negative biologic XPro1595 to inhibit sTNFa starting

2 weeks post-injury, when AD is already established and events

begin to intensify, is sufficient to diminish and/or reverse sympa-

thetic hyperreflexia and associated AD development.

Methods

Animals

Adult, female Wistar rats (*225–250 g; Charles River La-
boratories) were used for all experiments. Animals were housed
two to three per cage on a 12-h light/dark cycle with ad libitum
access to food and water and were acclimated for at least 1 week
after arrival, prior to any surgical procedures. All surgical proce-
dures were performed with the animals under general isoflurane
anesthesia (induction 5%, maintenance 2%, in 100% oxygen at 0.5–
2 L/min) using aseptic technique, sterilized instruments, and a
thermal heating pad. During all surgeries, animals were treated with
ampicillin (Sandoz; 200 mg/kg, s.c.), meloxicam (Putney; 1 mg/kg,
s.c.), and 3 mL Ringer’s lactate solution (s.c.) and placed on a
thermal heating pad to recover. Following SCI, animal bladders
were manually expressed two to three times per day for the duration
of the study. Animals were randomly divided into either saline
(n = 11) or XPro1595 (n = 15) treatment groups. At the terminal
time point, animals were euthanized with Euthasol� (Virbac AH,
Inc.) and transcardially perfused with 0.9% saline and 4% para-
formaldehyde (PFA). All housing, surgical, and animal care pro-

cedures were in accordance with Drexel University Institutional
Animal Care and Use Committee and Association for Assessment
and Accreditation of Laboratory Animal Care (AAALAC)/
National Institutes of Health (NIH) guidelines.

Surgical procedures

Animals were implanted with radiotelemeter pressure trans-
ducers (HD-S10 or HD-S11; Data Sciences International, Inc.) into
the descending aorta 1 week prior to a complete spinal transection
at thoracic segment 3 (T3Tx) (Fig. 1). As previously described,8,9,22

the telemeter catheter was threaded and secured to the femoral
artery, and the transmitter body was placed in a subcutaneous
pocket. Animals recovered for at least 1 week post-transplant, and
baseline hemodynamic activity was recorded to verify catheter
placement and pre-SCI cardiovascular parameters.

Following recovery and baseline recordings, all animals under-
went a complete T3Tx-SCI, in which thoracic segment 3 was ex-
posed following a T2 laminectomy, and *2 mm of spinal cord was
removed via vacuum aspiration. The cavity was visually examined
to verify lesion completeness, gel foam was placed in the cavity,
and the dura was sutured shut as previously described.9

Two weeks post-transection, all animals underwent baseline
hemodynamic recordings and colorectal distension (CRD) prior to
osmotic minipump implantation. Osmotic minipumps (Alzet, no.
2006) were used to intrathecally deliver either XPro1595 or saline
continuously for 42 days at a rate of 60lg per day. As previously
described,9 minipumps were filled with either saline or XPro1595
(10 mg/mL; provided by INmune Bio Inc.) and an intrathecal
catheter (ReCathCo) was attached to the minipump. Minipumps
were prepared and incubated in sterile saline at 37�C 60 h prior to
implantation.

To implant the minipumps, all animals underwent T9 laminec-
tomies to expose spinal segment T8. The catheter was threaded in
the subdural space to end just caudal to the T3Tx injury site and
secured in place, as previously described.8,9

Hemodynamic parameter assessment
of experimentally induced AD

Rats implanted with radiotelemeters were individually caged
and placed on radiotelemeter receivers (RPC-1; Data Sciences
International) to record baseline hemodynamic activity (i.e.,
heart rate [HR] and mean arterial pressure [MAP]) prior to
SCI. This baseline activity was also used to ensure that HR and
MAP values were within normal range. CRD, a well-established
method for experimentally inducing an AD episode, was per-
formed on weeks 2, 4, 6, and 8 post-T3Tx.9,12,22 To provide a
real-time readout of cardiovascular function during an AD event,
HR and MAP measures were recorded every 2 sec in conscious
animals using Dataquest A.R.T. or Ponemah v6.5 acquisition
software (Data Sciences International). Similar to what has been
previously described,9,22 a silicone balloon-tipped catheter was
carefully inserted 2 cm into the animals’ rectum and secured with
tape. Baseline hemodynamic activity was recorded for at least

FIG. 1. Overview of experimental timeline. Color image is available online.
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30 min during acclimation and established via a time-matched
moving average of MAP and HR over a 6-min period. When
animals consistently exhibited steady baseline activity, the
balloon catheter was inflated with 2.0 mL of air over 10 sec and
maintained for 1 min, thereby activating spinal viscero-sympathetic
reflexes and inducing an AD episode.8,9 CRD was performed for
two or three trials per animal per time point, with at least 20 min
between trials.

For each animal, the change in MAP and HR from baseline
during CRD and time to return to baseline were calculated
for each trial and averaged within and between groups. Differ-
ences in hemodynamic activity between treatment groups and
over time were analyzed for significance via two-way mixed-
analysis of variance (ANOVA) and post-hoc Fisher’s Least

Significant Difference (LSD) tests (GraphPad Prism 8, La Jolla,
CA). All analyses were performed blinded to treatment group,
and a p value <0.05 was considered significant.

Results

Virtually all animals with complete T3Tx-SCI displayed AD by

2 weeks after injury.23,24 Moreover, AD began to intensify at this

time point.7–9,25,26 Here, we sought to determine if delaying ad-

ministration of XPro1595 to inhibit sTNFa until 2 weeks post-SCI

was sufficient to reverse AD or prevent the exacerbation of AD

beyond 2 weeks. Using radiotelemetry, hemodynamic parameters

were measured before injury in all animals and at biweekly time

points throughout the duration of the study.

FIG. 2. Inhibition of central soluble tumor necrosis factor-alpha (sTNFa) signaling via intrathecal XPro1595 starting 2 weeks post-
spinal cord injury (SCI) does not affect colorectal distension (CRD)-induced autonomic dysreflexia. (a, b) Continuous basal hemo-
dynamic activity was measured prior to injury and at biweekly time points post-complete transection at the T3 spinal segment (T3Tx). In
both groups, baseline mean arterial pressure (MAP) was significantly reduced following injury and persisted up to 8 weeks post-injury
(wpi) (a). Injury also significantly increased heart rate (HR) and persisted in both groups (b). No differences between treatment groups
were observed at any time point. (c, d) Representative traces of beat-to-beat arterial pressure (mm Hg) before, during, and after CRD in
T3Tx-Saline (n = 11) and T3Tx-XPro1595 (n = 15) treated rats 8 wpi. The 1 min CRD event is indicated by the red line and MAP is
indicated by the white line in the traces. Both T3Tx-Saline (c) and -XPro1595 (d) treated animals exhibit a sharp spike in MAP in
response to CRD. (e) The severity of these CRD-induced MAP spikes significantly increases over 2–8 weeks post-SCI in both treatment
groups. XPro1595 treatment initiated 2 wpi did not attenuate this sharp spike in MAP compared with saline-treated controls. (f) There
was no difference within groups or across time in the duration of CRD-induced AD events, measured as time (seconds) to return to baseline
MAP after the 1-min CRD period. (g) Inhibition of sTNFa beginning 2 wpi also had no significant effect on attenuating concomitant CRD-
induced bradycardia, indicated as change (D) in HR beats per minute (bpm), compared with controls. In both treatment groups, such
reflexive bradycardia significantly worsened over 2–8 weeks post-SCI, further demonstrating that AD worsens over time (e, g). Values
represent mean – standard error of the mean (S.E.M.). *p < 0.05; **p < 0.01; ****p < 0.0001. P values were determined by two-way mixed-
analysis of variance (ANOVA) and post-hoc Fisher’s Least Significant Difference (LSD) tests. Color image is available online.
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Baseline MAP was significantly reduced following SCI in both

treatment groups and persisted up to 8 wpi (Fig 2a) (F[4,94] = 23.34,

p < 0.0001; post hoc, vs. 8 weeks T3Tx-Saline p < 0.0001; vs. 8

weeks T3Tx-XPro1595 p < 0.0001). SCI also resulted in signifi-

cantly increased baseline HR activity up to 8 weeks in both groups

(Fig. 2b) (F[4,94] = 19.92, p < 0.0001; post hoc, vs. 8 weeks T3Tx-

Saline p = 0.0038; vs. 8 weeks T3Tx-XPro1595 p < 0.0001), similar

to what we and others have observed previously.8,9,22,25,26 There

were no differences in baseline MAP nor HR between treatment

groups at any of the time points.

To trigger sympathetic hyperreflexia, all animals received CRD

at 2, 4, 6, and 8 weeks post-T3Tx. CRD quickly and effectively

induced hypertension and bradycardia, hallmarks of an AD event,

in both T3Tx-Saline and T3Tx-XPro1595 animals (Fig. 2c,d). The

magnitude of the CRD-induced MAP spike significantly increased

between 2 and 8 weeks in T3Tx-Saline animals (Fig. 2e)

(F[3,70] = 19.26, p < 0.0001; post hoc, 2 weeks T3Tx-Saline vs. 8

weeks T3Tx-Saline p < 0.0001), consistent with previous studies

demonstrating that AD intensifies over time.7–9 T3Tx-XPro1595

animals exhibited a similar progression in the magnitude of CRD-

induced hypertension over 2–8 weeks (Fig. 2e) (F[3,70] = 19.26,

p < 0.0001; post hoc, 2 weeks T3Tx-XPro1595 vs. 8 weeks T3Tx-

XPro1595 p < 0.0001). There was no significant difference in the

magnitude of the increase in MAP between treatment groups

(Fig. 2e).

We previously found that starting inhibition of sTNFa early after

T3Tx-SCI attenuates the duration of CRD-induced AD events.8,9

However, initiation of XPro1595 treatment at 2 wpi did not shorten

the duration of AD events compared with saline-treated animals

(Fig. 2f).

We also assessed CRD-induced reflexive bradycardia. T3Tx-

Saline animals had significantly more severe bradycardia during an

AD episode over time (Fig. 2g) (F[3,70] = 4.797, p = 0.0043; post

hoc, 2 weeks T3Tx-Saline vs. 8 weeks T3Tx-Saline p = 0.0192).

T3Tx-XPro1595 animals exhibited similarly heightened brady-

cardia between 2 and 8 weeks post-injury (Fig. 2g) (F[3,70] = 4.797,

p = 0.0043; post hoc, 2 weeks T3Tx-XPro1595 vs. 8 weeks T3Tx-

XPro1595 p = 0.0214). There were no differences between treat-

ment groups at any of the time points. Taken together, these data

suggest that inhibition of central sTNFa beginning 2 weeks after

high-thoracic SCI does not mitigate the severity or progressive

intensification of sympathetic hyperreflexia, as indicated by AD.

Discussion

Dysregulation of sympathetic activity following SCI results in

widespread central and systemic consequences that are detrimental

to those who sustained a SCI. Therefore, there is a pressing need to

identify therapeutic strategies to prevent or temper the development

of sympathetic hyperreflexia. We previously showed that inhibition

of central sTNFa signaling with XPro1595 beginning immediately

or 3 days post-T3Tx-SCI significantly attenuates the development

of sympathetic hyperreflexia and associated AD. However, neither

the therapeutic window of XPro1595 nor the critical period of

injury-induced sTNFa activity on driving plasticity is known. As

the severity of AD events intensifies beginning 2 wpi,8,25,27 we

sought to determine whether inhibition of central sTNFa signaling

beginning at this 2 wpi time point would attenuate, or even reverse,

the development of sympathetic hyperreflexia, as indicated by AD.

We found that initiation of XPro1595 administration at 2 wpi did

not attenuate the severity or intensification of AD events over time.

We do not believe that this lack of an effect was the result of this

particular lot of XPro1595 being ineffective, as we used the same

batch of XPro1595 here as in our previously published study, in

which we did observe attenuated sympathetic hyperreflexia when

initiated 3 days post-injury (dpi).8 Therefore, these findings indi-

cate that sTNFa signaling within 3 days to 2 weeks after high-level

SCI is crucial for the initial development of sympathetic hyperre-

flexia. However, once sympathetic hyperreflexia is established,

sTNFa signaling is not needed for its maintenance. Thus, XPro1595

treatment needs to commence before 2 weeks post-injury in order to

dampen sympathetic hyperreflexia.

Interestingly, even with early initiation of XPro1595 treat-

ment,8 we found that sympathetic hyperreflexia continues to in-

tensify over time. These previous and present findings suggest that

additional neuroimmune factors likely contribute to the continued

intensification of AD over time. Indeed, injury-induced signaling

cascades result in the dynamic, phasic infiltration of various

leukocytes at the injury epicenter and below injury.28,29 In par-

ticular, activation of central microglia and infiltration of periph-

erally derived macrophages are expressed at persistently elevated

levels for several weeks post-SCI and are known to contribute

to various forms of intraspinal plasticity.30,31 Our laboratory

previously demonstrated the persistent presence of reactive

microglia/macrophages, astrocytes, and activated NF-jB in ani-

mals that started continuous treatment with XPro1595 shortly

after SCI.9 As glial cells are known to release a myriad of immune

and inflammatory factors post-injury29,32 that contribute to vari-

ous forms of intraspinal plasticity,33,34 exploring the role of these

cells in sympathetic dysregulation post-injury will be an intrigu-

ing area of research. To elucidate the mechanisms underlying the

‘‘second wave’’ of AD intensification starting at 2 wpi, it would be

important to characterize the different types of infiltrating leu-

kocytes at various time points below the injury and how they

affect SSR circuit plasticity.

In addition to characterizing the role of glial cells in sympathetic

dysregulation, it would be interesting to explore the role of specific

neuroimmune and inflammatory factors other than sTNFa. Speci-

fically, interleukin (IL)-1b and IL-6 are intriguing potential

mechanisms because of their known roles in modulating the ex-

pression of growth factors associated with afferent sprouting,35 as

well as in altering the balance of excitatory to inhibitory inputs in

neural circuits.36 Interestingly, injury-induced activation of NF-jB

is known to be involved in driving the expression of proin-

flammatory cytokines and ensuing intraspinal plasticity. More-

over, persistent expression of such factors also contributes to the

formation of a proinflammatory autocrine feedback loop via NF-

jB, thereby forming a chronic, inflammatory microenvironment

that drives such intraspinal plasticity.37,38 For example, NF-jB

signaling appears to contribute to sprouting of nociceptive cal-

citonin gene-related peptide (CGRP)+ afferents post-SCI, which is

associated with sympathetic hyperreflexia9,11,12,39; inhibition of

NF-jB activity attenuates CGRP+ neurite extension and growth.9

Cytokine-mediated activation of NF-jB has also been implicated

in shaping neuronal excitability, thereby contributing to an

overall shift in excitability within intraspinal circuits.40,41 Tar-

geted manipulation of these cytokines and/or NF-jB may provide

an improved understanding of the mechanisms underlying the

development of sympathetic hyperreflexia, particularly during

this secondary, intensifying phase. Moreover, dissecting the roles

of such neuroimmune and inflammatory factors may elucidate a

potential therapeutic target for attenuating sympathetic hyperre-

flexia and mitigating the development of secondary outcomes,

such as AD and peripheral dysimmunity.
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Conclusion

In conclusion, we demonstrated that inhibiting central sTNFa
signaling after 2 weeks post-SCI does not affect the development of

sympathetic hyperreflexia and associated AD. This furthers our

understanding of the effective therapeutic window for XPro1595,

which, to our knowledge, is the first pharmacological treatment

shown to prophylactically treat sympathetic hyperreflexia in pre-

clinical SCI studies.
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