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Abstract

Spinal cord injury (SCI) can have profound effects on the autonomic and cardiovascular systems,
notably with injuries above high-thoracic levels that result in the development of autonomic
dysreflexia (AD) characterized by volatile hypertension in response to exaggerated sympathetic
reflexes triggered by afferent stimulation below the injury level. Pathophysiological changes
associated with the development of AD include sprouting of both nociceptive afferents and
ascending propriospinal ‘relay’ neurons below the injury, as well as dynamic changes in synaptic
inputs onto sympathetic preganglionic neurons. However, it remains uncertain whether synapse
formation between sprouted c-fibers and propriospinal neurons contributes to the development of
exaggerated sympathetic reflexes produced during AD. We previously reported that once daily
treatment with the anti-epileptic and neuropathic pain medication, gabapentin (GBP), at low
dosage (50 mg/kg) mitigates experimentally induced AD soon after injections, likely by impeding
glutamatergic signaling. Since much higher doses of GBP are reported to block the formation of
excitatory synapses, we hypothesized that continuous, high dosage GBP treatment after SCI might
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prevent the formation of aforementioned aberrant synapses and, accordingly, reduce the incidence
and severity of AD. Adult female rats implanted with aortic telemetry probes for hemodynamic
monitoring underwent T4-transection SCI and immediately received 100 mg/kg (i.p.) of GBP and
then every six hours (400 mg/kg/day) for 4-weeks after injury. We assessed daily body weight,
mean arterial pressure, heart rate, frequency of spontaneous AD, and hemodynamic changes
during colorectal distension (CRD) to establish whether high dose GBP treatment prophylactically
mitigates both AD and associated aberrant synaptic plasticity. This regimen significantly reduced
both the absolute blood pressure reached during experimentally induced AD and the time required
to return to baseline afterwards. Conversely, GBP prevented return to pre-injury body weights

and paradoxically increased the frequency of spontaneously occurring AD. While there were
significant decreases in the densities of excitatory and inhibitory pre-synaptic markers in the
lumbosacral dorsal horn following injury alone, they were unaltered by continuous GBP treatment.
This indicates distinct mechanisms of action for acute GBP to mitigate induced AD whereas
chronic GBP increases non-induced AD frequencies. While high dose prophylactic GBP is not
recommended to treat AD, acute low dose GBP may hold therapeutic value to mitigate evoked
AD, notably during iatrogenic procedures under controlled clinical conditions.
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Introduction

Along with sensory and motor impairments, traumatic spinal cord injury (SCI) results

in a constellation of cardiovascular and autonomic dysfunctions (Hou and Rabchevsky,
2014; Krassioukov et al., 2003; Weaver et al., 2012), notably with injuries above the sixth
thoracic (T6) segment that frequently result in the development of a condition termed
autonomic dysreflexia (AD). This syndrome is characterized by episodes of volatile and
potentially lethal hypertension in response to exaggerated sympathetic reflexes triggered by
unperceived afferent stimuli below the injury level. Affected individuals may experience
cardiac arrhythmia, pounding headache, anxiety, flushing of the skin and profuse sweating
above the lesion during an episode of AD. This episodic disorder can occur frequently
throughout the day due to regular filling of the bowel and bladder creating noxious stimuli,
or by irregular and less predictable triggers such as pressure sores or ingrown toe nails
(Karlsson, 1999). Because of the unpleasant and potentially dangerous manifestations,
prevention or effective treatment of AD is one of the highest priorities in the SCI community
for enhancing quality of life (Anderson, 2004).

Mechanisms known to contribute to the development of AD include the loss of descending
vasomotor modulatory pathways, hyperreactivity of peripheral vasculature to adrenergic
stimulation, and a number of maladaptive changes within spinal circuitry influencing
sympathetic outflow below the lesion (Krassioukov et al., 1999; Schramm, 2006).
Intraspinal changes include sprouting of both unmyelinated afferent c-fibers and ascending
propriospinal ‘relay’ projections towards sympathetically-correlated interneurons in the
thoracic spinal cord, as well as dynamic alterations of synaptic inputs to decentralized
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sympathetic preganglionic neurons (SPN) in the thoracolumbar spinal cord. Synapses
derived from descending supraspinal projections onto SPN are eliminated within one week
after complete spinal transection at the fourth thoracic (T4) segment, but by two weeks after
injury there is restoration of synaptic terminals onto SPN derived from spinal interneurons
and/or primary afferents below the injury (Llewellyn-Smith and Weaver, 2001). Because
the development of AD occurs over weeks after SCI in rodents, it has been suggested that
injury induced synaptogenesis onto decentralized SPN contributes to AD pathophysiology
(Weaver et al., 1997). Based on seminal electrophysiological studies (Krassioukov et al.,
2002), a model of AD development has emerged in which the loss of supraspinal control,
coupled with convergence from both primary afferents and propriospinal neurons onto
sympathetically correlated interneurons, enhances the transmission of noxious stimuli below
the injury to SPN, triggering unrestricted sympathetic reflexes during AD (Rabchevsky,
2006); however, this has yet to be thoroughly examined.

We have reported that weeks following complete T4 spinal transection in rats, the
administration of the anticonvulsant neuropathic pain medication gabapentin (GBP)
significantly reduces the magnitude of colorectal distension (CRD) induced AD and tail
spasticity shortly after treatment, lasting several hours (Rabchevsky et al., 2011; Rabchevsky
et al., 2012). The mechanism of this clinically valuable effect, however, remains uncertain.
GBP was first developed for the treatment of epilepsy and gained subsequent traction as

a treatment for neuropathic pain (reviewed in Sirven, 2010). Despite being a structural
analog of y-aminobutyric-acid (GABA) with enhanced blood-brain barrier penetration
(Crawford et al., 1987), most studies suggest that its actions are independent of GABAergic
modulation. GBP’s high-affinity binding site is the L-type calcium channel a,8 subunits
on presynaptic terminals (Gee et al., 1996), blocking it decreases intraspinal glutamatergic
neurotransmission (Coderre et al., 2007), and large daily doses of GBP are reported to
prevent the formation of excitatory glutamatergic synapses in the developing CNS by
binding to the a»84 calcium channel subunit (Eroglu et al., 2009). However, we have
found that injured rats treated with GBP an hour prior to CRD weeks later showed
significantly reduced AD, whether or not they were treated once daily with saline versus
low-dose (50 mg/kg, i.p.) GBP after SCI (Rabchevsky et al., 2012). Because this appears
to favor the notion that acute GBP treatment transiently blocks intraspinal glutamatergic
neurotransmission which underlies AD (Maiorov et al., 1997), but not synaptogenesis in
the injured spinal cord, per se, we sought to determine whether chronic high-dose GBP
treatment beginning immediately after SCI alters the development of AD by modulating
synaptogenesis of aforementioned intraspinal pathways.

Methods and Materials

Telemetry probe implantation:

All animal housing conditions, surgical procedures, and postoperative care were conducted
according to the University of Kentucky Institutional Animal Care and Use Committee
and the National Institutes of Health animal care guidelines. Animals were housed in a
temperature and humidity-controlled room with a 12/12-hour light/dark cycle. Efforts were
made to minimize unnecessary foot traffic and other potential environmental disturbances
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in the room. One week prior to SCI, a total of 24 naive 3 to 3.5 month old female Wistar
rats (250-275 grams) were anesthetized (2% isoflurane) and implanted with telemetric blood
pressure transmitters (model HD-S10, Data Sciences International, Inc., St. Paul, MN)

into the descending abdominal aorta according to the manufacturer’s surgical guidelines as
previously reported (Eldahan et al., 2018; Rabchevsky et al., 2012). Telemetry probes were
secured intra-abdominally by suturing to the ventral abdominal wall using non-absorbable
silk sutures before closing the skin with 3-0 vicryl sutures. Animals were treated post-
operatively as described below.

Spinal cord injury:

All rats recovered from telemetry probe implantation for one week. A total of n=24 rats were
anesthetized (ketamine, 80 mg/kg; xylazine 7 mg/kg, i.p.) and underwent a T3 laminectomy
prior to complete transection of the T4 spinal cord (T4Tx) using a scalpel blade, as
previously described (Cameron et al., 2006; Rabchevsky et al., 2012). Two independent
observers confirmed complete spinal cord transection of each rat based on full separation

of the rostral and caudal stumps. Immediately afterwards, gelfoam was placed into the
transection site to achieve hemostasis before the overlying muscles were sutured with 3-0
vicryl and the skin stapled with wound clips (Stoelting, Wood Dale, IL).

Cardiophysiological monitoring:

Hemodynamic data was recorded 24/7 (500Hz sampling rate) using implanted telemetric
probes as described above using Dataquest A.R.T. acquisition system (Data Sciences
International, Inc., St. Paul, MN). Rats were single-housed, with each cage placed directly
on top of its corresponding data receiver plate (model RPC-1, Data Sciences International,
Inc., St. Paul, MN). Raw telemetry files were stored in a single folder containing data for
the entire study period to analyze daily blood pressure, heart rate, colorectal distension, and
spontaneous AD (sAD).

Daily blood pressure and heart rate values were calculated with Dataquest A.R.T. analysis
system (Data Sciences International, Inc., St. Paul, MN) by averaging the corresponding
24-hour period. CRD data was calculated using the 30-second period immediately prior

to balloon catheter inflation as a baseline for comparison with the 60-second average
values during the duration of balloon inflation. The effect of experimental handling on
resting blood pressure was evaluated by comparing the averaged mean arterial pressure
during the 30-minute period prior to entering the animal housing room with the 30-minute
period following handling and catheter insertion when animals were returned to their
home cage for catheter acclimation. Un-induced sAD was analyzed with a modified
version of our previously reported algorithm (Eldahan et al., 2018; Rabchevsky et al.,
2012) implemented in Matlab software (The MathWorks, Inc., Natwick, MA). Briefly, this
algorithm simultaneously processes 24-hour mean arterial pressure (MAP) and heart rate
(HR) traces for instances where a rise in MAP of 20 mmHg or more above baseline

is accompanied by a decrease in HR of at least 20 beats per minute (bpm). While this
algorithm does not require such events to be sustained above baseline for a specific duration,
it does require the rise in MAP over baseline to occur within a 35-second window. MAP
rises accompanied by tachycardia (an increase in HR) were not included in these SAD
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detections. Notably, our modified algorithm screens for instances where multiple SAD
detections occur within a 120-second window such that events beginning within two
minutes of each other are counted as a single unified event. This modification is similar

to recent SAD algorithms described by (Mironets et al., 2018; West et al., 2015). Following
automated computer detected SAD events, a single human observer manually screened

all detections to remove false-positive events stemming from technical artifacts, such as
non-physiological rises in MAP associated with sudden animal movements. For each of
the four daily injections (12:00 a.m., 6:00 a.m., 12:00 p.m. and 6:00 p.m.), recordings
were stopped simultaneously for all animals and an “event marker” was placed for each
animal immediately after injection to allow for accurate tracking of all injection time points.
Routine animal care, including twice-daily bladder expression, was performed at 6 am and
6 pm along with corresponding treatment injections. Cardiophysiological recordings were
paused during routine animal care and handling to minimize data artifacts.

Drug administration and colorectal distension (CRD):

Gabapentin (GBP; 100 mg/kg, i.p, 4x daily, Spectrum Chemicals, New Brunswick, NJ)
was injected after injury and then every 6 hours for 4 weeks. Daily body weights were
recorded immediately prior to drug administration to ensure accurate dosages. On days 14,
21 and 28 post-injury, rats underwent 2 trials of CRD one hour after treatment. Rats were
gently restrained using surgical towels leaving the lower body exposed for observation of
hindlimb spasticity during CRD. After removing fecal pellets in the distal rectum, silicone
balloon catheters (Coloplast Cysto-Care Folysil, 2-Way Pediatric Silicone Foley Catheter,
Fr10 3 cc) were inserted 2.5cm into the rectum and secured to the tail with Transpore™
tape. Bladder expression was performed immediately prior to catheter insertion. Following
restraint and catheter insertion, rats acclimated for 20-30 minutes. All efforts were made
to minimize distractions and potentially stressful stimuli. A hood fan was left running to
provide white noise and buffer noise occurring outside of the experimental room. All CRD
testing was performed in the same room that the animals were housed in regularly. For
each CRD trial, the catheter balloon was inflated with 2.2 mL of air over the course of

5 seconds. Each distention trial lasted 60 seconds, separated by 30 minutes of rest. At 28
DPI, following the second CRD trial, a prolonged 90-minute session of intermittent CRD
(30 second inflation periods separated by 60 seconds of rest) was performed to induce
intraspinal c-Fos expression prior to euthanasia (Eldahan et al., 2018; Hou et al., 2008).

Animal Care:

All rats which underwent ketamine/xylazine anesthesia prior to cord transection received
i.p. injections of the xylazine reversal agent antisedan (0.5 mg/kg Zoetis Inc., Kalamazoo,
MI). Immediately after all surgical procedures, rats received 10 mL of subcutaneous
lactated Ringer’s solution. Post-surgical pain management was achieved with twice-

daily buprenorphine injections (0.03mg/kg, s.c.; Reckitt-Benckiser Pharmaceuticals Inc.,
Richmond, VA) for three days. All rats received two daily injections of the antibiotic
cefazolin (33.3 mg/kg, s.c.; WG Critical Care, LLC, Paramus, NJ) for 5 days post-surgery
and twice daily manual bladder expression for 2-3 weeks or until they regained spontaneous
bladder voiding reflexes without signs of urinary tract infection. Rats were housed one per
cage with food (Envigo Tekland, 18% Protein Rodent Diet) and water ad libitum. A heating
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pad and surgical towel was placed between each cage and its corresponding telemetric
receiver plate for the duration of the study period. Following telemetry implantation, body
weight was recorded every morning during routine animal care procedures.

Tissue collection and immunohistochemistry:

Terminal body weights were recorded, and rats received a fatal overdose of sodium
pentobarbital within 15 minutes following the end of the 90-minute CRD session. After the
loss of pinch-reflex in the forelimbs, the spleen was rapidly dissected after applying Bulldog
clamps to the vascular bundle serving the spleen. Rats were then transcardially perfused
with 0.1M PBS, the telemetry probes were rapidly explanted according to manufacturer’s
guidelines, which was followed by perfusion with 4% paraformaldehyde (PFA) in 0.1M
PBS. Excess fat and connective tissue were removed from the spleens and raw spleen
weights were recorded prior to soaking them in 4% PFA overnight before flash freezing.
The spinal cord caudal to the T4-transection site was carefully dissected and post-fixed for
3-4 hours in 4% PFA before being placed in 0.2M PB solution overnight at 4°C. Cords
were then cryopreserved in 20% sucrose (in 0.1M PBS) with 0.02% sodium azide at 4°C
until all cords sank, after which they were embedded in gum tragacanth mixed with 20%
sucrose and stored at —80°C until cryosectioning (Eldahan et al., 2018). Every fifth serial
coronal cryosection (20uM) was collected and placed on a series of Superfrost Plus™ slides
(Thermo Fisher Scientific, Waltham, MA). This cutting scheme results in 10 adjacent sets
of slides with each slide containing 10 consecutive spinal sections separated by 1mm. Slides
were stored at —20°C until further use.

For immunohistochemistry, slides were removed from the freezer and warmed on a 37°C
slide warmer for 10 minutes then 3 x 30-min before a Pap-pen (Ted Pella, Redding,

CA) border was applied to all tissue slides before washing in 0.1M PBS with gentle
agitation. Slides were then blocked for 1-hour at room temperature in 5% normal serum
and 0.3% Triton X-100 in 0.1M PBS. Primary antibodies against presynaptic excitatory
and inhibitory neurotransmitters were incubated for either 24-hours (synaptophysin and
VGLUT?2) or 72-hours (VGAT) then 24-hours (synaptophysin) in buffer containing 1 ug/ml
mouse anti-synaptophysin (SYN) (Clone SY3; Synaptic Systems Cat #101-011) and 2
ug/ml rabbit anti-VGLUT2 (Synaptic Systems Cat #135-403) or 2 ug/ml rabbit anti-VGAT
(Synaptic Systems Cat #131-002). Excess primary antibodies were washed 3x10 minutes in
0.1 M PBS before incubation with secondary antibody (goat anti-rabbit-Alexa488 (1:500)
or biotinylated goat anti-mouse (1:200) for 24-hours at 4°C. Following removal of excess
secondary antibody with 3x10 minute 0.1 M PBS washes, slides were incubated in tertiary
solution containing 1:200 streptavidin conjugated Texas Red in 0.1 M PBS. Two series of
tissue staining were performed, one for SYN and VGLUT2 and the second for SYN and
VGAT, and all treatment groups were stained simultaneously using identical buffers and
antibody lots; different SYN antibody lots were used in each staining set due to availability.

Image acquisition and analysis

High-resolution (2048 x 2048 pixels) images were captured with a 40x oil-immersion lens
using a Nikon Ti Eclipse inverted confocal microscope paired with a C2+ controller system
and Nikon NIS Elements Advanced Research software (Nikon Inc., Melville, NY, USA).
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Laser settings for each fluorescent marker were optimized on naive spinal cord tissues and
maintained constant for all sections assessed. The pinhole size was maintained at 40 uM and
pixel dwell time set to 4.4 seconds/pixel. A histogram was used to monitor pixel intensity
and ensure that the total fraction of saturated pixels remained below 2% for all images.

From the central plane of the tissue section, two additional optical sections 2 uM above

and below (4 uM total thickness) were captured. Each optical section represented a
thickness of 0.86 pM and 0.16 uM individual pixel size. After image acquisition, the optical
plane with the highest mean fluorescence intensity was selected for analysis. Selection

of the optical plane with the brightest staining helps to correct for potential issues with
antibody penetration (Ferguson et al., 2008). Synaptic quantification was performed using
densitometric analysis. For each subject, 3 spinal sections centered on the L6/S1 spinal
segment and separated by 1 mm were analyzed (see Figure 1). Cross-sections of the right
dorsal horn were used for all animals with the rare exception of folded tissue sections, in
which case the left dorsal horn was used. A local contrast was applied using a radius of 1.0
UM to more clearly delineate the border of individual SYN*, VGLUT2* and VGAT™ puncta.
Thereafter, each fluorescent channel was thresholded to exclude non-specific background
signal. All contrast and threshold settings were optimized on naive spinal cord tissues

and remained constant for all sections (see Figure 2). After applying a threshold for each
fluorescent channel, a binary layer mask was created for each marker (SYN and VGLUT2
or VGAT) indicating the location of pixels above threshold. These two layers were then
overlaid to create a third layer representing the area of overlap between markers. Using
these three binary layers, either the area occupied by SYN, VGLUT2 or VGAT or the area
occupied by the overlap of VGLUT2/SYN or VGAT/SYN puncta were measured using

a standardized region of interest (ROI) measuring 175 x 175 uM. One ROI, designated
“R1”, was placed the upper dorsal horn (laminae I-11) and the other, designated “R2”, was
placed in the dorsal gray commissure (laminae X just above the central canal (see Figure
1). To control for potential variation in antibody labeling efficiency between sets of synaptic
staining, data was normalized to naive control values within a respective set of staining.
These methods were adapted from McKillop et al. (2016) who used a similar threshold-
based method to identify and quantify areas occupied by presynaptic (SYN) terminals in
the mouse spinal ventral horns after SCI as either glutamatergic (VGLUT1) or GABAergic
(VGAT).

To validate the densitometric analyses, quantitative co-localization analyses were also
performed using the JACoP plugin (https://imagej.nih.gov/ij/plugins/track/jacop.html)
implemented in the ImageJ/FIJI platform. This plugin, which has previously been described
in depth (Bolte and Cordelieres, 2006), contains a collection of commonly used tools to
measure intensity correlation and co-occurrence of dual-color molecular probes. The same
ROIs used for density analysis were cropped for JACoP analysis. To reduce confounding
influences of non-specific background pixels, a threshold was applied to restrict analysis

to pixels containing positive staining. The Costes’ automated thresholding algorithm was
determined to yield inappropriately low thresholds, likely due to the high density of labeling
and variability of pixel intensity reported to be problematic for appropriate automated
thresholding and image segmentation (Dunn et al., 2011). Therefore, threshold values were
determined based on the background pixel intensity in a set of negative primary antibody
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control slides processed and imaged using identical settings. These threshold values were
visually validated on a set of naive group images and subsequently applied equally to all
images/treatment groups. The Manders’ overlap coefficient (MOC) and fractional overlap
coefficients (tM1 and tM2) were calculated using supra-threshold pixels with positive
staining to avoid inflated results due to low-level background signal (Bolte and Cordelieres,
2006). The Costes’ randomization test was applied to a subset of images representing each
experimental group (i.e. 3-4 images selected from 3 animals per group), which resulted

in P values of 100%, along with R-values of 0.0 +/— 0.001, indicating that the positive
co-localization signal measured in our images was not attributed to statistical chance or
haphazard signal overlap.

Statistical Analyses

Results

For daily body-weight, MAP, HR, spontaneous AD and spasticity measurements, a repeated
measures two-way analysis of variance (2-way RM ANOVA) was performed with Sidak’s
multiple comparisons post-hoc test when appropriate. The Geisser-Greenhouse correction
was used for repeated measures analyses to provide additional rigor and minimize type-I
errors. Unpaired t-tests were performed on CRD and spleen weight data. One-way ANOVA
tests were used for synaptic histology, with Sidak’s post-hoc analysis when appropriate. All
statistical analyses were conducted with GraphPad Prism 7 software using alpha = 0.05.

We had a 13% attrition rate with deaths occurring during recovery in the first week after
injury and with similar frequency in the saline and GBP groups (n=1-2 per group).

Effects on body weight recovery after SCI

We compared the effects of time and continuous high-dose GBP treatment on the change

in body weight after complete SCI and observed a significant effect of time (p<0.0001)

but no significant treatment effect (p=0.4197) (Figure 3). There was, however, a significant
interaction between time and treatment (p<0.0001). Within one-week after SCI, both groups
lost a significant amount of body weight. Compared to pre-injury (-1 DPI) values, saline
and GBP treated rats had significantly lower body weights by 5 DPI and 7 DPI, respectively
(p<0.05). Whereas vehicle treated rats returned to pre-injury weight by 20 DPI, continuous
GBP treatment prevented return to baseline body weights by the end of the study period.

Effects on daily hemodynamic measures after SCI

We examined whether continuous high-dose GBP had temporal effects on daily
hemodynamics post-injury. There was an overall significant effect of time post-injury
(p<0.0001) on daily MAP (Figure 4A), with no treatment effect (p=0.65). Compared to
pre-injury values, the daily MAP was significantly lower for the first two days post-injury
(DPI) in both groups (p<0.05) before stabilizing to slightly below naive levels after the

first two weeks post-injury. There was a significant effect of time post-injury on daily HR
(p<0.0001), with no treatment effect (p=0.65). While the mean daily HR of the GBP treated
group was maintained approximately 20 bpm higher than the saline group at all DPI, this
observation was not statistically significant (p>0.05).
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Effects on incidences of spontaneous autonomic dysreflexia (SAD)

Daily MAP and HR traces were analyzed with a computer algorithm to identify SAD events
24/7 (Figure 5A). Threshold settings employed to detect relatively moderate events (MAP
increase = 20 mmHg with HR drop = 20 BPM) (Figure 5B). We observed an overall
significant effect of time (p<0.0001) and treatment (p<0.005; Figure 5C) with GBP treated
rats having significantly more sAD events compared to saline treated injured rats.

Effects on colorectal distension induced AD

When we examined the severity of AD as assessed by the magnitude of hypertension during
experimentally-induced AD, there was an overall significant treatment effect on the MAP
reached during noxious colorectal distension (CRD) stimulation (p<0.0001; Figure 6A).
GBP treated rats had significantly lower MAP during CRD stimulation at 21 (p<0.01) and
28 DPI (p<0.001) compared to saline treated; in the latter group the absolute MAP reached
during CRD increased over time with a significantly higher value at 28 DPI compared to
14 DPI (p<0.01). In contrast, the CRD-induced MAP did not increase over time in the GBP
treated group (p>0.05). In parallel, the baseline MAP measured immediately prior to CRD
revealed an overall treatment effect (p<0.0005; Figure 6B), with GBP treated rats having
significantly lower baseline MAP at 21 (p<0.01) and 28 DPI (p<0.01). Whereas the CRD
baseline MAP in saline treated rats did not change over time (p>0.05), it was significantly
lower at 28 vs 14 DPI (p<0.05) in the GBP group. There was a significant effect of time
(p<0.0001) but not treatment (p>0.05) on the CRD-induced changes in MAP relative to
baselines (Figure 6C). The magnitude of change increased over time in both groups, with
significantly larger changes in MAP at 28 DPI compared to 14 DPI in saline (p<0.001) and
GBP (p<0.001) treated rats. Unlike the significant blood pressure changes, there was no
effect of time (p>0.05) or treatment (p>0.05) on the highly variable changes in HR during
CRD (Figure 6D).

Effects on resting blood pressure during experimental handling and restraint

We compared the resting MAP before the start of weekly CRD testing sessions to the MAP
after placing rats under gentle restraint for the CRD procedures. There was an overall effect
of treatment (p<0.05), but not time (p=0.94) on pressor responses to experimental handling
(Figure 7). Notably, during handling procedures the GBP treated rats had significantly lower
MAP elevations at 21 (p<0.005) and 28 (p<0.05) DPI.

Effects of SCl and GBP on spleen weight

Based on reports of immunosuppression and splenic atrophy linked with AD in mice (Zhang
et al., 2013), we measured spleen size as a surrogate marker of immunosuppression in rats
but did not observe an effect of injury on terminal spleen mass (Figure 8; p>0.05). However,
GBP treated SCI rats had significantly (p<0.05) heavier spleens compared to both saline
treated SCI rats and uninjured naive controls.

Effects of SCl and GBP treatment on neuronal activity and pre-synaptic densities

While c-Fos immunoreactivity was seen throughout the lumbosacral spinal cord following
terminal CRD procedures in all injured spinal cords, there were no apparent effects of GBP
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on c-Fos expression (unpublished observations; (Eldahan et al., 2018)). We measured the
immunoreactive densities of presynaptic synaptophysin (SYN)*, VGLUT2" (glutamatergic)
and VGAT* (GABAergic) puncta in the dorsal horn (lamina I-11; R1) and dorsal gray
commissure (lamina X; R2) of the L6/S1 spinal cord (see Figures 1 and 9). These regions
contain the putative central terminals of c-fibers conveying colorectal afferent stimuli into
the dorsal horn (R1) and propriospinal neurons (R2) believed to relay afferent stimuli
towards the thoracolumbar SPN. Our analysis of R1 was based on location of putative spinal
sympathetic interneurons in these upper laminae (Chau et al., 2000; Tang et al., 2003).
Representative images taken from R1 demonstrate conspicuous SCl-induced decreases in
immunoreactivities for SYN, VGLUT2 and VGAT compared to naive cords (Figure 9A-H),
but GBP did not alter the reduced synaptic densities (not shown). The normalized percent
area covered by SYN*, VGLUT2" and VGAT* in both R1 and R2 was significantly
(p<0.01) reduced by SCI (Figure 91,L). In the VGAT staining set, SYN* coverage was
significantly lower in both injury groups compared to naive controls (p<0.001; Figure 9L);
however, this reduction was not significant in the VGLUT2 set (p=0.09; Figure 91). GBP
treatment did not alter (p>0.05) the reduced SYN*, VGLUT2" or VGAT* (Figure 9J,M)
densities observed in either staining set. Similarly, the area occupied by the overlay puncta
of SYN and VGLUT?2 or VGAT immunoreactivities was significantly reduced in both
regions of interest after injury (p<0.05; Figure 9K,N), indicating an overall decrease in
excitatory and inhibitory synapses that was not altered by GBP treatment (p>0.5).

Effects of SCl and GBP treatment on pre-synaptic co-localization

To corroborate density measures, the Manders’ coefficients, tM1 and tM2, and Manders’
overlap coefficient (MOC) were calculated for presynaptic immunoreactivities. The fraction
of total VGLUT2 signal overlapping with SYN (tM1) was not significantly altered by

SCI or treatment in either region of interest (p>0.05), whereas the fraction of total VGAT
signal overlapping with SYN was significantly decreased by SCI in the R2 region (p<0.05;
Figure 10A). No effect of GBP treatment was observed on tM1 in the VGLUT2 or VGAT
staining sets (p>0.1). The converse relationship, defined as the fraction of total SYN signal
overlapping with VGLUT2 or VGAT (tM2; Figure 10B) showed that tM2 was significantly
decreased after injury in both regions of interest in both the VGLUT2/SYN and VGAT/SYN
staining sets (p<0.01). Like tM1, no significant effect of GBP treatment was observed on
the tM2 overlap coefficient (p>0.05). The MOC for each pair of markers (VGLUT2/SYN
and VGAT/SYN) indicated a high degree of signal overlap (0.9) in R1 and R2 regions of
interest (Figure 10C). Injury significantly increased the MOC of VGLUT2/SYN (p<0.001)
and VGAT/SYN (p<0.01) relative to naive controls in R1, but MOC was unaffected by GBP
treatment in either staining set (p>0.05).

Discussion

Based on our documentation that acute GBP administration reduces the severity of
experimentally induced AD (Rabchevsky et al., 2011; Rabchevsky et al., 2012), and that
daily treatment with high dosage GBP can block the formation of excitatory synapses in the
brain and spinal cord (Eroglu et al., 2009; Lau et al., 2017; Yu et al., 2018), we sought to
determine whether continuous delivery of high-dose GBP can mitigate the development of
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AD in association with altered synaptic densities in putative dorsal horn relay pathways. In
the weeks following complete high thoracic SCI, we found that high-dose GBP treatment
significantly reduced both the absolute magnitude of hypertension reached during weekly
CRD-induced AD. However, this regimen also mitigated the reestablishment of pre-injury
body weight and, paradoxically, was associated with a higher frequency of daily sAD events.
While we found injury induced reductions in the densities of excitatory and inhibitory
presynaptic markers in the lumbosacral dorsal horn, it is uncertain whether such alterations
contributed to the incidence or severity of AD; notably continuous high-dose GBP did not
change the reduced synaptic densities.

Herein, we increased both the treatment frequency and drug dosage (4x daily, 100 mg/kg)
based on reports that 100-400 mg/kg of GBP daily prevents excitatory synaptogenesis in
CNS of developing mice (Eroglu et al., 2009; Takahashi et al., 2018). We also delivered
daily dosages across 4 injections to maintain relatively stable GBP concentrations due to
the 2-3 hour half-life in rats (Mollmer et al., 1986). In clinical studies, efficacy to treat
neuropathic pain has been demonstrated over a range of GBP doses from 1800-3600
mg/day with comparable effects across the dose range (Wiffen et al., 2017). The significant
reductions in CRD-induced AD that we observed is consistent with our previous reports
(Rabchevsky et al., 2011; Rabchevsky et al., 2012). However, when we assessed the MAP
changes relative to baseline prior to CRD, we did not observe treatment effects, and we
determined that the decrease in the baseline MAP is due to the anxiolytic effects of GBP
(Houghton et al., 2017). Notably, GBP treated rats had significantly smaller increases in
blood pressure from experimental handling and restraint just prior to CRD. Because our
manipulations can present considerable stressors for rodents, pre-treatment with GBP likely
attenuated anxiety levels and consequent cardiovascular responses. As with all drugs that
interact directly with the central nervous system, GBP has potential side effects that can
include somnolence, dizziness and ataxia.

Saline treated rats started to reach pre-injury body weight levels by three weeks, whereas
GBP treated rats never returned to pre-injury body weight by termination at 4 weeks
post-injury. The gradual return to pre-injury weight beginning approximately 2-weeks

after SCI is parallel to the development of fulminant muscle spasticity in rats after SCI
(Bennett et al., 2004). Therefore, given the continuous 4 x daily GBP administration in

our current study;, it is feasible that the failure of GBP treated rats to return to pre-injury
weight is due to a lack of spasticity-induced muscle preservation. GBP (Neurontin®;
Pfizer) is approved for the treatment of epilepsy and is widely used for the treatment of
neuropathic pain (Levendoglu et al., 2004; Morello et al., 1999). GBP has been shown

to inhibit presynaptic glutamate release by modulating calcium channels (Tran-Van-Minh
and Dolphin, 2010), and it demonstrates the potential to help decrease the manifestation

of spasticity in individuals with SCI (Gruenthal et al., 1997). However, there has been no
systematic examination of the efficacy of GBP as a single treatment for the management

of SCl-induced spasticity (Rabchevsky and Kitzman, 2011). It is important to note that
continuous GBP dosage regimens could abrogate the potentially beneficial effects of muscle
spasticity, as preservation of muscle tone helps prevent musculoskeletal issues (Pingel et al.,
2017).
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Synaptic plasticity

Consistent with previous reports (Beauparlant et al., 2013; McKillop et al., 2016), we
observed significantly reduced densities of putative excitatory (VGLUT2") and inhibitory
(VGAT) pre-synaptic puncta in dorsal horn regions of the lumbosacral spinal cord thought
to be involved in the viscero-sympathetic relay pathways after T4 SCI (Krassioukov et al.,
2002; Weaver et al., 2002). However, continuous high dose GBP did not alter synaptic
re-organization, suggesting that it acts to reduce induced hypertensive crises by blocking
intraspinal glutamatergic neurotransmission underlying AD (Maiorov et al., 1997). We
assessed VGLUT2* synaptic puncta based on previous studies showing that this is the
predominant VGLUT expressed in the upper dorsal horn and lamina X regions of interest

in our model (Alvarez et al., 2004; Llewellyn-Smith et al., 2007). Since VGLUT2 in

the dorsal cord is expressed by excitatory interneurons (Maxwell et al., 2007), much of

the reduced VGLUT?2 density that we observed is likely attributed to propriospinal loss.
Notably, decreases in the number of dorsal inhibitory neurons after SCI is proposed to
contribute to the development of injury-induced neuropathic pain (Meisner et al., 2010). We
cannot rule out that our chosen regions of interest limited to the superficial laminae in the
dorsal horn and lamina X may not have sampled other putative synaptic relays that might
be altered by both injury and GBP. Nevertheless, it remains uncertain how such dynamic
alterations in the lumbosacral spinal cord, in parallel to plasticity of SPN or sympathetically
correlated interneurons, contributed to both reduced magnitude of induced AD in parallel to
increased frequency of SAD events with chronic high-dose GBP treatment.

Cardiovascular consequences

Abnormal fluctuations in blood pressure associated with SCI may contribute to
cerebrovascular dysfunction (Phillips et al., 2016), indicating that the increased sAD events
detected with continuous GBP treatment may be clinically relevant outcome measures.
Therefore, our finding that chronic administration of high dose GBP increases the frequency
of moderate hemodynamic fluctuations after SCI warrants consideration of potentially
negative effects on cardiovascular outcome measures. Classical definitions of hypertensive
AD have included bradycardia as a cardinal sign for diagnosis, however bradycardia is

not a consistent indicator. Our results showed highly variable HR responses during CRD-
induced AD with many instances of accompanying tachycardia, notably at earliest time
point evaluated. As posited by Karlsson (1999), it is conceivable that tachycardia during
AD may result from the propagation of reflex arcs towards the SPN responsible for cardiac
sympathetic drive in the upper thoracic spinal cord. In our model of T4-transection SCI, it
is possible that spared and decentralized cardiac SPN in the T4-T6 spinal segments (Coote
and Chauhan, 2016) retain the ability to provide reflex-driven accelerated heart rate during
CRD-induced AD. Accordingly, contemporary diagnostic guidelines for AD include both
bradycardia and tachycardia during hypertensive crises (Murray et al., 2019).

The a,81 calcium channel subunit that binds GBP is found ubiquitously in many tissues and
is highly abundant in the myocardium, vascular smooth muscle, skeletal muscle, and many
brain regions, and they are essential for vasoregulation by calcium channels (Bannister et
al., 2009; Taylor and Garrido, 2008). Fuller-Bicer et al. (2009) used knockout mice with
targeted disruption of a8, to show both decreased calcium currents in cardiomyocytes, as
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well as reduced basal contractility and relaxation parameters in ex-vivo heart preparations
compared to wild-type. This suggests important roles of a»64 in cardiac function, indicating
that perhaps continuous high-dose GBP influenced daily HR directly in our model, though
increased tachycardic trends were not significant.

Based on our previous reports with much lower dose, we hypothesized that continuous high-
dose GBP treatment would reduce the frequency of SAD. However, the current treatment
paradigm, which delivers eight times the amount of daily GBP, had the unexpected effect
of increasing daily sAD frequency. The exact mechanisms of SAD generation are uncertain,
aside from bladder filling and/or fecal impaction. AD is thought to be caused, in part,

by increased excitatory input to SPNs from afferents (via propriospinal relays), and GBP
decreases intraspinal release of glutamate from primary afferent terminals (Coderre et

al., 2007). Accordingly, these observations present the possibility that continuous GBP
treatment decreases afferent stimulation of SPN or sympathetically correlated interneurons
to increase their intrinsic excitability. For example, large scale reductions in neuronal
network activity induce homeostatic responses, whereby individual neurons increase their
membrane excitability in attempt to maintain “normal” activity (Braegelmann et al., 2017).
We did not test in our model, but prolonged deprivation of the SPN from afferent excitation
during continuous high-dose GBP treatment may have increased their excitability and
spontaneous firing, manifesting as increased sAD events.

Among the many variables involved in cardiovascular regulation, psychological and
emotional stressors can introduce acute alterations in MAP and HR. Controlling for
potential sources of stress during monitoring of the cardiovascular or autonomic systems is
important, and GBP treated rats had significantly reduced pressor responses to experimental
manipulations prior to CRD. GBP is well known to have anxiolytic effects in humans and
rodents (Greenblatt and Greenblatt, 2018; SM et al., 2011), and evidence suggests that >95%
of individuals with SCI above T6 experience episodes of AD during penile vibrostimulation
procedures for sperm retrieval (Ekland et al., 2008). While immediate-release nifedipine
(Procardia, Adalat, Afeditab), also a calcium channel blocker, is the most commonly
prescribed agent for management of ongoing AD episodes, it lowers MAP forupto 5 h

that can result in dizziness, fatigue, and weakness (Krassioukov et al., 2009). An alternative
to nifedipine is prazosin (Minipress), a selective adrenergic blocker with a slower and less
abrupt suppressive effect on MAP, and clinical studies suggest that prazosin is a more
suitable option than nifedipine for treatment of AD secondary to sexual stimulation in this
population (Phillips et al., 2015). However, because prazosin requires a “first-dose response”
the day prior iatrogenic to procedures, it may not be suitable for alleviating fulminant AD
since it acts peripherally to dilate blood vessels. Like GBP, its side effects of are largely
limited to dizziness, potential for fainting, as well as increased inotropy, and possibly altered
bladder function. Therefore, since GBP is widely prescribed to the SCI population with high
tolerance even long-term at high dosages with a half-life of 2-3 hours, then it is conceivable
that acute low dose GBP treatment in the clinical setting may provide similar benefits as
nifedipine or prazosin to mitigate AD that is evoked by intentional stimulation to the genitals
and/or pelvic visceral organs in the clinical setting.
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Immunological consequences

SCl is linked to immunosuppression in humans, with chronic SCI individuals being at

a higher risk of potentially lethal infections (Brommer et al., 2016). Spinal cord injury-
induced immune depression syndrome (SCI-IDS) is dependent upon the level of injury,
with injuries above upper-thoracic levels that decentralize the major sympathetic outflow
having higher risks of developing SCI-IDS (Brommer et al., 2016). This phenomenon has
been observed in experimental models of SCI in mice, which similarly undergo diminished
immune function as determined by reduced lymphocytic markers and spleen size associated
temporally with the development of AD (Lucin et al., 2007; Ueno et al., 2016; Zhang et
al., 2013). Accordingly, using changes in spleen size as a metric of immunomodulation,
we observed no injury effects, suggesting that SCI/AD does not contribute to splenic
atrophy in rats, per se. On the contrary, continuous high dose GBP treatment after

SCI caused splenomegaly (enlarged spleen). Although there are no readily apparent
connections between GBP and spleen size, and the a.»8; subunit to which GBP binds

is sparsely expressed in the spleen (Taylor and Garrido, 2008), there are clinical reports

of splenomegaly associated with GBP administration; daily 200 mg/kg GBP can elicit
GBP hypersensitivity syndrome (Ragucci and Cohen, 2001), which includes splenomegaly
and elevated hepatic enzymes that return to normal rapidly after discontinuation of GBP.
Irrespective of GBP effects, future experiments are required to establish the role of

splenic atrophy/hypertrophy in the development of AD and its relationship to chronic
immunosuppression in SCI rats.

Conclusions

Continuous high-dose GBP treatment after complete high-thoracic SCI was found to offer
significant benefit in reducing the magnitude of AD evoked by noxious stimulation of the
pelvic viscera weeks after injury, which was reflected in anxiolytic effects on hemodynamics
during the handling procedures. Both low- and high-dose acute GBP treatments appear to
mitigate experimentally induced AD, which may be relevant in controlled clinical settings
such as iatrogenic procedures. However, the potential deleterious effects of chronic high-
dose GBP to impair weight gain, reduce preservation of muscle tone, promote splenomegaly,
and increase sAD events must be considered cautiously for use in the SCI population which
is prescribed this medication for a myriad of indications. The absence of high-dose GBP
effects on the reduced synaptic densities in the lumbosacral cord after SCI suggests that it
acts through distinct mechanisms to alter induced AD and sAD events, perhaps affecting
peripheral vasculature. Experiments to assess GBP influences on cardiac contractility,

stroke volume or aortic stiffness in this AD model are required, along with more refined
approaches to study synaptic connectivity to provide a better characterization of potential
remodeling in specific neuronal pathways thought to contribute to the pathophysiology of
AD.
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L6/S1 Spinal Cord

Figure 1. Diagrammatic representation of synaptic quantification scheme.
(A,B) Tissue from the L6/S1 spinal segment was sampled for histological analysis of

synaptic density. High-resolution confocal images were acquired from laminae I-11 of the
upper right dorsal horn (B, R1) and the laminae X region containing the dorsal gray
commissure (B, R2). (C) Volumetric reconstruction shows co-localization of VGLUT2 and
Synaptophysin in 3D, indicating the co-occurrence of these presynaptic markers. Scale bars
in C =4 uM or 1 uM (inset).

Exp Neurol. Author manuscript; available in PMC 2022 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Eldahan et al.

Page 20

VGLUT2  Synaptophysin Overlap
. T B ;

Contrasted

Threshold

Contrasted

Threshold

Figure 2. Representative threshold and overlap identification of excitatory and inhibitory
presynaptic terminals.

Adjacent tissue sections were double-labeled with VGLUT2/Synaptophysin (A-F) or
VGAT/Synaptophysin (G-L). Contrasted images (top rows A-C; G-I) were thresholded
(bottom rows D-F; J-L) to segregate positive staining from background, and a mask was
applied representing supra-threshold pixels in VGLUT2 (D), VGAT (J) and Synaptophysin
(E,K) channels. Co-localization of VGLUT2/Synaptophysin or VGAT/Synaptophysin was
determined based on overlapping of signal (F,L). Images represent cropped and enlarged
areas taken from the R1 field as shown in Figure 1B. Scale bar in F =5 uM and applies to
all photos.
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Figure 3. Daily change in body weight after SCI.
All rats experienced an initial gain in weight in the first 2-3 days post-injury (DPI) before

losing body weight for the first 2 weeks. Saline treated rats started to regain body weight by
14 days post injury and returned to pre-injury weights (dotted line) by 20 DPI. In contrast,
injured GBP treated rats maintained reduced body weight below pre-injury levels. N=11
Saline, N=10 GBP. Symbols are mean + SD.
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Figure 4. Effects of SCI and GBP treatment on daily hemodynamics.
Daily (24-hour) mean arterial pressure (MAP, A) and heart rate (HR, B) measured across

days post-injury (DPI). Daily MAP dropped significantly in the first two days post-injury
before returning to normal values after one week. The daily HR sharply decreased the

first day after injury before rising significantly above pre-injury levels beginning at 2 DPI.
Horizontal dotted lines indicate pre-injury control values. N=11 Saline, N=10 GBP. Symbols
are mean + SD. *p<0.05, **p<0.01 vs pre-injury values.
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Figure 5. Effects of GBP on the frequency of non-induced AD after injury.
(A) Representative 24-hour mean arterial pressure (MAP) traces show more overall SAD

events with GBP treatment compared to saline controls; vertical bars indicate detected
events. (B) A typical event with a MAP rise >20 mmHg and heart rate (HR) drop >20 beats
per minute (bpm). (C) The frequency of daily SAD detections across days post-injury (DPI)
was significantly higher with GBP compared to saline treatment. N=10 GBP, N=11 Saline.
Symbols represent mean + SD.
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Figure 6. Effects of GBP on hypertension induced by noxious colorectal distension.
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Autonomic dysreflexia was experimentally induced on 14, 21- and 28-days post-injury
(DPI) through noxious colorectal distension (CRD). GBP significantly reduced both the (A)
absolute mean arterial pressure (MAP) reached during CRD across DPI. (B) The baseline
MAP calculated from the 30 seconds immediately prior to each CRD trial was significantly
lower in GBP treated rats. (C) The CRD-induced change in MAP relative to baseline was
not different between groups, however this parameter increased significantly over time. (D)
CRD-induced changes in heart rate were not significantly altered by GBP over time. N=11
Saline, N=10 GBP. Bars are mean = SD. *p<0.05 vs saline.
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Figure 7. Effect of experimental handling on blood pressure prior to colorectal distension.
The MAP measured in the mornings before the start of weekly CRD testing sessions

compared to that following experimental handling during CRD test preparation showed that
it induced an increase in basal MAP of 10-20 mmHg in vehicle-treated injured rats whereas
GBP treatment reduced the hypertension significantly at 21 and 28 DPI. N=11 Saline, N=10

GBP. *p<0.05 vs saline. Bars are mean + SD.
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Figure 8. Effects of injury and GBP on terminal spleen weights.

Spleen wet weights were recorded and normalized to terminal body weights at 4 weeks
post-injury. While there was no injury effect, spleens from the GBP treated injured rats
were significantly heavier in comparison to both saline treated injured and age/body-weight
matched naive controls. N=8 Naive, N=11 Saline, N=10 GBP. *p<0.05 vs naive control and

saline treated SCI rats. Bars are mean * SD.
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Figure 9. Density of pre-synaptic puncta following injury.
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Representative photomicrographs (A-H) in the lumbosacral dorsal horn (inset, top left)
demonstrate punctate Synaptophysin (A,B and E,F), VGLUT2 (C,D) and VGAT (G,H)
immunoreactivities in naive dorsal gray matter (R1) that were reduced 4 weeks after

injury (SCI + Vehicle). Quantitative analyses showed that injury significantly decreased

the densities of Synaptophysin (I,L) VGLUT2 (J), VGAT (M), and the overlap of VGLUT/
Synaptophysin (K) and VGAT/Synaptophysin (N) in both R1 and R2 of dorsal gray matter.
Immunoreactive densities were unaltered by continuous gabapentin (GBP) treatment. N=8
naive, N=11 Saline, N=10 GBP. *p<0.05 vs naive. Scale bars = 10 uM Bars are mean + SD.
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Figure 10. Quantitative co-localization analyses of synaptic immunostaining.
(A,B) The Manders’ fractional overlap coefficients, tM1 and tM2, and Manders’ overall

overlap coefficient (MOC; C) were calculated to assess the co-localization of VGLUT2/
Synaptophysin and VGAT/Synaptophysin staining in the same regions of interest (R1

and R2) used for density measurements. (A) The fraction of total VGLUT2 or VGAT
signal overlapping with Synaptophysin (tM1) was largely unaffected by injury or GBP
treatment. (B) Conversely, injury significantly decreased the fraction of Synaptophysin
signal overlapping with VGLUT2 or VGAT (tM2). (C) MOC was greater than 0.9 in all
groups and significantly increased after injury, with no effect of GBP treatment. N=8 naive,
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N=11 Saline, N=10 GBP. *p<0.05; **p<0.01; ***p<0.001; ****p<0.001 vs naive control.
Bars are mean + SD.
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